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Preface

These proceedings of the NATO-ARW “Nanomaterials for Security” held at the
“Londonskaya” Hotel, Odessa, Ukraine, from August 30–September 3, 2015,
emerged as a result of many presentations and discussions between workshop
participants.

The Odessa workshop focused on several open problems including the current
state of nanomaterials and security problems.

Recent advances in nanoscience have demonstrated that fundamentally new
physical phenomena arise when systems are reduced in size down to dimensions
comparable with the fundamental microscopic length scales of investigated materi-
als. There have been many significant advances in the past two years since the last
workshop, and some entirely new directions of research in these fields have been
undertaken. The programme of the workshop allowed presentations and opened
discussions on several emerging modern research topics, such as new nanomaterials
and sensors. Theoretical advances were tested against major experimental and
technological achievements in related materials. There was intensive discussion
in the field of nanotechnologies and safety systems that include nanosensors,
nanocomposite multifunctional coatings for safety systems, bio-nanosensors, and
nanoanalyzers. In the session on nanomaterials, the physical properties of graphene,
carbon nanotubes, new composite materials, and spintronics were presented. Lat-
est developments in nanotechnology and measurement techniques facilitate the
detection of explosives. The most promising new materials and experimental
techniques for the detection of hazardous materials including explosives are carbon
nanotubes, Josephson junctions, and NMR techniques. Participants benefitted from
presentations of new methods for the detection of CBRN agents using chemical and
biochemical sensors. The contemporary open problems of the physics of sensors
include the determination of sizes of nanoparticles, identification of particles, and
determination of concentration and mobility of nanoparticles.

We are grateful to members of the International Advisory Committee for their
consistent help and suggestions, in particular to Prof. F. Peeters. We are grateful to
the Nobel Laureate Prof. Klaus von Klitzing for a high level of scientific talk.
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vi Preface

We would like to thank the NATO Science Committee for the essential financial
support, without which the meeting could not have taken place. We also acknowl-
edge the National Academy of Science of Ukraine, J. Stefan Institute, Ljubljana,
and Faculty of Mathematics and Physics, University of Ljubljana, Slovenia, for their
generous support.

Ljubljana, Slovenia Janez Bonča
Kiev, Ukraine Sergei Kruchinin
February 2016
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ča
an

d
S.

K
ru

ch
in

in





Contents

Part I Nanomaterials

1 Atomic Collapse in Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
D. Moldovan and F.M. Peeters

2 Fluorination Clusters on Graphene Resolved by
Conductive AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
A. Mishchenko, A. Eckmann, I.V. Grigorieva,
and K.S. Novoselov

3 Spin Relaxation in GaAs Based Quantum Dots for
Security and Quantum Information Processing Applications . . . . . . . . . 25
S. Prabhakar and R. Melnik

4 Very Sensitive Nanocalorimetry of Small Mass Systems
and Glassy Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
J.-L. Garden, A. Tavakoli, T. Nguyen-Duc, A. Frydman,
M. Laarraj, J. Richard, and O. Bourgeois

5 Phase Conversion of Y-Ba-Cu-O Thin Films
by Super-Oxygenation and Cu-Enrichment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
H. Zhang, N. Gauquelin, C. Mcmahon, D.G. Hawthorn,
G.A. Botton, and J.Y.T. Wei

6 Strong-Coupling Diagram Technique for Strong Electron
Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
A. Sherman

7 Spin-Dependent Transport of Carbon Nanotubes with
Chromium Atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
S.P. Kruchinin, S.P. Repetsky, and I.G. Vyshyvana

xi



xii Contents

8 Cell Monolayer Functioning Detection Based on Quantum
Polarization Effects in Langmuir–Blodgett Multi-Walled
Carbon Nanotubes Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
H.V. Grushevskaya, N.G. Krylova, I.V. Lipnevich,
T.I. Orekhovskaja, and B.G. Shulitski

9 Magnetic Properties of Cobalt and Nitrogen Co-modified
Titanium Dioxide Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
N. Guskos, J. Typek, G. Zolnierkiewicz, E. Kusiak-Nejman,
S. Mozia, and A.W. Morawski

10 Physical Properties of .As2Se3/1�xWSnx

and .As4S3Se3/1�xWSnx Glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
O.V. Iaseniuc, D.V. Harea, E.E. Harea, G.F. Volodina, and
M.S. Iovu

11 Thermal Memory and Thermal Induced Phase
Transformation in Shape Memory Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
O. Adiguzel

12 Spectroscopic Properties of Nanoceria Allowing
Visualization of Its Antioxidant Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
V. Seminko, A. Masalov, P. Maksimchuk, V. Klochkov,
I. Bespalova, O. Viagin, and Yu. Malyukin

13 Vibration Based Microstructure Replication and Analysis . . . . . . . . . . . . 159
R. Šakalys, G. Janušas, A. Palevičius, V. Grigaliūnas,
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Chapter 1
Atomic Collapse in Graphene

D. Moldovan and F.M. Peeters

Abstract When the charge Z of an atom exceeds the critical value of 170, it
will undergo a process called atomic collapse which triggers the spontaneous
creation of electron-positron pairs. The high charge requirements have prevented
the observation of this phenomenon with real atomic nuclei. However, thanks to
the relativistic nature of the carriers in graphene, the same physics is accessible at
a much lower scale. The atomic collapse analogue in graphene is realized using
artificial nuclei which can be created via the deposition of impurities on the surface
of graphene or using charged vacancies. These supercritically charged artificial
nuclei trap electrons in a sequence of quasi-bound states which can be observed
experimentally as resonances in the local density of states.

1.1 Introduction

Since 2004 when graphene was mechanically exfoliated [1], it has attracted a lot
of scientific interest due to its unique properties. Its two-dimensional crystal lattice
hosts massless Dirac fermions [2] which move with a Fermi velocity of about 1/300
the speed of light with a linear spectrum close to the K and K0 points of the Brillouin
zone [3]. Its unique properties include the anomalous integer quantum Hall effect in
the presence of a magnetic field [4, 5], room-temperature ballistic transport [6] and
the Klein paradox, i.e. unusually high transmission through classically forbidden
regions [7]. Combined with excellent mechanical strength [8], this makes graphene
a very promising material for future electronic devices. However, the electrical
properties of graphene are highly sensitive to charged impurities [9–11] which make
Coulomb interaction a topic of significant interest.

In 1928, Paul Dirac proposed a relativistic formulation of the quantum mechanics
of the electron [12], which predicted that relativistic quantum effects can tip the
delicate balance of stable atomic orbitals. When the charge of the nucleus exceeds
a certain critical value, atomic states are rendered unstable: the energy levels of

D. Moldovan • F.M. Peeters (�)
Departement Fysica, Universiteit Antwerpen, Groenenborgerlaan 171,
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bound states dive into the lower continuum and the spontaneous generation of
positrons is expected [13–15]. The semiclassical trajectories of these unstable states
spiral into the nucleus, hence the name atomic collapse. This is a long sought-
after phenomenon in quantum electrodynamics (QED). The critical charge requires
extremely heavy nuclei with Z > 170, which has prevented the observation of
this phenomenon notwithstanding several attempts using collisions of heavy ions
[16, 17].

The unusually high carrier mobility in graphene is attributed to the fact that
the Dirac quasiparticles cannot be confined by electrostatic potentials or bound by
charged impurities [3, 18, 19]. However, when the impurity charge exceeds a critical
value it triggers a fundamental change in the electronic properties, manifest by the
emergence of quasi-bound localized states in its vicinity [20–22]. This effect is
analogous to the atomic collapse as predicted almost a century ago. In graphene
where the fine structure constant is much larger, the critical Coulomb coupling
can be reached for relatively modest charge Z [20–23]. Still, even in graphene this
regime has been elusive because screening reduces the effective coupling rendering
the charge subcritical [24, 25].

1.1.1 Atomic Collapse with Heavy Nuclei

Classical physics cannot properly explain the structure of an atom. Because the
energy is unbounded, an electron in orbit around a nucleus would continually lose
energy, assume a spiraling orbit and eventually collide with the nucleus. Quantum
mechanics solves this problem and naturally explains stable atomic orbits. Given a
nucleus with the atomic number Z, an orbiting electron feels the Coulomb potential
U D �Ze2=r. Its kinetic energy is described by K D p2=2m where we can substitute
the uncertainty principle to find K � „2=mr2 / 1=r2, while the potential part is
U / �1=r. Being interested in conditions around the nucleus, we take the limit
r ! 0 to find that jKj � jUj and thus the total energy E D K C U ! 1. An
electron would need an infinite amount of energy to find itself at the position of the
nucleus. By this fact a collision with the nucleus is made impossible and quantum
mechanics leaves only one possible outcome: electron orbits must be stable.

However, when heavy nuclei (with large Z) are considered, quantum mechanics
alone does not give an accurate description and relativity must be taken into account.
The relativistic electron will find itself inside the same Coulomb potential as before,
but now its kinetic energy must be described as K D cp, where c is the speed of
light. Substituting the uncertainty principle, we find that K / 1=r which is the same
as the potential energy but with the opposite sign. Taking the limit r ! 0 will not
yield a definitive result this time, because both the potential and kinetic parts are
of the same order. This opens the possibility of a finite energy electron state at the
nucleus with disruptive results: atomic collapse.
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Fig. 1.1 Schematic drawing of the atomic bounding energies as function of the atomic number Z
and the level diving process in the supercritical regime. The dotted curves indicate the solutions
for a point charge while the solid curves take into account the finite size of the nucleus

Solving the Dirac equation for an atomic nucleus modeled as a point charge
reveals the energy of the 1S atomic bound state, E1S D me

p
1 � .Z˛/2 [15], where

me � 511 keV is the electron rest mass and ˛ � 1=137 is the fine structure constant
(see Fig. 1.1). Beyond the value of Zc˛ D 1, i.e. Zc � 137, the energy becomes
complex. This “collapses” the wave function and the bound state ceases to exist.
However, this outcome is reached by assuming the nucleus to be a point charge,
which is quite unrealistic especially since it is expected to house more that a hundred
protons. Taking into account the finite size of the nucleus will truncate the Coulomb
potential thereby removing the divergence. This correction extends the stability
beyond Z � 137 [13, 15]. The 1S state continues to exist up to the new critical value
of Zc � 170. At that point, as it enters the supercritical regime, the electron state
leaves the discrete spectrum and dives into the positron continuum. There, the bound
state acquires a finite lifetime, transforming it into a narrow resonance [14, 15]. The
electron state is coupled to the positron continuum via tunneling which gives rise
to spontaneous positron emission which is the expected measurable signature of
atomic collapse.

Because of the extremec requirements, a stable nucleus with supercritical charge
cannot be found in nature, but it is possible to create one, at least for a short
time. Artificial nuclei with charge values Z > 170 can be realized in high-energy
collisions of very heavy ions. While such experiments with Uranium atoms did
confirm several features of the near-collapse regime, direct proof of supercritical
positron emission was not found [16, 17].
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1.1.2 Atomic Collapse Analogue in Graphene

The relativistic nature of the charge carriers in graphene allow it to display the same
atomic collapse physics of QED but at a much smaller energy scale. The speed of
light is substituted with the much smaller Fermi velocity vF � c=300, which has a
profound effect on the effective fine structure constant:

˛G D
c

vF

1

�
˛ �

2:2

�
� 1: (1.1)

Here � � 2:5 is the dielectric constant of graphene. Because the effective fine
structure constant ˛G is much larger than ˛, the value of the critical charge ZC is
expected to be much smaller, on the order of unity. This means that modest charged
impurities in graphene could play the role of supercritical nuclei.

It is important to keep in mind that the effect in QED concerns real particles
while the Dirac-like band structure of graphene refers to quasiparticle excitation in
an effective low-energy approximation. Graphene is two-dimensional and massless
while QED is three-dimensional and massive. The switch to graphene also changes
the energy scale from MeV to sub-eV. Nevertheless, the physical analogue is
undeniable and graphene has the key advantage: experimental accessibility. In
addition, graphene experiments allow for further study by varying other parameters
such as the back-gate voltage, defects or the number of layers. The results of
this exploration have an effect on more than just theoretical QED, but also the
understanding of confinement and transport in graphene.

1.2 Theoretical Model

The tight-binding description for the �z orbitals of carbon in graphene is given by
the Hamiltonian

H0 D t
X

hi;ji

�
a�i bj C H:c:

�
C t0

X

hhi;jii

�
a�i bj C b�i bj C H:c:

�
; (1.2)

where operators a�i .ai/ and b�i .bi/ create (annihilate) an electron on site Ri of
sublattice A and B, respectively. Here t � �2:8 eV is the nearest neighbor (hi; ji)
hopping energy and t0 � 0:1 eV is the next-nearest neighbor (hhi; jii) hopping
energy. It is sometimes assumed that the contribution of the next-nearest hopping
term is negligible, especially in the low energy approximation. However, it plays
an important role in graphene since it breaks electron-hole symmetry which is
responsible for various effects which can be observed experimentally, especially
in the presence of localized defects, as we shall see.
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Considering only low-energy states close to the K point and nearest neighbor
interactions (t0 D 0), the tight-binding Hamiltonian Eq. (1.2) may be simplified so
that the equation H� D E� reduces to the massless Dirac–Weyl equation

� i„vF� � r�.r/ D E�.r/; (1.3)

where �i are the Pauli matrices, vF D 3acct=2 � 106 m/s is the Fermi velocity, acc �

0:142 nm is the carbon-carbon distance. The wave functions �.r/ D ŒA.r/;B.r/�T

are two-component spinors where the localization of the electron on sublattices A
and B plays the role of a pseudospin.

Solving the problem for pristine graphene yields the linear dispersion relation:
E.k/ D ˙„vFjkj. This corresponds to the dispersion relation of ultrarelativistic
particles E D cjpj but with the much smaller Fermi velocity vF instead of the
speed of light c. Furthermore, graphene’s band structure describes electron and hole
states which are an analogue of the relativistic electrons and positrons (particle and
antiparticle states of QED).

1.2.1 Coulomb Impurity

In the presence of a charged impurity, a local energy term must be added to the
tight-binding Hamiltonian (1.2),

Himp D
X

i

VA
i a�i ai C

X

i

VB
i b�i bi; (1.4)

where VA;B
i is the impurity potential at site Ri. A Coulomb center of charge Z

generates the potential V.r/ D �ˇ=r where ˇ � Ze2=�„vF is the dimensionless
coupling constant.

As before, considering the effective low-energy approximation of the total
Hamiltonian H D H0 C Himp, we find that the system is governed by the wave
equation

„vF

�
�i� � r �

ˇ

r

�
�.r/ D E�.r/: (1.5)

The equation describes the behavior of Dirac fermions in a single valley of
graphene’s Brillouin zone. Because of the long-range nature of the Coulomb field,
intervalley processes are not relevant and the problem may be solved independently
within each valley.

Due to the axial symmetry of the potential, Eq. (1.5) is separable in cylindrical
coordinates. The total angular momentum is conserved which allows us to use the
eigenstates of the momentum operator Jz D LzC�z=2, where Lz is the orbital angular
momentum [26],
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�j.r/ D
1

p
r

�
ei.j�1=2/'aj.r/
iei.jC1=2/'bj.r/

�
: (1.6)

Here j D ˙1=2;˙3=2; : : : are the eigenvalues of Jz. Equation (1.5) therefore
reduces to,

�
"C ˇ=r �.@r C j=r/
.@r � j=r/ "C ˇ=r

� �
aj.r/
bj.r/

�
D 0; (1.7)

where " D E=„vF. This coupled pair of first order differential equations can be
reduced to two decoupled second order equations. In the limit r ! 0 the solution
behaves as

'j.r/ � r� ; (1.8)

where

� D
p

j2 � ˇ2: (1.9)

This reveals a problem for the lowest angular momentum (j D ˙1=2), because
� becomes imaginary if ˇ > ˇc D 1=2. In this case the solution oscillates endlessly
towards the center as ei log r. From a classical perspective (see Fig. 1.2) this can be
understood as a critical angular momentum above which the orbits spiral and fall
into the potential origin [22].

1.2.2 Supercritical Regime

The quantum-mechanical problem is ill-defined for a point charge in the supercriti-
cal regime (ˇ > 1=2). An additional boundary condition must be introduced to cut
off the potential at short distances. This is analogous to the introduction of the finite
size of the nucleus in QED [14]. The modified potential reads

Fig. 1.2 Quasiclassical
trajectories of atomic collapse
in graphene. Collapsing
electron coupled to escaping
hole trajectory
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V.r/ D

(
�„vF

ˇ

r0
; if r � r0;

�„vF
ˇ

r ; if r > r0;
(1.10)

where r0 is the cutoff. For graphene the natural minimal cutoff length originates
from the lattice structure, i.e. r0 D acc, the distance between two nearest carbon
atoms. A larger cutoff may be taken (depending on the nature of the charge center)
but the lattice cutoff is a natural minimum distance required to regularize the
potential and permit the solution to extend into the supercritical regime.

The charge may also be located a significant distance away from the graphene
plane [27] in which case the Coulomb potential may be regularized in the alternative
form of V.r/ D �„vFˇ=

p
r2 C d2, which corresponds to a charge ˇ located a

distance d from the graphene plane.
With the potential regularized with cutoff r0, the spectrum of the supercritical

states behaves as [22]

En � �„vF
ˇ

r0
e��n=

p
ˇ2�ˇ2c : (1.11)

Note that there is a singularity at the critical value ˇ D ˇc and the states are only
defined for ˇ > ˇc. The energy scale is set by the regularization cutoff r0. Because
there is no gap in the energy spectrum, true bound states are not possible so these
are quasi-bound states (resonances).

For a measurable feature of the supercritical states, we turn to the local density
of states (LDOS),

LDOS.E; r/ D
4

�„vF

X

i

j�i.kE; r/j
2 ; (1.12)

where kE D jEj=„vF and the sum runs over the relevant angular momentum
channels in the continuum. The supercritical quasi-bound state appears as a
resonance peak in the LDOS located at negative energy below the Dirac point, as
shown in Fig. 1.3. As the charge ˇ is increased, the resonance broadens as it moves
down to lower energy. On the other hand, its spatial extent is inversely proportional
to jEj. This feature can be measured experimentally. It corresponds to the inner
electron part of the collapse wave function. This is in contrast to the QED heavy
ion experiments which look for the outer part of the wavefunction: the outgoing
positron.

1.3 Artificial Nuclei

The resonance peak which appears in the LDOS of a supercritical charge is a clear,
experimentally observable signature of atomic collapse in graphene. The LDOS can
be measured with scanning tunneling microscopy (STM). An atomically sharp tip
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Fig. 1.3 Colormap of the LDOS as a function of position and energy. The charge is located in
the center (r D 0). The coupling ˇ varies from 0 to 1:2 as labeled in the subplots. The R1 label
indicates the collapse resonance which appears in the supercritical regime ˇ > 0:5

scans over a sample of graphene and measures the electric current I the tip draws
from the surface as a consequence of the tunnelling effect. The current depends
on the relative voltage V between the tip and the sample. The derivative of I with
respect to V (differential conductance) is proportional to the local density of states

LDOS.E; r/ /
dI

dV
: (1.13)

Even though the critical value is relatively modest in graphene, introducing a
sufficiently large impurity charge on graphene’s surface is still challenging [24].
Because graphene is a good conductor it is difficult to deposit and maintain a charge
on its surface. It is common to find impurities in graphene samples, but the charge
of a single impurity atom turned out to be insufficient. Thus it is necessary to create
more intense charge centers which can serve the role of artificial nuclei for atomic
collapse in graphene.

1.3.1 Charged Impurity Cluster

In order to successfully create a supercritical charge, multiple Calcium dimers need
to be deposited on the surface of a graphene sheet as was done in the experiment
by Wang et al. [25] Individual dimers have subcritical charge, but in the experiment
they are used like movable charge centers using an STM tip to assemble a cluster of
supercritical charge. For the theoretical model, the previously introduced potential
cutoff r0 is modified in order to match the size of the cluster (�1 nm).

The results of the experiment are shown in Fig. 1.4. The insets show the positions
of the Calcium dimers as seen by the STM. The curves depict the differential
conductance dV=dI, i.e. LDOS, as a function of the bias voltage V for different
positions of the STM tip. A change of V corresponds to changing the energy and thus
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Fig. 1.4 STM measurements (left) and calculation (right) of dI=dV for graphene with 1 and
5 charge centers: Ca dimers as shown in the inset. The various curves correspond to different
distances from the center of the charge (Adapted from Wang et al. [25])

allows to scan the band structure. The gap in the LDOS is caused by phonon-assisted
inelastic tunneling and is not of interest. Instead, the main feature is the appearance
of a clear narrow maximum in the vicinity of the charge center in the case of 5
dimers. This is the expected evidence of an atomic collapse state in graphene with a
supercritical impurity charge.

1.3.2 Charged Vacancy

In order to achieve a supercritical charge a large number of charge centers must
be placed in a small area which is difficult due to strong Coulomb repulsion.
Alternatively, it has been shown that a vacancy in graphene can stably host a positive
charge [28, 29]. The charge can be made supercritical, allowing the vacancy to take
on the role of an artificial nucleus for atomic collapse in graphene. Its effectiveness
is further enhanced because it is located directly in the plane of graphene instead of
on top of the surface.
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Fig. 1.5 (a) Illustration of vacancies with 1 to 4 missing atoms. (b) Simulated LDOS at 1 nm from
the center of each type of vacancy including only the first nearest neighbor hopping. (c) The same
results including the next-nearest hopping term (broken electron-hole symmetry)

A vacancy is the absence of an atom at a given site in graphene. Vacancies can
be created by sputtering graphene with HeC ions [30]. The bombardment of ions
physically removes carbon atoms from the graphene sheet. This has an effect both
on the conduction band electrons as well as on the structural bonds. We shall first
consider the effect of removing the �z orbital at a lattice site, i.e. a charge-neutral
vacancy.

Graphene with vacancies can still be described by the tight-binding Hamilto-
nian (1.2) where the hoppings to vacant sites are forbidden. A vacancy may consist
of Nv D NA C NB missing carbon atoms, where NA and NB correspond to the
number of atoms removed from sublattices A and B, respectively. In the presence
of electron-hole symmetry (t0 D 0), introducing a vacancy with NA ¤ NB will break
the sublattice symmetry and create a zero energy state which is quasilocalized near
the vacancy. In addition, this state exists only on a single sublattice, corresponding
to the one with the lowest number of removed atoms [31].

Figure 1.5a illustrates four types of vacancies labeled 1 to 4 according to the
number of missing carbon atoms. The LDOS in Fig. 1.5b is shown for each vacancy
as well as for pristine graphene (0 missing atoms). Vacancies with 1, 3 and 4 missing
atoms exhibit a very high intensity peak in the LDOS at the Dirac point which
corresponds to the quasilocalized zero energy state. The vacancy with 2 missing
atoms retains a V-shaped LDOS with only a slightly increased slope compared to
pristine graphene. This is because it preserves the sublattice symmetry with one
missing atom from each sublattice. The other vacancies have a sublattice difference
NB � NA of 1, 1 and �2 for vacancies 1, 3 and 4, respectively.

It is possible to write down an analytical wave function of the zero energy mode
introduced by a single-atom vacancy in the continuum limit [32]

�.x; y/ '
eiK0r

x C iy
C

eiKr

x � iy
: (1.14)
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The state is quasilocalized around the vacancy in the center and its amplitude decays
with distance as 1=r. However, this vacancy state exists in this form only in the
presence of electron-hole symmetry. This is also the reason why the vacancy peaks
in Fig. 1.5b are sharp and symmetric. Once electron-hole symmetry is broken, the
quasilocalized vacancy state turns into a resonance and the solution can no longer be
obtained analytically. Instead, a numerical solution of the tight-binding Hamiltonian
is required.

Including the next-nearest neighbor hopping term (t0 ¤ 0) breaks electron-hole
symmetry. The transformation from a zero energy state to a resonance means that
the resulting LDOS peak will broaden and shift slightly, as seen in Fig. 1.5c. The
linewidth and the displacement (from zero energy) are both proportional to the
electron-hole asymmetry (i.e. the value of the t0 parameter). The LDOS vacancy
peaks move to positive energy in response to the higher density of holes introduced
by the t0 term.

Apart from the just described effect on the conduction band, the removal of
a carbon atom also affects the structural bonds. One possible outcome is that
the lattice will locally undergo a bond reconstruction thereby transforming the
usual hexagonal lattice to pentagon/heptagon structures or other similar local
reconstructions in the vicinity of the vacancy [33]. On the other had, the disrupted
bonds may remain as dangling bonds. The structure around the vacancy retains
the general hexagonal shape, but the carbon atoms on the edge of the vacancy are
allowed to relax. Subsequently, this lattice relaxation produces a positively charged
vacancy with effective charge Z=� � C1jej, where jej is the elementary charge [28].

In order to create artificial nuclei, the focus is on single-atom vacancies which
have not been passivated by trapped ions. These vacancies can be identified by their
triangular structure in STM topography. Measuring the LDOS also identifies the low
energy vacancy peak of a single-atom vacancy (see Fig. 1.5c) which distinguishes it
from the two-atom vacancy that lacks this feature.

After bombarding the graphene sheet with an ion beam, the created vacancy is
mostly charge neutral. The charge is deposited by applying voltage pulses with an
STM tip [29]. It is well known that such pulses can functionalize atoms, tailor the
local structure or change the charge state [34, 35]. Both positive and negative voltage
pulses cause a gradual buildup of a positive charge at the vacancy. The sign of the
STM voltage pulses does not matter because the pulses help the vacancy structure to
relax, thus indirectly exposing the positive charge on the dangling bonds of the edge
atoms. The charge is stable and remains unchanged as long as the experiment is kept
cold. The gradual charge buildup is monitored with scanning tunneling spectroscopy
(STS) and Landau level (LL) spectroscopy, and compared to numerical simulations.

The evolution of the LDOS with ˇ is presented in Fig. 1.6, as calculated from the
tight-binding model up to the next-nearest neighbor hopping. At low ˇ the spectrum
consists of a single peak which results from the uncharged vacancy. With increasing
ˇ the vacancy peak (VP) broadens and its energy becomes more negative, all the
while remaining tightly localized on the vacancy site. Upon exceeding the critical
value, ˇ > 0:5, a new branch, labeled R1, emerges below the Dirac point. This is
the counterpart of the 1S collapse state in atoms [13, 14]. The R1 collapse resonance
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Fig. 1.6 (a) Simulated map of the evolution of the spectra with ˇ. The intensity scale in the
vacancy peak (VP) regime is divided by 2 to facilitate the comparison with the atomic collapse
(AC) regime. The symbols represent the energies of the VP and AC peaks from panel C. (b)
Simulated spectra for the ˇ values in (c). Curves are vertically offset for clarity. (c) Evolution of
STS with charge (increasing from bottom to top). Each curve is marked with its corresponding
ˇ value. The horizontal dashed line separates between spectra in the subcritical and supercritical
regimes. The vertical dashed line represents the bulk DP measured far from any vacancy (From
Mao et al. [29])

is clearly distinguishable from the VP by its significantly larger spatial extent. With
increasing ˇ, R1 develops a satellite, R10, which tracks its evolution with ˇ. While
R1 is a universal feature of AC states, R10 is due to the locally broken sublattice
symmetry and is peculiar to the supercritically charged single-atom vacancy. As ˇ
further increases more branches emerge, starting with R2 which is the equivalent of
the 2S AC state.

The form of the truncated potential, Eq. (1.10), takes the finite size of the charge
into account via the parameter r0. For the charged vacancy, based on experimental
data, this parameter is set to 0:5 nm. It is smaller than the size of the impurity cluster.
The smaller charge area enhances the effect making the R2 collapse resonance
experimentally observable.

The effect of the size of the charge is further investigated in Fig. 1.7a. Reducing
the size of r0 increases the strength of the potential and in the limit r0 ! 0 it
corresponds to a point charge. As we move closer to this limit, the energy levels R1
and R10 diverge: R1 dives to very low energy while increasing its intensity, but R10

stays close to the Dirac point while losing intensity. R1 and R10 are mostly made
up of opposite sublattice states. As shown in Fig. 1.7b, sublattice A is closer to the
center with a radius of acc, while the minimum radius of sublattice B is farther
away at radius a. This defines the minimum radii of the R1 and R10 resonances.
Figure 1.7c shows a zoomed in view and the vertical lines correspond to the radii
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Fig. 1.7 (a) LDOS as function of the r0 parameter for ˇ D 1:15. (b) Illustration of the model
system around the vacancy. The circles indicate minimum radii of sublattices A and B. (c) Zoomed
in view of panel (a) close to the center. The vertical lines correspond to the radii from panel (b)

from Fig. 1.7b. Resonance R10 corresponds to a state with a larger radius. It loses
most of its intensity in the region where acc < r0 < a. Resonance R1 significantly
increases its intensity in the region r0 < a and saturates at acc.

1.4 Summary

Atomic collapse is a long sought-after phenomenon in quantum electrodynamics
which is not observable with real atomic nuclei because of the extremely large
charge requirements. Graphene offers the opportunity to observe the same physics at
a much smaller charge and energy scale. As the charge is increased, the interaction
undergoes a transition into a supercritical regime where electrons are trapped in
a sequence of quasi-bound states which resemble an artificial atom. In order to
reach the supercritical regime an artificial nucleus with sufficient charge must
be constructed. This can be done by assembling a cluster of charged impurities.
Alternatively a single-atom vacancy can stably host a local charge that is built up by
applying voltage pulses with the tip of a scanning tunneling microscope. The quasi-
bound electron states are detected as a strong enhancement of the local density of
states within a disc centered on the charge.
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Chapter 2
Fluorination Clusters on Graphene
Resolved by Conductive AFM

A. Mishchenko, A. Eckmann, I.V. Grigorieva, and K.S. Novoselov

Abstract Partially fluorinated graphene samples were studied by conductive AFM.
The conductivity is found to be strongly non-uniform with low conductivity patches
of about 10 nm. We interpret this observation as formation of low conducting
clusters of fluorinated graphene separated by areas of pristine material. This is the
first direct observation of clustering of covalently bonded impurities on graphene
surface.

2.1 Introduction

Graphene has opened a floodgate for other 2D materials to be discovered and studied
[1, 2]. One of the possible ways to create new two-dimensional (2D) crystals is to use
graphene as a molecular scaffolding and attach other species to it. Several chemical
modifications of graphene has been realised up to date, including graphane (with
hydrogen atoms attached to each carbon) [3] or fluorographene [4]. The latter is of
particular interest for applications as fluorographene is stable, has a large band gap,
mechanically strong and optically transparent.

Partially fluorinated graphene can also be of significant interest. Thus, it was
recently shown that partial fluorination induces paramagnetism in graphene [5].
Fitting of the magnetisation data with Brillouin function led to the conclusion
that number of paramagnetic centres is three orders of magnitude less than the
measured number of fluorine adatoms in the samples. To explain this surprising
result authors suggested that fluorine atoms on graphene form clusters due to low
migration barriers for fluorine adatoms [6–8] as well as enhanced chemical activity
of ripples in graphene [6, 7]. However, no direct observations of such clusters were
reported so far.

In this work we employed conductive atomic force microscopy (CAFM) to
visualise fluorine clusters on partially fluorinated graphene. This technique allows
one to measure the local conductivity of a sample. Since large gap in the electronic
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spectrum has been observed in the fluorinated graphene [4], the fluorinated patches
are expected to have low conductivity, thus, showing themselves in the conductivity
maps.

2.2 Experimental

Graphene flakes were exfoliated [9] on oxygen plasma cleaned quartz substrate by
micromechanical cleavage and fluorinated by exposure to XeF2 crystals at room
temperature under argon for a few hours [4]. At room temperatures such relatively
short exposure results only in partial fluorination. Quality of pristine graphene
flakes and extent of fluorination was monitored by Raman spectroscopy. After
fluorination Cr/Au (4 nm/50 nm) contacts were deposited through shadow mask (to
avoid contamination of the surface by the resist) by electron-beam evaporation.

Topography and current images were obtained with AFM Nanoscope Dimension
V (Bruker) in contact mode with conductive Pt/Ir coated cantilevers PPP-CONTPt
(Nanosensors). Current was measured at fixed bias of 0.1 V applied to the tip via
2400 Source/Meter (Keithey). Fluorinated graphene (and control samples of pristine
graphene) was grounded through 1 M	 limiting resistor and voltage drop across
this resistor measured by 2184 A Nanovoltmeter (Keithey) was fed back to AFM.
Images were obtained in ambient conditions with scan rate 0.2 Hz and force applied
�5–10 nN (ca. 60 nN together with capillary force).

2.3 Results

The scheme of experimental setup is shown on Fig. 2.1a. Topographic and current
images for partially fluorinated graphene are presented on the Fig. 2.1b, d, respec-
tively. For comparison, current map of pristine graphene is shown on Fig. 2.1c.
Topographic images of partially fluorinated graphene show height variation on the
order of 1 nm (Fig. 2.1b) in good agreement with STM imaging results obtained
for pristine graphene on SiO2 substrate [10]. Lateral dimensions of observed
corrugations (as estimated from height-height correlation analysis) were of the order
of 50 nm, in good agreement with STM investigation of graphene on SiO2 substrate
[11]. These corrugations are larger and higher than expected for graphene ripples,
and most probably determined by the underlying quartz substrate [10, 11].

Conductivity maps of pristine graphene do not show any sharp features, Fig. 2.1c.
Typical resistance between the tip and graphene is of the order of 100 k	 and the
local resistance variations are of the order of 1–2 %. As the observed resistance is
much larger than the typical sheet resistance of graphene (6 k	) we conclude that
it is limited by the tunnelling resistance between the tip and graphene. At the same
time, no significant dependence on the force between the cantilever and the surface
has been observed – in line with the previous investigations [12, 13].
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Fig. 2.1 Scheme of conductive AFM setup (a), partially fluorinated graphene, topography image
(b), pristine graphene, current map (c), partially fluorinated graphene, current map (d)

Typical resistance of the fluorinated samples was much higher – in the region
of several M	 (depending on the level of fluorination). Current images also show
fine structure (thus, for the sample presented on Fig. 2.1d – resistance variation
from 4 to 11 M	). Degree of fluorination in this case was low, since sample was
still conductive (low resistance features were 3–5 M	), which corresponds well to
results obtained for lateral transport in partially fluorinated samples [4]. The lateral
scale of the conductivity variations is much smaller than the typical undulations in
topography, Fig. 2.1d (for clarity, current images were flattened and equalized).

Because in our experiment graphene was supported on the substrate, fluorination
was most probably one-sided. In the case of one-side functionalization of graphene
the disordered fluorination should be favoured by the presence of ripples and
substrate-induced corrugations in graphene [6]. We interpret the low-conductivity
parts to be fluorinated patches and the high-conductivity regions to be the areas
of pristine graphene. The fact that even the patches of pristine graphene are still
of relatively low conductivity is explained by the fact that we are measuring not
only the local conductivity, but also the conductivity of the whole fluorinated flake
between the tip and the metal contact. The latter is limited by the resistance of the
percolating network of pristine graphene among the fluorinated patches. Also, the
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Fig. 2.2 Several images of partially fluorinated graphene, obtained sequentially: topography (top
row) and current maps (bottom row)

Fig. 2.3 Representative
current map after performing
“flooding” analysis in
WSXM package [15]

resistance of the narrow areas of pristine graphene is likely to be limited by the size
quantisation – similarly as for the case of graphene nanoribbons [14].

Although there is a weak correlation between topographic image and contrast in
current map at large scale (30–60 nm), Fig. 2.1b, d, size and shape of high resistance
clusters on the current map are completely different from topography image. Several
images, obtained sequentially, show the same features, Fig. 2.2, thus excluding
contributions of electrical or mechanical noise to this fine structure. From flooding
analysis of several images (example on Fig. 2.3) first-neighbour distance between
low-conductance clusters was estimated to be 9:1 ˙ 0:6 nm. This value corresponds
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well to the size of ripples in graphene [16] and to the size of fluorographene clusters
calculated from magnetization measurements [5].

2.4 Conclusion

In conclusion: we confirmed experimentally clustering of adatoms on graphene,
induced by local curvature of graphene. This opens up possibility to perform
spatially-controlled functionalization of graphene, which, together with strain engi-
neering could lead to variety of nanoelectronics applications [17, 18].
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Chapter 3
Spin Relaxation in GaAs Based Quantum Dots
for Security and Quantum Information
Processing Applications

S. Prabhakar and R. Melnik

Abstract We report new three-dimensional modeling results of the band structure
calculation of GaAs=Al0:3Ga0:7As quantum dots (QDs) in presence of externally
applied magnetic and electric fields along z-direction. We explore the influence of
spin-orbit coupling in the effective g-factor of electrons in such QDs for possible
application in security devices, encrypted data and quantum information processing.
We estimate the relaxation rate in QDs caused by piezo-phonons.

3.1 Introduction

Several research proposals for the design of robust semiconductor spintronic devices
for quantum logic gates in quantum information processing and security applica-
tions is based on the accurate manipulation of the effective g-factor of electrons
with electric fields and estimation of the spin relaxation rate [14–16, 20]. One may
expect a larger spin relaxation or decohenrence time than the gate operation time
for the possible implementation of quantum dots devices in quantum information
processing [1, 2]. Authors in Refs. [6, 11] have measured long spin relaxation
times of 0.85 ms in GaAs QDs by pulsed relaxation rate measurements and 20 ms
in InGaAs QDs by optical orientation measurements. These experimental studies
in QDs confirm that the manipulation of spin-flip rates by spin-orbit coupling is
important for the design of spintronics logic and other devices [7, 9, 16].

The spin-orbit coupling consists of the Rashba [3] and the linear Dresselhaus [5]
terms that arise from structural inversion asymmetry along the growth direction
and the bulk inversion asymmetry of the crystal lattice [1, 2, 24]. The electric and
magnetic fields tunability of the electron g-factor in gated III-V semiconductor
QDs with the Rashba and Dresselhaus spin-orbit couplings were explored in
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Refs. [12, 15, 22–24]. It has also been noted that in-plane anisotropy due to gate
potential also influences the effective LandKe g-factor of electrons in QDs [15, 17,
27]. In this paper, we consider three-dimensional GaAs=Al0:3Ga0:7As conical QDs
that are epitaxially formed at the heterojunction. We study the variation in the g-
factor of electrons with electric and magnetic fields. We also estimate the phonon
mediated spin-flip rate of electron spin states.

The paper is organized as follows. In Sect. 3.2, we provide a description of
the theoretical model of three-Dimensional semiconductor QDs in presence of
externally applied electric and magnetic fields. In Sect. 3.3, we give details of
the diagonalization technique used for finding the eigenvalues and eigenstates for
electrons in QDs. In Sect. 3.4, we discuss the dependency of the effective g-factor
and spin relaxation rate with magnetic fields. Finally, in Sect. 3.5, we summarize
our results.

3.2 Theoretical Model

We consider a GaAs=Al0:3Ga0:7As QD epitaxially formed at the heterojunction. In
presence of magnetic field applied along z-direction, we write the total Hamiltonian
of this quantum dot as: [1, 9, 19, 21, 24]

H D H0 C HR C HD; (3.1)

where HR and HD are Hamiltonians associated with the Rashba and Dresselhaus
spin-orbit couplings and

H0 D
P2

2m
C V.x; y; z/C eEzz C

1

2
go
B�zB; (3.2)

where P D p C eA is the kinetic momentum operator, p D �i„.@x; @y; @z/ is the
canonical momentum operator, A D B .�y; x; 0/ is the vector potential, m is the
effective mass of the electron in the conduction band, 
B is the Bohr magneton
and � D

�
�x; �y; �z

	
are the Pauli spin matrices. Also, V.x; y; z/ is the confinement

potential which is zero in the GaAs region and 0:3 eV in the barrier material, and Ez

is the applied external field along z-direction. The Hamiltonians associated with the
Rashba and Dresselhaus spin-orbit couplings can be written as [3, 5, 24]

HR D
˛R

„

�
�xPy � �yPx

	
; (3.3)

HD D
˛D

„

�
��xPx C �yPy

	
; (3.4)
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where the strengths of the Rashba and Dresselhaus spin-orbit couplings are charac-
terized by the parameters ˛R and ˛D. They are given by

˛R D �ReE; ˛D D 0:78�D

�
2me

„2

�2=3
E2=3; (3.5)

where �R and �D are the Rashba and Dresselhaus coefficients. Now we write
Hj� i D "j� i in terms of a coupled eigenvalue problem, consisting of two
equations, in the basis states j 1i and j 2i as
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j 1i D "j 2i; (3.7)

where !c D eB=m.
We now turn to the calculation of the phonon induced spin relaxation rate at

absolute zero temperature. Following Ref. [18], the interaction between electrons
and piezo-phonons can be written as [9, 10, 13, 29]

uq˛
ph .r; t/ D

s
„

2�V!q˛
ei.q�r�!q˛ t/eAq˛b�q˛ C H:c: (3.8)

Here, � is the crystal mass density, V is the volume of the QDs, b�q˛ creates an
acoustic phonon with wave vector q and polarization Oe˛ , where ˛ D l; t1; t2 are
chosen as one longitudinal and two transverse modes of the induced phonon in
the dots. Also, Aq˛ D Oqi Oqkeˇijkej

q˛ is the amplitude of the electric field created by
phonon strain, where Oq D q=q and eˇijk D eh14 for i ¤ k; i ¤ j; j ¤ k. The polar-
ization directions of the induced phonon are Oel D .sin � cos
; sin � sin
; cos �/,
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Oet1 D .cos � cos
; cos � sin
;� sin �/ and Oet2 D .� sin
; cos
; 0/. Based on the
Fermi Golden Rule, the phonon induced spin transition rate in the QDs is given
by [10, 24]

1
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Z
d3q
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X
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jM .q˛/ j2ı
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„s˛q � "f C "i

	
; (3.9)

where sl,st are the longitudinal and transverse acoustic phonon velocities in QDs.
Under the dipole approximation, we write (3.9) as [10, 25]
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Mx D h ijxj f i; (3.12)

My D h ijyj f i; (3.13)

Mz D h ijzj f i: (3.14)

In the above expression, we use c D clIxl C 2ctIxt, where c˛ D q2e2

.2�/2„2s˛
j"q˛j2,

j"q˛j2 D q2„
2�!q˛

. For longitudinal phonon modes similar to Refs. [7, 10], we have

jAq;lj
2 D 36h214 cos2 � sin4 � sin2 
 cos2 
. Likewise, for transverse phonon modes,

we have jAq;tj
2 D 2h214Œcos2 � sin2 � C sin4 �

�
1 � 9 cos2 �

	
sin2 
 cos2 
�.

3.3 Computational Method

The geometry of GaAs conical QDs with wetting layer is shown in Fig. 3.1. The
QDs are surrounded by host barrier material Al0:3Ga0:7As. We diagonalize the total
Hamiltonian H using the finite-element method [4]. In typical examples reported
here, the geometry contains on the order of 56729 elements. We impose Dirichlet
boundary conditions at the outside boundaries to let the wavefunction to vanish and
Neumann boundary conditions at the internal boundaries to let the wavefunction to
follow continuity equation. Then we find eigenvalues and eigenfunctions by solving
two coupled equations (3.6) and (3.7).
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Fig. 3.1 Illustration of ground state wavefunctions (upper panel) and first excited state wavefunc-
tions (lower panel) of electrons in GaAs/AlGaAs QDs. Left column QD wavefunctions correspond
to the externally applied electric field, Ez D 0:001V/nm, while right column QD wavefunctions
correspond to the externally applied electric field, Ez D 0:1V/nm. Evidently, penetration of
wavefunctions from the QD region to the barrier materials leads to the variation in the Lande
g-factor of electrons that can be utilized to design spintronic devices for security and quantum
information processing

3.4 Results and Discussions

In Fig. 3.1, we have plotted probability distribution, j 1j
2 C j 2j

2 (arbitrary unit) of
ground (upper panel) and first excited state (lower panel) wavefunctions of electron
at Ez D 0:001V/nm (left panel) and Ez D 0:1V/nm (right panel). As we can see, the
penetration of electron wavefunctions into the barrier material is enhanced for larger
values of the applied electric field along z-direction. This leads to the variation in the
effective g-factor (see also Fig. 3.3) of electrons in GaAs=Al0:3Ga0:7As QDs that can
be utilized to design quantum logic gates for applications in security and quantum
information processing. In Fig. 3.2, we have plotted a cross section along z-direction
of the edge potential and probability distribution (j 1j2 C j 2j

2) of ground state
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Fig. 3.2 Conduction band edge and its corresponding normalized wavefunctions vs distance from
GaAs=Al0:3Ga0:7As. Again, penetration of wavefunctions in the barrier material at large electric
fields can be seen (also see Ref. [8])

wavefunctions of electrons at Ez D 0:001V=nm (left panel) and Ez D 0:1V=nm
(right panel). Here we again see that the penetration of electron wavefunctions into
the barrier material is enhanced for larger values of the applied electric field along
z-direction (for experiment results, see Ref. [8]). In Fig. 3.3 (upper panel), we have
plotted the effective g-factor, g D ."1 � "2/=
BB of electron vs magnetic fields.
Here, the variation of effective g-factor of electrons in quantum dots with electric
field can be seen and can be applied to make quantum logic gates for application
in spintronic devices. At large magnetic fields, we find the level crossing due to
admixture of spin and orbital states (see lower panel of Fig. 3.3). In Fig. 3.4, we
have plotted piezo-phonon mediated spin and orbital relaxation vs magnetic fields
in GaAs=Al0:3Ga0:7As QDs at Ez D 0:1V=nm. We see that the relaxation rate is
enhanced with magnetic fields and can approach to the orbital relaxation rate at
large magnetic fields where the decoherence time is greatly reduced due to the level
crossing of orbital and spin states. Such an ideal location should be avoided during
the design of spintronic devices for application in security and quantum information
processing (Table 3.1).
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Fig. 3.3 (upper) Electron
effective g-factor vs magnetic
field in GaAs=Al0:3Ga0:7As
QDs. Level crossing can be
observed at large magnetic
fields which vary with the
applied external electric fields
along z-direction. (lower)
Band diagram of electron in
GaAs=Al0:3Ga0:7As QDs vs
magnetic field. The band
crossing is seen at large
magnetic field, B � 185T

3.5 Conclusion

Based on finite element implementation, we have provided three-dimensional
modeling results for the tuning of the effective g-factor of electrons with spin
orbit coupling in GaAs=Al0:3Ga0:7As QDs and shown that the level crossing can
be observed at large magnetic fields due to the admixture of spin and orbit states.
We also estimated the relaxation rate caused by piezo-phonon and shown that the
spin-hot spot can be observed at the level crossing point. Decoherence time is greatly
reduced at the level crossing point. Thus, We suggest to avoid such an ideal location
in the design of GaAs based QD devices for possible applications in spintronics,
security, encrypted data and quantum information processing.
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Fig. 3.4 Piezo-phonon mediated spin relaxation vs magnetic fields in GaAs=Al0:3Ga0:7As QDs at
Ez D 0:1V=nm

Table 3.1 The material
constants used in our
calculations are taken from
Refs. [19, 26, 28]

Parameters GaAs Al0:3Ga0:7As

g0 �0:44 0.4

m 0:067m0 0.088m0

˛R Œnm2� 0:044 0.022

˛D ŒeVnm3� 0:026 0.0076

eh14 Œ10�5 erg=cm� 2:34 0.54

sl Œ10
5 cm=s� 5:14

st Œ10
5 cm=s� 3:03

� Œg=cm3� 5:3176
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Chapter 4
Very Sensitive Nanocalorimetry of Small Mass
Systems and Glassy Materials

J.-L. Garden, A. Tavakoli, T. Nguyen-Duc, A. Frydman, M. Laarraj,
J. Richard, and O. Bourgeois

Abstract Nanocalorimetry is a technique that deals with any thermal measurement
methods in which either the samples to be studied have a size in the range of the
nanometer scale or the measured energies involved are of the order of the nanojoule
or below Garden et al (Acta 492:16–28, 2009). In this paper, we show the results
of two nanocalorimetric experiments. The first one is related to the measurement of
specific heat on ultra-thin small systems (thin films) at low temperature. It is shown
that such measurement can be sensitive to less than one monolayer of materials. The
second one illustrates the efficiency of calorimetric studies sensitive at the nanoJoule
on complex system (polymeric glass) at room temperature. We then discuss the
potentiality of these experimental methods in the field of security: the measurement
of either a very small mass or very small quantity of energy for the detection of tiny
thermal events.

4.1 Introduction

The calorimetric techniques are the experimental methods that allows the mea-
surement of heat exchanges during a phase transition or any change in matter
(temperature, pressure, volume etc.). It is a versatile method used for materials
characterization that spans a wide range of domains going from low temperature
physics to room temperature biology [1]. Part of the calorimetric techniques are
dedicated to the measurement of the specific heat, one of the most important thermal
properties of materials along with the thermal conductivity. The specific heat of a
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system reveals its intrinsic property by quantifying the amount of heat necessary
to increase the temperature of the system by 1 K. Hence, nanocalorimetry is the
part of calorimetry allowing the measurement of very small systems (nanometer
scale) or very small quantities of heat (nanoJoule range). As an illustration, we will
present in this article two sensitive nanocalorimetric measurements of the specific
heat of very different systems: the first concerns the measurement of the specific
heat of very thin superconducting layers (few mono-atomic layers). The second is
about the measurement of very fine specific heat variation during the relaxation of
a glassy polymeric system. These two examples of nanocalorimetric measurement
will enlighten its general interest in the thermal detection of small systems or small
thermal events.

4.2 Nanocalorimetric Measurement of Nanometric Thick
Layers

The purpose of this first part is to illustrate how sensitive specific heat measurements
can help detecting a very small mass change. By using ac calorimetry, we can indeed
detect the heat capacity of materials in Joule per Kelvin, linearly dependent on the
mass of the sample. In this experiment, based on a silicon membrane sensor [2], we
demonstrate that the measurement of mono-atomic layer of materials is possible.
Necessarily, measuring the specific heat of very thin film is a major experimental
challenge. Indeed, it involves the measurement of very small mass samples requiring
a very high sensitivity, here at low temperature. This will be made possible thanks
to recent experimental developments of highly sensitive specific heat measurement
equipment [3–5].

4.2.1 Experimental Set-Up

A new apparatus has been made to measure the heat capacity of quench condensed
thin films. Quench condensed films are obtained by thermally evaporating materials
in-situ directly on the thermal sensor [5–8] at low temperature. This is allowing
the deposition of a fraction of monolayer of materials in order to test the actual
sensitivity of the calorimetric cell; This has been done here for superconducting
materials but has been also performed for magnetic one [9]. The system has been
tested by evaporating pure Pb (99.99 %) on the membrane that is regulated at 8 K.
The fabrication of the calorimetric sensor has been described elsewhere, we will
only highlight its very peculiarities [2, 3, 5]. The sensitive part is composed of a thin
silicon membrane (5�m thick) on which a NbN thermometer [10] and a Cu heater
have been lithographied to allow thermal measurements (see Fig. 4.1). The total
heat capacity measurement that we will show below represents the heat capacity
of the membrane itself along with the thermometer and heater on which the heat



4 Very Sensitive Nanocalorimetry 37

Fig. 4.1 (a). Picture of the bottom part of the evaporation chamber. The baskets used for the
quench condensation of Pb materials can be seen. (b). Picture of the sample holder part were the
silicon membrane is located on the back of the regulation stage and the quartz crystal used for
the measurement of mass sample. (c). A photograph of a silicon membrane after an evaporation
located between the heater and the thermometer of the membrane. The electrodes used for the
electrical characterization of the evaporated samples are seen on the two sides of the membrane

capacity of the sample is added. We keep the absolute values measured for the sake
of simplicity.

4.2.2 Results and Discussions

In this experiment, we have done sequential evaporations and measure the heat
capacity for every of them (see Fig. 4.2). The size of the sample is 3 mm by 2 mm,
and hence since a monolayer (ML) of Pb represents 0.18 nm, 1 ML corresponds
approximately to 10 ng. Each thermal evaporation of metal can be easily distin-
guished from the previous one from the Cp data. As expected, the heat capacity
increases as the thickness (and the number of ML) of the thin films increases. It is
important to stress here that only that experiment allows the measurement of ultra-
thin layer thanks to the cold evaporation of materials. Any evaporation at room
temperature would severely damage the quality of the sample rendering any data
interpretation very difficult.

The table gathers the different experimental values that can be extracted from
the measurement at 5.55 K for the different evaporation of Pb (see Table 4.1). The
successive materials depositions (between the 5th and the 8th) show clearly the
quality of the measurement. Having a sensitivity of the order of ˙ 0.01 nJ/K, it is
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Fig. 4.2 Heat capacity measurement versus temperature for various successive evaporation of Pb
on the silicon membrane. The heat capacity is continuously increasing as materials is added. Each
evaporation from the 3rd to next correspond approximately to less than 1 ML

Table 4.1 This table gathers the different experimental values that can be extracted from the
measurement at 5.55 K. The first column gives the number of the evaporation, the second the
overall heat capacity (including the contribution of the sensor), the third column the thickness of
the film, the fourth the number of ML, the fifth the mass (in microgram) and the last column shows
the sensitivity in J/K

Evap. ] Cp (nJ/K) t (nm) ML m (�g) �Cp

5th 8.37 10.3 57.2 0.48 ˙0.01

6th 8.50 10.46 58.1 0.487 ˙0.01

7th 8.54 10.51 58.4 0.49 ˙0.01

8th 8.62 10.61 58.9 0.494 ˙0.01

clear that a film thickness smaller than 1 ML can be detected. To illustrate more
clearly that point, we have calculated in the table the corresponding number of
monolayers measured as a function of the sequential depositions. It appears that this
experimental set-up is able to detect a variation of mass of less than 1 ML; basically
on the order of 0.5 ML. This number is definitely beyond the state of the art in terms
of highly sensitive specific heat measurement at low temperature.

Similar developments have been done using silicon nitride membrane as the
mechanical support for samples instead of silicon. We have also recently demon-
strated very sensitive measurement using this new sensor since mass of less than
1 ng can be detected.
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4.2.3 Conclusions

We have developed an innovative equipment that allows the measurement of heat
capacity of cold evaporated thin films that is sensitive to sub-monolayer change
of materials thickness. It can be used for the study of Bi, Sn, In, Pb or any other
materials that can be quench-condensed at low temperature. This experiment show
the possibility of performing the Cp measurements successively by increasing the
thickness of the films in-situ. Very or ultra-thin films can be measured using this
experiment especially for the study of heat capacity signature of phase transition
in very low dimensional systems. It is also a clear demonstration that ultra-small
mass variation can be detected from a calorimetric tool that has been optimized;
this is paving the way for new detection schemes based on highly sensitive thermal
measurements.

4.3 Nanocalorimetric Measurement of Glassy Polymer

The glass transition is the transformation of a liquid that has been super-cooled
(by high cooling rates for example) into a disordered solid called a glass. From
a fundamental point of view, this transformation is still opened to questions
particularly because glassy systems are outside thermodynamic equilibrium. In this
case, some thermodynamic state variables of the glass depend on time. For example,
the enthalpy or entropy of a glass decreases along time whether the system is
maintained at constant pressure and temperature. Calorimetry is a usual method
to study the glass transition. In particular, during the glass transition (vitrification)
the heat capacity of the system undergoes a jump. During successive heating, the
jump is recovered along with an enthalpy peak which reflects the decrease in energy
that has occurred during the previous cooling. This quantity is analogous to the
energy furnished to the system in order to recover the initial state (liquid state).
Classical calorimetry fails to give new insights on this phenomenon partly because
its lack of resolution. Here we present the results of nanocalorimetric experiments
on a classical polymeric glass-former, the poly(vinyl acetate) PVAc. The main result
reside in the recording of very fine decreases of the heat capacity during aging at a
constant temperature below the glass transition temperature, Tg.

4.3.1 The Nanocalorimeter

The nanocalorimeter has been described in the reference [11]. It is composed of
three different parts:

– the first one is constituted by a microsensor made by means of microfabrication
technologies (see Fig. 4.3). It is composed of two half-cells, one containing a
thermometer and the other containing a heater. The sample is taken as a sandwich
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Fig. 4.3 Half-cell of the
nanocalorimeter with
patterned thin film heater in
copper-nickel on a 25�m
thick polyimide membrane
stuck on a copper piece

between these two half-cells ensuring good thermal contacts between sample,
thermometer and heater. An oscillating thermal power is generated into the
sample by the heater, and the resulting temperature oscillation is recorded with
the thermometer at the same frequency;

– the second one is an home-made low noise and highly stable electronic detection
chain allowing oscillating power generation along with oscillating temperature
detection at the same frequency with very high sensitivity;

– the third one is an home-made thermal surroundings dedicated to the sensor and
the electronic chain. It is composed of different thermally regulated shields under
vacuum inside an external stage in stainless steel.

The nanocalorimetric method of detection is the so-called ac-calorimetry [12]
which consisting in the recording of a temperature oscillation (amplitude and phase)
with the thermometer after supplying an ac-power in the cell by means of a heater
(see Fig. 4.3). The temperature oscillation is recorded versus time and numerical
fast Fourier transform (FFT) provides the amplitude and phase. The measurement
is carried out following different experimental protocols (cooling, heating, aging,
. . . ) having different thermal histories. In particular, the amplitude of the sample
temperature oscillations gives rise to the modulus of a complex heat capacity by
means of the equation:

ˇ̌
C�

p

ˇ̌
D

P0
! jTacj

: (4.1)

4.3.2 Results

In Fig. 4.4, we present the modulus of the complex heat capacity and the phase
of the temperature oscillation recorded with the nanocalorimeter during a heating
ramp (dT=dt D C0:2K/min) of the glassy polymeric sample (PVAc) undergoing
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Fig. 4.4 The modulus of the complex heat capacity and the phase of the temperature oscillation
are represented as a function of temperature during a heating ramp of C0:2K/min between 283
and 360 K. The frequency of the temperature oscillation is of 0.1954 Hz with an amplitude of the
order of 450 mK. The sample has been previously cooled between these two temperatures at a rate
of �1:2K/min

a glass transition. The modulus of the complex heat capacity shows a typical jump
during heating due to the unfreezing of the molecular movements when the glass is
transforming into a liquid. The phase exhibits a anomaly with a peak superimposed
to the jump. The high resolution of the measurement is illustrated by the quality of
the baselines either in the glassy or in the liquid state for the modulus and the phase.
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Fig. 4.5 Resolution in percent on the modulus of the complex heat capacity when the temperature
oscillations are recorded during 100 min at a constant temperature of 339 K

In Fig. 4.5, the resolution in percent is directly shown on the modulus of
the complex heat capacity when the measurement is carried out during 100 min
at a constant temperature of 339 K. The resolution is the noise (peak to peak)
divided by the absolute value of the modulus of the complex heat capacity for
each experimental point �

ˇ̌
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P

ˇ̌
=

ˇ̌
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P

ˇ̌
. The graph is directly given in percent

showing that the nanocalorimeter is about one thousand times better than classical
temperature oscillating calorimeters having a resolution of about 1 %. The minimum
heat capacity variation during a thermal event that can be detected with the
calorimeter is above 500 nJ/K.

In Fig. 4.6, we present the slow decrease of the modulus of the complex heat
capacity along time when the PVAc sample is maintained at a constant temperature
of 297 K during more than 3 h. The graph is presented using a logarithmic scale
showing that the decrease slows down progressively but does not stop. This decrease
is a consequence of the aging process (decrease of the glass energy) when the
temperature is maintained constant below the glass transition temperature. This is
typical of a glassy system. The point that we want to stress here is the significant
variation of Cp during such a time interval. The relative variation is of the order
of 1.2 % on the aging time. That is to say that this decrease cannot be measured
with classical calorimeters having a resolution of few percents. It is important to
mention that, over the same time window, no temperature drift of the sample has
been recorder. As a conclusion, these two last examples highlight the capability
of the nanocalorimeter of detecting very fine heat capacity variations during the
evolution in time of slowly relaxing complex systems.
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Fig. 4.6 Modulus of the complex heat capacity along time in logarithm scale during a aging
experiment at the constant temperature of 297 K

4.4 Discussion

In this paper, we have presented two different experiments in the fields of
nanocalorimetry. The first one deals with measurement of very thin layers at
low temperature while the second one deals with measurement of complex systems
at room temperature. These typical examples show that it is possible to reach
the nanojoule per kelvin range with high sensitive calorimetry. By definition,
calorimetry measure any kind of energy variation with temperature of any materials
or any phase transformation of materials (specific heat, enthalpy, entropy changes
etc.). We thus can imagine that such highly sensitive method of detection can find
applications in the fields of security by its capability of measuring down-scaled
nanosystems. We can however list different topics where nanocalorimetry can help
in the detection process:

• detection of fine molecular interactions in liquids (pharmacy, drug detection,
contamination of water, doping substances detection, . . . );

• detection of small amount of toxic gas (gas sensor, . . . );
• detection of small quantities (particles, gas) of explosives.

Acknowledgements We acknowledge technical supports from Nanofab, the Cryogenic and the
Electronic facilities and the Pole Capteur Thermométrique et Calorimétrie of Institut Néel for these
experiments. Funding for this project was provided by LANEF, Laboratoire d’Excellence, for the
senior grant of Aviad Frydman, and by the CNRS (Mission pour l’interdisciplinarité) by means of
the call DEFI Instrumentation aux Limites.



44 J.-L. Garden et al.

References

1. Garden J-L, Guillou H, Lopeandia AF, Richard J, Heron J-S, Souche GM, Ong FR, Vianay B,
Bourgeois O (2009) Thermodynamics of small systems by nanocalorimetry: from physical to
biological nano-objects. Thermochim Acta 492:16–28

2. Fominaya F, Fournier T, Gandit P, Chaussy J (1997) Nanocalorimeter for high resolution
measurements of low temperature heat capacities of thin films and single crystals. Rev Sci
Instrum 68:4191

3. Bourgeois O, Skipetrov SE, Ong F, Chaussy J (2005) Attojoule calorimetry of mesoscopic
superconducting loops. Phys Rev Lett 94:057007

4. Ong FR, Bourgeois O (2007) Topology effects on the heat capacity of mesoscopic supercon-
ducting disks. Europhys Lett 79:67003

5. Poran S, Molina-Ruiz M, Gerardin A, Frydman A, Bourgeois O (2014) Specific heat measure-
ment set-up for quench condensed thin superconducting films. Rev Sci Instrum 85:053903

6. Garno JP (1978) Simple high-vacuum evaporation system with low-temperature substrate. Rev
Sci Instrum 49:1218

7. Bourgeois O, Dynes RC (2002) Strong coupled superconductor in proximity with a quench-
condensed ferromagnetic Ni film: a search for oscillating T-c. Phys Rev B 65:144503

8. Bourgeois O, Frydman A, Dynes RC (2002) Inverse proximity effect in a strongly correlated
electron system. Phys Rev Lett 88:186403

9. Molina Ruiz M, Lopeandia AF, Pi F, Givord D, Bourgeois O, Rodriguez-Viejo J (2011)
Evidence of finite-size effect on the Neel temperature in ultrathin layers of CoO nanograins.
Phys Rev B 83:140407(R)

10. Bourgeois O, André E, Macovei C, Chaussy J (2006) Liquid nitrogen to room-temperature
thermometry using niobium nitride thin films. Rev Sci Instrum 77:126108

11. Laarraj M, Adhiri R, Ouaskit S, Moussetad M, Guttin C, Richard J, Garden J-L (2015) Highly
sensitive pseudo-differential ac-nanocalorimeter for the study of the glass transition. Rev Sci
Instrum 86:115110

12. Sullivan P, Seidel G (1968) Steady-state AC-temperature calorimetry. Phys Rev 173:679



Chapter 5
Phase Conversion of Y-Ba-Cu-O Thin Films
by Super-Oxygenation and Cu-Enrichment

H. Zhang, N. Gauquelin, C. Mcmahon, D.G. Hawthorn, G.A. Botton,
and J.Y.T. Wei

Abstract The superconducting critical temperature (Tc/ of hole-doped cuprates
tends to increase with their lattice complexity, which is generally correlated
with higher states of oxidation. For YBa2Cu3O7�ı (YBCO-123), it is known
that solid-state reaction in ultrahigh-pressure oxygen can induce the formation
of more complex and oxidized phases such as Y2Ba4Cu7O15�ı (YBCO-247)
and Y2Ba4Cu8O16 (YBCO-248). In this study, we apply this super-oxygenation
concept of oxide materials synthesis to thin films which, owing to their large
surface-to-volume ratio, are more thermodynamically reactive than bulk samples.
Epitaxial thin films of YBCO-123 were grown by pulsed laser-ablated deposition on
(LaAlO3/0:3(Sr2TaAlO6/0:7 substrates, and then annealed in 500 atm of oxygen at
800 ıC. The high-pressure annealing was done in conjunction with Cu-enrichment
by solid-state diffusion, as an additional driving force for phase conversion.
Resistivity was measured to determine the Tc and to assess the amount of disorder
in the films. Transmission electron microscopy and x-ray absorption spectroscopy
were used to probe the local lattice structure and oxygen stoichiometry. Data taken
on the super-oxygenated films show clear formation of YBCO-247 and YBCO-248,
as well as distinct intergrowths of YBa2Cu5O9, a novel phase of YBCO that has
three CuO chains per unit cell.
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5.1 Introduction

The Y-Ba-Cu-O (YBCO) family of compounds is exceptional among the cuprate
superconductors by virtue of the one-dimensional CuO chains in its lattice structure.
These CuO chains give YBCO its unique orthorhombicity, [1] in-plane anisotropy,
[2–4] oxygen variability, [5] and rich phase diagram. Variation in the number of
CuO chains per unit cell gives rise to different phases of YBCO. The three most
common phases are YBa2Cu3O7�ı (YBCO-123), Y2Ba4Cu7O15�ı (YBCO-247)
and Y2Ba4Cu8O16 (YBCO-248). As shown in Fig. 5.1, YBCO-123 and YBCO-
248 have single and double CuO chains, respectively, while YBCO-247 consists of
alternating single and double chains. These phases are stable in different regimes
of temperature and oxygen pressure, and have different optimal Tc [6–10]. In
particular, it is known that YBCO-247 and YBCO-248 can be synthesized via
solid-state reaction in ultrahigh-pressure oxygen [9, 10]. More exotic phases of
YBCO with other arrangements of the CuO chains are also possible, and have been
observed as atomic-scale defect structures in nominally YBCO-123 samples [11].

Recent studies have shown that the CuO chains have rich physics in their own
right, instead of merely serving as charge reservoirs for Cooper pairing in the CuO2

planes. It is believed that the chains can host charge density wave order, [12–16]
break charge confinement within the CuO2 planes, [17, 18] as well as proximity-
couple with the CuO2 planes to produce d C s pairing symmetry [19–23]. Most
interestingly, it was reported that double-CuO chains can sustain superconductivity
on their own when the CuO2 planes are rendered insulating by Pr-substitution in
YBCO-247 [24–27]. This chain-based superconductivity appears to involve pairing
of electrons instead of holes [28], and to be connected with Luttinger liquid physics
[25]. To study the CuO chains in more detail, it is desirable to have thin-film
samples, as they have well-defined crystalline axes. Thin films are also more
thermodynamically active than bulk samples, by virtue of the large surface-to-
volume ratio and epitaxial strain from the substrate [29, 30], and thus more likely to
convert between the different YBCO phases.

Fig. 5.1 The lattice structures of YBCO-123, YBCO-248 and YBCO-247, with the Cu, Y, and Ba
atoms color-labeled as yellow, green, and red, respectively
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In this work, we apply this super-oxygenation concept of oxide materials
synthesis to YBCO thin films, in order to better stabilize and more closely study the
higher-oxidation phases of YBCO. As-grown YBCO-123 thin films were annealed
in high-pressure (HP) oxygen together with Cu-enrichment by solid-state diffusion.
Scanning transmission electron microscopy (STEM) images revealed the formation
of YBCO-247 and YBCO-248 phases in the HP-annealed films. X-ray diffraction
(XRD), x-ray absorption spectroscopy (XAS) and resistivity measurements showed
that higher Cu-enrichment resulted in more complete conversion to the chain-
rich phases of YBCO. The XAS data also indicated that the CuO2 planes in the
HP-annealed films are underdoped, which helps to explain the generally lower
Tc reported in bulk YBCO-247. In some of our super-oxygenated films, we also
observed distinct intergrowths of YBa2Cu5O9, a novel phase of YBCO that has
three CuO chains per unit cell.

5.2 Experimental

The YBCO-123 thin films used in our study were epitaxially grown on (001)-
oriented (LaAlO3)0:3(Sr2TaAlO6/0:7 (LSAT) substrates using pulsed laser-ablated
deposition (PLD). All the films used in this study were 50 nm thick. YBCO-123
targets of >99.9 % chemical purity and >90 % material density were used. Our
PLD system is equipped with a 248 nm KrF excimer laser with a repetition rate of
2 Hz and fluence of �2 J/cm2, and the deposition was done at 800 ıC in 200 mTorr
of O2. Following deposition, each film was annealed in situ by slow cooling from
800 ıC to 300 ıC at 12 ıC/min in 760 Torr of O2 to fully oxygenate the YBCO-
123 layer. The post-annealing was done with a commercial high-pressure furnace at
800 ıC in 500 atm of O2. The annealing time was kept under 12 h to minimize cation
inter-diffusion between film and substrate. During annealing, each film was buried
in a powder mixture of YBCO-123 and CuO, to prevent material sublimation and
to encourage phase conversion via Cu-enrichment. In this study we focus on two
films that were HP-annealed using two different Cu-enrichment recipes, one with
2:1 and the other with 4:1 molar ratio of CuO to YBCO-123, respectively denoted
as Sample A and Sample B.

Cross-sectional STEM images of the thin films were taken using a FEI Titan
80–300 microscope fitted with a high-brightness field emission gun and CEOS
aberration correctors for both condenser and objective lens aberrations. The micro-
scope operated at 200 keV in scanning mode using the high-angle annular dark-field
(HAADF) imaging method, which is sensitive to the atomic-number contrast. The
elemental mapping by the HAADF imaging was corroborated by atomic-scale
electron energy loss spectroscopy (EELS) [31]. XRD was done using the � � 2�

method with a Bruker D8 DISCOVER X-ray diffractometer. Finally, electrical
resistance (R) was measured as a function of temperature (T/ using the ac lock-in
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technique with four parallel Ag-strips sputtered onto the film. The R vs. T data
was taken between 300 and 4.2 K using a liquid-helium dipper probe, with the
temperature monitored by a Cernox sensor to 0.1 K accuracy.

5.3 Results and Discussions

Figure 5.2 shows the STEM, XRD and R vs. T data taken on a typical as-grown film.
Panel (a) is a high-resolution HAADF-STEM image, showing epitaxial interface
and pure YBCO-123, i.e. containing only single CuO chains with no visible
intergrowth. Double CuO-chain intergrowths were occasionally seen in some of the
as-grown films, but only in trace amounts. The STEM data shown in panel (a) is
well corroborated by the XRD data shown in panel (b). All the expected XRD peaks
associated with the c-axis of either YBCO-123 or LSAT are present, and there are
no impurity peaks within the resolution of our instrument. By relating the YBCO-
123 (005)- and (007)-peaks with 2� D 38:58ı and 2� D 55:08ı, respectively, we
find the c-axis lattice parameter of our YBCO film to be 11.67 Å, consistent with
fully oxygenated YBCO-123 [32]. Finally, as shown by the R vs. T plot in panel
(c), the film is superconducting below Tc � 90K, consistent with fully oxygenated
YBCO-123. The extrapolated zero-temperature residual resistivity �0 � 55�	-cm.
The residual-resistance ratio (RRR) between 290 and 100 K is �2.7, which is within
the range of values reported in the literature [33].

Fig. 5.2 Data taken on a typical as-grown YBCO film. Panel (a) shows a high-resolution HAADF-
STEM image, Panel (b) shows the XRD pattern and panel (c) shows the R vs. T plot. No CuO
intergrowths are evident in the STEM and XRD data
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Fig. 5.3 Data taken on Sample A, which was HP-annealed together with 2:1 Cu-enrichment. Panel
(a) shows a high-resolution HAADF-STEM image, panel (b) shows the XRD pattern and panel (c)
shows the R vs. T plot. The STEM and XRD data show clear formation of YBCO-247 and YBCO-
248 phases as a result of the post-annealing

After the as-grown YBCO-123 films were annealed in HP oxygen with Cu-
enrichment, they showed partial conversion to YBCO-247 and YBCO-248. The
YBCO phase conversion can be represented by the following equations:

2YBa2Cu3O7 C 2CuO
high-pressure O2

����������! Y2Ba4Cu8O16;

2YBa2Cu3O7 C CuO
high-pressure O2

����������! Y2Ba4Cu7O15:

Figure 5.3a is an STEM image taken on Sample A, showing a highly epitaxial
film-substrate interface with no noticeable cation inter-diffusion. Atomic-scale
EELS mapping of the post-annealed films (data not shown) also showed no evidence
of cation inter-diffusion [31]. In Fig. 5.3a, we see a gradation of YBCO phases,
with YBCO-248 occurring near the surface, followed by YBCO-247 below that
and then YBCO-123 near the film-substrate interface. This gradation of phases is
understandable, as it is easier for both oxygen and Cu ions to diffuse into the top
part of the film than to the bottom part of the film.

Figure 5.3b shows the XRD pattern taken on Sample A. Peaks associated with
YBCO-123, YBCO-247 and YBCO-248 are all present, indicating a mixture of
phases, as expected from the STEM image. There are two unidentified peaks, at
2� D 27:7ı and 2� D 57:35ı. All the YBCO-247 peaks are quite weak, even
though YBCO-247 constitutes the majority of the film volume according to the
STEM image. The weakness of these peaks can be understood in terms of the
complex unit cell of YBCO-247 (see Fig. 5.1), which have two sets of single-CuO
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chains and two sets of double-CuO chains. The c-axis lattice parameter of YBCO-
247 (50.68 Å) is almost double that of YBCO-248 (27.24 Å) and more than four
time that of YBCO-123 (11.67 Å), making YBCO-247 inherently more difficult to
detect by XRD. Specifically, Fig. 5.3a shows only three complete unit cells YBCO-
247 that can contribute to Bragg diffraction. Therefore, although YBCO-247 is the
majority phase by volume here, YBCO-247 is the minority phase by number of unit
cells.

Figure 5.3c shows the R vs. T plot of Sample A. This HP-annealed film shows a
similarly sharp but higher superconducting transition at Tc � 92K, while its �0 �

0�	-cm and RRR � 3:1, in contrast to �0 � 55�	-cm and RRR � 2:7 for the
as-grown film. These observations indicate that HP-oxygen annealing together with
Cu-enrichment tend to improve the superconductivity by reducing disorder in the
film. We note that the large amounts of YBCO-247 and YBCO-248 seen in the
STEM and XRD data do not lower the resistively-measured Tc. This is because
electrical transport can probe the Tc of only the least resistive part of the film. Also
it is conceivable that the YBCO-123 regions under the YBCO-248 and YBCO-247
regions become less disordered after the post-annealing, thus providing a higher-Tc

current path.
The phase conversion induced by HP-oxygen annealing in YBCO films is

enhanced upon further Cu-enrichment. Figure 5.4 compares the XRD data for an
as-grown film versus the data plots for Sample A and Sample B. For Sample

Fig. 5.4 Comparison of the XRD data of an as-grown film versus Sample A and Sample B, which
were HP annealed with 2:1 and 4:1 Cu enrichment of CuO:YBCO-123 respectively
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B, almost all the YBCO-247 peaks have disappeared, as well as the previously
unidentified peak seen in Sample A. Both the (005)- and (007)-peaks for YBCO-
123 that were seen in the as-grown film have shifted to lower values by 0.4ı

and 0.7ı respectively. This decrease in the peak angles indicates an elongation of
the c-axis lattice parameter, which is known to co-occur with a decrease in the
YBCO orthorhombicity [34]. In our experiment, this decrease may be caused by the
heteroepitaxial strain between YBCO-123 and YBCO-248 [30], the latter being less
orthorhombic. These observations, along with the appearance of strong YBCO-248
peaks, indicate that most of the YBCO-123 in the film has converted to YBCO-248.
As further evidence for this bulk conversion, the Tc of Sample B was measured to
be �80 K, which is consistent with the predominance of YBCO-248, i.e. without
enough YBCO-123 left to provide a higher-Tc current path.

Figure 5.5 shows the corrected and normalized XAS spectra taken on our YBCO
films. The XPS spectra with E // c are shifted up for clarity. Panel (a) shows the Cu L3
absorption edge spectra, which arises from the 2p ! 3d transition [35]. In the E // c
data, the peak near 931 eV is mostly associated with the Cu(1) atoms in the CuO
chains [36]. It is clear that Sample B has the strongest peak, followed by Sample A,
and the as-grown film has the weakest peak. This observation is consistent with our
expectation that stronger Cu-enrichment during the HP annealing process introduces
more CuO chains into the YBCO structure. On the other hand, in the E // ab spectra,
the main peak at 931 eV is mostly associated with the Cu(2) atoms in the planes, and
do not show much variation between different samples. Slightly above the main peak
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Fig. 5.5 Corrected and normalized XAS spectra taken on both as-grown and HP-oxygen annealed
YBCO films. Panel (a) shows the spectra for the Cu L3 edge. Panel (b) shows the spectra for the O
K edge. The XAS spectra shows that there are more chain states in the annealed films. There is also
evidence that the CuO2 planes are underdoped in the annealed films, with the sample containing
YBCO-247 being the most underdoped
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in the E // ab spectra, there is a shoulder at 932 eV that is caused by the presence
of doped itinerant holes in the planes [37–40]. Surprisingly, Our data shows that
both HP-annealed YBCO films have fewer holes in the planes than does the as-
grown film, because the shoulder is weakened after annealing. Sample A, which
contains both YBCO-247 and YBCO-248 in additional to YBCO-123, appears to
be more underdoped in the planes than Sample B, which lacks YBCO-247. Since
YBCO-248 is known to be inherently underdoped with little oxygen variablity [41],
it is reasonable that the as-grown film is less underdoped than any of the HP-
annealed film, all of which contain YBCO-248. More interestingly, our data seems
to suggest that the film containing YBCO-247 is more underdoped than the films
without YBCO-247, because the shoulder at 932 eV is the weakest in Sample A.
This observation could explain the generally lower Tc reported in pure YBCO-247
samples [42, 43].

The O K edge absorption edge spectra is shown in Fig. 5.5b. The peak at �529 eV
in the E // c data represents the O 2pz states from apical O(4) sites [36], and this peak
in both HP-annealed films are broader than in the as-grown film, implying that HP
annealing increases the number of holes in the apical sites. In the E // ab spectra, the
peaks at �529 eV and �530 eV represent the Zhang–Rice singlet band (ZRSB) and
the upper Hubbard band (UHB) respectively, and a shifting of spectral weight from
the ZRSB to the UHB indicates a reduction of doped holes in the planes [36]. The
as-grown sample has the weakest UHB spectral weight relative to the ZRSB, while
Sample A, which contains large regions of YBCO-247, has the strongest UHB. This
observation is again consistent with the XPS data for the Cu L3 absorption edge,
which shows that the sample containing pure YBCO-123 is the least underdoped,
and that the sample containing a mixture of YBCO-123, YBCO-248 and YBCO-247
is the most underdoped.

In some of our HP annealed YBCO films, we observed intergrowths of triple-
CuO chains, as shown by the high-resolution STEM image in Fig. 5.6a. These
regions of nanoscale intergrowths constitute a novel YBCO phase that contains three
CuO chains per unit cell, as described by the formula YBa2Cu5O9�ı (YBCO-125)
whose lattice structure is shown in Fig. 5.5b. The phase conversion from YBCO-123
to YBCO-125 can be represented by the following equation:

YBa2Cu3O7 C 2CuO
high-pressure O2

����������! YBa2Cu5O9:

Since each additional layer of CuO chain increases the YBCO c-axis lattice
parameter by �1.9 Å [44], the c-axis lattice parameter of YBCO-125 is expected
to be �15.5 Å. Figure 5.6c shows the XRD plot of an YBCO film containing the
YBCO-125 phase. Apart from the peaks at 23.1ı and 47.3ı that are associated
with the LSAT substrate, the location of all other peaks do not correspond to
either YBCO-123, YBCO-247 or YBCO-248. However, we cannot conclusively
attribute any of the peaks to the YBCO-125 phase, since their locations yield a
lattice parameter close to, but not exactly equal to, the expected value for YBCO-
125. More specifically, two of the strongest peaks in Fig. 5.6c are at 28.1ı and 39.9ı
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Fig. 5.6 Evidence of YBCO-125 formation, with the lattice structure shown in panel (b). Panel (a)
shows an STEM image containing regions with three CuO chains per unit cell. Panel (c) shows the
XRD pattern of the sample containing YBCO-125. The locations of the XRD peaks are different
from those of either YBCO-123, YBCO-247 or YBCO-248

which, although far away from any of the YBCO-123 peaks, deviate appreciably
from the expected (005)- and (007)-peaks of YBCO-125, i.e. at 28.8ı and 40.7ı

respectively.
Regarding YBCO-125, it is worth noting that this triple-CuO chain phase of

YBCO may give rise to higher Tc, since the Tc in cuprates is generally correlated
with the distance between CuO2 planes [45–47]. Therefore, successful isolation of
the YBCO-125 phase will provide a unique opportunity to explore novel roles that
multiple-CuO chains can play in high Tc superconductivity, by manipulating the
coupling between CuO2 planes as well the interplay between CuO chains and CuO2

planes. We are now working to refine our super-oxygenation and Cu-enrichment
procedure, in order to further isolate the novel YBCO-125 phase and to better study
its physical properties.

5.4 Conclusion

In summary, we have studied phase conversion of YBCO thin films under super-
oxygenation and Cu-enrichment. The YBCO-123 films were epitaxially grown by
PLD on LSAT substrate, and then annealed at 800 C in 500 atm of O2 buried in a
powder mixture of YBCO-123 and CuO. STEM images taken on the post-annealed
films showed clear formation of YBCO-247 and YBCO-248 phases. Resistivity,
XRD and XAS measurements showed that higher Cu-enrichment resulted in greater
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conversion to YBCO phases that are richer in CuO chains. The XAS data also
showed evidence that the CuO2 planes in both YBCO-247 and YBCO-248 are
underdoped, which helps to explain the generally lower Tc reported for YBCO-247.
Finally, we observed regions of YBCO-125 formed by intergrowths of triple-CuO
chains in some of our high-pressure annealed films. These results demonstrate
that the technique of super-oxygenation can be applied in conjunction with Cu-
enrichment on YBCO thin films, to explore novel roles that the CuO chains can play
in YBCO and to discover more complex YBCO phases with potentially higher Tc.
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Chapter 6
Strong-Coupling Diagram Technique for Strong
Electron Correlations

A. Sherman

Abstract Using the strong coupling diagram technique a closed set of equations
was derived for the electron Green’s function of the Hubbard model. Spectral
functions calculated self-consistently in the two-dimensional t-U model are in
qualitative and in some cases quantitative agreement with results of Monte Carlo
simulations in a wide range of electron concentrations. For three different initial
bands – the semi-elliptical density of states, t-U and t-t0-U models – the Mott
transition occurs at very close values of the Hubbard repulsion Uc �

p
3�=2,

where � is the initial bandwidth. The behavior of the Mott gap with doping and
its width at half-filling depend strongly on the value of the next-nearest hopping
constant t0.

6.1 Introduction

In recent years, in connection with the discovery of iron-based superconductors and
investigations of the influence of electron correlations on topological insulators, the
interest has increased in the multi-band generalization of the fermionic Hubbard
model. For these model Hamiltonians it is desirable to find an approach which,
being comparatively simple computationally, yields at least qualitatively correct
results. As a possible candidate for such an approach the strong coupling diagram
technique [1–3] is considered in this work. It was shown [4] that this theory is able
to describe the Mott transition, and for the initial semi-elliptical density of states the
critical value of the Hubbard repulsion is the same as that found in the Hubbard-
III approximation [5]. To check the validity of this approach its results obtained
[6, 7] in the two-dimensional t-U Hubbard model were compared with data of Monte
Carlo simulations. This comparison shows not only qualitative, but in some cases
quantitative agreement in positions of maxima and continua in spectral functions.
The momentum distribution at half-filling, general spectral shapes, their evolution
with wave vector and electron concentration in the wide range 0:7 . n � 1 are also
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close. These facts, relative simplicity of calculations and ease of generalization to
multi-band cases give promise that the considered approach will be useful also for
more complex problems. In this article some recent results obtained in this diagram
technique are briefly discussed.

6.2 Main Formulas

In the considered approach, the series expansion in powers of the kinetic term of
the Hubbard Hamiltonian is used for calculating Green’s functions. The elements
of the arising diagram technique are on-site cumulants of electron creation and
annihilation operators and hopping lines connecting cumulants on different sites.
As in the weak coupling diagram technique, in the considered approach the linked-
cluster theorem allows one to discard disconnected diagrams and to carry out partial
summations in connected diagrams. The diagram is said to be irreducible if it cannot
be divided into two disconnected parts by cutting some hopping line. The sum of all
irreducible diagrams is termed the irreducible part K.k!/, where k and ! are the
wave vector and frequency, respectively. In terms of this quantity the equation for
the one-electron Green’s function reads

G.k!/ D
K.k!/

1 � tkK.k!/
; (6.1)

where tk is the initial dispersion. Diagrams of the first four orders in K.k!/ are
shown in Fig. 6.1. Here circles depict cumulants with the order determined by
the number of incoming or outgoing lines. Except for external ends, these lines
represent hopping constants connecting respective sites.

Notice that for the Hubbard repulsion U ! 0 all cumulants of orders � > 1

vanish, and with them all diagrams in K.k!/ become equal to zero, except for the
diagram (a) in Fig. 6.1. In the considered limit it is equal to .! � 
/�1, where 

is the chemical potential. Substituting this value into (6.1) we obtain the correct
expression for Green’s function of uncorrelated electrons, despite the fact that the
approach is intended for the strong coupling case.

In this work K.k!/ is approximated by the sum of two lowest order terms (a) and
(b) in Fig. 6.1. Notice that in this approximation K does not depend on momentum.
The second term includes a hopping-line loop. Using the possibility of the partial

Fig. 6.1 Diagrams of the first four orders in K.k!/
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summation of diagrams this bare hopping line is transformed into the dressed one
by including all possible combinations of diagrams (a) and (b) in it,

�.k!/ D
tk

1 � tkK.k!/
D tk C t2kG.k!/: (6.2)

Equations (6.1) and (6.2) form the closed set for calculating Green’s function for
given initial dispersion tk and 
. Expressions for the respective cumulants can be
found in [3].

6.3 Semi-elliptical Density of States

In the case of the semi-elliptical initial density of states

�0.!/ D
4

��

s

1 �

�
2!

�

�2
; j!j �

�

2
(6.3)

the above relations can be reduced to an algebraic equation for half-filling [4, 8],
and the critical repulsion Uc corresponding to the appearance of the Mott gap at the
Fermi level is calculated analytically,

Uc D
p
3�=2: (6.4)

This value coincides exactly with the result of Hubbard-III approximation [5].
Figure 6.2 demonstrates the dimensionless quantity Im� connected with the

density of states (DOS) �.!/ D �.�N/�1Im
P

k G.k!/ by the relation Im� D

Fig. 6.2 Im� .f / for (a) U D 0:8� < Uc, 
 D 0:5U (half-filling, the electron concentration
n D 1, navy solid line), 
 D 0:3U (n D 0:84, pink dashed line), 
 D 0:1U (n D 0:68, violet
dash-dotted line) and for (b) U D 1:2� > Uc, 
 D 0:5U (n D 1, navy solid line), 
 D 0:14U
(n D 0:75, pink dashed line), 
 D 0:11U (n D 0:69, green dash-dot-dotted line), 
 D 0:1U
(n D 0:65, violet dash-dotted line). The temperature T D 0:001U
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�.��=4/�. The dimensionless frequency f D .2=�/!, N is the number of sites.
Due to the particle-hole symmetry of the problem only dependencies for 
 � U=2
are shown. The results are self-consistent solutions of Eqs. (6.1) and (6.2). The
electron concentration n D 2

R 1

�1Œexp.!=T/C 1��1�.!/d!, corresponding to each
curve in Fig. 6.2, is indicated in the figure caption.

In the case U < Uc shown in Fig. 6.2a electron correlations manifest themselves
in a dip, which is located at the Fermi level at half-filling and shifts from it with
doping. In this latter case the DOS is redistributed in favor of the Hubbard subband,
in which the Fermi level is located – the result known from Monte Carlo simulations
[9]. As U reaches Uc the DOS becomes zero at the Fermi level at half-filling. With
further growth of U there appears a Mott gap around ! D 0, see Fig. 6.2b. With a
deviation from half-filling the gap shifts from the Fermi level and finally disappears.

For 0 < U < Uc the obtained solution is not a Fermi liquid, since the imaginary
part of the self-energy ˙.k!/ D ! � K�1.k!/ is nonzero at the Fermi level, while
it is small for U 	 Uc. As U approaches the critical value Im˙.k!/ diverges
as .Uc � U/�0:5. This result is similar to that obtained by the equation-of-motion
approach [10].

6.4 Tight-Binding Initial Bands

When the hopping constants are nonzero only between nearest neighbor sites the
initial band reads tk D �2tŒcos.kxa/ C cos.kya/�, where a is the intersite distance.
Below this quantity and the hopping constant t are set as units of length and
energy, respectively. The case with this dispersion is termed the t-U model. For this
model, at half-filling we face difficulties, since ImK.!/ diverges near frequencies
! D ˙U=2 as Œ!2�.U=2/2��1. K.!/ coincides with Green’s function for momenta
meeting the condition tk D 0, and the divergence means that the function does not
satisfy neither the normalization condition nor the Kramers-Kronig relations. The
difficulty can be overcome by introducing an artificial broadening �, which imitates
a contribution of higher-order terms and influences only widths of spectral maxima,
leaving their locations, positions and widths of spectral continua intact. The obtained
ImK.!/ can be normalized and the real part of K.!/ can be calculated from
its imaginary part using the Kramers–Kronig relation, which ensures the correct
analytic properties of Green’s function.

At half-filling, for the considered band the Mott transition occurs at Uc � 7�=8,
where � D 8. This critical repulsion is very close to that obtained for the semi-
elliptical DOS, Eq. (6.4). The frequency dependence of the DOS and its variation
with doping are close to those shown in Fig. 6.2, except for the van Hove singularity,
which starts to form at ! D 0when U ! 0 in the half-filled tight-binding band. The
obtained solution is not a Fermi liquid also, since Im˙.! D 0/ ¤ 0. This quantity
also diverges as .Uc � U/�� when U ! Uc. However, for the considered band the
exponent � D 0:75 is larger than for the semi-elliptical DOS.
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Fig. 6.3 The spectral function A.k!/ calculated in a half-filled 8 � 8 lattice for wave vectors
shown in the panels, U D 8 and � D 0:5 (navy solid lines). Arrows indicate positions of ı-
function peaks in the Hubbard-I approximation. Pink dashed lines show results of Monte Carlo
simulations performed in [9] for the same lattice and U, and for T D 1

Calculated [6] spectral functions A.k!/ D ���1ImG.k!/ for the case of
half-filling are shown in Fig. 6.3. A small lattice was chosen for comparison with
Monte Carlo results of Ref. [9], performed for the same U. These results are also
shown in Fig. 6.3. As seen from the figure, the agreement is wholly satisfactory
in the considered case U > Uc and high temperatures when magnetic ordering
and spin correlations are suppressed. The used approach reproduces satisfactorily
locations of maxima, widths and positions of spectral continua. The change of the
artificial broadening � influences only widths of maxima. For smaller repulsions
and temperatures the agreement between our and Monte Carlo results deteriorates
due to the increased influence of magnetic ordering, spin and charge fluctuations,
which were not taken into account by the considered diagrams. These interactions
are described by diagrams containing ladders, which correspond to spin and charge
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susceptibilities [11]. However, even in the case of smaller U and T the theory
describes qualitatively correctly positions of spectral continua, general spectral
shape and changes in the locations of maxima with wave vector and U.

In Fig. 6.3 arrows indicate positions of ı-function peaks of the Hubbard-I
approximation. For chemical potentials satisfying the conditions T 	 
, T 	

U � 
 these frequencies can be written as "k;˙ D .U C tk ˙
q

t2k C U2/=2 � 


[12]. In the case of half-filling 
 D U=2. In the strong coupling diagram technique
the Hubbard-I approximation is obtained if only the lowest order diagram (a) in
Fig. 6.1 is retained in the irreducible part. As seen from the figure, frequencies of
maxima are close to these arrows. Thus, the Hubbard-I approximation describes
satisfactorily locations of maxima in the case U & Uc and T & t [9]. As is also
obvious from Fig. 6.3, the Mott gap is opened in the spectral continuum.

In Fig. 6.4, the momentum distribution

nk D

1Z

�1

A.k!/
exp.!=T/C 1

d!

obtained in our calculations is compared with results of Monte Carlo simulations
performed in [13]. As seen from the figure, the theory reproduces correctly
variations of nk with momentum and repulsion. The dependencies demonstrate
gradual blurring of the Fermi surface with increasing U – the growing repulsion
leads to an increasing occupancy in the region of the Brillouin zone, which was
empty at U D 0.

As mentioned above, in the case of half-filling and a DOS symmetric with respect
to ! D U=2 there is a difficulty connected with the divergence of ImK.!/ at
! D ˙U=2. The difficulty can be remedied by introducing an artificial broadening.
From Eqs. (6.1) and (6.2) it can be seen that if an initial DOS is not symmetric
(as in the case of a nonzero next-nearest neighbor hopping constant t0) and/or
n ¤ 1 the divergencies disappear. However, instead we face with another difficulty:
there appear narrow gaps with nearly vertical walls in ImK.!/ around ! D �


and U � 
. Thanks to their narrowness and shape, these unphysical gaps can be
easily eliminated by a linear interpolation between tops of the walls. Subsequent
calculations are similar to those performed for the case of half-filling with the
symmetric initial DOS.

Figure 6.5 shows our results [7] obtained in the t-U model for n ¤ 1. We did
not introduce an artificial broadening to demonstrate real spectral shapes appearing
in the present approach. For comparison Monte Carlo results [9, 14] are also shown
in this figure. It can be concluded that the used approach gives spectral functions
in qualitative and in some cases quantitative agreement with the Monte Carlo data
in the wide range of electron concentrations 0:7 . n � 1. Locations of maxima,
general shapes of spectra and their variation with k and n are as a rule close.
Substantial differences in widths of maxima, observed in some spectra, may be
related to the sign problem and to the numerical analytic continuation of Monte
Carlo data to real frequencies.
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Fig. 6.4 The momentum distribution for momenta on symmetry lines and for several values of
repulsion. (a) Monte Carlo results for T ranging from 1/32 to 1/20 [13]. (b) our results for � D 1.
In both calculations a 24 � 24 lattice at half-filling was used

Arrows in Fig. 6.5 indicate frequencies of ı-function peaks in the Hubbard-I
approximation. As for the case of half-filling, locations of maxima are close to these
frequencies.

Figure 6.6 demonstrates the doping variation of the DOS in the model with the
initial dispersion formed by nearest and next-nearest neighbor hopping integrals,
tk D �2Œcos.kx/C cos.ky/�C 4t0 cos.kx/ cos.ky/. This model is usually termed the
t-t0-U model. Similar dispersions are frequently used for the description of hole-
doped cuprates with the ratio t0=t close to 0:3. At half-filling for this ratio the Mott
transition is observed again at Uc, which is close to the value (6.4). In contrast to
the case of the t-U model, in which the Mott gap is maximal at half-filling, in this
model the gap reaches its maximum value at n � 1:04 for U D 8 and t0 D 0:3.
For these parameters of the t-t0-U model the width of the gap is larger than in the
t-U model with the same t and U (and hence with the same initial bandwidth): 0.64
and 0.54, respectively. The dependence of the gap width on n � 1:04 is strongly
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Fig. 6.5 Spectral functions for U D 8 and momenta shown in the panels. (a) n D 0:93, a 6 � 6
lattice. Navy solid lines are our results, pink dashed lines are Monte Carlo simulations for T D 0:5

[9]. (b) Same as in part (a), but for n D 0:7 and a 8 � 8 lattice (The Monte Carlo data are taken
from [14])

Fig. 6.6 Densities of states in the t-t0-J model for U D 8, t0 D 0:3, n D 1:26 (violet dash-dot-
dotted line), 1.04 (magenta short-dashed line), 1 (navy solid line), 0.99 (pink dashed line) and 0.87
(green dash-dotted line). A 240 � 240 lattice
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asymmetric in the t-t0-J model. As seen from Fig. 6.6, the gap changes into a dip for
large deviations from half-filling. Positions of maxima in spectral functions of this
model are also close to those in the Hubbard-I approximation.

6.5 Concluding Remarks

In this work, equations for the electron Green’s function of the repulsive Hubbard
model, derived using the strong coupling diagram technique, were self-consistently
solved for different electron concentrations n. Three different initial bands were
considered: the semi-elliptical density of states and two tight-binding dispersions
produced by the nearest neighbor hopping integral t as well as this integral and
the next-nearest neighbor hopping integral t0. Terms of the first two orders in the
expansion in powers of the electron kinetic energy were taken into account in the
irreducible part of the equation for Green’s function, and the bare internal hopping
line in one of these terms was substituted with the dressed one. Comparison of
spectral functions, calculated in the t-U model for the Hubbard repulsion U D 8t,
with Monte Carlo data shows not only qualitative but in some cases quantitative
agreement in positions of maxima and spectral continua. General spectral shapes,
their evolution with the wave vector and electron concentration in the wide range
0:7 . n � 1 are also similar. It was found that in the model with the initial semi-
elliptical density of states the Mott transition occurs at Uc D

p
3�=2, where� is the

initial bandwidth. This value coincides exactly with the critical repulsion obtained
in the Hubbard-III approximation. It was found also that in the t-U model and the
t-t0-U model with t0 D 0:3t the Mott transition occurs at very close to this Uc values
of the Hubbard repulsion. The behaviour of the Mott gap is different in the cases
t0 D 0 and t0 D 0:3t: the maximal gap width is larger in the t-t0-U model and is
reached at n D 1:04 rather than at half-filling, as in the case t0 D 0. In cases of the
initial tight-binding bands positions of maxima in the spectral function are close to
locations of ı-function peaks of the Hubbard-I approximation.

The conducted comparison with Monte Carlo results and comparative simplicity
of calculations give promise that the strong coupling diagram technique may be a
useful tool in consideration of different generalizations of the Hubbard model.
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Chapter 7
Spin-Dependent Transport of Carbon
Nanotubes with Chromium Atoms

S.P. Kruchinin, S.P. Repetsky, and I.G. Vyshyvana

Abstract This paper presents a new method of describing electronic correlations in
disordered magnetic crystals based on the Hamiltonian of multi-electron system and
diagram method for Green’s functions finding. Electronic states of a system were
approximately described by self-consistent multi-band tight-binding model. The
Hamiltonian of a system is defined on the basis of Kohn–Sham orbitals. Potentials of
neutral atoms are defined by the meta-generalized gradient approximation (MGGA).
Electrons scattering on the oscillations of the crystal lattice are taken into account.
The proposed method includes long-range Coulomb interaction of electrons at
different sites of the lattice. Precise expressions for Green’s functions, thermody-
namic potential and conductivity tensor are derived using diagram method. Cluster
expansion is obtained for density of states, free energy, and electrical conductivity of
disordered systems. We show that contribution of the electron scattering processes to
cluster expansion is decreasing along with increasing number of sites in the cluster,
which depends on small parameter. The computation accuracy is determined by
renormalization precision of the vertex parts of the mass operators of electron-
electron and electron-phonon interactions. This accuracy also can be determined
by small parameter of cluster expansion for Green’s functions of electrons and
phonons. It was found the nature of spin-dependent electron transport in carbon
nanotubes with chromium atoms, which are adsorbed on the surface. We show
that the phenomenon of spin-dependent electron transport in a carbon nanotube
was the result of strong electron correlations, caused by the presence of chromium
atoms. The value of the spin polarization of electron transport is determined by the
difference of the partial densities of electron states with opposite spin projection
at the Fermi level. It is also determined by the difference between the relaxation
times arising from different occupation numbers of single-electron states of carbon
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and chromium atoms. The value of the electric current spin polarization increases
along with Cr atoms concentration and magnitude of the external magnetic field
increase.

7.1 Introduction

The progress of describing disordered systems is connected with the development
of electron theory. Substitution alloys are best described among disordered systems.
The traditional knowledge about physical properties of alloys is based on Born
approximation in the scattering theory. However, this approach obviously can not
be applied in the case of large scattering of potential difference of components
which are held for the description of alloys with simple transition and rare-earth
elements. The same difficulty is typical for the pseudopotential method [8]. Because
of the pseudopotentials non-local nature there is a problem of their transferability.
It is impossible to use nuclear potentials determined by the properties of some
systems to describe other systems. Significant success in the study of the electronic
structure and properties of the systems was achieved recently due to use of the ultra-
soft Vanderbilt’s pseudopotential [21, 37] and the method of projector-augmented
waves in density functional theory proposed by Blohl [2, 16]. This approach was
developed further thanks to generalized gradient approximation (GGA) usage in
density functional theory of multi-electron systems developed by Perdew in his
papers [23–25, 35, 36].The wave function of the valence states of electron (all-
electron orbital) is denoted in projector-augmented waves approach by using the
conversion through the pseudo-orbital. The pseudo-orbital waves expand to pseudo
partial ones in the augment area. Even so, the all-electron orbital in the same area
are expanded with the same coefficients via partial waves that are described by
Kohn–Sham equation. The expression for the Hamiltonian operator, which we have
in equation for pseudo wave function, is derived by minimizing the full energy
functional. Using this equation, and expanding pseudo orbital by plane waves, we
can derive the set of equations for expansion coefficients. From this system it is
possible to get the electron energetic spectrum, wave functions, and the value of the
full energy functional. The method for describing the electron structure of crystals
is shown in Ref. [35], using VASP program package. With the help of the cluster
methods of calculation and the GAUSSIAN program package, this approach could
be used for molecule electronic structure description.

It should be noted that recently in papers (e.g. Refs. [6, 7, 9–11, 14, 26, 35]), the
simple effective calculation method of electronic structure and properties for big
molecules have been proposed. This method is based on the tight-binding model
and functional density theory, which includes long-range coulomb interaction of
electrons on different sites of crystal lattice. The long-range coulomb interaction of
electrons on different sites is described in the local density approximation.

However, mentioned methods [6, 7, 9–11, 14, 23–26, 35, 36] are used only for an
ideal ordered crystals and molecules description. In disordered crystals, the effects
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associated with localized electronic states and lattice vibrations are arise. They can
not be described in the model of ideal crystal. In this regard, other approaches are
also developed.

Essential achievements in description of the disordered systems properties are
connected with application of the tight-binding model in the multi-scattering theory,
including approximation of the coherent potential. Starting from Slater’s and
Koster’s work [29, 31] tight-binding model in description of the ideal crystals prop-
erties were frequently applied. Later it was generalized for the case of disordered
systems.

The method of describing magnetic alloys electronic structure, based on the
functional density theory, was proposed by Staunton et al. [32] and Razee et al.
[27]. The effective potential in Kohn–Sham equation [13, 15] consists of atomic
potential and Pauli’s addition, which is expressed through the magnetic field
induction. Atomic potential and the magnetic field induction are expressed through
variational derivatives of exchange-correlation energy by electronic density and
magnetization respectively. Calculations of the electronic structure of the magnetic
alloy are based on the mentioned effective potentials and usage of the self-consistent
Korringa–Kohn–Rostoker coherent potential approximation. It was more developed
in further papers [12, 33, 34]. The method of interatomic pair correlations parameter
calculation was proposed by Staunton et al. [32] due to the pair mixing potential,
which is expressed through the second derivative of the thermodynamic potential of
the alloy concentration [3]. This thermodynamic potential is calculated in the one
site coherent potential approximation. It should be noted that the methods developed
in papers [12, 29, 31–34] do not include long-range Coulomb interaction of electrons
at different lattice sites.

In our work a new method of describing electronic correlations in disordered
magnetic crystals based on the Hamiltonian of multi-electron system and the dia-
gram method for finding Green’s functions was developed. Electronic correlations
in crystals were described in self-consistent multi-band tight-binding model. The
wave functions of non-interacting atoms are calculated based upon the Kohn–
Sham equation. The effective one-electron potential of the many-atom structure is
approximated as a sum of spherical Kohn–Sham potential of neutral non-interacting
atoms. Potential of neutral atoms are defined by the meta-generalized gradient
approximation (MGGA) [24, 35]. Our model includes wave functions and atomic
potentials recalculation, taking into account the electronic density redistribution as
the result of atomic interaction. It is also includes long-range Coulomb interaction
of the electrons on different sites of the crystal lattice. Electron scattering processes
on the ionic core potentials of different sorts and on oscillations of crystal lattice
are considered. The two-time Green’s function calculations are based on the
temperature Green’s function [22, 28]. In this operation a known relation between
spectral representation for two-time and temperature Green’s function was used [1].

Calculation of two-time Green’s function of the disordered crystal are based on
diagram technique, analogous to diagram technique for homogeneous system [1].
The set of equations for two-time Green’s function, expressions for free energy and
electrical conductivity of disordered crystals are derived. Calculation accuracy of
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the energetic spectrum, free energy, and electrical conductivity are determined by
accuracy of the electron-electron and electron-phonon mass operators vertex parts
renormalization. Energetic spectrum, free energy, conductivity and spin-depended
transport of nanotubes doped with Cr atoms calculations are based on this method.

7.2 Hamiltonian of Electron’s and Phonon’s System
for Disordered Crystals

Hamiltonian of the disordered crystal consists of single-particle Hamiltonian of
electrons in the ionic cores field, the potential energy of the pair electron-electron
interaction, lattice oscillations Hamiltonian and Hamiltonian of electron-phonon
interaction.

Hamiltonian of the disordered crystal is represented on the basis of wave func-
tions for free neutral atoms. In the Wannier representation the system Hamiltonian
is, [28]

H D H0 C Hint; (7.1)

where zero-order Hamiltonian

H0 D H.0/
e C H.0/

ph ; (7.2)

consists from single-particle Hamiltonian of electrons in the ionic cores field

H.0/
e D

X

n1i1�1
n2i2�2

h.0/n1i1�1;n2i2�2
aC

n1i1�1
an2i2�2 (7.3)

and atomic nucleus Hamiltonian

H.0/
ph D

X

ni˛

P2ni˛

2Mi
C
1

2

X

n1i1˛1
n2i2˛2

˚
.0/
n1i1˛1;n2i2˛2

un1i1˛1un2i2˛2 : (7.4)

Here in Eq. (7.3), (7.4) different sort ion cores distribution on sites .ni/ of crystal
lattice is the same as for ideally ordered crystal.

Perturbation Hamiltonian in Eq.(7.1) is

Hint D ı˚ C Hei C Heph C Hee C Hphi C Hphph: (7.5)
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Perturbation Hamiltonian Hint consists of different sorts ion core interaction energy
ı˚ . Interaction energy ı˚ is measured from energy level for ideally ordered crystal.
Addition to single-particle Hamiltonian of electrons in the ionic cores field in
Eq. (7.3) (electron-ion interaction Hamiltonian) is defined as

Hei D
X

n1i1�1
n2i2�2

wn1i1�1;n2i2�2a
C
n1i1�1

an2i2�2 : (7.6)

Hamiltonian of electron’s interaction with oscillations of the crystal lattice (named
as electron-phonon interaction) is defined as

Heph D
X

n1i1�1
n2i2�2

v0
n1i1�1;n2i2�2a

C
n1i1�1

an2i2�2 : (7.7)

Electron-electron pair interaction Hamiltonian is

Hee D
1

2

X

n1i1�1
n2i2�2
n3i3�3
n4i4�4

v
.2/n1i1�1;n2i2�2
n3i3�3;n4i4�4

aC
n1i1�1

aC
n2i2�2

an3i3�3an4i4�4 : (7.8)

Atomic nucleus Hamiltonian component, caused by disordered distribution of atoms
(phonon-impurity interaction Hamiltonian) is defined as

Hphi D
1

2

X

n1i1˛1
n2i2˛2

�M�1
n1i1˛1;n2i2˛2Pn1i1˛1Pn2i2˛2

C
1

2

X

n1i1˛1
n2i2˛2

�˚n1i1˛1;n2i2˛2un1i1˛1un2i2˛2 ; (7.9)

where

�M�1
n1i1˛1;n2i2˛2 D

�
1

Mn1i1

�
1

Mi1

�
ın1n2ıi1i2ı˛1˛2 ;

�˚n1i1˛1;n2i2˛2 D ˚n1i1˛1;n2i2˛2 � ˚
.0/
n1i1˛1;n2i2˛2

, Mn1i1 , Mi1 – mass of the atom in the
site .ni/ for disordered and ordered alloy accordingly.
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The anharmonic component of atomic nucleus Hamiltonian (phonon-phonon
interaction Hamiltonian) is

Hphph D
1

3Š

X

n1i1˛1
n2i2˛2
n3i3˛3

˚
.0/
n1i1˛1;n2i2˛2;n3i3˛3

un1i1˛1un2i2˛2un3i3˛3 : (7.10)

In Eq. (7.10) only anharmonic terms of third order are taken into account.
In the previously written expressions aC

ni� , ani� are creation and destruction
operators in the state, described by Wannier function 
ni� .�/ D h�jni�i, where
� D .r; �/. In these notations state’s index � includes as quantum number � D 1=2,
�1=2 which defines the value of spin projection on z axis and a set of other quantum
numbers which describes electron spatial movements. Here n is the number of
primitive cell, i – sublattice site number in primitive cell, r is electron’s radius-
vector, uni – atoms displacement operator in site .ni/; Pni˛ – operator of ˛-projection
of atom’s momentum on orthogonal axes.

The wave functions of an electron in free neutral atom sort �, which is located
at the site .ni/, are obtained from Kohn–Sham equation in density functional theory
[25, 26]:

�
�

„2

2m
r2 C V�

ext .r/C V�i
H .r/C V�i

XC;� .r/
�


 �
iı� .r/ D "�iı� 

�
iı� .r/ ; (7.11)

where � is quantum number of spin projection on axis z; ı D .Q"lm/, l, m are quantum
numbers of angular momentum and Q" is quantum number that describes the value of
electron energy. To reduce the length of Eq. (7.11) .r � rni/ is denoted by .r/.

In expression (7.11) the value V�
ext .r/ is potential energy of an electron in the

atom’s core field of sort � at the site .n/,

V�i
H .r/ D

Z
dv0 e2

jr � r0j
n�i

�
r0

	
(7.12)

– the Hartree potential.
In Eq. (7.12) electron density is

n�i .r/ D n�i� .r/C n�i�� .r/ : (7.13)

The electron density with projection of spin � is given by expression

n�i� .r/ D
X

ı

Z�iı� 
� �iı� .r/  �

iı� .r/ ; (7.14)
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where Z�iı� – occupation number of electron state .iı�/, assuming that an atom of
sort � is in the site .ni/.

In MGGA obtained by Perdew [24, 35] and based on density functional theory,
the exchange-correlation potential VXC;� .r/ D VMGGA

XC;� .r/ can be represented as:

VMGGA
XC;� .r/  �� .r/ D VGGA

XC;� .r/ �� .r/ �
1

2
r � f
XC;� .r/rg �� .r/ ; (7.15)

where

VGGA
XC;� .r/ D

�
@eMGGA

XC

@n�
� r �

�
@eMGGA

XC

@rn�

��
; 
XC;� .r/ D

@eMGGA
XC

@��
;

eMGGA
XC .2n� /=2 is exchange-correlational energy density, �� D

P
ı jr ı� j2 =2 is

kinetic energy density.
Wave functions of the basis set 
ni�� .r/, on which Hamiltonian of the system is

represented as in Eq. (7.1), are defined from Kohn–Sham Eq. (7.11) for atom of sort
�i and equals to 
ni�� .r/ D R�i

iQ"l� .jr � rnij/ Yvlm.�; 
/, where R�i
iQ"l� .jr � rnij/ – radial

part of wave function in Eq. (7.11), �i – sort of atom which located in site .ni/ of
ideal ordered crystal. Real spherical functions Yvlm.�; 
/, are related with complex
spherical functions Ylm.�; 
/ by equations

Yc
lm.�; 
/ D

1
p
2
ŒYlm.�; 
/C Y�

lm.�; 
/�;

Ys
lm.�; 
/ D

1

i
p
2
ŒYlm.�; 
/ � Y�

lm.�; 
/�; m ¤ 0: (7.16)

The potential energy operator of electron in the field of different sort ionic cores can
be expressed

V .r/ D
X

ni

vni
�
r � r0

ni

	
; r0

ni D rni C us
ni C uni;

where r – electron’s radius vector, rni D rn C �i – radius-vector of atom’s
equilibrium position in site of crystal lattice (ni), us

ni – is vector of atom’s static
displacement from equilibrium position in site (ni).

Potentials of ionic core v�i .r � rni/ are found from Eqs. (7.11), (7.12), (7.13),
(7.14) and (7.15). While finding potentials v�i .r � rni/ summation in Eq. (7.14)
must be done by electronic states of ionic cores.

Values h.0/n1i1�1;n2i2�2
in Eq. (7.3) are the matrix elements of the kinetic and potential

P
ni v

�i .r � rni/ energy operators of electron in the field of ionic core, where �i –
sort of ion which located in site .ni/ of ideal ordered crystal. Matrix elements are
calculated by Slater–Koster method [11, 35].
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Matrix element of electron-ion interaction Hamiltonian in Eq. (7.6) is

wn1i1�1;n2i2�2 D
X

ni

wni
n1i1�1;n2i2�2 ; (7.17)

where

wni
n1i1�1;n2i2�2 D

X

�

c�niw
�ni
n1i1�1;n2i2�2 ;

w�ni
n1i1�1;n2i2�2 D v�ni

n1i1�1;n2i2�2 C�v�ni
n1i1�1;n2i2�2 � v

�ini
n1i1�1;n2i2�2

;

�i is sort of ion which located in site .ni/ of ideal ordered crystal. Here c�ni – random
numbers, taking value 1 or 0 depending on whether the atom of sort � is at site .ni/
or not.

Hamiltonian of electron-phonon interaction defined in Eq. (7.7) is expressed
through derivatives of potential energy of electron in ions core field by projections
of displacement vector uni of atom. In Eq. (7.7) the value of v0

n1i1�1;n2i2�2
is given

by v0
n1i1�1;n2i2�2

D
P

ni˛ v
0ni˛
n1i1�1;n2i2�2uni˛ , where v0ni˛

n1i1�1;n2i2�2 D
P

� c�niv
0�ni˛
n1i1�1;n2i2�2 .

Value v0�ni˛
n1i1�1;n2i2�2 is matrix element of operator �eni˛

d
djr�rnij

v� .jr � rnij/ ; where
eni D r�rni

jr�rnij
.

Values �v�ni
n1i1�1;n2i2�2

in Eq. (7.17) describe electron scattering on static displace-
ment of atoms and defined by equation

�v�ni
n1i1�1;n2i2�2 D

X

˛

v0�ni˛
n1i1�1;n2i2�2u

s
ni˛:

The matrix of force constant part which is caused by the direct coulomb
interaction of ionic cores has the form:

˚ni˛;n0i0˛0 D �
ZniZn0i0e2

4�"0 jrn C �i � rn0 � �i0 j
5



h
3 .rn˛ C �i˛ � rn0˛ � �i0˛/ .rn˛0 C �i˛0 � rn0˛0 � �i0˛0/

�jrn C �i � rn0 � �i0 j
2 ı˛˛0

i
; .ni/ ¤ .n0i0/; (7.18)

where Zni – valence of ion cores which located in the site .ni/.
Diagonal by number site .ni/ elements of the matrix of force constants is

determined from the condition:

X

n0i0

˚ni˛;n0i0˛0 D 0:
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Values ˚.0/
n1i1˛1;n2i2˛2

, ˚.0/
n1i1˛1;n2i2˛2;n3i3˛3

in Eq. (7.4), (7.10) are force constants.

Matrix ˚.0/

ni˛;n0i0˛0

is derived from expression for matrix ˚ni˛;n0i0˛0 in which Zni D

Z�i , where Z�i is valence of ion which is located in the site .ni/ of ideal ordered
crystal.

Matrix elements v.7.2/n1i1�1;n2i2�2
n3i3�3;n4i4�4

of Hamiltonian in Eq. (7.8) can be calculated
by integrating angular variables. Integrals from product of three spherical functions
(Gaunt integral) can be represented using the Clebsch–Gordan coefficients [31]. As
a result matrix elements v.2/Q"1l1m1;Q"2l2m2

Q"3l3m3;Q"4l4m4
are obtained:

v
.2/Q"lm;Q"2l2m2
Q"1l1m1;Q"0l0m0

D e2
X

jl � l0j 6 l3 6 l C l0

jl2 � l1j 6 l3 6 l2 C l1
l C l0 C l3 D 2k; k1 2 N

l2 C l1 C l3 D 2k1; k1 2 N

1

2l3 C 1




�
.2l3 C 1/.2l0 C 1/.2l3 C 1/.2l1 C 1/

.2l C 1/.2l2 C 1/

�1=2


c.l3l
0lI 0; 0/c.l3l

0lI m0 � m;m0/c.l3l1l2I 0; 0/c.l3l1l2I m2 � m1;m1/




" 1Z

0

dr1r
2
1RQ"l.r1/RQ"0l0.r1/

r1Z

0

dr2r
2
2RQ"2l2 .r2/RQ"1l1 .r2/

rl3
2

rl3C1
1

C

1Z

0

dr2r
2
2RQ"2l2 .r2/RQ"1l1 .r2/

r2Z

0

dr1r
2
1RQ"l.r1/RQ"0l0.r1/

rl3
1

rl3C1
2

#

; (7.19)

where l, m are orbital and magnetic quantum numbers, respectively, c.l00l0lI m00;m0/ –
Clebsch–Gordan coefficients [31], RQ" l.r/ – radial part of wave function, Q" – main
quantum number.

Matrix elements on the basis of real wave functions [35] v.2/n1i1�1;n2i2�2
n3i3�3;n4i4�4

for
each site when .n1; i1/ D .n2; i2/ D .n3; i3/ D .n4; i4/ are expressed by linear
combinations of matrix elements v.2/Q"1l1m1;Q"2l2m2

Q"3l3m3;Q"4l4m4
. This procedure of matrix elements

calculation can be easily programmed.
Matrix elements on the basis of real wave functions v.2/n1i1�1;n2i2�2

n3i3�3;n4i4�4
for different

sites .ni/ can be approximately represented in the form similar to formula (7.19), if
we describe radial part of the wave function by Gaussian function (namely Gaussian
orbital), as this is done in the method of molecular orbitals – linear combinations of
atomic orbitals [29]. In this approximation the multi-center integrals v.2/n1i1�1;n2i2�2

n3i3�3;n4i4�4
have the form of one-center integrals, as the product of two Gaussian orbitals that
are localized at different centers can be reduced to the product of orbitals that are
localized at the joint center.
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7.3 Green’s Functions of Electrons and Phonons System

In order to calculate the energy spectrum of electrons and phonons, free energy
and electrical conductivity of disordered crystal we introduce two-time Green’s
function. We define two-time retarded GAB

r .t; t
0/ and accelerated GAB

a .t; t
0/ Green’s

functions as follows[41]:

GAB
r .t; t

0/ D �
i

„
�.t � t0/hŒ QA.t/; QB.t0/�i;

GAB
a .t; t

0/ D
i

„
�.t0 � t/hŒ QA.t/; QB.t0/�i: (7.20)

Operator in the Heisenberg representation reads

QA.t/ D eiHt=„Ae�iHt=„;

where „ – Planck’s constant, H D H � 
eNe, 
e is chemical potential of electron
subsystem and Ne is the operator of electrons number:

Ne D
X

ni�

aC
ni�ani� :

In Eq. (7.20)

ŒA;B� D AB � �BA; (7.21)

where for Bose operators A, B � D 1 and for Fermi operators � D �1, �.t/ is
Heaviside’s step function.

Brackets h: : :i in Eq. (7.20) denote averaging

hAi D Sp.�A/; � D e.˝�H/=�; (7.22)

where ˝ is thermodynamic potential of the system, � D kbT , T – temperature.
Calculation of two-time retarded and accelerated Green’s functions defined in

Eq. (7.20) is based on the calculation of temperature Green’s functions. Known rela-
tion between the spectral representation for retarded, accelerated and temperature
Green’s functions is used.

The temperature Green’s function defined as

GAB.�; � 0/ D �hT� QA.�/ QB.� 0/i; (7.23)

where operator QA.�/ is derived from QA.t/ in Eq. (7.20) by replacing t D �i„� ,
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QA.�/ D eH�Ae�H� ;

T� QA.�/ QB.� 0/ D �.� � � 0/ QA.�/ QB.� 0/C ��.� 0 � �/ QB.� 0/ QA.�/;

here for Bose operators A, B � D 1 and for Fermi operators � D �1.
We introduce the operator

�.�/ D eH0�e�H� ; (7.24)

where H D H0 C Hint, H0 D H0 � 
eNe.
Differentiating the expression �.�/ in Eq. (7.24) by � parameter and conse-

quently integrating by the condition�.0/ D 1, we obtain:

�.�/ D T� exp

2

4�

�Z

0

Hint.�
0/d� 0

3

5 ; (7.25)

where Hint.�/ D eH0�Hint e�H0� .
Taking into account expression (7.24) we can write

QA.�/ D ��1.�/A.�/�.�/: (7.26)

Taking to account Eqs. (7.25), (7.26) for temperature Green’s function in Eq. (7.23)
we can obtain equation

GAB.�; � 0/ D �
hT�A.�/B.� 0/�.1=�/i0

h�.1=�/i0
(7.27)

where

hAi0 D Sp.�0A/; �0 D e.˝0�H0/=�:

Expanding the exponent �.�/ in expression (7.25) in a series of powers Hint.�/,
substituting the result in Eq. (7.27) and using Wick’s theorem for calculating the
temperature Green’s functions of disordered crystals [28] it is possible to build
a diagram technique similar to a homogeneous system [1]. The denominator in
Eq. (7.27) reduces from the same factor in the numerator. So Green’s function can
be expressed in a series only connected diagrams. Using the relation between the
spectral representations of temperature and time Green’s functions [1], by analytic
continuation to real axis we obtain the following system of equations for retarded
Green functions (hereinafter index r will be omitted) [28]:

GaaC

."/ D GaaC

0 ."/C GaaC

0 ."/
�
w C˙eph."/C˙ee."/

	
GaaC

."/


Guu."/ D Guu
0 ."/C Guu

0 ."/
�
�˚ C˙phe."/C˙phph."/

	


Guu."/C GuP
0 ."/�M�1GPu."/;
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GPP."/ D GPP
0 ."/G

PP
0 ."/�M�1GPP."/C GPu

0 ."/



�
�˚ C˙phe."/C˙phph."/

	
GuP."/;

GuP."/ D GuP
0 ."/ C GuP

0 ."/�M�1GPP."/C Guu
0 ."/



�
�˚ C˙phe."/C˙phph."/

	
GuP."/;

GPu."/ D GPu
0 ."/C GPu

0 ."/
�
�˚ C˙phe."/C˙phph."/

	


Guu."/C GPP
0 ."/�M�1GPu."/; (7.28)

where " D „!.
Here GaaC

."/, Guu."/, GPP."/, GuP."/, GPu."/ are spectral representation of
one-particle Green’s function of the electrons subsystem and Green’s functions
“shift-shift”, “impulse-impulse”, “shift-impulse” “impulse-shift” of phonons sub-
system; ˙eph."/, ˙phe."/, ˙ee."/, ˙phph."/ – actual energetic parts (mass opera-
tors) which describe the electron-phonon, phonon-electron, electron-electron and
phonon-phonon interactions.

The spectral decomposition for two-time (7.20) and temperature (7.23) Green’s
functions is defined as:

GAB
r;a.t/ D

1

2�

1Z

�1

GAB
r;a.!/ e�i!td!; GAB

r;a.!/ D

1Z

�1

GAB
r;a.t/ ei!tdt;

GAB.�/ D �
X

!n

GAB.!n/ e�i!n� ; GAB.!n/ D
1

2

1=�Z

�1=�

GAB.�/ ei!n�d�;

!n D



2n� � for Bose particles;
.2n C 1/� � for Fermi particles;

n D 0; ˙1; ˙2; : : :

Green’s functions definitions Eq. (7.20), (7.23) leads to relation between the spectral
representations of temperature and time Green’s functions:

GAB.!n/ D



GAB

r .i!n=„/; !n > 0;

GAB
a .i!n=„/; !n < 0:

To obtain Eq. 7.28 we used the above expression.
Accordingly to the indices .ni�/ and .ni˛/ Green’s functions of the electrons and

phonons subsystems are matrices respectively.
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From the motion equations for Green’s functions of zero approximation can be
obtained [41]:

GaaC

0 ."/ D
h
" � H.7.1/

0

i�1

; H.7.1/
0 D

�
��h.0/ni�;n0i0� 0

�
�� ;

Guu
0 ."/ D



!2M.0/ � ˚.0/

��1
; ˚.0/ D

���˚.0/

ni˛;n0i0˛0

��� ;

M.0/ D kMiınn0ıii0ı˛˛0k : (7.29)

Providing that

�
"2

„2
�M C�˚ C˙phe."/C˙phph."/

�

ni˛;n0i0˛0

˚
.0/

ni˛;n0i0˛0

	 1; (7.30)

solution of the system in Eq. 7.28 has the form:

GaaC

."/ D
h
ŒGaaC

0 ."/��1 �
�
w C˙eph."/C˙ee."/

	i�1

;

Guu."/ D

�
ŒGuu

0 ."/�
�1 �

�
"2

„2
�M C�˚ C˙phe."/C˙phph."/

���1

;

GPP."/ D
"2

„2
.M.0//2Guu."/; (7.31)

where �M D k.Mi � Mni/ınn0ıii0ı˛˛0k, " D „!.
For solution of system in Eq. 7.28 members proportional to the second and higher

power of small parameter (7.30) were neglected.
Using the mentioned above diagram technique, in Ref. [28], has been found

explicit expressions for the mass operator of Green’s functions that describe the
many-particle interactions in the system.

The mass operator of Green’s function of electrons for the electron-phonon
interaction ˙eph.�; �

0/ is described by the diagram in Fig. 7.1.
Solid lines in Fig. 7.1 correspond to the Green’s function of electrons

GaaC

ni�;n0i0� 0

.�; � 0/ and dashed lines correspond to the Green’s function of phonons

Guu
ni˛;n0i0˛0

.�; � 0/. Vertex part � n2i2˛2
ni�;n1i1�1

.�2; �; �1/ is described by diagrams in Fig. 7.2.

Fig. 7.1 Diagram for
˙eph ni�;n0 i0� 0 .�; � 0/ D
˙eph Qn�;Qn0� 0 . Here Qn D .ni�/
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+ +=

ñ2 α2

ñ γ ñ γ

ñ γ

ñ2 α2

ñ2 α2

ñ1 γ2 ñ1 γ1

ñ1 γ1ñ4 γ4 ñ5 γ5

ñ6 γ6

ñ8 γ8ñ7 γ7

ñ3 γ3 ***

Fig. 7.2 Diagrams for the vertex part � n2 i2˛2
ni�;n1 i1�1 .�2; �; �1/ D �

Qn2˛2
Qn�;Qn1�1

. Here Qn D .ni�/

Fig. 7.3 Diagram for
˙phe ni˛;n0 i0˛0 .�; � 0/ D
˙phe Qn˛;Qn0˛0 . In Fig. 7.3
Qn D .ni�/

No shaded triangle in Fig. 7.2 corresponds to equation

�
n2i2˛2
0ni�;n1i1�1

.�2; �; �1/ D v
0n2i2˛2
ni�;n1i1�1

ı.� � �2/ ı.� � �1/:

In Fig. 7.1 and in Fig. 7.2 summation for internal points Qn� is carried out. Sum-
mation of Qn� provides summation of ni� and integration over � . Expressions that
correspond instead each diagram attribute multiplier .�1/nCF, where n is diagram’s
order (namely number of vertices �0 in the diagram), and F is the number of lines
for the Green’s function of electrons GaaC

. This function goes out and goes into in
the same vertices.

For the mass operator that describes electron-phonon interaction, we obtained
equation

˙eph ni�;n0i0� 0."/ D �
1

4� i

1Z

�1

d"0coth

�
"0

2�

�
v

0n1i1˛1
ni�;n3i3�3





Guu

n1i1˛1;n2i2˛2."
0/ � Guu �

n1i1˛1;n2i2˛2."
0/

�
GaaC

n3i3�3;n4i4�4


." � "0/�
n2i2˛2

n4i4�4;n0i0� 0

�
" � "0; "I "0

	
: (7.32)

For repeated indices summation is conducted.
Phonon-electron interaction is described by the diagram in Fig. 7.3.
Designation in Fig. 7.3 corresponds to designations in Figs. 7.1 and 7.2.
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Phonon-electron interaction is described by mass operator

˙pheni˛;n0i0˛0."/ D
1

2� i

1Z

�1

d"0f ."0/v0ni˛
n2i2�2;n1i1�1




( h
GaaC

n1i1�1;n3i3�3."C "0/ � GaaC �
n1i1�1;n3i3�3 ."C "0/

i


GaaC �
n4i4�4;n2i2�2."

0/C GaaC

n1i1�1;n3i3�3."C "0/



h
GaaC

n4i4�4;n2i2�2."
0/ � GaaC �

n4i4�4;n2i2�2."
0/

i)


� n0i0˛0

n3i3�3;n4i4�4

�
"C "0; "I �"0

	
: (7.33)

Diagrams for the mass operator ˙ee.�; �
0/ that describes electron-electron

interaction, are shown in Fig. 7.4.
Vertex part � n2i2�2;n1i1�1

ni�;n0i0� 0

.�2; �1�; �
0/ are shown on diagrams in Fig. 7.5.

Not shaded triangle in Fig. 7.5 corresponds to equation

�
n2i2�2;n1i1�1
0ni�;n0i0� 0

.�2; �1�; �
0/ D Qv

.2/ni�;n2i2�2
n1i1�1;n0i0� 0

ı


.� � �2/ı.� � �1/ı.� � � 0/;

Qv
.2/ni�;n2i2�2
n1i1�1;n0i0� 0

D v
.2/ni�;n2i2�2
n1i1�1;n0i0� 0

� v
.2/ni�;n2i2�2
n0i0� 0;n1i1�1

:
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ñγ 

ñγ 

ñ2γ 2 ñ1γ 1
+ γ′

Fig. 7.4 Diagrams for ˙eeni�;n0 i0� 0 .�; � 0/ D ˙eeQn�;Qn0� 0 . Here Qn D .ni�/

+ ++=
ñ′ γ′ ñ′ γ′

ñ′ γ′

ñ γñ γñ γ ñ γ

ñ1γ1 ñ1γ1 ñ1γ1

ñ1γ1

ñ2γ2ñ2γ2ñ2γ2 ñ2γ2

Fig. 7.5 Diagrams for vertex part � n2 i2�2;n1 i1�1
ni�;n0 i0� 0

.�2; �1�; �
0/ D �

Qn2�2;Qn1�1
Qn�;Qn0� 0

. Here Qn D .ni�/
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The mass operator that describes electron-electron interaction is:

˙eeni�;n0i0� 0."/ D ˙
.1/

eeni�;n0i0� 0

C˙
.2/

eeni�;n0i0� 0

."/;

˙
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een;n0

D �
1

4� i

1Z

�1

d"0f
�
"0

	
Qv
.2/n;n2
n1;n0

h
GaaC

n1;n2 ."
0/ � GaaC �

n1;n2 ."
0/

i
;

˙
.2/

een;n0

."/ D �

�
1

2� i

�2 1Z

�1

d"1

1Z

�1

d"2 Qv.2/n;n3n2;n1



f ."1/ f ."2/



h
GaaC �

n2;n5 ." � "1 C "2/G
aaC

n1;n4 ."1/ � GaaC

n2;n5 ." � "1 C "2/G
aaC �
n1;n4 ."1/

i



h
GaaC

n6;n3 ."2/ � GaaC �
n6;n3 ."2/

i
�

n5;n6
n4;n0

."1; " � "1 C "2I "2; "/

Cf ."1/ f ."1 C "2 � "/
h
GaaC

n2;n5 ."2/ � GaaC �
n2;n5 ."2/

i



h
GaaC

n1;n4 ."1/GaaC

n6;n3 ."1 C "2 � "/ � GaaC �
n1;n4 ."1/GaaC �

n6;n3 ."1 C "2 � "/
i


� n5;n6
n4;n0

."1; "2I "1 C "2 � "; "/

�
; (7.34)

Qv
.7.2/n;n2
n1;n0

D v
.7.2/n;n2
n1;n0

� v
.7.2/n;n2
n0;n1

; .n � ni�/ .
In Ref. [28] expressions for the mass operator ˙phph."/ that describe phonon-

phonon interaction similarly were obtained.
The relations arising from the theory of functions of complex variable are used

upon receipt of expressions (7.32), (7.33) and (7.34).

�
X
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.i!n/ D
1

4� i

I

C

dz coth
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2�

�

 .z/ .!n D 2n��/;

�
X
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.i!n/ D �
1

2� i

I

C

dz f
� z

�

�

 .z/ .!n D .2n C 1/ ��/;

f
� z

�

�
D

1

exp
�

z
�

	
C 1

;

where 
.z/ is analytic function of complex z in the region covered by a contour C.
Between spectral representations of the Green’s functions G
 ."/ defined at

constant chemical potential 
e by Eq. (7.20), and GN ."/, defined at a constant
number of electrons Ne a relation G
 ."/ D GN ."C 
/ exists.

Renormalization of diagrams vertex parts can be neglected.

�
�2n2i2˛2

n4i4�4;n0i0� 0

�
" � "0; "I "0

	
D v

0�2n2i2˛2
n4i4�4;n0i0� 0

;

�
n5;n6

n4;n0

."1; " � "1 C "2I "2; "/ D Qv
.2/n4;n5
n6;n0

:
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In expressions (7.33) and (7.34) f ."/ is Fermi function. Fermi level "F � 
e of
system is determined by the equation:

hZi D

1Z

�1

f ."; "F/ge."/d"; (7.35)

where hZi – average number of electrons per atom, ge."/ – density of electron states.

ge ."/ D �
1

��N
ImSp

D
GaaC

."/
E

c
: (7.36)

In Eq. (7.36) brackets h: : :ic denote configurational averaging, N is a number of
primitive cells, � – number of atoms in the primitive cell. To further reduce of
recordings the index c near brackets h: : :ic will be omitted. In the formula (7.35)
hZi – average number of electrons per atom.

Equation (7.36) follows from the definition of operator number of electrons in
Eq. (7.20) and Green’s function GAB.�; � 0/ (7.23), A D aC

ni� , B D ani� .

It should be noted that the first term ˙
.1/

eeni�;n0i0� 0

in Eq. (7.34) for the mass
operator of electron-electron interaction describes the Coulomb and exchange
electron-electron interactions in the Hartree–Fock approximation. The second term
˙
.2/

eeni�;n0i0� 0

."/ which is caused by output beyond the Hartree–Fock approximation,
describes the electronic correlation. In contradiction to Refs. [6, 7, 9–11, 14, 26]
long-range Coulomb interaction of electrons located at the different sites of the
crystal lattice is described taking into account an arbitrary number of energy
bands.

Expression in Eq. (7.31) differs from corresponding expressions for the Green’s
function of the single-particle Hamiltonian of disordered system only by form of
mass operators. Therefore to calculate the Green’s function given by Eq. (7.31) we
use well known methods of the disordered systems theory [28].

7.4 Localized Magnetic Moments

Obtained results give possibilities to investigate the influence of electronic corre-
lations on the electronic structure and properties of the system. To perform this,
the heterogeneous distribution of electron density is taken into account. We assume
that distribution of electron density corresponds to the minimum of free energy.
The mass operator of electron-electron interaction in Eq. (7.34) can be defined
through the occupation number Z�m�i

ni�� of electron’s states .ni��/. The value Z�m�i
ni��

is determined by Eq. (7.35), where density of electronic states ge."/ is replaced by
conditional partial density of states g�m�i

ni�� ."/ for energy band � and spin projection � .
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The occupation number of electron states Z�m�i
ni�� and conditional partial density of

states g�m�i
ni�� ."/ are

Z�m�i
ni�� D

1Z

�1

f ."; "F/ g�m�i
ni�� ."/d";

g�m�i
ni�� ."/ D �

1

�
Im

D
GaaC

ni��;ni�� ."/
Eˇ̌
ˇ
.ni/2�m�i

: (7.37)

In the last formula averaging is done along with condition that atom of sort � is
located at the site .ni/, and projection of localized magnetic moment equals to m�i.
The probability of such event is P�m�i

ni and we can write
P

�;m�i
P�m�i

ni D 1.
Thus, we consider the localized magnetic moments which are distributed not

homogeneously on the crystal lattice sites (static magnetization fluctuations).
We can also write equations

Z�m�i
ni� D Z�m�i

ni�� C Z�m�i
ni�;�� ; m�i� D Z�m�i

ni�� � Z�m�i
ni�;�� : (7.38)

From Eq. (7.38) we obtain

Z�m�i
ni�� D

Z�m�i
ni� C m�i�

2
; Z�m�i

ni�;�� D
Z�m�i

ni� � m�i�

2
:

Number of electrons and magnetic moment projection for the atom of sort � at
the site .ni/ are, respectively:

Z�m�i
ni D

X

�

Z�m�i
ni� ; m�i D

X

�

m�i� :

In Eq. (7.31) by introducing the mass operator as the sum of one site operators
and selecting as a zero one site approximation of the effective medium Green’s
function cluster expansion for Green’s functions GaaC

."/, Guu."/ is performed.
Specified expansion is a generalization of the cluster expansion for the Green’s
function GaaC

."/ of single-particle Hamiltonian.
Green’s functions in Eq. (7.31) satisfy this equation:

G."/ D QG."/C QG."/T."/ QG."/;

where T is matrix of scattering and could be represented expansion in series, where
which terms describe scattering of the clusters with different numbers of nodes

T D
X

.n1i1/

tn1i1 C
X

.n1i1/¤.n2i2/

T.2/n1i1;n2i2 C : : :
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Here T.2/n1i1;n2i2 D


I � tn1i1 QGtn2i2 QG

��1
tn1i1 QGtn2i2



I C QGtn1i1

�
, where tn1i1 is

scattering operator on the same site is determined by equation tn1i1 D


I � .˙n1i1 � �n1i1 / QG

��1
.˙n1i1 � �n1i1 /. This is �n1i1 potential of the effective

medium (coherent potentials).
By using Eqs. (7.36) and (7.37) and performing averaging over the distribution

of atoms of different sort and localized magnetic moments projection at the sites of
the crystal lattice and neglecting the contribution of processes of electron scattering
in clusters consisting of three or more atoms that are small by the small parameter
for the density of electronic states we obtain:

ge ."/ D
1

v

X

i;�;�;�;m�i

P�m�i
0i g�m�i

0 i� � ."/ ;

g�m�i
0 i� � ."/ D �

1

�
Im

n
QG C QGt�m�i

0i
QG C

X

.lj/ ¤ .0i/
�0;m�0 j

P
�0 m�0 j=�m�i

lj 0 i


 QG
h
t
�0m�0 j

lj C T.2/�m�i0i;�0m�0 jlj C T.2/�
0m�0 jlj;�m�i0i

i
QG
o0i��;0i��

;

T.2/�m�i0i;�0m�0 jlj D
h
I � t�m�i0i QGt�

0m�0 jlj QG
i�1


t�m�i0i QGt�
0m�0 jlj



I C QGt�m�i0i

�
; (7.39)

where QG D QGaaC

."/.
Energy spectrum calculation is done by iterative procedure. The first step of

iterative procedure is described above.
On the next steps of iterative procedure values of occupation number of electron

basis states in Eq. (7.14) is calculated by expression:

Z�iı� D
1

2

�
Z�iıc� C Z�iıs�

	
; (7.40)

where Z�iıc� ;Z
�
iıs� defined by expression (7.37) for Z�m�i

ni�� , � D .ıc/; .ıs/ and ı D

.Q"lm/. Expression (7.40) obtained using Eq. (7.16).
Above mentioned procedure of energy spectrum calculation is self-consistent.

7.5 Free Energy

Thermodynamic potential of the system is

˝ D �� ln Sp.e�H=�/:
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Free energy F as a function of volume V , temperature T , number of electrons
Ne and parameters of interatomic correlations ."n1i1;n2i2 ; �/ to the thermodynamic
potential ˝ is expressed via expression F D ˝ C 
ehNei. Free energy F in the
weak dependence of the mass operators on the energy of electrons and phonon
approximation can be represented in the form [17–19, 28]

F D hı˚i ��Sc C˝e C˝ph C 
ehZi; (7.41)

where ˝e, ˝ph are given by

˝e D ��

1Z

�1

ln
�
1C e.
e�"/=�

	
ge."/d";

˝ph D �
R 1

�1 ln
�
1 � e�"=�

	
gph."/d" – the thermodynamic potential of atomic

nucleus in field of ionic cores.
In Eq. (7.41) the values F, Sc, ˝e, ˝ph are calculated per one atom.

7.6 Electrical Conductivity

For electrical conductivity tensor calculation Kubo’s formula is used [20]

�˛ˇ .!/ D

1=�Z

0

1Z

0

ei!t�ıt
˝
QJˇ .0/ QJ˛ .t C i„�/

˛
d�dt; (7.42)

where J˛ is the operator of the ˛ is projection of the current density.
From Eq. (7.42) it follows:

Re �˛ˇ .!/ D
i

2!

h
G

J˛Jˇ
r .!/ � G

J˛Jˇ
a .!/

i
:

To calculate the spectral representations G
J˛Jˇ
r .!/ and G

J˛Jˇ
a .!/ of the retarded and

the advanced Green’s functions the expression for current-density operator is used

J˛ .t/ D e
Z
�C .�; t/ v˛� .�; t/d�;

where �C .�; t/ and � .�; t/ are field operators of electron’s creation and annihila-
tion respectively; �˛ is the operator of the ˛ – projection of the velocity; e is the
electron charge; by integrating over � we mean integrating over the crystal volume
and summing over the projection of spin � onto the z axis; and the crystal’s volume
is assumed to be equal to unity.
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Fig. 7.6 Diagrams for the two-particle Green’s function

In this case the temperature Green’s function is

GJ˛Jˇ .�; � 0/ D
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NV1

X
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v˛n4n2vˇn3n1G
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;

where V1 – volume of primitive cell, the two-particle Green’s function is

G00.n1�
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� 0
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� 0
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n4 .�/ � .1=�/
˛
0

h� .1=�/i�1
0 ;

.n D ni�/ :

The two-particle Green’s function is described by the diagram in Fig. 7.6. Numbers
of Fig. 7.6 correspond to point numbers, e.g., 1 corresponds to .n1i1�1�1/.

Using the diagram technique for two-particle temperature Green’s function and
neglecting the contributions of scattering processes on clusters of three or more sites
for the static conductivity tensor we can get
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where
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In Eq. (7.43) component of two-particle Green’s function�GII
˛ˇ ."1; "2/ is caused by

the interaction and has the form:
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.n � ni��/.
Operator ˛-projection of the electron velocity in Eq. (7.43) is:

v˛ .k/ D
1

„

@H.1/
0 .k/

@k˛
:

To simplify the formula (7.44) we use approximate expression
D
�GII

˛ˇ ."1I "2/
E

�

� QGII
˛ˇ ."1I "2/, where � QGII

˛ˇ ."1I "2/ is derived from the Eq. (7.43) by replacing the

GaaC

."/ with QGaaC

."/.

7.7 Spin-Dependent Transport of Carbon Nanotubes
with Chromium Atoms

In this section the results of calculation of the energy spectrum of electrons
and phonons and conductivity of carbon nanotubes doped with chromium are
represented. Renormalization of vertex parts diagrams for the mass operators in
Eqs. (7.32), (7.33) and (7.34) and contribution of the static displacements of atoms
in the calculations are neglected. The contribution of matrix elements on the
basis of real wave functions v.2/n1i1�1;n2i2�2

n3i3�3;n4i4�4
in Eq. (7.34) for different sites .ni/ is

neglected. As the basis 2s; 2p-states wave functions of the neutral carbon atoms
and 3d, 4s-states wave functions of the neutral chromium atoms were chosen.
The initial ion core’s valence of C and Cr atoms Z�i are 4 and 6 respectively.
To simplify calculations in the above-mentioned self-consistent iterative procedure
was performed only first step. In expression (7.14) Z�iı� D 1 for occupied
electronic states. The off-diagonal matrix elements (ni) by site index of Hamiltonian
in Eq. (7.1) were calculated by taking into account the first three coordination
spheres. For Green function calculation 103 points for Brillouin zone are used. For
mass operator calculation in Eqs. (7.32), (7.33) and (7.34) numerical integration is
applied. Calculations were performed for the temperature T D 300K.

We performed geometry optimization of the crystal structure of carbon nanotube
with (3, 0) chirality doped by Cr atoms. Geometric optimization of the crystal
structure was achieved by minimization the free energy F, defined in Eq. (7.41).
Carbon nanotube doped with Cr has a one-dimensional crystal structure. Primitive
cell contains 18 non-equivalent atom positions. Carbon atoms are located in 12
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Fig. 7.7 The crystal structure
of carbon nanotube with (3,0)
chirality doped by Cr atoms.
The top view. Black – C
atoms, white – Cr atoms

Fig. 7.8 Dependence of free energy F for carbon nanotubes with 5 atoms of Cr per primitive cell
on parameter of pair correlations in the arrangement of Cr impurities on lattice sites "BB

positions on the surface of the inner cylinder. The distance between the carbon
atoms is 0.142 nm. Cr atoms are located in 6 positions on the outer surface of the
cylinder opposite the center of a hexagon, the vertices of which are carbon atoms.
The distance between carbon atoms and Cr is 0.22 nm. The crystal structure of
carbon nanotube with (3,0) chirality with Cr impurity is showed at Fig. 7.7.

Through the study of free energy minimum found that Cr atoms are randomly
located on the surface of nanotubes. In Fig. 7.8 points shows the dependence of the
free energy F in Eq. (7.41) on the parameter of pair correlations in the arrangement
of Cr impurities on lattice sites "BB D "BB

lj0i in Eq. (7.33) for the first coordination
sphere. Atom of Cr is denoted as atom of sort B. The dependence F."BB/ is shown
in the region of free energy minimum.

As shown in Fig. 7.8, the free energy F minimum corresponds to "BB D 0. This
is a result of Cr atoms are randomly located on the surface of carbon nanotube.
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Fig. 7.9 Densities of electron states of carbon nanotube with an admixture of Cr

The relative position of carbon atoms and Cr is similar to the location of atoms
of transition metals on the surface of carbon nanotubes of large diameter, which are
described in Ref. [39, 40] by ultrasoft pseudopotential method.

The value of localized magnetic moment projection of the atom Cr and induced
localized magnetic moment of an atom C in the direction of the magnetic field
increases with the size of the field. For carbon nanotubes of 5 Cr atoms in
primitive cell value of projection of magnetic moment of the atom Cr varies
within mCr D .1:02I 2; 24/
B, and the magnetic moment of the atom C – within
mC D .0; 0036I 0; 02/
B with increasing values of the magnetic field from zero to
H D 200A/m. The magnetic field is oriented along the axis of the carbon nanotube.
Parameter of pair correlations in the orientation of localized magnetic moments on
lattice sites for the first coordination sphere in the absence of magnetic field equals
to "m D 0:235. The value "m for the second and third coordination spheres are close
to zero. A positive value of "m for the first coordination sphere indicates that the
localized magnetic moment given carbon atom is oriented in the same direction as
the magnetic moment of the nearest Cr atom.

Figure 7.9 shows a partial ge� ."/ D 1
v

P
i;�;� P�0ig

�
0i�� ."/ and full ge ."/ DP

� ge� ."/ densities of electron states of carbon nanotube with an admixture of
Cr in the absence of external magnetic field calculated by Eq. (7.32). In the absence
of a magnetic field g1=2 ."/ D g�1=2 ."/. Vertical line shows the Fermi level "F.

Figure 7.10 shows partial ge� ."/ and full ge ."/ densities of electron states of
carbon nanotube with 5 atoms of Cr per primitive cell in external magnetic field
H D 100A/m.

In Fig. 7.10 the part of energy spectrum that is close to the Fermi level is showed.
As shown in Fig. 7.10, line of partial ge� ."/ density of electron states for spin

� D 1=2 is shifted relative to line for spin � D �1=2. The results presented
in Fig. 7.10, are qualitatively consistent with results obtained by another method
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Fig. 7.10 Densities of electron states of carbon nanotube with 5 atoms of Cr per primitive cell in
external magnetic field H D 100A/m

Fig. 7.11 The dependence of spin polarized electric current ��=� of carbon nanotube on the
magnitude of the external magnetic field H

in Ref. [39]. In contradiction to our research in Ref. [39] carbon nanotubes with
(9;0) chirality doped by Co atoms located inside of the nanotube were described.
Quantitative differences in results derived in our research and results of Ref. [39]
are determined by this.

In Fig. 7.11 the dependence of the spin polarization electric current ��=� D

.�1=2���1=2/ of carbon nanotube with chirality (3.0) and 5 atoms of Cr per primitive
cell on the magnitude of the external magnetic field calculated by Eq. (7.43) for
temperature 300 K is shown.
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7.8 Conclusion

The previously mentioned methods [4, 6, 7, 9–11, 14, 23–26, 30, 35, 36, 38] are
used only for the description of ideal ordered crystals and molecules. However, a
new method of describing electronic correlations in disordered magnetic crystals
based on the Hamiltonian of multi-electron system and diagram method for finding
Green’s functions is developed.

The nature of spin-dependent electron transport of carbon nanotubes with
chromium atoms, which were adsorbed on the surface was found. The phenomenon
of spin-dependent electron transport in a carbon nanotube is the result of strong
electron correlations caused by the presence of chromium atoms. The value of the
spin polarization of electron transport in carbon nanotubes with chromium atoms,
which were adsorbed on the surface, is determined by the difference of the partial
densities of electron’s states (see Fig. 7.10) with opposite spin projection at the
Fermi level. This value is also determined by the difference between the relaxation
times which arise from different occupation numbers of single-electron states
Z�n1i1�1�1

of atoms of carbon and chromium [see Eq. (54)]. The spin polarization
of the electric current value increases with Cr atoms concentration and magnitude
of the external magnetic field increase. The electronic structure and properties of
carbon nanotubes with transition metal chains, adsorbed on the surface, based on
the density functional method [23–25, 35, 36] using ultra-soft pseudopotential was
calculated [5]. Our results are qualitatively consistent with the results of Ref. [5]. In
this paper electron density functional method showed that the chains of transition
metals adsorbed on the surface of carbon nanotubes. They open a gap in the
electrons states with a certain spin value. Contradictory to Ref.[5] it is shown that
atoms of Cr are randomly placed on the carbon nanotube surface.
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Chapter 8
Cell Monolayer Functioning Detection
Based on Quantum Polarization Effects
in Langmuir–Blodgett Multi-Walled
Carbon Nanotubes Films

H.V. Grushevskaya, N.G. Krylova, I.V. Lipnevich, T.I. Orekhovskaja,
and B.G. Shulitski

Abstract By means of Langmuir–Blodgett (LB) technique the multi-walled carbon
nanotubes were decorated by organometallic complexes of high-spin Fe(II). Fab-
ricated LB-nanoheterostructures screen efficiently the double electrically charged
layer in the near-electrode region. It was shown that these polarization effects
are spin-dependent. The proposed capacitive sensor on spin-dependent polarization
effects was used to detect phenomena of CGJC-network activity.

8.1 Introduction

At present, investigations of cooperative dynamics of living cell monolayer have
shown that there exist a dynamical network of gap junction channels (GJCs),
which penetrate cellular membranes [1–5]. The formation of communicative gap
junction channel network (CGJC network) occurs in the result of both an selfassem-
bly/selfdisassambly of individual GJCs and an establishment of bistable channels
in given state: “open” or “closed”. The process of self-assembly/self-disassambly
has been studied a lot and GJC inhibitors were found. However, the establishing
of threshold signal transduction principles for opening/closing of GJCs in the
gap junction network is the challenge because of multifactor and complicated of
signaling pathways with large number of regulatory molecules [6].

Any signal of living cell leads to change of potential difference on boundary
living cell/phisiological medium. An interphase boundary is a double electrically
charged layer. It is known [7, 8] that an impedance analysis allows to detect a
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capacity of the double layer and, respectively, a dielectric polarization in it, for
example, to study a membrane polarization of living cells in suspension (see [9]).
The biocompatible graphene-like materials with high conductance and large spin
relaxation times for charged carrier density are perspective transducers [10]. The use
of carbon nanotubes (CNT) or graphene as sensitive elements is hampered due to the
lack of free charge carriers at the Fermi level in these materials [11–14]. However,
when the materials were decorated with conducting particles, one can obtain an
excitonic dielectric with non-zero electric charge density at the Fermi level [15].

In this paper we will utilize the LB technique to fabricate new biocompatible
layered nanoheterostructures consisting of multi-walled CNT (MWCNT) bundles,
which were deposited on ultrathin LB-films of organometallic compounds. A
electrochemical technique to detect functional changes proceeded in living cell
monolayers immediately after their stimulation or inhibition, has been developed
in [16, 17]. In our paper the technique will be used to establish principles of CGJC-
network fine-tuning. Understanding of these principles would allow to program the
CGJC network and, hence, to correct of pathological states.

The goal is to reveal quantum polarization effects on interface between water
and nanoheterostructures from MWCNT bundles decorated by organometallic
complexes, and to developed a sensor that functions based on these effects and
detects an interface polarization in a gap junction network of a living cell monolayer.

8.2 Materials and Methods

8.2.1 Reagents

MWCNTs with diameters ranging from 2.0 to 5 nm and length of �2.5�m were
obtained by the method of chemical vapor deposition (CVD-method) [18]. A TEM-
image and a Raman spectrum of MWCNTs are shown in Fig. 8.1. MWCNTs
were covalently modified by carboxyl groups and non-covalently functionalized by
stearic acid molecules.

Salts Fe(NO3)3 � 9H2O, Ce2(SO4/3 (Sigma, USA), hydrochloric acid, deion-
ized water were used to preparate subphases. Iron-containing films were fab-
ricated from an amphiphilic oligomer of thiophene derivatives with chemically
bounded hydrophobic 16-link hydrocarbon chain: 3-hexadecyl-2,5-di(thiophen-2-
yl)-1H-pyrrole (H-DTP, H-dithionilepyrrole). H-dithionilepyrrole was synthesized
by a method proposed in [19]. Working solution of H-dithionilepyrrole, 1:0 


10�3 M, was prepared by dissolving precisely weighed substances in hexane. All
salt solutions have been prepared with deionized water with resistivity 18.2 M	�cm.

C6 rat glioma cells obtained from culture collection of Institute of Epidemiology
and Microbiology (Minsk, Belarus) were grown on aligned MWCNT arrays and
Fe-containing LB-DTP-films in a Dulbecco’s modified Eagle medium (DMEM)
(Sigma, USA) supplemented with 10 % fetal bovine serum and 1 
 10�4 g/ml
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Fig. 8.1 (a) TEM-image of original carboxylated multi-walled CNTs; (b) Raman spectrum of
original carboxylated MWCNTs on Si

gentamycin at 37 ıC in a humidified 5 % CO2 atmosphere. Menadione and GJC
inhibitor carbenoxolone sodium sald (CSS) (Sigma, USA) were utilized to alter
cellular communication activity.

All used materials belong to class of analytical pure reagents.

8.2.2 Methods

Langmuir–Blodgett Technique

Langmuir–Blodgett monolayer formation was carried out on an automated hand-
made Langmuir trough with controlled deposition on a substrate, and with computer
user interface working under Microsoft Windows operational system. Control of
the surface tension has been performed by a highly sensitive resonant induc-
tive sensor. The Y-type transposition of monolayers on supports was performed
by their vertical dipping. The complexes Fe.II/DTP3 of high-spin Fe(II) with
the dithionilepyrrole ligands were synthesized by LB-method at compression of
H-dithionilepyrrole molecules on the surface of subphase with salts of three-valence
Fe [20].

Horizontally and vertically arranged LB-MWCNT-bundles can be fabricated
from the multi-walled CNTs [21]. An image of the LB-MWCNT-bundle and its
microdiffraction pattern are represented in Fig. 8.2.

We use the Langmuir–Blodgett technique to fabricate new biocompatible lay-
ered nanoheterostructures consisting of two MWCNT LB-monolayers which are
deposited on five-monolayer LB-film of the organometallic complexes.



100 H.V. Grushevskaya et al.

Fig. 8.2 A TEM-image (a) of LB-MWCNT-bundle deposited on the Fe-containing dithionilepyr-
role LB-film and (b) a microdiffraction pattern of two LB-monolayers of MWCNTs

Fig. 8.3 (a) A SEM image of pure sensor. (b) A confocal microscopic image of tumor (C6 glioma)
cells grown on sensor surface coated by MWCNT-Fe-containing dithionilepyrrole LB-film. (c) A
model of i-th “open type” capacitor: 1 – double electrically charged layer, 2 – positive and negative
electrodes, 3 – dielectric substrate of sensor, 4 – dielectric barrier layer of AOA; E1, E2 are electric
field strengths near the electrodes

Impedance Measurements

For electrochemical studies, we use a planar capacitive sensor of interdigital-
type on pyroceramics support. N pairs, N D 20, of aluminum electrodes of the
sensors in Fig. 8.3a, b are arranged in an Archimedes-type spiral configuration.
Every such pair is an “open type” capacitor. A dielectric coating of the electrodes
represents itself nanoporous anodic alumina layer (AOA) with a pore diameter of
10 nm. The obtained LB-nanoheterostructures were suspended on the interdigital
electrode system covered by dielectric nanoporous anodic alumina. The sensor was
placed into aqueous salt solutions, or culture medium, or deionized water. A double
electrically charged layer forms on the interface shown in Fig. 8.3c.

To excite harmonic auto-oscillations of electric current (charge–discharge pro-
cesses in the capacitors), the sensor was connected as the capacitance C into
the relaxation RC-generator (self-excited oscillator) [22]. Operating of such RC-
generator is based on the principle of self-excitation of an amplifier with a positive
feedback on the quasi-resonance frequency. The capacitance C of the sensor
entered in measuring RC-oscillating circuit has been calculated by the formula
C D 1=.2�Rf /, where R is the measuring resistance, f is the frequency of quasi-
resonance.
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Structural and Spectroscopy Studies

Scanning electron microscopy (SEM) images were taken on LEO 1455 VP (Carl
Zeiss, Gernamy) JEM-100CX. The accelerating voltage was 20 kV. Signals of
reflected and secondary electrons were detected simultaneously. Microdiffraction
patterns and transmission electron microscopic images were obtained by means of
transmission electron microscope JEM-100CX (JEOL, Japan) (TEM) at accelerat-
ing voltage of 100 kV. After the objects were previously deposited on a copper grid
with a formvar polymer coating, structural analysis has been performed. Spectral
studies in visible range were carried out using a confocal micro-Raman spectrometer
Nanofinder HE (“LOTIS-TII”, Tokyo, Japan–Belarus) by laser excitation at wave-
length 532 nm with power 20 mW.

8.3 A Dielectric Polarization in Metal- and
MWCNT-Containing LB-Monolayers and Effects
of Screened Electrically Charged Double Layer

8.3.1 Spontaneous Dielectric Polarization of Helicoidal
MWCNT Bundles

The conducting multi-walled carbon nanotubes can form helicoidal LB-bundles
shown in Fig. 8.4a. Such helicoidal inclusions can make a medium to be right(left)-
active one. As shown in Fig. 8.4b, current-voltage characteristics of the pure sensor
(without LB-films) and of a four monolayer LB-film of stearic acid are linear
when this characteristic for three monolayers LB-film from MWCNTs and steric
acid is nonlinear one. The nonlinearity is due to that LB-bundles can be helicoidal
ones and, hence, are polarized spontaneously [23]. A hysteresis cyclic volt-ampere

Fig. 8.4 (a) A TEM-image of helicoidal LB-MWCNT-bundle deposited on three LB-monolayers
of stearic acid; (b) Current-voltage characteristics of sensor without LB-film (curves 1 and 10),
with four LB-monolayers of stearic acid (curves 2 and 20), and with a three monolayer LB-film
from MWCNTs and steric acid (curves 3 and 30). Prime denotes a repeat measurement; (c) Cyclic
current-voltage characteristics of the three monolayer LB-film
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Fig. 8.5 Cyclic frequency dependencies of capacity for sensors without (curve 0) and with
dithionilepyrrole LB-film (curve 1) and MWCNTs (hysteresis curve 2) in deionized water. A and
B denote direct and reverse branches, respectively

characteristic (VAC) for the three monolayer LB-film from MWCNTs and steric
acid is observed, as shown in Fig. 8.4c. A hysteresis frequency dependency of
capacity in Fig. 8.5 is due to the spontaneous dipole polarization of the helicoidal
MWCNT bundles, which interact with the organometallic complexes.

So, medium with helicoidal MWCNTs-bundles is right (left)-active one. For
such mediums we observe a hysteresis frequency dependence of capacity as well as
for VAC.

The MWCNT-monolayer, which is deposited on the Fe(II)-dithionilepyrrole
complex LB-film, are decorated by Fe(II) atoms. As known [15], an impurity
metal atom (adhesive atom, adatom) near the graphene sheet causes a local spin-
orbit field, and, respectively, the scattering of current components with positive
(negative) angular momentum is enhanced (suppressed) for charge carriers with
a spin projection sz D 1 (sz D �1). Moreover, a spin-orbit splitting of the band
dispersion occurs by bringing heavy metallic atoms in close contact to graphene.
Under the action of Coulomb field of adatoms there appears a gap Eg in band
structure of graphene and metallic graphene-like materials. The helicity prevents
the spin-dependent polarization. Since the helicoidal structure diminishes the spin-
dependent spontaneous polarization of the sample. In further investigations the
nanocomposite LB-coatings without hysteresis properties have been used.
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8.3.2 Screening Effects

Screening of Electrically Charged Double Layer by Metal- and
MWCNTs-Containing LB-Monolayers in Water

The near-electrode double electrically charged layer is similar to plane capacitor.
Because of a distance between plates of such capacitor is very small, its electric
field strength is large. A high value of low-frequency dielectric permeability of
water is due to the ionization of water molecules and impurities in water with
following formation of hydrated complexes of ions OH�, HC and of impurity
ions. The existence of such complexes impedes the ion recombination. According
to frequency dependencies of capacity (curves 0 in Fig. 8.6), there is a frequency
of oscillating alternative electrical field (a plasmon resonance frequency) of the
near-electrode layer. This frequency coincides with an eigenfrequency of hydrated-
complex oscillations (ion vibrations). The plasmon resonance enhances a process
of decay of hydrated complexes and, respectively, following recombination of ions
into neutral molecules H2O, that results in decreasing of dielectric permeability of
the medium. The density of charge carriers in the double electrically charged layer,
which does not modified by ultra-thin LB-film, is moderate because this resonance
is observed as a wide band in dielectric spectrum with maximum in frequency range
from 200 to 600 kHz. The conducting Fe-containing dithionilepyrrole LB-films add
their free charged carriers to the electrical density of near-electrode layer, as the
screening effect is observed according curves 1 in Fig. 8.6a,b. Since the decorated
MWCNTs possess non-zero electron density on the Fermi level, MWCNTs screen
the electrical field of electrodes according curves 2 in Fig. 8.6a,b. Because of these
screening effects stipulate sharp increasing intensity of the double layer electrical
field, the probability of hydrated complexes decay with following recombination
into neutral molecules increases sharply, narrowing the dielectric band with explicit
extremum about 220 kHz for MWCNTs decorated Fe(II) (curves 2 in Fig. 8.6a)
or 270 kHz for MWCNTs decorated complexes of Fe(II) and Ce atoms. The large

Fig. 8.6 Cyclic frequency dependencies of capacity for sensors without (0) and with dithionilepyr-
role LB-films (1) and MWCNTs (2) in deionized water. A and B denote direct and reverse branches,
respectively. (a) Decorating by organic complexes of Fe(II). (b) Decorating by organic complexes
of Ce and Fe(II). (c) Decorating by Ce ions and organic complexes of Fe(II)



104 H.V. Grushevskaya et al.

screening effect is due to decoration of all surface of MWCNTs by the complexes of
Fe(II) and Ce atoms. An addition of impurity ions Ce3C into water decreases sharply
the screening effect, according the comparison of displacements of curves 1 and 2
in Fig. 8.6, because, as known [15], decoration with small doses of adatoms reduces
and one with large doses suppresses the charge carrier mobilities of graphene
devices.

So, if helicoidal MWCNT bundles are absent, then the plasmon resonance
enhances the ion recombination process in the electrically charged double layer, and,
respectively, causes a sharp drop in capacitance value of the sensor at the resonance
frequency.

Screening by Living Cell Monolayers

Culture mediums are salt solutions with a large ionic strength. Fig. 8.7 demonstrates
a dependence of the sensor capacity on concentration of ions in the solution
at presence of the LB-coatings and in the case of the pure sensors. The LB-
coatings screen an electric field of the double layer significantly decreasing the
capacitance value and, therefore, not allowing appearance of break-down voltages.
This dependence has at least three inflection points. The stepwise dependence of the
sensor capacity is due to a quantized low-frequency Maxwell-Wagner polarization
of the spin-polarized LB-coating. The large spin relaxation time and the spin-
polarization of graphene-like materials allow us to detect the neutral molecules of
hydrogen peroxide H2O2 and hypochlorous acid HOCl with lone-electron pairs, co-
called, reactive oxygen species (ROS). Addition of ROS in the medium increases
the capacitance value, as shown in Fig. 8.8.

Comparing concentration dependencies of double layer capacity in salt solution
without and/or with living cell monolayer in Fig. 8.9a, b one gets that the cellular
monolayer screens the electric field. It is known [1–5] that glucose and ions

Fig. 8.7 Concentration dependencies of capacity of sensors without and with Fe-containing
dithionilepyrrolle LB-film and MWCNTs at frequency 150 kHz
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Fig. 8.8 The dependencies of sensor capacity on H2O2 and HOCl concentrations in the deionized
water (a) and in Earle balanced salt solution (b)

Fig. 8.9 Frequency dependencies of sensor without (a) and with tumor (C6 glioma) cell mono-
layer (b) in different mediums and a frequency dependencies of sensor with tumor cell monolayer
for different days of growth (c)

Fig. 8.10 Frequency dependencies of capacity of sensors with or without tumor cell monolayer
after 3 h treatment of gap junction inhibitor (0.1 mM CSS in DMSO) and control (after 3 h
treatment of the same volume of solvent (DMSO))

Ca2C transport between cells in monolayer occurs through GJCs. Because of this,
one can assume that the screening is a phenomenon of CGJC network activity.
The extent of screening rises with growth of cellular monolayer, as Fig. 8.9c
demonstrates, because the size of the CGJC network increases. Further we will
reveal characteristic features of intercellular contact network functioning in the
cellular monolayer.

According to the results in Fig. 8.10, the gap junction inhibitor CSS, disrupting
gap junction channels, decreases the density of electrical charge carriers in the
double layer that leads to the decrease of screening and, respectively, to the increase
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Fig. 8.11 Kinetic dependencies of capacity decrement of sensors without or with tumor cell
monolayer at action of 10�M menadione

of sensor capacity. On the contrary, the addition of menadione decreases sensor
capacity on 400 pF in Fig. 8.11. It is not due to extracellular ROS generation,
because ROS increases capacitance value in Fig. 8.8. Menadione does not partic-
ipate in self-assembly processes, because according Fig. 8.11, its addition to the
cellular monolayer with completely uncoupled GJC network does not change the
sensor capacity.

Therefore, menadione is a regulatory molecule that opens the already existing
GJCs.

8.4 Conclusion

So, it have been found out that MWCNTs, decorated by organometalic complexes of
high-spin Fe(II), screen efficiently the double electrically charged layer in the near-
electrode region. It was shown that these polarization effects are spin-dependent.
The proposed capacitive sensor based on the spin-dependent polarization effects
has been used to detect phenomena of CGJC-network activity.
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Chapter 9
Magnetic Properties of Cobalt and Nitrogen
Co-modified Titanium Dioxide Nanocomposites

N. Guskos, J. Typek, G. Zolnierkiewicz, E. Kusiak-Nejman, S. Mozia,
and A.W. Morawski

Abstract A short review of papers devoted to study the magnetic properties of
cobalt doped titanium dioxide (TiO2) in thin film or nanoparticles form is given.
Besides, cobalt and nitrogen co-modified titanium dioxide nanocomposites, nCo,N-
TiO2 (where n D 1, 5 and 10 wt % of Co) have been prepared and investigated
by dc magnetization measurements in 2–300 K range and in external magnetic
fields up to 7 T. Complex magnetic structure of investigated nanocomposites have
been revealed. The samples are ferromagnetic with Curie temperature above room
temperature and no superparamagnetic behavior was registered in the studied
temperature range. Comparison of obtained magnetic parameters (saturation magne-
tization, remanent magnetization and coercive field) of nCo,N-TiO2 with previously
studied similar nanocomposites, nFe,N-TiO2 and nNi,N-TiO2, is presented.

9.1 Introduction

In the last five decades a large amount of research on TiO2 nanoparticles has been
done and many papers published, including reviews, describing their many interest-
ing physical and chemical properties, see e.g. [1–3]. Titanium dioxide, belonging
to a large family of transition metal oxides, has three main polymorphs found in
nature: rutile (tetragonal), anatase (tetragonal), and brookite (orthorhombic). The
thermodynamically favorable phase is rutile with 6 atoms in the units cell forming a
slightly deformed octahedron. Anatase TiO2 has also the tetragonal crystal structure,
but its octahedron is more deformed in comparison to rutile phase. On the other
hand, brookite has a larger cell and belongs to the orthorhombic crystal system.
Its unit cell contains 8 TiO2 units forming edge-sharing octahedra. After the TiO2
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nanoparticles reach a certain size (depending on preparation method a crossover
size is roughly 30 nm) anatase and brookite phases transform to rutile structure
which becomes prevailing for larger nanoparticles. Also the heat treatment during
synthesis of particles plays a vital role in this phase transformation. An anatase
to rutile phase transformation undergoes usually in the range from In the last
four decades a large amount of research on TiO2 nanoparticles has been done
and many papers published, including reviews, describing their many interesting
physical and chemical properties, see e.g. [1–3]. Titanium dioxide belongs to
a large family of transition metal oxides, has three main polymorphs found in
nature: rutile (tetragonal), anatase (tetragonal), and brookite (orthorhombic). The
thermodynamically favorable phase is rutile with 6 atoms in the units cell forming a
slightly deformed octahedron. Anatase TiO2 has also the tetragonal crystal structure,
but its octahedron is more deformed in comparison to rutile phase. On the other
hand, brookite has a larger cell and belongs to the orthorhombic crystal system.
Its unit cell contains 8 TiO2 units, forming edge-sharing octahedra. After the TiO2

nanoparticles reach a certain size (depending on preparation method, a crossover
size is roughly 30 nm) anatase and brookite phases transform to rutile structure
which becomes prevailing for larger nanoparticles. Also the heat treatment during
synthesis of particles plays a vital role in this phase transformation. An anatase to
rutile phase transformation undergoes usually in the range from 600–700 ıC, but it
is influenced by preparation conditions, impurities, precursors, oxygen vacancies,
particle sizes etc. It has been reported that this transformation temperature is
increased by dopants such as Si, Al, and Zr, while it is decreased by addition of
Co, Mn and V. Photocatalytic activity of TiO2 is strongly depended on this phase
transformation.

In order to achieve various required properties needed for specific applica-
tions, TiO2 has been synthesized in many different forms: powders, crystals, thin
films, nanotubes, nanorods, using a multitude of experimental conditions [4]. The
most commonly used method of obtaining TiO2 nanoparticles is the liquid phase
processing. Small pure anatase nanoparticles (>30 nm) are generally prepared
from titanium (IV) isopropoxide and acetic acid, but larger anatase particles are
difficult to obtain because of transformation to rutile phase. The synthesis of small
brookite nanoparticles (>10 nm) is achieved by thermolysis of TiCl4 in aqueous HCl
solution, while quite large brookite particles (<300 nm) have been prepared using
amorphous titania as the starting material and hydrothermal treatment with NaOH.
Phase-pure rutile nanoparticles have been synthesized from TiCl4 or TiCl3 in HCl
solution or from titanium(IV) isopropoxide in nitric acid.

Among many possible applications of TiO2 in nanoparticle form the most
important seems to be as a photocatalyst because it possesses suitable band gap
energy, is cost effective, photostable in aqueous media and nontoxic. It is used in
antiseptic and antibacterial compositions, in degrading organic contaminants and
microorganisms. Hydroxyl radicals and reactive oxygen species generated on the
illuminated TiO2 surface play a role in inactivating microorganism by oxidising the
polyunsaturated phospholipid components of the cell membrane of the microbes
[5]. This property might be very useful in food packaging applications. TiO2
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nanoparticles could be also applied as a UV-resistant material, in manufacture
of printing ink, self-cleaning ceramics and glass, coating, in making of cosmetic
products such as sunscreen creams, whitening creams, morning and night creams,
skin milks, etc. In the paper industry it may be used for improving the opacity of
paper.

As the electric properties of TiO2 are concerned, it is a semiconductor with a
rather large band gap (3.02 eV in case of rutile). The conduction band is formed
solely by 3d orbitals of Ti, while the valence band is a mixture of 2p orbitals of
oxygen and 3d orbitals of titanium. There is a band bending due to a surface in
titanium dioxide and this effect is stronger in anatase than in rutile. This bending
causes surface holes and electrons trapping in anatase and only holes trapping in
rutile. As the size of a particle decreases, the charge carriers show more quantum
mechanical properties and in consequence the band gap increases and the band
edges shift producing larger redox potentials.

A quite wide band gap of different phases of TiO2 (<3 eV) means that it can only
be activated by UV light and this prevents its extensive technological applications.
Another drawback is a rapid electron–hole pairs recombination resulting in a
low electron concentration in the conduction band of TiO2 which diminishes the
photocatalytic efficiency of this semiconductor. To remedy these limitations and to
advance efficient visible light activation, two main approaches have been developed:
dye sensitization [6] and doping with metal (Fe, Ni, Cr, Co, Cu, V, Mn, Ag,
Ce, Gd) and nonmetal (F, P, C, N, B) ions to reduce band gap energy [7]. By
doping, new electronic states are formed in the gap, and the electronic structure
of the host material is changed by interaction of the host electrons with the dopant
electrons. More recently, the simultaneous doping of two kinds of atoms into TiO2,
e.g. Co and N, has attracted significant interest, since it can result in a higher
photocatalytic activity compared with single element doping. An extra advantage
of the transition metal doping is the improved trapping of electrons to inhibit
electron-hole recombination during irradiation. Doping of transition metals in TiO2

not only increases its photoactivity but also introduces magnetic properties not
previously possessed by the host material. These doped semiconductor materials
may even exhibit ferromagnetism at room temperature (RT) while still preserving
their semiconducting properties. Because of these enriched properties the doped
TiO2 has found applications in spintronic devices, where both spin and charge
degrees of freedom can be controlled. In conventional electronic devices only
electronic charges are subjected to manipulation.

Ferromagnetism with Curie temperature above RT was first discovered in Co
doped TiO2 thin films. This discovery has given an impulse in study of semi-
conductors with metal ions introduced in cationic sites and the so called diluted
magnetic semiconductors (DMS) have brought promise of obtaining new materials
with very broad potential applications in spintronic and magneto-optical devices.
Although it has been found that Co, Fe, Cr, Ni, and Mn doped TiO2 with anatase
and rutile structures in thin film form are ferromagnetic well above RT, the origin
of that ferromagnetism remains still a very controversial topic [8–11]. A number
of studies has claimed that for the ferromagnetic behaviour the precipitation of
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magnetic clusters or the secondary magnetic phases are responsible, so it is an
external effect. On the other hand many papers supported the intrinsic sources
of RT ferromagnetism (ferromagnetism between localized spins is mediated by
delocalized carriers with long range interaction). A majority of recent papers is in
favour of the later point of view and claims that ferromagnetism is connected to
the presence of defects such as oxygen or metal interstitials. Cobalt doped TiO2 in
different forms (thin film, nanoparticles, nanorods) is the most studied system from
the point of view of magnetic properties. In Table 9.1 a short presentation of papers
devoted to that subject is given. Brief information about the preparation method
and the form of the investigated samples is presented as well as the used magnetic
characterization method and the main conclusions drawn from their study.

The aim of this work is to present a short review of magnetic investigations
of Co doped TiO2 (in various forms, like e.g. nanoparticles, thin films, nanorods,
nanotubes, etc.) and to study the temperature and magnetic field dependence of dc
magnetisation in ZFC (zero field cooling) and FC (field cooling) modes of three
co-modified nCo,N-TiO2 (n D 1, 5, 10 wt % of Co) nanocomposites. The obtained
magnetic results will be compared with previous similar studies done on related
nFe,N-TiO2 and nNi,N-TiO2 nanocomposites.

9.2 Experimental

A method of preparation of three nanocomposites of the starting cobalt titanium
dioxides modified by various concentrations of cobalt ions and their characterization
was described in the paper [39]. In brief, a fixed amount of amorphous titanium
dioxide (Chemical Factory Police S.A., Poland) was mixed with Co(NO3/2�5H2O
aqueous solution and stirred for 48 h. The amount of Co introduced to the beaker
was of 1, 5, or 10 wt % relatively to TiO2 content. After stirring samples were dried
at 80 ıC for 24 h in an oven and subsequently annealed at 800 ıC in the NH3 flow.
The obtained samples are denoted as 1 % Co,N-TiO2, 5 % Co,N-TiO2, and 10 %
Co,N-TiO2, or in general as nCo,N-TiO2, where the cobalt concentration index n D

1wt %, 5 wt %, or 10 wt %.
X-ray diffraction (XRD) patterns of the three synthesized samples have shown

the presence of 11 main reflections attributed to the TiO2 in rutile phase and one
additional, weak peak from the metallic cobalt in 5 % Co,N-TiO2, and 10 % Co,N-
TiO2 samples. The intensity of Co line, as expected, increases with an increase of
index n. X-ray photoelectron spectroscopy (XPS) has shown that the cobalt ions are
on the second level of oxidation.

DC magnetisation measurements were carried out by using a MPMS-7 SQUID
magnetometer in the temperature range 2–300 K and in magnetic fields up to 70 kOe
in the zero-field-cooling (ZFC) and field cooling (FC) modes.
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9.3 Results and Discussion

Figure 9.1 presents the temperature dependence of dc magnetic susceptibilities
(defined as � D M=H) in ZFC and FC modes of cobalt and nitrogen co-modified
TiO2 nanocomposites, nCo,N-TiO2 (n D 1, 5 and 10 wt %), nanocomposites,
registered at different external applied magnetic fields (H D 10, 100, 500, 6000,
and 70000 Oe). All nanocomposites exhibit a rather similar behavior, independent
on Co concentration. The ZFC and FC curves show temperature dependence of
susceptibility which is typical for ferromagnetic materials. ZFC and FC branches
split at the temperature higher than RT, so no superparamagnetic phase exists
below RT and the Curie temperature must be accordingly much higher than
300 K. In external fields smaller than �1 kOe the FC branch do not shows much
temperature change when samples are cooled from RT down to �30 K. Only
below that temperature an abrupt increase of �FC is registered with temperature
decrease. On the other hand �ZFC branch decreases significantly on cooling the
nanocomposites from RT and only at the lowest temperatures an increase is
observed. A very strong increase of susceptibility during temperature decrease seen
in the low temperature range (T < 20K) might be due to some paramagnetic
component present in our samples (e.g. intrinsic defects or unpaired Co2C ions).
The difference of susceptibilities, �FC � �ZFC, is a measure of magnetic anisotropy
of the system and in case of our nanocomposites the smallest the Co concentration

Fig. 9.1 Temperature dependence of dc magnetic susceptibility in different external magnetic
fields H in ZFC and FC modes registered for three studied nanocomposites
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the largest the anisotropy. In external magnetic fields stronger than few kOe
the �ZFC and �FC branches acquire similar thermal evolution and in H D 7T
they are hard to discriminate. Temperature dependence of the susceptibility in
strong magnetic fields can be approximated with the Curie–Weiss law, producing
a negative Curie–Weiss temperature indicative of an effective antiferromagnetic
interaction. The temperature dependence of dc susceptibility presented in Fig. 9.1
for nCo,N-TiO2 nanocomposites shows many similarities with analogous study
of nFe,N-TiO2 and nNi,N-TiO2 samples, but in the present case it seems to be
more complex. It is obvious that many magnetic components are present in nCo,N-
TiO2 nanocomposites producing very complicated magnetic response to an external
magnetic field.

There are two features in Fig. 9.1 that are worth noticing: a low-temperature peak
in �ZFC clearly visible in n D 5 and 10 wt % nanocomposites, and a kink or a broad
peak in �ZFC.T/ curve in the middle temperature range (T � 150K) also discerned
in the same n D 5 and 10 wt % nanocomposites. As these features are visible
only for samples with large concentrations of cobalt ions, they must involve these
particular ions. Cobalt ions might be assembled in metallic clusters (as evidenced
by XRD study) and also confined in different secondary phases containing Co, Ti
and O atoms (e.g. CoTiO3). It has been shown that ferromagnetism originating
from Co clusters would result in a peak in magnetisation in ZFC mode, which will
be a signature of the blocking temperature for that nanocomponent. The narrow
peak in �ZFC.T/ at low temperature seems to be a signal of the phase transition
from paramagnetic to antiferromagnetic state of some cobalt secondary phase while
the broad peak in intermediate temperature range might be connected with the
superparamagnetic transition in Co metallic clusters.

In Figs. 9.2 and 9.3 isothermal magnetisation at T D 2K and T D 300K for
the three studied nanocomposites is shown. The magnetic loops are very narrow
evidencing a rather weak ferromagnetism at RT and at low temperature. The three
parameters characterizing the magnetic loops (saturation magnetisation, remanent
magnetisation and the coercive field) have been calculated and are presented in
Figs. 9.4, 9.5, and 9.6. For comparison, the data of similar measurements on
previously studied nFe,N-TiO2 and nNi,N-TiO2 nanocomposites has been used and
are shown in these figures.

The saturation magnetisation of nCo,N-TiO2 nanocomposites (Fig. 9.4) increases
with concentration of Co ions both at low (2 K) and high temperature (300 K). In
comparison with the other two nanocomposite, nCo,N-TiO2 is generally magneti-
cally weaker as nFe,N-TiO2, but stronger than nNi,N-TiO2. This is not unexpected
as spins of these three magnetic ions are considered. What is surprising, if only
n D 10wt % nanocomposites are taken into account, that 10 % Co,N-TiO2 sample
has the largest saturation magnetisation. It could mean that in the other two
nanocomposites antiferromagnetic interactions are reducing their magnetism.

The remanent magnetisation (remanence) of nCo,N-TiO2 sample is roughly inde-
pendent on concentration at low temperature, but decreases very strongly with con-
centration increase at high temperature (Fig. 9.5). This behavior is quite the opposite
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Fig. 9.2 Isothermal magnetization at T D 2K for three studied nanocomposites. Bottom row in
these figures shows magnified view of the central part of the registered hysteresis loops

Fig. 9.3 Isothermal magnetization at T D 300K for three studied nanocomposites. Bottom row in
these figures shows magnified view of the central part of the registered hysteresis loops
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Fig. 9.4 Comparison of the saturation magnetization for Fe, Co and Ni doped and N co-doped
TiO2 nanoparticles measured at T D 2K (left panel) and 300 K (right panel) for three different
concentrations (1, 5, 10 wt %) of doped 3d ions. Data for nNi,N-TiO2 nanocomposites is taken
from Ref. [43], while for nFe,N-TiO2 samples from Ref. [44]

Fig. 9.5 Comparison of the remanent magnetization (remanence) for Fe, Co and Ni doped and N
co-doped TiO2 nanoparticles measured at T D 2K (left panel) and 300 K (right panel) for three
different concentrations (1, 5, 10 wt %) of doped 3d ions. Data for nNi,N-TiO2 nanocomposites is
taken from Ref. [43], while for nFe,N-TiO2 samples from Ref. [44]

in nNi,N-TiO2 samples, where an increase of remanence with concentration of
Ni ions is observed at T D 300K. For the nFe,N-TiO2 nanocomposites, n D 5wt %
sample has the smallest remanence at both low and high temperatures among other
concentrations.
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Fig. 9.6 Comparison of the coercive field for Fe, Co and Ni doped and N co-doped TiO2

nanoparticles measured at T D 2K (left panel) and 300 K (right panel) for three different
concentrations (1, 5, 10 wt %) of doped 3d ions. Data for nNi,N-TiO2 nanocomposites is taken
from Ref. [43], while for nFe,N-TiO2 samples from Ref. [44]

The coercive field of nCo,N-TiO2 samples seems to decrease with the concentra-
tion at both low and high temperatures, but at the later the effect is quite impressive.
There is no clear concentration dependence of the coercive field for nFe,N-TiO2 and
nNi,N-TiO2 nanocomposites and the values of HC for these samples are generally
smaller than for nCo,N-TiO2.

9.4 Conclusions

Magnetisation measurements of the three cobalt and nitrogen co-modified titanium
dioxide nanocomposites, nCo,N-TiO2 (n D 1, 5 and 10 wt %), have revealed a weak
ferromagnetic behaviour at RT and at lower temperatures of these samples that is
rather independent on the concentration of Co ions. Temperature dependence of dc
susceptibility in ZFC and FC modes has indicated on the presence of additional
magnetic components, including metallic cobalt clusters and spurious phases.
Comparison with similar previously studied systems, nFe,N-TiO2 and nNi,N-TiO2

has shown that nCo,N-TiO2 nanocomposites displays a unique, very interesting
magnetic characteristics.
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Chapter 10
Physical Properties of .As2Se3/1�x WSnx
and .As4S3Se3/1�x WSnx Glasses

O.V. Iaseniuc, D.V. Harea, E.E. Harea, G.F. Volodina, and M.S. Iovu

Abstract Experimental results on some physical and optical properties of
(As2Se3/1�x:Snx and (As4S3Se3/1�x:Snx (x D 0� 10 at %) glasses and amorphous
films (d � 2:0�m) are presented. The bulk chalcogenide glasses are studied
by X-ray diffraction spectroscopy and nanoindentation methods. It is established
that the addition of these amounts of tin (x D 0 � 10 at %) does not lead to
significant changes in the physical properties of the glass, such as values of stress
and Young’s modulus related to the modification of the density and compactness.
The XRD measurements show that the Sn impurities in the (As4S3Se3/1�x:Snxdo
not significantly change the shape of the first sharp diffraction peak (FSDP) of
the X-ray diffraction patterns either; the intensity and the position of the FSDP
nonmonotonically depend on the Sn concentration. It has been found that the
addition of these amounts of tin in (As4S3Se3/1�x:Snx does not lead to significant
changes in the glass physical properties, such as values of stress and Young’s
modulus related to the modification of the density and compactness. The study
of the photoplastic effect is performed in situ, with illumination of the bulk and
thin film samples during indentation as well as their indentation after illumination
with a green laser (� D 532 nm) at a power of P D 50mV/cm2. The hardness
is calculated from load-displacement curves by the Oliver–Pharr method. A sharp
increase in hardness is registered if the tin concentration exceeds a value of 3–4 %
Sn. The hardness H of (As2Se3/1�x:Snx films varies between 115 and 130 kg/mm2.
It is found that the hardness H of amorphous thin films is generally higher than
the hardness of bulk samples with the same chemical composition. In this study,
we are focused on the mechanical characteristics of high-purity As2Se3:Snx thin
films.
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10.1 Introduction

Chalcogenide glasses (CGs), such as As2S3, As2Se3, As2Te3, As-S-Se, As-Sb-
S(Se), As-Ge-S(Se), represent a new class of advanced materials exhibiting
attractive combinations of properties, such as high strength/hardness and excellent
wear/corrosion resistance [1–4], excellent optical properties (high refractive index,
high transmittance in the near IR and IR regions of the spectrum), which make them
good candidates for photonic and optoelectronic applications (optical elements
and memories, optical sensors, nonlinear optical devices, holographic elements,
IR telecommunications, biosensing, signal processing, and photonic applications
[5–7]). The effect of light-induced photostructural transformations is characteristic
of many amorphous chalcogenides films, and they have served as a base of many
applications in photonics and optoelectronics, especially as inorganic photoresists
for submicron technology [8, 9].

These distinguished properties are primarily due to a disordered atomic arrange-
ment in the amorphous materials resulting in the absence of grain boundaries
and defects in the microstructure. While the nonequilibrium nature of amorphous
materials offers outstanding properties, it also presents significant challenges in the
processing of these materials.

It is even more interesting to study the chalcogenides doped with metal impu-
rities, which alter the physicochemical, electrical, and optical properties. It was
shown that the Sn impurity introduced in the As2Se3, AsSe, and Sb2S3 glass network
reduces the photodarkening effect [10–13]. Tin-containing chalcogenides showed
the some deviation in behavior due to modification in the local ordering of the host
chalcogenide matrix after the tin incorporation, which was observed in the bulk
glasses as well as in the corresponding thin films.

For numerous applications, the mechanical behavior is one of important char-
acteristics of the material [14–16]. Moreover, the photoplastical effect in some
amorphous films (As-Se, Ss-S-Se) that occurs under band-gap illumination is
described. This effect is considered electronic rather than thermal and consists of
two parts: negative (decreasing in viscosity) and positive (increasing in viscosity);
it occurs only under illumination. In the opinion of the authors, the first part of the
photoplastic effect is general for CGs and causes all photostructural phenomena in
amorphous materials.

The photoplastical effect is evident from the hardening of illuminated materials
[17] as well as their softening [18]. The photoplastical effect depends on a number
of factors, such as radiation power, temperature, and wavelength. Studies of the
spectral dependence of photoplasticity showed a maximum effect under illumination
of samples with a wavelength close to the band gap value [19]. Photoplasticity in
chalcogenide films was studied in [20–22], where the effect was observed during
illumination of samples with a wavelength comparable to the band gap value.
The nature of the photoplastical effect remains poorly understood. The effect was
attributed to thermal expansion of the film due to the absorption of exciting light as
well as recombination of electrons and holes under photoexcitation. The properties
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of glass can be varied and regulated over an extensive range by modifying the
composition and production techniques. It was shown that the addition of a tin
impurity in amorphous As2Se3 films can provide a pronounced effect on electrical,
transport properties, optical and photoinduced phenomena [23–27].

In this study, we have combined the experimental investigations of X-ray diffrac-
tion (XRD) measurements and the mechanical properties of bulk and thin films of
(As2Se3/1�x:Snx and (As4S3Se3/1�x:Snx (x D 0�10 at % Sn) chalcogenides.

10.2 Experimental

The bulk CGs (As2Se3/1�x:Snx and (As4S3Se3/1�x:Snx (x D 0�10 at % Sn) glasses
were prepared from the elements of 6N (As, S, Se, Sn) purity by a conventional
melt quenching method. The starting components As4S3Se3 and Sn were mixed in
quartz ampoules and then evacuated to a pressure of P � 10�5 torr, sealed and
heated to a temperature of T D 900 ıC at a rate of 1 ıC/min. The quartz tubes
were held at this temperature for 48 h for homogenization and then slowly quenched
in a furnace. For nanoindentation and optical measurements of the bulk samples,
planar parallel plates with a thickness of about d D 2�3.5 mm were prepared
and polished. Experiments were carried out at room temperature. Indentation was
performed with CSM Indentation Testers (Ultra Nano, Nano and Micro; with max
load P D 100mN; load resolution of 0.001�N) with software. Hardness (Hv)
and Young’s modulus (E) were automatically computed. The X-ray diffraction
(XRD) measurements were performed on a DRON-UM1 diffractometer using Fe-
K˛ radiation (� D 1:93604Å) with a Mn filter by the �=2� scanning method.
Thin film samples with a thickness of d D 0:5�3�m were prepared by vacuum
flash thermal evaporation of the synthesized initial CG onto glass substrates held at
Tsubs D 100 ıC.

10.3 Results and Discussion

10.3.1 X-Ray Diffraction Measurements

Crystalline semiconductors are characterized by the ordering on distance, e.g., by
the existence of a correlation between two atoms situated at any distance in the
network. The noncrystalline semiconductors preserve a short range order (SRO)
in a range of 0.3–0.5 nm and are characterized by the existence of a correlation in
the first atomic coordination sphere. In the case of dominantly covalently bounded
amorphous solids, SRO is described by local coordination polygons, e.g., pyramidal
AsS3 in As2S3. In many amorphous semiconductors, such as CGs, this order
is shown at longer distances, the so-called medium range order (MRO) which
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Fig. 10.1 X-ray diffraction
patterns for As2S3, As2Se3,
and As4S3Se3 glasses

extends up to a range of 0.5–1.0 nm. For disordered semiconductors, a long range
order (LRO) is absent, and this means that the amorphous chalcogenides have no
translational symmetry.

The X-ray diffraction technique is a nondestructive method which gives infor-
mation from the atomic scale range; it is a widely used method for investigations
of disordered semiconductors with multilayered structures [28]. Using the X-
Ray diffraction method, the diffraction patterns were obtained in the range of
2� diffraction angles of 10ı–80ı (� is the Bragg angle) for CGs As2S3, As2Se3,
As4S3Se3, and As4S3Se3:Snx (õ D 0:01, 0.02, 0.04, 0.06, 0.07, and 0.10).

Figure 10.1 shows the angular distribution of X-Ray diffraction intensity for
As2S3, As2Se3, and As4S3Se3 chalcogenides glasses. The position of the first sharp
diffraction peak (FSDP) for As2S3 is 2� D 22:47ı and increases to 2� D 24:60ı for
As2Se3. For the intermediate composition of As4S3Se3, the maximum of the FSDP
is located at 2� D 23:00ı. These spectra represent a sum of diffraction patterns of is
structural vitreous As2S3 and As2Se3 with three broad lines of diffractograms, which
are similar to the unvelope of the rounded lines of the spectra of crystalline As2S3
and As2Se3. It can be assumed that, in the microcrystalline state of the investigated
glasses, there are domains with an ordered structure with dimensions of about 15–
20 Å. Previously, a analogy between the structure of vitreous and crystalline states
of As2S3 was vindicated by short-range order investigations – interatomic distances
and coordination numbers – with the addition of the radial distribution function [29].

It was established that Van der Waals forces with a reduced covalent component
act between As2S3 and As2Se3 layers. The interaction forces between the layers
are hundred times weaker than the binding forces between the layers. According
to [28], the structure of the glasses represents an interlinking of As-S3 and As-
Se3 pyramids that form rings with six units. The arsenic atoms are situated at the
top of the pyramid, while the chalcogen atoms form the basis. As was shown, the
crystalline semiconductors are characterized by a LRO; for example, there is a good
correlation between the position of the each two atoms in the network, which is
not found in noncrystalline semiconductors [30, 31]. Noncrystalline semiconductors
exhibit only a SRO, which involves individual atoms in the first coordination sphere.
Since the range order in CGs can be extended to several interatomic distances, a new
concept of the average order was introduced (MRO).
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Fig. 10.2 X-ray diffraction
patterns for (As4S3Se3/1�x:
Snx glasses; x, at % Sn: (1) 0,
(2) 1.0, (3) 2.0, (4) 4.0, (5)
6.0, (6) 7.0, and (7) 10.0

Fig. 10.3 FSDP in the X-ray
diffraction patterns of As2S3
(1), As2Se3 (2), and
As4S3Se3 (3)

Comprehensive studies of the FSDP of vitreous As2S3 and As2Se3 show that they
have a similar structure [28]. According to [28], the first coordination spheres (first
order neighbor position) of the central atom in the structure is r1 D 2:414Å for
As2Se3, and r1 D 2:306 Å for As2S3, respectively. The second coordination spheres
(second order neighbor position) of the central atom in the structure is r1 D 3:625Å
for As2Se3, and r1 D 3:475Å for As2S3, respectively.

The Sn concentration in the mixed glasses As4S3Se3:Snx does not significantly
change the shape of the FSDP of the X-ray diffraction patterns (Fig. 10.2). In
general, the diffraction patterns of the As4S3Se3:Snx glasses are similar and form
three wide lines, the maxima of which correspond to the interlayer distances d �

4:8–2.8 – 1.7 Å. As in the case of As2Se3:Snx [31], the angular position of the FSDP
in As4S3Se3:Snx slightly depends on the Sn concentration. Figures 10.3 and 10.4
show the angular position and the intensity of the FSDP in the X-ray diffraction
patterns of As2S3 (1), As2Se3 (2), and As4S3Se3 (3), and the FSDP in the X-ray
diffraction patterns of the (As4S3Se3/1�x:Snx glasses.

Some parameters of the X-ray diffraction patterns of the investigated CGs
are listed in Table 10.1. Figures 10.5 and 10.6 show the dependences of the
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Fig. 10.4 FSDP in the X-ray
diffraction patterns of
(As4S3Se3)1�x:Snx; x, at %
Sn: (1) 0, (2) 1.0, (3) 2.0, (4)
4.0, (5) 6.0, (6) 7.0, and (7)
10.0

Table 10.1 Parameters of the X-ray diffraction patterns of the studied As2S3;As2Se3, and
.As4S3Se3/1�x WSnx CGs

Position Intensity Position Intensity Position Intensity
of Peak of Peak of Peak of Peak of Peak of Peak

N/o Glass composition 1, 2� 1, a.u. 2, 2� 2, a.u. 3, 2� 3, a.u.

1 As2S3 22.32 31.36 40.50 31.07 71.78 22.92

2 As2Se3 24.35 30.52 40.50 71.54 68.25 46.81

3 As4S3Se3 22.86 29.43 41.01 41.14 69.28 28.37

4 (As4S3Se3)0:99:Sn0:01 23.39 29.06 41.53 33.92 69.15 26.09

5 (As4S3Se3)0:98:Sn0:02 23.67 27.54 41.14 31.64 68.61 23.51

6 (As4S3Se3)0:96:Sn0:04 22.86 20.93 41.53 31.49 70.62 22.38

7 (As4S3Se3)0:94:Sn0:06 23.00 31.64 41.53 41.14 72.08 30.35

8 (As4S3Se3)0:93:Sn0:07 23.39 38.33 41.81 39.17 71.55 28.15

9 (As4S3Se3)0:90:Sn0:10 21.93 21.69 40.34 25.26 62.75 20.17

For the (As4S3Se3)0:96:Sn0:04 glass composition, an additional peak at 2� D 28:20 was observed

Fig. 10.5 Dependence of the
angular position of the
diffraction peaks vs.
concentration of tin in some
As4S3Se3:Snx CGs
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Fig. 10.6 Dependence of the
angular position of the
diffraction peaks vs.
concentration of tin in the
some As4S3Se3:Snx CGs

peaks intensities vs. concentrations of tin of the three diffraction peaks of CG
As4S3Se3:Snx situated at 2� � 22:86�23.67ı, 2� � 40:34�42ı, and 2� �

62�70ı, and the dependence of the angular position of the diffraction peaks vs. tin
concentration, respectively. The intensity of the FDSP shows a nonlinear behavior
with the different amounts of doping with Sn. The maximum intensity is achieved
at about 6 at % Sn in As4S3Se3:Snx, while in the case of As2Se3:Snx the maximum
intensity is situated at the tin concentration of about 2 at % Sn. A similar behavior
was found for the second and third diffraction peaks. According to [31], when Sn
is added in As2Se3 or As2S3 ChGs, due to the tetrahedral disposal of the sp3 bonds
in the chalcogens, the dopant atom implanted in the network increases the thickness
of the layered configuration as revealed by a significant shift of the FSDP towards
lower angles. This implantation corresponds to the introduction of the structural
units of the SnSe2 or SnS2 type in the glass network; the same fact was confirmed
by the Mössbauer spectroscopy experiments [11].

10.3.2 Physical Properties and Photoplastic Effect
in As2Se3:Snx Glasses

The physical properties (density, hardness, glass transition temperature, electrical
conductivity, etc.) of amorphous As-Se films have been previously reviewed by
Borisova [32, 33]. The investigation of bulk, thin films, and illuminated thin film
samples was performed using a NHT CSM nanohardnes tester. The hardness
was calculated from load-displacement curves by the Oliver–Pharr method. In-situ
illumination of samples was carried with a green laser (� D 532 nm) with a power
of P D 50mV/cm2. To change the direction of the incident laser beam, an optical
glass prism was used (Fig. 10.7).
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Fig. 10.7 Experimental set-up for investigation of the photoplastical effect in CGs

Fig. 10.8 Variations in Tg

(1), �Hnr.x/ for As2Se3:Snx

glasses. The smooth lines are
computer fitting

The maximum indentation load was 5 mN; therefore, the maximal penetration
depth did not exceed 15 % of the film thickness. The hardness was calculated using
the expression

HB D .1570 � P/=l2; (10.1)

where P is the applied load and Lis the height of the triangle of the remaining
imprints [34]. For both the bulk samples and the amorphous thin films, the applied
load was 10 g and the depth of deposited imprints did not exceed 20 % of the films
thickness.

Figure 10.8 shows variations in glass transition temperature Tg.x/ for the bulk
As2Se3:Snx glasses and the nonreversing heat �Hnr.x/. At low concentrations of
the Sn additive, the glass transition temperature Tg of the base glass increases with
x, suggesting that the base glass becomes more bound. However, as x approaches
5 at % Sn, the glass transition temperature Tg exhibits a threshold behavior [11].
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The maximum in Tg suggests [11, 24] that the above threshold additives no
longer form part of the base glass structure, e.g., they undergo nanoscale phase
separation. These nanoscale phase separation effects have already been found in
As2Se3 base glass (x D 0) and are apparently attributed to higher concentrations of
Sn (x > 5 at % Sn). Mössbauer spectroscopy results show the presence of a single
line (A) feature in the spectra at low x (<3 at %). The isomer-shift of this line has
been previously assigned [35] to Sn that is tetrahedrally coordinated to 4 Se near-
neighbors as in a Sn(Se1=2/4 local structure [11]. Apparently, the introduction of a
Sn additive in As2Se3 base glass contributes to the growth of Sn(Se1=2/4 units and
makes the base glass As-rich. The effect can occur in one of two modes: through
the formation of either polymeric ethylene-like As2(Se1=2/4 units and/or monomeric
As4Se4 cages based on the Realgar structure. It is found that, in the base glass, the
polymeric species are first nucleated atxslightly below 0.4, and monomeric ones are
formed afterwards (x > 0:42).

The experimental results of investigation of hardness for bulk and As2Se3:Snx

amorphous thin films are presented in Figs. 10.9 and 10.10 and are in good
agreement with experimental results obtained earlier by Borisova [32, 33]. The
hardness values of bulk samples depend on the Sn concentration in the As2Se3:Snx

glasses and vary between 1300 and 1700 MPa.
The hardness H of the amorphous As2Se3:Snx thin films exhibits a nonmonotonic

behavior in dependence on the Sn concentration and is higher than the hardness
of bulk samples. An increase in hardness is registered at an impurity concentra-

Fig. 10.9 Hardness H of
(As2Se3)1�x:Snx samples,
thin films (1) and bulk (2)

Fig. 10.10 Hardness H of
(As2Se3)1�x:Snx as-deposited
(1) and illuminated (2) thin
films
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tion of about 4 % Sn. The hardness H of (As2Se3/1�x:Snx films varies between
1730�1780 MPa. For both bulk samples and thin films, the hardness is higher
according to the data obtained in [32, 33]. This fact can be attributed to some
technological features in preparing the ChG. Under illumination, the hardness H
of (As2Se3/1�x:Snx decreases, and this decrease is specific especially of the doped
samples (Fig. 10.10).

For investigation of microhardness and Young’s modulus, a Nano-Indentation
Tester (NIT) was used; it provides experimental data by indenting to depths at a
nanometer-micron scale. This nanoindenter can be used to characterize organic,
inorganic, soft or hard materials, and coatings. The mechanical characterization of
the surface of bulk materials can also be performed, including metals, semiconduc-
tors, glasses, composites, and in vitro biomaterials.

The operating principle of the tester is as follows: an indenter diamond tip,
normal to the sample surface, is driven into the sample by applying an increasing
load (P D 100mN) up to a certain present value. The load is then gradually
decreased until partial or complete relaxation of the material occurs. After the
removal of the load, the diagonal length is measured (imprint d1 and d2). The
offset of diagonal tip was <0.25�m and the load resolution was 0.001 N. To avoid
overlapping of surface stresses developed around neighboring indentations, the
separation between indentation diagonals was kept more than ten times the diagonal
length of indentation impressions.

The dimensions of both diagonals dmade at a particular load P were measured,
and the average diagonal d was calculated [14]. The value of microhardness HV was
computed from the P.d/ data using the standard well-known relation:

HV D
kP

d2
; (10.2)

where k is the geometrical conversion factor for the indenter used (k D 0:1891):

k D
1

g

�
2 sin

136ı

2

�
; (10.3)

where g is the acceleration of gravity, 136ı is the angle between its opposite faces
of pyramidal tip. The average values of indentation diagonal d and microhardness
HV for at least 10 indentations were used in the analysis of indentation size effect
and hardness measurements.

Figure 10.11 shows the Young’s modulus and microhardness dependences for the
bulk samples of As2S3, As2Se3; and for (As4S3Se3/1�x:Snx.x D 0�10 at %) vs tin
concentration. It was observed that the addition of tin in the host material initially
leads to an increase in the microhardness up to 2.0 at % Sn. A further increase in
the Sn concentration decreases the microharness.

In general, the hardness varies around one value Hmiddle D 1282MPa. A similar
behavior was observed for the system (As2S3/1�x:(Sb2S3/x, where a curve with
the minimum at about 2–3 at % of (Sb2S3/ was obtained [36]. At the same time,
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Fig. 10.11 Concentration
dependence of Young’s
modulus E and
microhardness H of the bulk
samples As2S3, As2Se3, and
(As4S3Se3)1�x:Snx

Fig. 10.12 Depth
dependence of the load and
unload values on
chalcogenide samples of
(As4S3Se3)1�x:Snx

the value of microhardness for vitreous As2S3 and As2Se3 better coincides with
the values cited in [37], although the Young’s modulus in our case is higher
by an order. According to [36], the observed increase in the hardness with x in
the (As2S3/1�x:(Sb2S3/x system indicates structural changes, which lead to lower
molecular or configuration mobility.

Figure 10.12 represents the depth dependence of the load and unload values for
chalcogenide samples of (As4S3Se3/1�x:Snx. Similar dependences were obtained
for amorphous As2S3 thin films prepared by thermal deposition in vacuum [38].
The author mentions this fact in these experiments because the hold segment is
rather long and the unloading process is very fast, any further viscoplastic creep
during unloading is negligible compared to the elastic recovery during the unloading
procedure. Figure 10.13 represent the imprint on the surface of the diamond tip on
a (As4S3Se3/1�x:Snx sample at a load of P D 100mN.

Figure 10.14 shows the surface morphology of the as-deposited amorphous
(As2Se3/0:90:Sn0:10 thin film under the indentation load after (a) and before light
illumination (b, upper patterns). For comparison, at the bottom of the figure, the
pictures of the light-induced anisotropic plasticity in amorphous As20Se80 thin films
are shown: (a) the image of the nonirradiated film surface and (b) the image of this
surface by irradiated linearly polarized laser beam (� D 633 nm) [39]. In both cases,
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Fig. 10.13 Example of
imprint on the surface of the
diamond tip on bulk
(As4S3Se3)1�x:Snx samples
at a load of P D 100mN

Fig. 10.14 Surface
morphology of the
as-deposited amorphous
(As2Se3)0:90:Sn0:10 thin film
under indentation load after
(a) and before light
illumination (b, upper
patterns)

after light irradiation, the plasticity of the investigated amorphous films increases.
For explanation of this phenomenon, the authors of [38] proposed a mechanical
model of anisotropic plasticity in CGs, according to which the anisotropic softening
consists in the weakening of mechanical compliance in the orthogonal direction to
the light polarization.

10.4 Conclusions

The bulk of (As4S3Se3/1�x:Snx (x D 0�10 at % Sn) CGs have been investigated by
X-ray diffraction and nanoindentation methods. It has been found that the addition
of these amounts of tin does not lead to significant changes in the glass physical
properties, such as values of stress and Young’s modulus related to the modification
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of the density and compactness. The additions of Sn atoms in the CG matrix
considerably decrease the elasticity of this material or increase the hardness at
some tin concentrations. The XRD measurements have shown that the Sn impurities
in the (As4S3Se3/1�x:Snx do not significantly change the shape of the FSDP of
the X-ray diffraction patterns either; the intensity and the position of the FSDP
nonmonotonically depend on the Sn concentration. The addition of As2Se3 in As2S3
shifts the FSDP towards higher diffraction angles from 2� D 22:47ı for As2S3 up
to 2� D 24:60ı for As2Se3. The FSDP intensity increases at about 5.0–7.0 at % Sn
in the (As4S3Se3/1�x:Snx glasses.

It has been found that the addition of these amounts of tin in (As4S3Se3/1�x:Snx

does not lead to significant changes in the glass physical properties, such as values
of stress and Young’s modulus related to the modification of the density and
compactness. The study of the photoplastic effect has been performed in situ,
with illumination of the bulk and thin film samples during indentation as well as
their indentation after illumination with a green laser (� D 532 nm) at a power
of P D 50mV/cm2. The hardness is calculated from load-displacement curves
by the Oliver–Pharr method. A sharp increase in hardness is registered if the tin
concentration exceeds a value of 3–4 % Sn. The hardness H of (As2Se3/1�x:Snx

films varies between 115 and 130 kg/mm2. It has been found that the hardness H of
amorphous thin films is generally higher than the hardness of bulk samples with the
same chemical composition.
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Chapter 11
Thermal Memory and Thermal Induced Phase
Transformation in Shape Memory Alloys

O. Adiguzel

Abstract Shape memory effect is a peculiar property exhibited by a series of
alloy systems. This property is characterized by the recoverability of desired shape
of the material at different conditions, and these alloys take place in a class of
smart materials due to this property. Shape memory effect is based on martensitic
transformation, which is a solid state phase transition and occurs on cooling the
material from high temperature parent phase region. Martensitic transformations are
first order diffusionless transitions and governed by changes in the crystal structure
of the material at angstrom level. Copper based alloys exhibit this property in
metastable ˇ-phase field, which have bcc- structures at high temperature. These
alloys undergo two ordered transitions on cooling, and bcc structures turn into
B2 (CsCl) or DO3 (Fe3Al) -type ordered structures. These ordered structures
martensiticaly undergo the non-conventional complex layered structures on further
cooling. The product phase has the unusual complex structures called long period
layered structures such as 3R, 9R or 18R depending on the stacking sequences on
the close-packed planes of the ordered lattice.

11.1 Introduction

Shape memory alloys have a peculiar property to return to a previously defined
shape with changing temperature. These alloys recover original shape on heat-
ing after deformation in low temperature product phase condition. This kind of
behaviour in shape memory materials is evaluated by the structural changes caused
by internal stresses in nanometer scale depending on the external conditions. These
alloys involve the repeated recovery of macroscopic shape at certain temperature
intervals. The origin of this phenomenon lies in the fact that the material changes its
internal crystalline structure with changing temperature. The crystallographic basis
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of this phenomenon is martensitic transitions, which govern the remarkable changes
in internal crystalline structure of materials [1–5]. Martensitic transformation is
a shear-dominant solid-state phase transformation, by which the ordered parent
phase structures turn into complex layered structures. Martensitic structures occur
as martensite variants in a self-accommodating manner through twinning by
cooperative movement of atoms on close packed planes of the parent austenite
matrix [3, 4]. The movement of atoms is confined into inter-atomic distances called
lattice parameters, due to the diffusionless character of martensitic transformation.
Shape memory properties are intimately related to the microstructures of the
material, especially orientation relationship between the various martensite variants.
Twinning and detwinning processes can be considered as elementary processes
activated during the transformation. In particular, the detwinning is essential as
well as martensitic transformation in reversible shape memory effect [3, 4]. By
applying external stress, the martensitic variants are forced to reorient into a single
variant leading inelastic strains. Deformation of shape memory alloys in martensitic
state proceeds through a martensite variant reorientation of twins. The twinning
occurs with internal stresses, while detwinning occurs with the external stresses.
The deformed material recovers the original shape in the bulk level, and the crystal
structure turns into the parent phase structure on first heating over the austenite
finish temperature in both reversible and irreversible memory cases. The parent
phase structure returns to the multivariant martensite structures in the irreversible
shape memory effect on cooling below the martensite finish temperature; in contrast,
the material returns to the detwinned martensite structure in the reversible shape
memory case. The basic mechanism of shape memory effect is schematically
illustrated in Fig. 11.1 [3, 4]. As seen from this figure; the ordered parent phase
turns into twinned martensite in thermal manner on cooling from high temperature,
and the twinned martensites turn into the oriented martensites in stress-induced
manner by applying external forces. The microstructural mechanisms responsible
for the shape memory effect are reorientation and martensitic transformation, and
shape memory alloys cycle between the original and deformed shapes by heating
over the austenite finish temperature, Af , and cooling down below the martensite
finish temperature, Mf . The lattice orientation process in shape memory alloys is of
primary importance for the occurrence of shape memory effect [3]. Shape memory
alloys have the important ability to remember the original shape on heating after
deformation, and they are used as shape memory elements in devices due to this
property.

These alloys cycle between two particular shapes with changing temperature.
As seen from Fig. 11.1, the twinned martensite structures turn into the oriented
structures when an external stress is applied, and oriented structures turn into the
ordered parent phase structure on heating over the reverse transformation temper-
ature after releasing the stress. In the cycling processes; the martensite normally
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Fig. 11.1 Schematic illustration of structural changes with phase transformation; (a) formation
of twinned martensite structure on cooling, (b) formation of oriented martensite structure with
deformation in low temperature martensitic state

returns to a self-accommodated structure after cooling from austenite in irreversible
shape memory effect, whereas the reversible shape memory effect causes the
martensite to adopt an oriented-single variant configuration [3, 4]. Copper based
alloys exhibit this property in metastable ˇ-phase field. High temperature ˇ-phase
bcc-structures martensiticaly undergo the non-conventional structures following two
ordered reactions on cooling, and structural changes in nanoscale level govern this
transition cooling [1–3]. Martensitic transformations occur in a few steps with the
cooperative movement of atoms less than interatomic distances by means of lattice
invariant shears on a {110}-type plane of austenite matrix which is basal plane
of martensite. These shears give raise the formation of unusual layered structures
such as 3R, 9R or 18R depending on the stacking sequences on the close-packed
planes of the ordered lattice. The periodicity and unit cell are completed through
18 layers in direction z in 18R case [1–5]. The complicated long-period stacking
ordered structures mentioned above can be described by different unit cells. In case
the parent phase has a B2-type superlattice, the stacking sequence is ABCBCACAB
(9R) [2, 6]. The stacking of (110)ˇ-planes in DO3-type structure and formation of
layered structures are shown in Fig. 11.2.
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Fig. 11.2 (a) Stacking of (110)ˇ planes viewed from [001]ˇ direction, (b) Atomic configuration
on first and second layers of (110)ˇ plane in DO3-type structures, (c) inhomogeneous shear and
formation of layered structures, stacking sequences of half 18R or M18R unit cell in direction z

11.2 Experimental

In the present contribution, two copper based Cu-26.1 %Zn-4 %Al and Cu-11 %Al-
6 %Mn (in weight) alloys were selected for investigation. Powder specimens for
X-ray examination were prepared by filling the alloys. Specimens for TEM exam-
ination were prepared from 3 mm diameter discs and thinned down mechanically
to 0.3 mm thickness. These specimens were heated in evacuated quartz tubes in the
ˇ-phase field (15 min at 830 ıC for CuZnAl and 20 min at 700 ıC for CuAlMn)
for homogenization and quenched in iced-brine. TEM and X-ray diffraction studies
carried out on these specimens. TEM specimens were examined in a JEOL 200CX
electron microscope, and X-ray diffraction profiles were taken from the quenched
specimens using Cu-K˛ radiation with wavelength 1.5418 Å.

11.3 Results and Discussion

An x-ray powder diffractogram taken from the quenched CuAlMn alloy samples
is shown in Fig. 11.3, and an electron diffraction pattern taken from CuZnAl alloy
samples is shown in Fig. 11.4. X-ray powder diffractogram and electron diffraction
patterns reveal that these alloys exhibit superlattice reflections. A series of x-
ray powder diffractograms and electron diffraction patterns were taken from the
specimens in a large time interval and compared with each other. It has been
observed that electron diffraction patterns exhibit similar characteristics, but some
changes occur at the peak locations and intensities on the x-ray diffractograms
with aging duration. In particular, some peak pairs satisfying a specific relation
some peak pairs satisfying a specific relation between miller indices come close



11 Thermal Memory and Thermal Induced Phase Transformation 145

Fig. 11.3 An x-ray powder diffractogram taken from Cu-11 %Al-6 %Mn alloy sample

Fig. 11.4 An electron diffraction patterns taken from the CuZnAl alloy sample

each other with ageing [1]. These changes occur as redistribution of atoms in the
material, and attribute to new transitions in diffusive manner [1, 7]. It means that
some neighboring atoms change locations. This result can be attributed to a relation
between interplane distances of these plane pairs and rearrangement of atoms on the
basal plane. This result can be attributed to a relation between interplane distances
of these plane pairs and rearrangement of atoms on the basal plane. In these changes,
atom sizes play important role. The different sizes of atomic sites lead to a distortion
of the close-packed plane from an exact hexagon and thus a more close-packed
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layered structure may be expected. In the disordered case, atom sizes can be taken
nearly equal, and martensite basal plane becomes an ideal hexagon. Although
martensitic transformations are displacive, the post-martensitic transitions have the
diffusive character because this transition requires a structural change and this also
gives rise to a change in the configurational order. In these changes, atom sizes
play an important role. The ordered structure or super lattice structure is essential
for the shape memory quality of the material. Crystallization is essential for shape
memory quality as well as quenching process in suitable media. The quenching
rate is also important for the formation of homogenous ordered structures and
shape memory optimization. The martensitic transformation obtained on cooling
is called thermally induced phase transformation. The obtained martensite consists
of up to 24 variants, which are regions of the same structure but with different
crystallographic orientations [7, 8]. The martensitic phase in copper-based ˇ-phase
alloys is based on one of the {110}ˇ planes of parent phase called basal plane for
martensite. The (110) basal plane which has a rectangular shape in parent phase is
subjected to hexagonal distortion and undergoes a hexagon. The different sizes of
atomic sites lead to a distortion of the close-packed plane from an exact hexagon and
thus a more close-packed layered structure may be expected. In the disordered case,
atom sizes can be taken as nearly equal, and the martensite basal plane becomes
an ideal hexagon. Although martensitic transformations are displacive, the post-
martensitic transitions have a diffusive character because this transition requires a
structural change and this also gives rise to a change in the configurational order.

On the other hand, post-quench ageing and service processes in devices affect the
shape memory quality, and give rise shape memory losses. These kinds of results
lead to the martensite stabilization in the reordering or disordering manner. In order
to make the material satisfactorily ordered and to delay the martensite stabilization,
copper-based shape memory alloys are usually treated by step-quenching after
homogenization. In addition, the ageing treatments cause the formation of crystal
imperfections, like dislocation and precipitations in the material [9, 10]. Thermo-
mechanical treatment also contributes to the martensite stabilization as well as
ageing [9, 10].

Stabilization is important factor and causes to memory losses, and changes in
main characteristics of the material; such as, transformation temperatures, and x-
ray diffraction peak location and peak intensities.

Although martensitic transformations are displacive, the post-martensitic transi-
tions have a diffusive character because this transition requires a structural change
and this also gives rise to a change in the configurational order.

11.4 Conclusions

It has been observed that electron diffraction patterns exhibit similar characteristics,
but some changes have been observed in the locations and intensities of diffraction
peaks on the x-ray diffractograms with aging duration. These changes imply
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new transitions which have diffusive character. It can be concluded from the
above results that the copper-based shape memory alloys are very sensitive to the
ageing treatments, and heat treatments can change the relative stability and the
configurational order of atoms in the material. This result attributes to rearrangement
of atoms in diffusive manner.
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Chapter 12
Spectroscopic Properties of Nanoceria Allowing
Visualization of Its Antioxidant Action

V. Seminko, A. Masalov, P. Maksimchuk, V. Klochkov, I. Bespalova,
O. Viagin, and Yu. Malyukin

Abstract Two distinct luminescence centers were revealed in ceria nanocrystals:
first one – Ce3C ions with 5d-4f luminescence at 390 nm, and second
one – Ce4C–O2� complexes showing charge transfer (CT) luminescence at 630 nm.
Intensity of Ce3C luminescence depends directly on the concentration of oxygen
vacancies in nanoceria and can be varied by means of change of both heat
treatment atmosphere from oxidizing to reducing and the size of nanocrystal.
Ce3C luminescence can be used for visualization of the processes of interaction
between ceria nanoparticles and reactive oxygen species using relative intensity of
Ce3C band as a measure of Ce4C/Ce3C ratio during oxidation reaction.

12.1 Introduction

As was shown in the past decades, reactive oxygen species (such as hydroxyl
radicals, superoxide anions and hydrogen peroxide) are not only one of the most
widespread products of cell metabolism, but they also can serve as mediators
at signal transmission inside the cell [13]. However, an increase of the ROS
concentration beyond normal limits can lead to very dangerous consequences, such
as peroxidation of lipid membranes leading in turn to strong diseases [4]. So, the
problem of the control of ROS concentration is very important. This control can
be realized as by cell’s own systems, such as enzymes (superoxide dismutase and
catalase), so by chemical antioxidant molecules (ascorbic acid, glutathione, alpha-
lipoic acid etc.). Recently a number of new antioxidant materials based on the
nanoparticles of oxides with variable valency were proposed as ROS scavengers
[15]. One of the topmost materials of this kind is cerium dioxide (nanoceria) that
has demonstrated strong protective effect on the different lines of cells [14, 17]
increasing their lifespan up to four times.
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Another problem closely connected with the problem of ROS control is the
creation of effective ROS sensors (and, first of all, of hydrogen peroxide concen-
tration as a most widespread type of ROS). In the last years a number of papers
were published with different materials proposed as ROS sensors; these materials
include fluorescent proteins [1], organic nanoparticles [9], rare-earth doped inor-
ganic nanoparticles [2] and carbon nanotubes [6]. However, these materials do not
possess any antioxidant activity only sensing the concentration of ROS. Instead the
development of ROS sensor and ROS scavenger on the base of single material would
have a number of promising applications allowing to get antioxidant material along
with ability to control its antioxidant action.

Cerium dioxide has strongly pronounced oxygen buffering properties, so it can
easily absorb and release oxygen depending on external conditions. So, it has found
its application as ionic conductor, catalyst and antioxidant [18]. One of the main
causes of such properties of nanoceria is the low energy of the formation of oxygen
vacancies in this material. It was shown in the number of theoretical papers that
formation of oxygen vacancy in ceria lattice is always accompanied by the transfer
of two remaining electrons from oxygen to two Ce4C ions which became Ce3C ones.
If these ions are situated close to oxygen vacancy, only 0.26 eV is required to create
such a vacancy [16].

The concentration of oxygen vacancies in nanoceria (and so, Ce3C/Ce4C ratio)
can vary in the broad range dependent on the external conditions (temperature, pH
etc.), and can be used as a measure of oxidation/reduction properties of biological
media. Using this fact, along with the strong dependence of the luminescence
properties of nanoceria on the concentration of oxygen vacancies which was shown
in our previous paper [12], we propose that the luminescence of ceria nanocrystals
can be used for detection of their antioxidant properties and visualization of their
antioxidant action in vivo.

12.2 Experimental

CeO2 nanocrystals (50 nm) were obtained by Pechini method described in [12].
CeO2 nanocrystals (3 nm, 10 nm) were obtained by the methods of colloidal
synthesis described in [8].

CeO2 nanocrystals were annealed during 2 h in different atmospheres – oxidative
(air), neutral (argon) and reducing (hydrogen) at 1000 ıC.

Luminescence spectra were obtained using spectrofluorimeter based on the
grating monochromator, luminescence was excited by He–Cd laser with �exc D

325 nm. Excitation spectra in UV and VUV range were obtained at SUPERLUMI
setup (DESY) in Hamburg, Germany using synchrotron radiation.

For experiments imploring hydrogen peroxide (HP) sensing water solutions of
CeO2 nanoparticles (10 nm) with ceria concentration of 1 g/l were taken. Lumines-
cence intensity was measured in the maximum of Ce3C band (390 nm) before and
5 min after HP addition. Concentration of hydrogen peroxide in the experiments was
varied in the range from 0.1 to 0.8 mM.
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12.3 Results and Discussion

12.3.1 Identification of Luminescence Centers in CeO2

Nanocrystals

CeO2 (ceria) is a dielectric with band gap of �6 eV, which valence band is formed
by 2p oxygen energy states and conduction band by 5d and 6s cerium energy states
[11]. In the band gap of ceria a narrow band (from 0.5 to 1 eV, according to different
authors) formed by 4f0 states of Ce4C is present. The optical gap in CeO2 is only
about 3.2 eV and optical properties of ceria are determined by charge transfer from
2p oxygen states to the empty 4f shell of Ce4C [5].

Electronic structure of both stoichiometric CeO2 and non-stoichiometric CeO2�x

was investigated previously by methods of density functional theory (DFT). It
was shown in [3] that for non-stoichiometric ceria formation of positively charged
oxygen vacancies followed by capture of excess electrons by Ce4C ions provides
splitting of 4f0 band into two sub-bands: empty upper band (about 3–4 eV above
the valence band) formed by unfilled 4f0 levels and lower one formed by filled
4f1 levels of Ce3C ions (about 1.5–2 eV above the valence band). Filling of the
lower band can occur also in stoichiometric ceria at electron transfer from the
valence band (determined by O2� ions) to empty 4f0 orbital of Ce4C ion and
further relaxation of “Ce3C-hole” complex. Reverse charge transition can occur as
in radiative (CT-luminescence), so in non-radiative way. So, in non-stoichiometric
ceria besides CT-luminescence of Ce4C ion also luminescence transitions from
excited levels of Ce3C ions (for instance, 5d!4f transition) can be expected.

CeO2 nanocrystals with high degree of oxygen non-stoichiometry can be
obtained by heat treatment in the reducing atmosphere (in our experiments – H2

atmosphere). Luminescence spectra of CeO2 nanocrystals after treatment at 1000 ıC
measured at 300 and 77 K are shown in the Fig. 12.1 (�exc D 325 nm). At 77 K
luminescence spectrum consists of two bands with maxima at 390 and 630 nm,
while at room temperature 630 nm band is absent. Also at 77 K 390 nm band
demonstrate splitting to two components (� D 1900 cm�1).

For determination of the nature of 390 and 630 nm luminescence bands
(Fig. 12.1), luminescence excitation spectra at different registration wavelengths
were investigated.

Excitation spectrum of 630 nm band is shown in the Fig. 12.2. It consists of
single wide band (�4000 cm�1) with maximum at 340 nm. This band was observed
previously in the excitation spectra of CeO2 nanocrystals doped by Eu3C and Sm3C

ions and was ascribed to Ce4C-O2� charge transfer [10]. Position of the charge
transfer band in the excitation spectrum can be estimated by � (cm�1/ � 30;000 �

Œ�opt.X/� �opt.M/] [7] where �opt.X/ and �opt.M/ are optical electronegativities of
ligand and metal ion, respectively. For oxygen and cerium ions �opt (O2�/ D 3:2 eV
and �opt (Ce4C/ D 2:1 eV, so, � � 33;000 cm�1 and � � 310 nm that is close to
experimentally observed value (340 nm). Strong temperature dependence of 630 nm
luminescence band also confirms the CT-nature of this band.
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Fig. 12.1 Luminescence spectra of CeO2 nanocrystals (d � 50 nm) after treatment in reducing
atmosphere (�exc D 325 nm) at 77 K (1) and 300 K (2)

Fig. 12.2 Excitation spectra of 630 nm luminescence band of CeO2 nanocrystals treated in
reducing atmosphere
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Fig. 12.3 Excitation spectra of 390 nm luminescence band of CeO2 nanocrystals treated in
reducing atmosphere

Excitation spectrum of 390 nm band is shown in the Fig. 12.3. This spectrum
consists of five spectral lines that can be divided into two groups – two low energy
ones at 300 and 285 nm (33,350 and 35,000 cm�1) and three high energy ones at
260, 246 and 234 nm (38,500, 40,650 and 42,750 cm�1). Energy gap between two
groups of spectral lines was about 3500 cm�1 that is much more than the distance
between lines in the group (1000–2000 cm�1). Such spectra are typical for 4f!5d
transitions of rare earth ions at full removal of 5d level degeneracy.

Character of splitting allows to determine the symmetry of ligand surrounding
of rare-earth ion. If the surrounding of the ion has cubic symmetry (Oh point
group), splitting of 5d level to three low energy and two high energy components
takes place. Such splitting could be observed in nonstoichiometric CeO2�x if the
compensation of excess negative charge due to replacement of Ce4C to Ce3C ion
was non-local. Oxygen vacancies in this case are formed preferentially outside
the first coordination sphere of cerium ion and symmetry of cerium surrounding
remains intact. However experimentally observed splitting to two low energy and
three high energy components corresponds to lower symmetry than cubic – namely,
to C3v symmetry. Decrease of symmetry of local center to C3v can be expected if
charge-compensating defect (oxygen vacancy) is formed in the first coordination
sphere of cerium ion. So, it can be suggested that 390 nm luminescence band is
determined by the optical center connected with Ce3C ion with oxygen vacancy
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in the first coordination sphere. Splitting of 390 nm band observed at 77 K can be
unambiguously ascribed to splitting of 2F electronic term of Ce3C ion to 2F5=2
and 2F7=2 terms due to spin-orbital interaction. For oxide crystals the value of
such splitting is about 2000 cm�1 that agree well with experimental data obtained
(1900 cm�1).

12.3.2 Dependence of Luminescence Properties of Ceria
Nanocrystals on Atmosphere of Treatment and Size

As was mentioned in Introduction, formation of oxygen vacancy in ceria lattice is
always accompanied by the transfer of two electrons from oxygen to two Ce4C

ions which became Ce3C ones. So, the concentrations of oxygen vacancies and
Ce3C ions in ceria nanocrystals are interdependent and change of the content of
oxygen vacancies must lead to the change of Ce3C content as well. While Ce3C

luminescence intensity is directly proportional to the concentration of Ce3C ions,
change of intensity of 390 nm band should be ascribed to increase or decrease of
the degree of oxygen stoichiometry of nanoceria. CeO2 nanocrystals with different
oxygen stoichiometry can be obtained by variation of treatment atmosphere. At
transition from oxidation to neutral and from neutral to reducing atmosphere
increase of Ce3C luminescence band intensity as compared to CT-band is observed
(Fig. 12.4a), so the number of Ce3C ions with increase of reducing properties of
treatment atmosphere increases as it would be expected if one supposes the Ce3C

nature of this band.

Fig. 12.4 Luminescence spectra of CeO2 nanocrystals at variation of: (a) atmosphere of treatment
(d � 50 nm), (b) size of nanocrystals
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Variation of the size of ceria nanocrystals allow to obtain the particles with
different antioxidant activity. The luminescence spectra of CeO2 nanocrystals
(�exc D 325 nm) with sizes of about 3, 10 and 50 nm are shown in the Fig. 12.4b.
Decrease of the size from 10 to 3 nm leads to increase in 2 times of intensity
of 390 nm band associated with 5d!4f luminescence of Ce3C ions. Intensity of
this band is directly proportional to Ce3C concentration, which, in turn, is closely
connected to antioxidant activity of nanocrystals which thereby is more pronounced
for smaller nanoparticles.

12.3.3 Visualization of Interaction of Hydrogen Peroxide
with Ceria Nanoparticles

As was shown in the number of papers [16, 17], antioxidant action of ceria is
based on the ability to switch easily between Ce3C and Ce4C states of cerium ion.
Interaction of ceria nanoparticle with oxidant leads to Ce3C ! Ce4C transition, so
the number of Ce3C ions decreases. As an oxidant in our experiments hydrogen
peroxide was chosen. The most pronounced antioxidant properties are observed for
small ceria nanoparticles (less than 15 nm) which are connected with high content
of Ce3C. For the following experiment ceria nanoparticles with the size of 10 nm
were chosen. As it was expected an addition of hydrogen peroxide to the solution of
ceria nanoparticles led to quenching of Ce3C luminescence band due to transition
of the part of Ce3C ions to Ce4C ones. The fall of intensity took place in the range
of 1–2 min after hydrogen peroxide addition and after that intensity did not change.

In Fig. 12.5 the ratio between intensity of Ce3C luminescence band 5 min after
hydrogen peroxide addition and the one before hydrogen peroxide addition is
shown. The portion of Ce3C ions underwent Ce3C ! Ce4C transition increased
with increase of the concentration of the oxidant – from 42 % at 0.1 mM to 70 % at
0.8 mM. Even at higher concentrations of H2O2 some portion of Ce3C luminescence
always remained due to inaccessibility of some portion of Ce3C ions to hydrogen
peroxide.

So, our investigations have shown that in ceria nanocrystals two optical centers
are observed: Ce3C ions with 5d-4f luminescence, and Ce4C–O2� complexes with
charge transfer (CT) luminescence. Intensity of Ce3Cluminescence band depends on
the atmosphere of heat treatment and the size of nanoparticle. Addition of hydrogen
peroxide leads to fall of Ce3C band intensity due to transfer of the part of Ce3C

ions to Ce4C ones. So, using intensity of Ce3Cluminescence band as a measure, the
antioxidant action of ceria can be easily controlled by conventional spectroscopic
technique. ROS scavenging properties of nanoceria along with absence of toxicity
for nanoparticles with sizes in the range of 5–15 nm shown by [15] allow using this
material as an effective antioxidant material able both to detect and to regulate ROS
concentration in living cells.
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Fig. 12.5 Dependence of the ratio of intensity of Ce3C luminescence band 5 min after hydrogen
peroxide addition (I) to the one before hydrogen peroxide addition (I0) on the concentration of
hydrogen peroxide
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Chapter 13
Vibration Based Microstructure Replication
and Analysis

R. Šakalys, G. Janušas, A. Palevičius, V. Grigaliūnas, and P. Palevičius

Abstract The main focus of the paper is the development of technological process
for the production of complex 3D microstructure, from designing it by using
computer generated holography to its physical 3D patterning by exploiting the
process of electron beam lithography. The logo image was chosen for numerical
generation, which was performed by using Gerchberg–Saxton algorithm for com-
puter generated hologram design. Physical implementation of microstructure was
performed by using a single layer polymethyl methacrylate (PMMA) as a basis
for 3D microstructure, which was exposed by using e-beam lithography system
e-LINEplus. After production, verification of 3D microstructure is performed by
exposing it under the laser beam and qualitative analysis is performed by using
atomic force microscope. Finally, improvement of mass production of complex
microstructures, designed by using computer generated holography, is presented.

13.1 Introduction

It is hard to imagine everyday life without products, created by using micro/nano-
technologies. Such technologies allow to overcome many problems, related to
medicine, optics, ecology etc. The trend of miniaturization and incorporation
is becoming very important for the health sector because it reduces costs and
improves performance. Various micro devices are used in medical diagnosis, therapy
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Fig. 13.1 The system of
microperiodic biosensor

etc. Novel microdevices work more effectively than former macroscopic devices,
manufactured by standard production means.

The usage of Micro-Opto-Electro-Mechanical Systems (MOEMS) sensors for
gathering and processing real time information about cardiovascular health status
is one of the most important application fields in the medical diagnostic. The most
important components of such systems are periodical microstructures (Fig. 13.1).

This system allows evaluate the environment (analyte), which is being investi-
gated, since different analytes differently affect the diffraction efficiency. Thus it is
very important to create universal microstructure, which would enable precise iden-
tification of material, and to process or evaluate materials and dynamic processes.
In order to create MOEMS optical element, computer generated holography (CGH)
is employed in this article.

CGH is defined mathematically by calculating the phase and amplitude informa-
tion of the wave propagation created by an object. There exist lots of applications
which employ CGH method such as:

• diffractive-optical elements for storage of digital data and images [1],
• interferometric measurements [2],
• recognition of the patterns [3],
• data encryption [4],
• 3D displays [5].

The major advantage of CGH is that the object used for recording CGH
holograms does not need to exist physically, as it is recorded mathematically. The
Fourier transformation and Gerchberg–Saxton algorithms are used to create the
CGH in this article.

13.2 Generation of CGH

CGH was generated by using Gerchberg-Saxton algorithm, which employs Fast
Fourier Transform (FFT). In our case, as we have discrete data, the discrete Fourier
transform is used, and it is the primary tool of digital signal processing. The DFT
transforms time or space-based data into frequency-based data. The 2D discrete
transform is defined as follows:
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where u and v are the discrete spacial frequencies, M and N are the number of
samples in x and y directions in spacial and frequency domains, F.u; v/ is the 2D
discrete spectrum of f .x; y/.

In the beginning, a random number generator is used to generate a phase distri-
bution 'Œ��; ��. The Gerchberg–Saxton algorithm steps are given as follows:

(i) Calculate initial field in the hologram plane.
(ii) This field is propagated from the image-plane to the object-plane. The ampli-

tude information is discarded leaving only the phase information (for the phase
mask).

(iii) The amplitude and phase of the illumination field are added to the phase
information in order to obtain the resulting object field.

(iv) This field is propagated from the object plane to the image plane.
(v) The resulting reconstructed image (the square of the field amplitude) is

compared with the expected one. The decision to terminate the process (or
continue to iterate) is made by computing the correlation between both images.

(vi) The phase from the reconstructed image is combined with the field amplitude
obtained from the expected irradiance. The process is repeated from step (i).

Gerchberg–Saxton algorithm for generation of CGH is implemented by using
Matlab software. As direct calculation of N-point DFT requires N2 complex
multiplications and N.N �1/ complex additions, Fast Fourier Transform (FFT) was
used to reduce computation speed. During the generation of CGH iterative quality
evaluation was introduced. Calculations are considered as finished only then, when
the quality of hologram reaches desired level, i.e. new iterations of the algorithm
do not produce better quality, defined by some specific threshold. For verification
of the algorithm and establishment of technologic process, Kaunas University of
Technology (KTU) logo (Fig. 13.2) was used.

The generated hologram is 2
 2mm size and contains 106 pixels. It is generated
for exposition on (polymethyl methacrylate) PMMA, which is 35 K in molecular

Fig. 13.2 The logo of Kaunas University of Technology (a) and its CGH (b)
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mass with refractive index of 1.49. Laser with wavelength of 632.8 nm is used for
the reconstruction of the hologram. Exposed pixels are of eight levels. In the map of
hologram exposition, black colour identifies the location, which is not exposed and
white location identifies areas with maximum exposition.

13.3 E-Beam Lithography

Raith e-LiNEplus high resolution electron beam lithography system (Fig. 13.3)
equipped with Schottky thermionic field emission gun was used for EBL process.

Silicon wafer, with the size of 10 
 10mm, was exposed to oxygen plasma
for 5 min and heated for 30 min at 150 ıC on a hotplate. Then PMMA resist of
35 K molecular weight was spin coated at 2000 rpm and dried at 200 ıC on a
hotplate. E-beam patterning was performed with acceleration voltage of 10 kV,
using a 30�m aperture. PMMA resist was developed in 1:3 methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) solvent. Development was finished in IPA and
the holograms were washed with water and dried with a compressed air flow. The
simplified scheme of the process is presented in the Fig. 13.4.

Fig. 13.3 Raith e-LiNEplus
electron beam lithography
system

reslst

spin-coated sample e-beam exposure

e-beam
development

substrate

Fig. 13.4 E-beam lithography process
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13.4 Investigation of CGHs

Usually design patterns are divided into writing fields. Within a writing field the
electron beam is deflected in order to expose one pixel after another. The write fields
must be stitched together. The “stitching” means dividing your design pattern into
smaller pieces in order to expose the bigger areas. Optical microscope images of the
exposed holograms are shown in Fig. 13.5. We used a writing field size of 100�m
square with 2�m pixel size. The writing field “stitching error” and overlapping
pixels for the both (x and y coordinates) can be well seen in Fig. 13.5a, b. The
exposed area without “stitching” error is shown in Fig.13.5c.

Atomic force microscope (AFM) 3D view of CGH at different scales is shown
in Fig. 13.6. The step-wise structure within the range of PMMA height from 0�m
to 1.64�m is well visible in AFM pictures. The height of steps corresponds to the 8
greyscale levels of the individual pixels (200, 400, 600, 800, 1000, 1200, 1400 and
1600 nm).

Fig. 13.5 Images of CGHs, generated on the PMMA (the size of one pixel is 2� 2�m)
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Fig. 13.6 3D view of CGH, exposed on PMMA

Fig. 13.7 CGHs generated on the PMMA

13.5 Results

During the improvement of technological process six holograms were produced
(Fig. 13.7). The latest specimen has the biggest diffraction efficiency – 58 %, which
is 29 % more than in early trials. Diffraction view of KTU logo is presented in
Fig. 13.8.

13.6 Mass Replication of Microstructures on the Polymer

Precise microstructures can be replicated by using different techniques: microinjec-
tion moulding, ultrasonic embossing, and hot imprint [6]. Due to advantages over
other microstructure replication methods, hot imprint is chosen for microstructure
mass fabrication. Advantages of this process are: comparatively simple equipment,
low-cost production, and high resolution of final microstructure [7].
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Fig. 13.8 Diffraction view of
KTU logo CGH

Fig. 13.9 Steps of the process of hot imprint with usage of ultrasonic excitation: heating (a),
imprint (b), and demoulding (c)

Process of mechanical hot imprint (Fig. 13.9) comprises the following three
steps:

1. Heating. Initial temperature of master microstructure and polycarbonate is
20 ıC, which corresponds to ambient temperature. As the master microstructure
reaches the surface of polycarbonate, the heating is applied till glass transition
temperature of the polymer is achieved. The polymer starts to experience elastic
and plastic deformations under the action of mechanical stress. Heat transfer
during the heating phase is described by the following equation:

�.T/cp.T/
@T

@t
C r.�krT/ D q;

where k is thermal conductivity; � is density; cp is heat capacity; T is temperature;
q is rate of the heat generation.

2. Imprint. The master microstructure imprints preheated polymer till nominal
pressure (from 101.325 to 506.625 kN/m2) is reached. The pressure is applied
for 10 s. As the master moves into the slave, its deformations from purely elastic
becomes plastic.
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3. Demoulding. The master microstructure in this step is withdrawn backwards and
polycarbonate is cooled down until initial process temperature is reached [8].

On the other hand this process has some disadvantages, such as: material shrink-
age, which occurs due to adhesion between master microstructure and polymer; low
filling ratio of microstructure; uneven master imprint; high surface roughness; and
long fabrication time [9–12]. Appropriate choice of hot imprint process parameters
(temperature, pressure, and imprinting duration) is one of the techniques to improve
quality of the final product [13–17]. However, to cope with these problems, it is
not enough to regulate the parameter – ultrasonic excitation during the process of
mechanical hot imprint is recommended for further improvement of the quality.
It has twofold effect in the processes of precise microstructure fabrication: forces
preheated polymer to flow to the master microstructure under the action of ultrasonic
excitation, thus better filling empty cavities between master microstructure and
polymer. It also helps during demoulding step, by diminishing adhesion between
master microstructure and polymer, this helps to avoid cracks and distortions.

13.7 Master Microstructure for Replication on Polymer

In order to use microstructure, created by the method of e-beam lithography it
is necessary to metalize the microstructure (Fig. 13.10), which was produced by
the method of e-beam lithography with the layer of metal. This starts with metal
deposition, then resist lift off takes place, and finally, master microstructure is
obtained in this way.

13.8 Ultrasonic Excitator for Mass Production

The piezoelectric low voltage stack type piezoactuator (PSt 150/4/20 VS9) is used
as a source of high frequency excitation during the process. Piezoactuator is 9 mm
in diameter and 31 mm in height.

Fig. 13.10 Process of metallization of master microstructure
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Fig. 13.11 Cross section of vibroactive pad: 1 – multilayer piezoactuator PSt 150/4/20 VS9; 2 –
upper side of the frame; 3 – bottom side of the frame; 4 – M3 bolts

Vibroactive pad (Fig. 13.11) is based on the multilayer actuator in the center
of construction and aluminium frame, to increase operating area, protect the pad
against mechanical load, and possible damage of actuator. Material and geometrical
parameters of the construction are chosen according to the application of the device:
construction should sustain the pressure of 506,625 N/m2, which corresponds to
the pressure of mechanical hot imprint. On the other hand, construction should
be flexible enough to transmit vibrations to the polymer. In order to do this in a
more efficient way, the upper side of wall was turned more than the lower side.
This decreases the stiffness of the upper side of the frame and allows get bigger
displacements and lower resonant frequencies.

13.9 Mechanical Hot Imprint Experiment

In order to prove the positive effect of ultrasonic excitation during the process
of mechanical hot imprint, experiments were performed with and without high
frequency excitation, while other process parameters, such as temperature, pressure
and duration of imprint were the same [18, 19]. Experimental matrix is presented in
Table 13.1.

During the experiments periodical diffraction grating (Fig. 13.12), with a period
of 4�m was imprinted.
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Table 13.1 Experimental matrix of mechanical hot imprint

Vibroactive pad With ultrasonic excitation Without ultrasonic excitation

Impressing time t, s 10 10

Pressure P, N/m2 303,900 303,900

Temperature T , ıC 148 148

12

6

Y,um
X,um

0

6

12

z,nm
264

Fig. 13.12 Atomic force microscope image of the master mold

13.10 Examination Techniques, Used to Define the Quality
of Fabricated Microstructures

Measurement of diffraction efficiency was performed by using laser (� D 632:8 nm)
and photodiode BPW-34 (Fig. 13.13). The scheme is connected with ammeter. The
diffraction efficiency is calculated by using following formula:

REi;j D
Ii;j

Ij
; (13.1)

Ij D
X

i

Ii;j; (13.2)

where REi;j is relative diffraction efficiency; Ii;j is the light intensity at particular
maxima; and Ij is the sum of all light intensities in all maxima. The current,
registered with ammeter, is proportional to the illumination, which reaches the
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Fig. 13.13 Diffractometer
and measuring scheme:
sample (1); photodiode (2);
tester (3); and distribution of
maximas (4)

Fig. 13.14 Distribution of diffraction efficiency

photodiode. The relative diffraction efficiency is then multiplied by 100, thus values
in percent are obtained. Usually C1 and �1 maxima are the most essential, because
they are desirable property in many application areas [20].

13.11 Results of Experiments

In this section results, obtained after performing experiments of mechanical hot
imprint are presented. Diffraction efficiency measurement results (Fig. 13.14)
revealed, that usage of ultrasonic excitation helps to increase diffraction efficiency.
First (1.24 %) and minus first (0.84 %) maxima in grating, made with vibration
excitation, are respectively 5.63 and 8.4 times higher than in grating, made without
vibration excitation (0.22 % first maxima and 0.1 % minus first maxima).
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13.12 Conclusions

In this article computer generated hologram was designed for human health
diagnostic purposes by using Fourier and Gerchberg–Saxton methods. The physical
implementation of CGH on the silicon was performed by using e-beam lithography,
where PMMA was used as a microresist. Production revealed, that exposing of
pixels in rows or columns causes their overlapping, thus division of the specimen
into parts was proposed to overcome this problem. Finally, pixel division into four
parts was proposed, in order to avoid rounded corners of the pixels. All these
measures allowed increasing the diffraction efficiency by 29 %. Usage of ultrasonic
excitation increased relative diffraction efficiency in plus and minus first maxima
5.63 and 8.4 times respectively.
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Chapter 14
Nanotechnology and Microfluidics
Based Biosensing

H. van Heeren and P. Salomon

Abstract Microfluidics based biosensing is increasingly seen as a major enabler
for medical diagnostics, especially Point of Care applications. Although often
seen as one application, Point of Care is divided into three area, each with its
own specific demands and constraints. As with all new products, the diversity
in technologies is bewildering. However the demands and constraints forces the
industry in certain directions, of which the need for very sensitive sensor concepts
not needing complicated pre-processing steps is the most dominant one. Another
important trend is integration of functionalities in the biosensor enabler device. That
integration is needed to create faster and cheaper devices. The last trend is towards
plug and play microfluidics. As a big barrier to the integration and plug and play
devices are universal microfluidic interconnections, there is a need for microfluidic
standards. A roadmap for such microfluidic standards is discussed.

14.1 Introduction

Microfluidics, nanotechnology and biosensing are strongly linked items. They are
increasingly being used in medical diagnostics where this combination enables the
detection of biomarkers in very low concentrations of fluids: nanogram per litre
down to picogram per litre or even femtogram per litre. At the same time, samples
volumes are often limited – not only because of the availability (for instance in the
case of blood samples) but also while smaller sample volume is linked to device
miniaturisation and speed of detection. The fluidic technology used differs from
the more traditional industrial segments like the semiconductor industry or factory
automation that deal with liquids in the ml/minute area.
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14.2 Application Area for Microfluidics and Biosensing

There are several application areas where the combination of microfluidics, biosens-
ing and nanotechnology lead to new paradigms and finally and are a source of,
sometimes disruptive, new products and applications.

14.2.1 Dispensing

The first important application for microfluidics, even before it was called microflu-
idics, was ink jetting. Originally developed for paper printing, it is now increasingly
being used for printed electronic circuits or the functionalisation of biosensors by
depositing small amounts of biomarker sensitive material in a pattern onto a sensor
surface to create multiplexed sensors.

14.2.2 High Speed Sequencing

An important and fast growing market is high speed sequencing of DNA, workhorse
for the quest for a better understanding of biological processes in the human body
and understanding the relation between a person’s DNA and a specific disease. Over
the last 15 years the cost of sequencing decreased from 100 M$ per gnome in the
beginning of this century to a few thousands of dollars this year [1]. Microfluidics
played a key role in this impressive cost reduction.

14.2.3 Pharma

The pharma industry has a broad interest in microfluidics. Initial application was
to couple a certain drug to a dosing method: e.g. think of inhalers with accurate
miniature nozzles, microneedles for painless injection or drugs that are encapsulated
by microfluidic technologies. Recently we have seen a growing interest in “organ
on a chip” in the pharma industry; i.e. to mimic cell behaviour on a miniature scale.
The holy grail is to improve the accuracy of preclinical trials and overcome the
need for animal testing. But that’s only one aspect of organ on a chip; another
interesting opportunity is that of personalized medicine or individualized therapy to
match specific drugs to the appropriate patients or, in some cases, design a targeted
treatment for each individual patient. To estimate how effective a specific medicine
will be on a patient, testing out the medicine on a lab scale before applying it to
the patient is envisioned. Some even go further by predicting a future where DNA
analyses will be the basis not only for diagnostics but also for therapy. A success in
any of these steps will open significant market opportunities.
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14.2.4 Medical Diagnostics Outside the Lab

The medical market is expected to become the biggest market for microfluidics
and biosensing. Biomarkers in blood, urine, tears, etc. can help doctors identify
health problems or can help the patient to control its medication. Microfluidics
provides the toolbox to detect small amounts of these biomarkers faster and at
lower cost compared to conventional methods. Generally, the microfluidic part is
in a disposable. Ease-of-use paradigms demand that such a disposable integrates
all the steps needed form the sample taking to the sensing. As the technology is
designed for miniaturised lab instruments, it also offers a route towards portable
testing equipment, making testing at the point of care possible. There is consensus
about the usefulness of such tests, although there is strong discussion (and some
disagreement) about the exact place in the care supply chain, where such tests will
be needed most [2] and generate interesting revenues. Some of the technologies
developed for this market found their way into other markets like food safety, home
defence, etc.

In the literature, Point of Care (PoC) is often treated as one area. In practice there
are three rather distinct application area. Firstly, in generic medical diagnostics: to
determine what disease is causing a certain problem. Secondly, in emergency care:
confirmation of a certain expected cause of the problem or determining what specific
variation of the disease is responsible for the illness. Thirdly, applying PoC when
the patient is already diagnosed with a certain disease and there is a need for regular
testing to check the progress of the disease or the effectiveness of a treatment. For
the sake of clarity we will use the term Point of Care in this article only for this last
application.

The differences between these applications have their consequences for the
acceptable cost levels, the needed time to result and the multiplicity of the test,
i.e. how many biomarkers must be tested simultaneously. The Table 14.1 gives an
overview of these three applications.

Other variations between the three are in terms of data handling, (e.g. commu-
nication with hospital information systems or patient databases) and safety/security
issues.

14.3 Design Choices

A particular challenge for the companies that are aiming at microfluidics driven
market segments, as for all new industries, is facing the wide range of technologies
available. For every microfluidic/biosensing function in the devices to be developed
there are a range of possibilities. For instance, to set the flow in motion: will we
use capillary-, electrokinetic- or centrifugal forces, use overpressure or an external
pump like gear-, peristaltic-, piston- or syringe pumps? For the detection of the
biomarker, will we use electrical detection (SAW, conductivity, redox reaction, etc.)
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Table 14.1 Main application area for medical diagnostic outside the lab

Application Medical diagnostics Emergency care Point of care

Goal of testing Estimate what Confirm the disease Progress of the disease,
disease causes or determine the effectiveness of treatment
the complaint specific variant or check of recurrence

after treatment

Frequency Incidental Incidental On a regular base

Biomarker Often test for Optimized for one Optimized for one specific
a range of diseases, specific (set of) (or a very limited
i.e. several markers marker(s) number of) marker(s)
simultaneously

Point of use In a GP’s office In or near an In a GP’s office or
or in a hospital ambulance, at the patient’s home

in a hospital

Indication <10 $ <100 $ <1 $
of allowable
cost/disposable

Indication <5 min for GP; <20 min <5 min in the GP’s
of allowable <20 min other office; in a home setting
time to result settings up to 1 h is

acceptable

or optical detection (fluorescence, chemiluminescence, wavelength changes etc.) or
measure a mechanical effect (membrane or cantilever deformation)? Can we use
direct detection or do we need labelling? Or, probably the biggest challenge, sample
preparation: is there a need to lyse the cells, do we need pre-concentration, filtering,
amplification etc. Each of the choices has its consequences for the reliability,
sensitivity and specificity of the device to be designed, and has a strong influence
on the, usually, most important factor: cost.

14.4 Point of Care

Point of Care (PoC) is perhaps the most challenging area for microfluidic based
biosensing. Not only there are, as shown earlier, severe restrictions to cost and
time to result, the test should still have the same accuracy as established lab
tests, which are regarded as the gold standard. Most of the currently used testing
methods necessary for PoC systems, like those using target amplification, labelling
or complex sample concentration technologies (for instance using magnetic beads)
will have difficulty meeting that standard. That doesn’t say that there isn’t a market
for such tests, they will find ample use in other areas, but unlikely in Point of Care.
Still, the state of the art in microfluidics/biosensing enabled PoC is complex pre-
processing and labelling with fluorescence markers. No wonder there are many
developments into diagnostic devices either omitting or limiting pre-processing as
much as possible or integrating the steps in the disposable.
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Fig. 14.1 Roadmap for testing dairy products (FoodMicroSystems project)

Currently the state of the art for biosensing is labelling of the markers and
detecting the fluorescence signal using a benchtop device, often needing some pre-
processing of the sample by the operator. The next generation is still likely to be also
a benchtop instrument, but the time to result is expected to be much shorter. Portable
instruments will follow after that, ultimately leading to handheld devices and fully
integrated disposables that reach the wanted price and speed specifications.

Not only in medical diagnostics this trend towards miniaturisation is visible,
we see the same trend in testing agricultural products as was discussed recently
in a report of the FoodMicroSystems project. The summary roadmap for the
implementation of microsystems in the dairy sector [3] is shown in the Fig. 14.1.

14.5 Who Will Be the Future Leader in Microfluidics?

No wonder there is a broad interest in microfluidics, and there is hardly a university
or a large medical or pharma company not actively investigating the opportunities
of the combination of microfluidics with other technologies; not only for medical
diagnostics but also for pharma or for chemical processing. At this moment there
are more than 700 companies worldwide active in microfluidics (see Fig. 14.2) with
hundreds of microfluidic components, instruments and equipment on the market and
this number continues to rise as researchers are publishing new ideas nearly every
day, and one of these may have the potential for the large market breakthrough with
microfluidics.
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Fig. 14.2 Microfluidic
companies per country

As can be seen by the figure above, the interest is not restricted to one country or
region, but the USA is clearly leading. At least in the number of companies pursuing
(potential) high volume applications like PoC, high throughput sequencing or organ
on a chip. Europe has a strong focus on the supply chain. The leading companies
providing the “nuts and bolts” for this industry are nearly all located in Europe.

14.5.1 Time to Market, Financing, Successes and Failures

As shown above the interest of the market in microfluidics/biosensing is genuine,
but there is a barrier: the timeline to the market is annoyingly long. Taking, for
instance, Atlas Genetics that is developing a Point of Care device for infectious
diseases. They started in 2005 as a university spin off. After 10 years and over
40 million dollars investment, they are still not on the market, although very near.
Their disposable cassette is a good demonstration of the state of the art technology
described earlier. It is a stack of injection-moulded parts with three quarters of the
cassette volume needed for the microfluidic processes to prepare the blood sample
for the electrochemical detection technology. This complicated pre-processing is
also the main reason the testing takes about 20 min.

A real success story is Abaxis with an annual turnover over 140 million dollar,
but their investors had to spent $100 million and had to wait almost 20 years to see
the product entering the market. The 7.9 cm disk made of moulded 2 cm PMMD
runs a full chemistry analysis (several panels available) from just five drops of
blood in about 10 min. The disposable is a circular disk with is spun fast around
after applying the sample. The blood is forced by the centrifugal forces through
a series of interlinked internal chambers and passages. The movement of fluid is
controlled by a series of stop junctions, capillaries and siphons managed by the use
of centrifugal forces. The chemicals needed for the processing are delivered with
the disposable and don’t need to be added manually. The complexity of ensuring
the testing quality is illustrated by the fact that only 15 of the 25 cuvettes are used
to analyse the patient’s sample; the other are used for internal quality control. The
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read out is optical. The time to measure is 12 min and the company offers now 31
tests, conveniently configured into 16 completely self-contained reagent discs, 11 of
which are CLIA approved.

14.6 The Need for Direct Sensing

Both examples demonstrate the difficulty to get below 10 min time to measure
when the sample needs pre-processing before detection of the biomarker becomes
possible. It seems to be only realistic when the pre-processing of the sample to be
tested is limited as much as possible. Take for instance the case of Blue4Green. This
company is selling a device that measures the amount of calcium in cow’s blood.
The positive ions in the blood sample are separated by capillary electrophoreses,
the only treatment needed of the sample. The conductivity change over time gives
then a measure of the presence of the different positive ions. All of the steps are
integrated in the device and the measurement time is only 3 min. The simplicity of
the fully integrated disposable, just a glass chip in a plastic housing, opens the door
to the fabrication of very low cost disposables. After applying a droplet of blood, the
ions are driving through a small channel to a crossing with another channel. From
the sample volume at the crossing, the positive ions are forced through a long small
channel. The different ions become separated and by measuring the conductivity
changes over time, they different ions are detected (see Fig. 14.3).

Not in all cases the biomarkers can be separated that easily. Sometimes the
biomarkers need to be released from a cell; disturbing other biomarkers need to
be removed or the concentration of the marker needs to be increased. No wonder
many research and development groups are looking into new technologies enabling
very sensitive sensing technologies to avoid the troublesome concentration steps.
Those sensitive sensors have an additional advantage. Most of the ones that are
developing biosensing instruments decide using fluorescence detection. For that
purpose a fluorescence marker is attached to the biomarker. This combination is

Fig. 14.3 Working principle
of capillary electrophoresis
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then fixated on a small surface and the measured optical signal is a measure of
the original amount of biomarker. A very effective method, but it leads again to
an increase of complexity while chemicals have to be added and extra process are
needed.

14.6.1 Direct Sensing Technologies

There are several approaches for direct sensing, for instance:

• Cantilever: measuring stress induced bending caused by the adherence of a
biomarker to the surface.

• Planar waveguide: measuring the difference in optical properties of two parallel
channels, one exposed to the liquid to be tested.

• SAW sensors: the sensor generates a mechanical wave. Due to adherence
of the biomarker to be detected to the functionalized surface, the properties
(phase, frequency etc.) of the wave are changed. By comparing the difference
in properties between generated and measured waves, the concentration of
biomarker is determined.

Cantilevers have been studied extensively, but most efforts to commercialize this
technology have failed up till now.

Planar waveguides tend to be relative expensive; they also need accurate optical
coupling, making them less suitable for low cost disposables, although there are
some interesting opportunities for very sensitive multiplexed sensors.

Electrical sensing has some interesting advantages: They are generally made with
semiconductor technologies and can therefore be made at low costs. It is relatively
easy to multiplex them on one chip. Reliable electrical connections can be made
easily at low cost.

An example of such an electrical sensor is the one in development in the recently
started PoC-ID project [4], see Fig. 14.4.

PoC-ID will combine the detection of both pathogens and host responses leading
to more accurate diagnosis as compared to the current standard which is focused
on detection of pathogens only. This novel approach will support prevention
and control of pathogen spread and enable faster and more personalized patient
treatment. Improved performance in terms of robustness, sensitivity and selectivity
will be reached by a combination of innovative nanomembrane technology, capture
molecules and two novel sensing concepts. Further advances will be realized in
terms of usability and speed of data-analysis arising from the integration of sensors,
read-out electronics and microfluidics into one user friendly point-of-care (PoC)
platform. Costs of the new disposable sensors will be low at high volumes, thanks
to designing into microelectronics production flows.
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Fig. 14.4 Concept of the point-of-care device from macro to nano scale; device setup is applicable
for graphene-FET- and MEMS-based biosensing as well as other electronic sensing concepts with
similar chip size (PoC-ID project)

14.7 Integration

Besides direct sensing, integration is seen as the way forward. Integration offers
smaller handheld devices and, by limiting the distance for the liquid to flow, it faster
operation. Integration also opens a door to efficient high volume manufacturing.
There are however substantial barriers. In the first place the difficulty of combining
electronic, mechanical, fluidic and optical components or structures. Secondly
integration means making microfluidic connections. Where for electrical connec-
tions there are number of reliable, low cost and manufacturing friendly solutions,
microfluidic connections are often unreliable, expensive and not (yet) suitable for
high volume manufacturing. Lastly, but perhaps most importantly, microfluidics
doesn’t scale as easy as electronics. There are two main reasons for that: in the first
place in microfluidics the wall of the tube or channel has a profound influence on the
flow performance: not only varies the flowrate over the channel, biological material
tend to stick to surfaces. With smaller structures, the tube or channel surface starts
to dominate or even prohibit the flow. Another reason is that in microfluidics often
a certain minimal amount of liquid is needed to make the measurement statistically
valid or even technically possible.
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14.8 Plug and Play Microfluidics

The development of integrated devices will be stimulated by the appearance of
industry wide standards. In general standards promote the uptake of new tech-
nologies. Standardized products and services are seen as safer, more secure, and
having high quality. Furthermore the industry expects them to fit better in existing
infrastructure, to enable multi-market access and to create more active markets.
There are also specific benefits from a microfluidic perspective. Researchers don’t
want to spend much time on side issues like correct connection of tooling. Providers
of analytical services don’t want their limited lab space cluttered with a multitude of
incompatible instruments. Chemical engineers want easy interconnection between
pumps, sensors end reactors [5].

The discussion about standards for microfluidics has been a long one; nearly as
old as the industry itself. As developing standards must be a bottom up process with
broad industrial support the discussion started to get some momentum when a group
of companies from several parts of the supply chain got involved in this discussion
during a session of the Microfluidic Consortium [6] in 2009 and later followed up
in the MFManufacturing project [7]. Already in the beginning of the discussion it
became clear that microfluidic interconnections was to become the major point of
discussion. Such interconnections should enable users to make a number of fluidic
connections easily, fast and reliable. As a first step the discussion focused on the
pitches between microfluidic ports. It was decided to use a 1.5 mm grid, on the grid
points position of a port is allowed. This pitch was chosen while it will cover 3 mm,
which is regarded as the current state of the art and 4.5 mm which is an often used
port pitch for the well-known miniLuer connectors (see Fig. 14.5). It also offers a
roadmap to smaller pitches needed for more integrated products.

Fig. 14.5 Microfluidic interconnection roadmap
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Although the roadmap above takes the first step towards smaller port pitches, it
might be that in the future smaller port pitches are needed, for instance for edge
connectors or fully integrated devices; in that case a finer grid might be needed.

Worth mentioning that this industry agreement, found its way into ISO; a first
step towards an official standard will be a workshop organised buy ISO in the
beginning of 2016. The discussion continues however, and there are now also
proposals in the making for chip formats, sensor interfaces, standard tests etc. Much
of that work is published in a white paper (www.mf-manufacturing.eu/downloads-
and-links).

14.9 Conclusions

The diversity in microfluidics, even in the segment that deals with microfluidics
enabled biosensing, is huge. The market constraints and needs are guiding the
developments and there are clearly trends in industry and science toward direct
sensing, higher levels of integration and more plug and play devices.
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Chapter 15
Resistivity Sensors of Metal Oxides with Metal
Nanoparticles as Catalysts

G.A. Mousdis, M. Kompitsas, D. Tsamakis, M. Stamataki, G. Petropoulou,
and P. Koralli

Abstract The metal oxide resistivity sensors are the most common sensors for
reducing and oxidizing gases, due to their low cost, easiness of preparation and
signal processing. The sensing properties of a metal oxide film depend on the
surface roughness, porosity, crystallinity and some other factors, which differentiate
for each preparation method. Moreover, the addition of noble nanoparticles on the
surface of the films, improves the sensing properties of the films. In this work
two different techniques were used to prepare thin films of metal oxides doped
with noble metals and their sensing properties for different reducing gases were
investigated. Namely we used the (a) PLD technique to prepare thin films of CuxO
(1 < x < 2) doped with Au and testing them as CO and CH4 sensors. (b) Sol-gel
technique to prepare ZnO thin films doped with Au as H2 and acetone sensors. All
the films are characterized. A significant response to several concentrations of the
analytes was demonstrated for all the films at temperatures lower than 200 ıC.

15.1 Introduction

In past decades, improvements in gas sensor manufacturing technologies have
occurred, driven by the development of low-power and low-cost microelectronic
circuits [1], chemometrics [2], and microcomputing [3]. Nowadays, the develop-
ment of solid state gas sensors for the detection of inflammable and toxic gases,
such as hydrogen, carbon monoxide, etc. is a major concern. The world market for
gas sensors is increasing and due to commercial competiveness there is a need for
enhance quality and product reliability. There are many types of gas sensors such
as electrochemical, optical (including IR and holographic sensors), semiconducting
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(or metal oxide), capacitance, calorimetric, ultrasonic etc. The type of sensor to
be used depends on the application demands, such as: gas & concentration range,
environment (humidity, temperature, pressure, gas velocity, chemical poisons and/or
interfering species), power consumption, response time, maintenance interval, fixed
or portable, point or open path etc.

The most common category of gas sensors are the resistivity sensors (also known
as chemiresistors). In this type of sensors the resistivity is changing on the presence
of the analyte. In most cases, the sensing material is an organic polymer or a metal
oxide. Although the number of commercial polymer, based on chemiresistors, is
increasing the majority of those are based on metal oxides.

The popularity of the metal oxides sensors (MOSs) is due to: their low cost,
small size, simple construction, large number of detectable gases, high compatibility
with microelectronic processing and many possible application fields. Their major
disadvantages are their pure selectivity and the fact that they work at elevated
temperature. A method to increase the selectivity is the use of catalyst that increases
the sensitivity to a specific analyte.

The MOSs are used to detect various types of gases, reductive (e.g., H2, CO,
Hydrocarbons), oxidative (e.g., O2, O3) or neutral (e.g., CO2, H2O). They employed
in environmental monitoring mainly for the detection of toxic or explosive gases
[4], for chemical and industrial processes for the prevention of hazardous gas leaks
[5] and in many other activities such as human health [6], food and wine quality
monitoring [7], traffic safety [8] etc.

Recently the increasing demand for reliable sensors has triggered a large amount
of research worldwide for metal oxide to improve the well-known “3S” criterion:
sensitivity, selectivity, and stability. A plethora of devices have been developed using
different materials and methods mainly by an empirical approach, and a lot of basic
research has been carried out [9].

For the preparation of metal oxides sensors different metals can be used with
most common some transition or post transition metals because their cations have a
dn configuration with a small energy difference with the dnC1 or dn�1 configurations
[10]. The most effective metal oxide sensors are those with cation configurations d0

(e.g. TiO2) or d10 (e.g. SnO2, ZnO).
The metal oxides used as sensors, are n or p-type semiconductors. Their sensing

mechanism based on the interaction of analyte with surface groups such as O�
2 ,

O�2
2 , O�, OH. This interaction alters the resistivity of the metal oxide sensor. The

change of the sensor sensitivity, depends on the type of semiconductor and whether
the analyte is an oxidizing or reducing gas (Table 15.1) [11].

The fundamental sensing mechanism of metal oxide based, gas sensors relies
on a change in electrical conductivity due to the interaction process between the

Table 15.1 Dependence of
resistance change from the
type of semiconductor and
the gas

Classification Oxidizing gases Reducing gases

n-type Resistance increase Resistance decrease

p-type Resistance decrease Resistance increase
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Fig. 15.1 Schematic representation of some crystallites of a n type metal oxide with and without
the presence of analyte gas (G). xc is the grain size and xo and xg is the depth of the depletion layer
in the absence and presence of the analyte, respectively

surface complexes such as O�
2 , O�2

2 , O�, and OH reactive chemical species and the
gas molecules to be detected.

The surface of the metal oxide microcrystals in the presence of O2 adsorb
molecules of O2 that depending on the temperature [11] attract 1 or 2 electrons
to give O�

2 , O�2
2 , O�. The reactions are:

O2 .gas/C e� $ O�
2 .adsorb/ .T 6 200 ıC/

1=2O2 .gas/C e� $ O� .adsorb/ .T > 200 ıC/

1=2O2 .gas/C 2e� $ O�2.adsorb/ .T > 200 ıC/

Due to the reduction of e� the mobility carriers of the semiconductor decreased
(n-type) or increased (p-type) resulting to increase or decrease of the resistivity
respectively. In most cases the sensing layer consists of single crystalline grains.
So the free charge carriers have to overcome the surface barriers appearing at the
surface of the grains (for a n-type sensor see Fig. 15.1) the so called Shcottky barrier.
But in the presence of the gas there is a reaction with the surface complexes and the
Shottky barrier decrease (or increase for the p-type) and the resistivity altered.

The degree of resistivity change depends on the number of the surface complexes
reacted with the gas, which is better proportional to the gas concentration. But in
general, it depends also on the number of surface complexes and their accessibility
to the gas, so the morphology of the sensing layer [12] (e.g. porosity, crystallinity,
surface smoothness etc.) is very important for the properties of the sensor. As
a consequence the preparation method and the processing of the sensor affect
significantly its properties.
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Fig. 15.2 Schematic depiction of the major processes of molecular O2 dissociation at a noble
metal nanoparticle on a metal oxide surface

A method to improve the sensing properties is the impregnation with catalysts
(mostly noble metals) that will enhance the reactions of gas on the sensor surfaces.
The impregnation with noble metals can be done with many methods either after
the preparation of the film or simultaneously with the preparation of the film.
There are many methods (e.g. sol-gel, PLD, sputtering, thermal evaporation etc.)
for introducing noble metal additives into metal oxide films. The results do not only
depend on the concentration of the noble metal but also on the methodology used.

The explanation of the noble metal role in the enhancement of the sensing
properties is based on their highly effective dissociation catalytic ability [13]. The
noble metals are far better oxygen dissociation catalysts than metal oxides and
catallytically dissociate the molecular oxygen to ions (Fig. 15.2a). These ions are
diffused to the surface of the metal oxide (Fig. 15.2b).

Moreover the O2 molecule can reside on the metal oxide surface and diffuse to
a catalyst and dissociate before desorption (Fig. 15.2b). There is an “effective area”
[14] around the noble particle where the O2 molecules dissociate before desorption.
The optimum will be the noble metals to be dispersed so that these “effective areas”
cover all the surface of the film (Fig. 15.2c). The latest process is called “back-
spillover effect” [15].

Furthermore, in many cases the noble metal catalyses and the reaction of gas with
the O species e.g. in the case of H2 the following reactions occur:

.a/ H2.g/ ! 2Hads; .b/ Hads ! HC
ads C e�;

.c/ HC
ads C O�

ads ! OH; .d/ 2OH ! H2O C Oads;

where the first 2 reactions (a and b) were catalyzed by noble metals.
As a part of research to understand and find the parameters that influence the

sensing properties of MOSs, we prepared a series of MOSs doped with Au by 2
different methods. Namely we prepared ZnO thin films doped with Au by the sol
gel method and tested them as sensors for acetone and H2, and CuxO (1 < x < 2),
doped with Au, by Pulse Laser Deposition technique (PLD) as CO and CH4 sensors.
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15.2 Experimental

15.2.1 Synthesis

The substrates, microscope glass slides, were cleaned by soaking for 24 h in
a sulforochromic bath, then washed copiously with distilled water and kept in
isopropanol until used.

Au Precursor

HAuCl4 ethanolic solution was prepared by dissolution of Au in HNO3/ 3HCl, dried
under vacuum and then dissolved in a specific volume of methoxyethanol to obtain
a 0.3 M solution.

ZnO Precursor

Zinc acetate dihydrate was dissolved in 2-methoxyethanol and 2-aminoethanol
(DEA) was added slowly under magnetic stirring. The molar ratio of DEA to zinc
acetate was maintained to 1.0, while the concentration of zinc acetate was 0.5 M. A
volume of the 0.3 M HAuCl4 methoxy-ethanolic solution was added to obtain a 5 %
Au/Zn atoms. The resultant solution was stirred at 80 ıC for 2 h to yield a clear and
homogeneous solution and then maintained at room temperature to aging for 24 h.

Sol-Gel Film Growth and Thermal Annealing

The ZnO films were prepared by spin coating at 3000 rpm for 30 s and were heat
treated at 300 ıC for 5 min in air to evaporate the solvent and organic residues
(Fig. 15.3). This procedure was repeated for a number of times varying from 1 to 10
in order to obtain films with different thicknesses. Finally these films were annealed
in air at 500 ıC for 1 h.

Films Prepared by PLD

The CuxO thin films were deposited under a dynamic oxygen pressure of 40 Pa
for 90 min deposition time on heated SiO2 substrates at 200 ıC by pulsed laser
deposition. The oxygen pressure of 40 Pa was chosen because previous results
showed that at lower pressures we obtain films of CuxO with less sensitivity [16].

An Nd:YAG laser (� D 355 nm (THG)) source at 10 Hz repetition rate was
focused on a metallic Cu target (Fig. 15.4). The laser fluence incident on the target
surface was set at �2 J/cm2. After the CuxO film deposition, the chamber was
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Magnetic stirring
@80oC for 2h

Aging for 24h

Multilayers
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3000 rpm for 30 sec

Precursor solution

(Zn(CH3COO)2 2H2O
C3H8O2

+
DEA

0.3M HAnCI4
in 2-

methoxyethanol

Annealing in air
at 500oC for 1 h

Preheating
at 300oC for 5min

Fig. 15.3 Flow chart of sol-gel spin coating deposition process for ZnO-Au films

Fig. 15.4 Schematic diagram of the PLD set-up for the preparation of CuxO and CuxO-Au doped
films
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evacuated down to 10�4 Pa pressure and an Au target (99.998 % purity) was ablated
by the focused laser beam for about 2 min.

Films Characterization and Sensing Testing

The films were characterized by Thermogravimetric Analysis (TGA), Atomic Force
Microscopy (AFM), and X-Ray Diffraction (XRD). Additionally, the absorbance
and the reflectivity were measured.

Hydrogen sensing tests were performed in an aluminum vacuum chamber.
The chamber was evacuated down to 1 Pa, and filled with dry air at atmospheric
pressure. The samples were mounted on a resistively heated surface at the operating
temperature. Hydrogen concentration was calculated based on the partial pressures
of the sensing gas and air inside the chamber. A bias of 1 V was applied, and
the current through the film was measured with a Keithley Mo. 485 Picoammeter.
Hydrogen sensing was monitored by recording the current changes in real time on a
lab computer.

15.3 Results and Discussion

15.3.1 CuxO films

The surface structure of the CuxO thin films was studied by AFM. Figure 15.5
shows the film surface consisting of nanoparticles of various sizes of some tens
of nanometers on a rather smooth background. This is typical for PLD grown thin
films where the nanoparticles consist of pure target material.
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0nm
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0nm

0μm

2.5μm

0μm0μm0μm
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142.24nm
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Fig. 15.5 Typical AFM images showing the surface structure of the samples (a) without Au
nanoparticles, (b) with Au nanoparticles
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In Table 15.2 we observe that maximum height of the nanoparticles on sample (b)
is much larger than the one of sample (a), despite the fact that the average roughness
is almost the same. This is due to the fact that Au nanoparticles have been deposited
during a post-growth process on the film surface.

CuxO thin films have been tested as gas sensors towards CO and CH4 for 0.3 %
and 0.5 % in air. The operating temperature was in the 120–220 ıC range.

We observe that the films with nanoparticles show a slower time response than
the pure ones, but the signal is �3 times larger, see Fig. 15.6.

The reaction leading to CH4 sensing could be:

CH4 C 2O�
2�ads ! CO2�gas C 2H2O C 2e�

bulk:

As a result, two electrons are released back to the bulk of the film, recombine
with two charge carriers (holes) of the p-type CuxO film and the film resistivity is
increased.

Similarly, Fig. 15.7 shows the sensor response towards CO. We observe that the
films with nanoparticles show both a faster time response and a much stronger signal
by a factor of �8 than the pure ones.

Table 15.2 Quantitative
results of the AFM recordings

Sample (a) (b)

Au nanoparticles No Yes

Roughness (av.), nm 2.91 2.83

Max. height of particles, nm 89 142
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Fig. 15.6 Response of the CuxO films towards 0.5 % CH4/air at 180 ıC operating temperature
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Fig. 15.7 Response of the CuxO films towards 0.5 % CO/air at 180 ıC operating temperature

The chemical reaction that leads to the increase of the film resistivity is as
follows:

CO C O�
2�ads ! CO2�gas C e�

bulk:

In the following, we compare the time response and the signal strength of the
films with and without nanoparticles towards CO and CH4. In Fig. 15.8a we show
the sensor response for pure CuxO films under the same experimental conditions. We
notice that the signal strength is comparable although the time response is shorter
for CH4. In Fig. 15.8b, the presence of the Au nanoparticles, shows that both signal
strengths are larger than without nanoparticles, as expected, when the vertical scales
are compared. Moreover, the responses towards the two gases CO and CH4 differ
dramatically. The response towards CO is both faster and shows a signal increase
by a factor of 12 in respect to the pure CuxO.

This later fact indicates that CuxO with Au nanoparticles at the 180 ıC operating
temperature shows efficient CO selectivity in a CH4/CO gas mixture.

15.3.2 ZnO Films

Thermogravimetric Analysis (TGA) of the Au doped ZnO thin films showed that:
the solvents evaporate at temperatures lower of 150 ıC and the remaining organics
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Fig. 15.9 AFM Image of a ZnO film doped 5 % with Au

are burned up to 400 ıC, at temperatures higher than 400 ıC the HAuCl4 is reduced
to metallic Au. After 500 ıC there is no loss of mass.

The AFM images (Fig. 15.9) show a “worm” like surface that we expect to
improve the sensing due to increased surface.

The XRD diagram shows that the ZnO is mainly amorphous with some micro-
crystallites (Fig. 15.10a). Anealing at 500 ıC for 2 h does not improved the crys-
tallinity. Also from the transmission spectra (Fig. 15.10b) we can calculate the
optical band gap for the 5 % Au (3.52 eV) and for the 2.5 % Au (3.44 eV) that are
higher than that of undoped ZnO (3.3). Also in the spectra we can see clearly the
plasmonic band of Au nanoparticles at 552 nm.

The prepared films doped of ZnO doped with 5 % Au were tested as acetone
sensors at 200 ıC working temperature.

The film shows a fast and linear response to acetone concentration in the range
100–1600 ppm (Fig. 15.11), at higher concentrations the signal is reducing probably
due to saturation.
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Fig. 15.10 XRD and transmition spectra of ZnO doped with Au

Fig. 15.11 The response of ZnO-5 % Au to different acetone concentrations

We prepare also ZnO films doped with 3 % Au and tested them as H2 sensors
for concentrations of H2 in air above 40,000 ppm which is the low explosion limit
(LEL)5. For this application is very important for the sensor to give a clear signal at
low temperature for security reason (to avoid explosion by its hot surface).

The films show a strong response to concentrations range from 47,000 ppm up
to 286,000 ppm and at temperatures down to 137 ıC (Fig. 15.12). Although the
signal is very strong the response time is getting bigger by lowering the temperature
and at 137 ıC is up to 30 min. Experiments with ZnO films prepared by the same
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Fig. 15.12 The response of ZnO-3 % Au to different H2 concentrations

method but without the addition of Au gave no signal or small signal with the same
concentrations of acetone and H2 at the same temperature.

15.4 Conclusions

The experimental results showed that in all cases the presence of Au nanoparticles
improved the sensitivity of the sensor significantly at low temperatures. In the
case of CuxO there is no selectivity between CH4 and CO, but the addition of Au
nanoparticles although improves the sensitivity for both gases the sensitivity for CO
is seven times bigger than that of CH4. The experiments will be continued with lower
concentrations of the analytes, investigating parameters such as the concentration
and the type of noble metals.
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Chapter 16
Iono-Electronic Interface Based on Innovative
Low Temperature Zeolite Coated NMOS
(Circuits) for Bio-nanosensor Manufacture

A.S. Fiorillo, S.A. Pullano, R. Tiriolo, and J.D. Vinko

Abstract Nanoporous thin layer of Zeolite was deposited on Silicon wafers by
using a technique fully compatible with standard integrated circuit manufacture.
Differently from previous attempts of Zeolite layer growth or sieve micro-membrane
fabrication in situ by calcination, the proposed technique is performed at low
temperature by mixing the nanoporous material with selected vegetable oils, having
high iodine value, and spin coating on different substrates, including also NMOS
circuits. Various tests have been carried out on urea molecules and miRNA
trapping, confirming the suitability of using Zeolite as iono-electronic interface in
biochemical or biophysical to electrical energy transduction processes.

16.1 Introduction

The purpose of our work is to directly transduce biological signals into electrical
signals by using a layer of nanoporous material, such as synthetic zeolite deposited
on a MOSFET gate, in order to interface bio-systems to microelectronic circuits
integrated on Si wafers. In this article, we describe methods, measurements,
and results of synthetic zeolite spin-coating onto silicon wafers which include
integrated field-effect transistors (FET), with the aim of investigating the feasibility
of fabricating low noise iono-electronic microsystems in order to not only acquire
and process in situ biochemical signals, but also to measure physico-chemical
parameters involved in matter conversion.

One of the most important properties of zeolite is the capability to exchange
ions and trap molecules, compatibly with dimensions of porosity [1, 3], what
means in other words, to change its electrical state modifying the electric field,
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which modulates the FET channel, when deposited on the gate of an N channel
metal–oxide–semiconductor (NMOS) circuit. On the basis of this assumption we
investigated a simple and effective low temperature technique to deposit a thin
layer of zeolite, compatible with standard Integrated Circuits (IC) technology.
Zeolite powders, with different degree of porosity, were first spun at relatively
low temperature on silicon wafer in order to fabricate the iono-electronic interface.
Afterwards the thin nanoporous layer was activated both in O2-plasma reactor [5]
and under UV rays, so its chemical composition was verified with microanalysis. A
total activation of the zeolite layer was shown by ATR-IR investigation after Plasma
and UV activation of the samples. Finally, various attempt where performed in order
to test its trapping capabilities with respect to water, urea, miRNA, and Rhodamine
B molecules [14].

16.2 Materials and Methods

Zeolite (from Greek: “zeo” means to boil and “lithos” means stone) is a nanoporous
crystalline material with excellent mechanical properties and a modulus of elasticity
equal to 35 GPa. It has a low dielectric constant (k D 2:7), good heat conductivity,
variable hydrophilicity/hydrophobicity, protein and enzyme supporting capacities
[13, 17]. This nanoporous crystalline material contains exchangeable cations of
group IA and IIA such as sodium, potassium, magnesium and calcium, expressed as

M2=nO � Al2O3 � xSiO2 � yH2O: (16.1)

In the basic formula (16.1), M is a metal cation of n valence, which compensates the
excess of negative charge from the AlO4 tetrahedra. Nanoporous are related to SiO4

and AlO4 tetrahedra, joined by shared oxygen atoms [18]. Thanks to its molecular
structure it has been largely used as excellent molecular sieve [16] and catalyst in
chemical reactions [6]. Porous dimensions range from 3 Å, in zeolite type 3A, up to
more than 20 Å, in aluminophosphate as zeolite type AlPO.

16.2.1 Zeolite 3A

In our first experiment we used zeolite 3A, arising by LTA framework zeolite type
that is able to absorb molecules smaller than 3 Å. This is a potassium form of
alumino-silicate which structure is shown in Fig. 16.1.

Its chemical formula is

K12Œ.AlO2/12.SiO2/12� � 27H2O: (16.2)
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Fig. 16.1 Zeolite 3A LTA
framework type view along
[100] axis

Table 16.1 Physico-chemical parameters of vegetable oils

Density Viscosity Smoke Flash Iodine
Oil (kg/m3) 35 ıC (cSt) point (ıC) point (ıC) value References

Sunflower 914 31 232 274 145 [15]

Soybean 914 33 232 254 143 [15]

Corn 910 35 232 277 128 [15]

Peanut 903 40 232 271 100 [15]

Castor 955 251 200 – 86 [15]

The zeolite powder was deposited on a silicon wafer by spin coating process.
Differently from usual zeolite suspension [20], it was mixed with different vegetable
oil in different percentages w/w (grain dimensions ranged from several hundred
nm to 3�m approximately, with a porosity of 2/3 Å). Being formed before mixing
with oils, no calcination process is necessary (standard temperature for calcination
process exceeds 450 ıC, which is not compatible with integrated circuits). Zeolite
3A was mixed respectively with sunflower, soybean, corn, peanut, and castor oil
which physico-chemical parameters as density, viscosity, smoke point, iodine value
etc. are reported in Table 16.1. Best mixture in terms of spinning process complexity
and repeatability was 50 % w/w, 10 g of powder plus 10 g of vegetable oil.

Experiments were carried out on 2-in (1 1 1) p-type silicon wafers, with a
resistivity of 20	�cm. In order to eliminate superficial impurities and electrical
charges, which could be trapped in the nanoporous layer modifying the electrical
state at the interface, the silicon substrates were shaken with isopropyl alcohol for
15 s, then dried under a stream of N2 gas, rinsed in deionized water, and, again, dried
under N2 gas.
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After cleaning, the mixtures of zeolite 3A and the various oils (a mole ratio of
40–60 zeolite 3A and 60–40 oil, respectively) were spun onto the silicon substrate
for different time (30–60 s) and at different speeds (3000–5000 rpm/min), and then
heated, for 16 h, in a furnace at 120 ıC, a temperature which is normally well
supported by integrated circuits with medium-high performances. The samples were
then left in the furnace cooling to room temperature. The so cooked oil exhibits a
supporting matrix for the nanoporous grains in contact with the silicon substrate.
A lower oil viscosity allows the deposition of more uniform and thinner layers,
while higher iodine values allow the best crosslinking and favor the curing process
of the zeolite mixture at lower temperatures. Table 16.1 shows the most important
physico-chemical parameters of tested vegetable oils.

Best results in creating a thinner layer at the lowest curing temperature were
obtained by mixing zeolite 3A with sunflower oil or soybean oil, which have the
higher iodine value and the lower viscosity.

16.2.2 Zeolite 13X

In the second experiment we used zeolite 13X (courteously furnished, as well as
zeolite 3A, by the UOP-Honeywell plant in Reggio Calabria, Italy) which porosity
dimension is more than 4 Å, more than that of zeolite 3A, and the ratio Si/Al ranges
between 1 and 1.5 (while is equal to 1 in zeolite 3A). Its chemical formula is given
in (16.3)

.Na86Œ.AlO2/86.SiO2/106� � 264H2O/: (16.3)

and its molecular structure, FAU framework type class, is shown in Fig. 16.2.

Fig. 16.2 Zeolite 13X FAU
framework type view along
[111] axis
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Nanoporous layers on silicon wafers were deposited according to the same
procedure as for zeolite 3A previously described, and best results were related to
oils with higher iodine value and the lower viscosity, sunflower oil and soybean oil
also in this experiment as well.

The final layer of zeolite, both 13X or 3A, on the silicon substrate exhibits
excellent mechanical strength, good degree of adhesion, and good resistance to
scratches. Reducing the curing temperature relatively to the degree of cross-linking
and the number of double bonds of the selected oil, makes the process fully
compatible with integrated circuit technology. Microanalysis performed shown that
the spectrum of the chemical composition, was in accordance with that of standard
zeolite 3A or 13X except for the presence of carbon atoms produced during the
heating process of oils. Thicknesses, measured with a profilometer VEECO model
“Dektak 6M”, are in the order of 5–8�m with a mean roughness of about or less
than 1�m [7].

16.3 The Iono-Electronic Interface

The same procedure was repeated on top of the gate of a silicon integrated NMOS-
FET circuits. Although we don’t have yet an evidence of the direct acquisition
of signals originated by biochemical species entrapped in the zeolite framework,
through on silicon microcircuits coupled with the iono-electronic interface, we
believe that the drain current of MOSFET amplifiers can be modulated by the
change of the electrical state of the nanoporous interface as a consequence of the
entrapped species. In other words, the electrical field NE acting in the direction
orthogonal to the gate of the MOS is modified according to bioenergy transduction
phenomena occurring in the zeolite interface, as shown in Fig. 16.3. After spin-
deposition the zeolite layer was activated (removal of organic templates and

Fig. 16.3 Cross section of the proposed NMOS circuit coupled with the zeolite layer on the gate
electrode
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Fig. 16.4 I-V characteristics of the NMOS experiment vs Gate-source voltage after annealing and
activation steps of the zeolite layer at 120 ıC for two different samples; continuous line before and
dotted line after low temperature curing process

molecules) at 120 ıC in an O2-plasma reactor (STS Multiplex, an inductively
coupled plasma system), at a pressure of 350 Pa, after evacuation in a vacuum for
several minutes [20].

Activation was verified by hygrometric characterization (in a dry environment
at a pressure of 13 Pa for 10 h, first, and subsequently exposed to air with 75 %
humidity to absorb water molecules). It results in an increase in the weight of the
zeolite layer (16 % total zeolite measured with a micro balance PCEABZ 200C)
according to the material specification provided by the producer [5].

As shown in Fig. 16.4, the annealing and activation steps of the nanoporous
layer deposited on top of the gate electrode, carried out at 120 ıC, doesn’t modify
the electrical characteristic of the NMOS, particularly the threshold voltage Vt. In
order to increase the surface of the iono-elctronic interface, an extended gatewas
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Fig. 16.5 Design of the
extended gate MOSFET
device with thin zeolite layer
deposited on the top and its
cross section

Fig. 16.6 Zeolite 3A grains spun onto the surface of the p-silicon wafer

used [10]. The cross section of the circuit along the w (channel width) is shown in
Fig. 16.5.

In Fig. 16.5 a picture of the interface is shown including the top view of the
zeolite layer spun onto the extended gate (1 
 2mm) of the NMOS transistor.
Low temperature deposition of thin zeolite 3A and 13X layers carried out for the
characterization of biomolecules absorption are shown in Figs. 16.6, 16.7, 16.8
and 16.9.



208 A.S. Fiorillo et al.

Fig. 16.7 Magnification of the Zeolite grains, spun onto the surface of the p-silicon wafer,
obtained at 15 kV, with a current of 0.15 nA

Fig. 16.8 Zeolite 13X grains spun onto the surface of the p-silicon wafer



16 Iono-Electronic Interface 209

Fig. 16.9 Magnification of the Zeolite grains, spun onto the surface of the p-silicon wafer,
obtained at 10 kV, with a current of 0.10 pA

Table 16.2 Urea molecule
characteristics

Form Powder

Chemical formula CH4N2O

Molecular weight 60.06 g/mol

Solubility 1 g per 10 ml of water

16.4 Biomolecules Absorption and Interface
Characterization

The absorption of different biomolecules as urea and miRNA, and their interaction
with the zeolite framework was investigated using different techniques, based
mainly on FT-IR [2, 8, 12].

16.4.1 Urea Molecules Trapping and Characterization

Urea FT-IR spectroscopy was performed with an infrared spectrometer NICOLET
6700, Thermo Scientific. Urea (purchased from Sigma Aldrich) main characteristics
are reported in Table 16.2.

The urea solution (2 g powder plus 20 ml of deionized water) was placed on the
surface of the 11�m zeolite layer. After the urea deposition, the sample was washed
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Fig. 16.10 Comparison between IR spectra of pure zeolite (a), deposited urea on zeolite layer (b)
and Sigma Aldrich urea (c)

with isopropyl alcohol and then dried with N2, in order to remove the excess of urea
from the sample. In order to verify the entrapment of Urea molecules into zeolite
pores FT-IR analysis were performed on the zeolite coating the silicon wafer. FT-
IR spectrum shows the characteristic functional groups and vibration frequencies
of urea molecules and their interaction with the zeolite framework. In Fig. 16.10
that spectrum was compared with the standard urea spectrum [15] and the pure
zeolite [9]. The zeolite spectrum shows a strong absorption centered at 1019 cm�1

that represents at least five vibrational modes of asymmetric stretching of the
orthosilicate group in accordance with a previous paper already reported in literature
[11]. A comparison between the two urea spectra highlights a significant difference
in two peaks around 3000 and 2880 cm�1, which correspond to the soybean oil
of the deposited mixture. In particular they refer to the symmetric CH2 stretching
and the asymmetric CH3 and CH2 stretching [4]. The Urea spectra show a band
characterized by three peaks in the higher frequency regions, a main peak centered
at 3450 cm�1 with a shoulder component at 3570 cm�1 and a sharp component at
3331 cm�1.

The higher frequency peaks correspond respectively to the h-bonded and free
asymmetric stretching modes of the NH2 group, while the lower frequency peak
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corresponds to its symmetric stretching mode. Two bands of medium intensity are
observable, the first at 1669 cm�1 which represents the C=O stretching mode and the
second with two peaks, at 1637 and 1614 cm�1, representing respectively the NH2

in-plane and out-plane bending mode. Another band of medium intensity appears at
1459 cm�1 which is attributed to the asymmetric stretching mode of N–C–N group
of urea. The peak at 1149 cm�1 represents the NH2 rocking mode while the low
intensity shoulders at lower frequencies correspond to the symmetric stretching of
the N–C–N group [4].

16.4.2 Small Nucleic Acids Trapping and Characterization

The interaction between small nucleic acids and synthetic nanoporous zeolite with
the aim of fabricating biosensors for cancer detection has been investigated. Several
studies underline the fact that circulating small nucleic acids, such as miRNAs, are
directly involved in many physiological and pathological processes, particularly in
processes of cancer initiation and progression [19].

The absorption of single-strand DNA molecules was studied through FT-IR spec-
troscopy. In the experiment, 5�l of solution of single-strand DNA, characterized by
22 nucleotides (100 pmol/�l)

TCTCACTCCCTTCCCAGATA (16.4)

was deposited through a tube onto the zeolite layer, washed in deionized water
and then examined by IR spectroscopy. Infrared analysis reveals that characteristic
infrared oligonucleotides peaks such as 1160 and 832 cm�1 appear in the zeolite
infrared spectrum after their deposition. The absorption site peaks of the zeolite
framework are observed to be shifted in frequency of about 10 cm�1 due to the
electrostatic- and Van Der Waals-interaction between the zeolite pores and the
absorbed small nucleic acids as shown in the IR spectrum of Fig. 16.11.

The nanoporous characteristics of zeolite coupled with silicon wafer the depo-
sition process of a thin-layer compatible with IC technology stand out as a
promising, non-invasive device integrated onto a silicon wafer for use in small-scale
biomolecule detection and could be implemented in biomedical engineering as an
early diagnostic tool.

16.4.3 Zeolite 13X for Rhodamine B Entrapping

During the development of new devices such as silicon integrated sensors but even
more specifically, drug-delivery systems, it was demonstrated that when zeolite
structures are used as carriers encapsulating different anticancer agents, their basal
potency is increased due to the cumulative effect of drug compound and carrier.
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Fig. 16.11 Comparison between IR spectra of zeolite layer deposited on silicon wafer (a), and
small nucleic acids after deposition on zeolite layer (b, c). Pure oligonucleotides spectra deposited
on silicon wafer (d)

Rhodamine molecules were loaded into zeolite pores, following an experimental
procedure present in literature [19]. It is a fluorescent material that emits electro-
magnetic waves in the wavelength of 544 nm. Referring to our integrated device we
believe that fluorescence can also be detected by NMOS circuits The conjugation
and absorption of Rhodamine B molecules into zeolite pores were investigated
by FT-IR spectroscopy. The zeolite and Rhodamine B powder were individually
investigated to compare their spectra with that of conjugated samples. The results
showed that some Rhodamine characteristic peak appears in the zeolite absorption
region infrared spectra, as showed in Fig. 16.12.

Referring to previous experiments on zeolite carriers for anticancer agents, we
demonstrated the existence of a peculiar bimodal effect of low-dosages of zeolite
nanoparticles that could be useful in designing drug-delivery systems. In fact, taking
advantage of the nuclear localization of the zeolite nanoparticles and the fact that
at low dosages there is relatively little genotoxic damage, the nanoparticles can be
considered good carriers for the improvement of pharmacodynamics and the kinetic
of cytotoxic agents which act at the nuclear level.
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Fig. 16.12 Infrared spectra of Rhodamine (red), of PZNs (blue) and of a solution of Rho-PZN
conjugation (black)

16.5 Conclusion

In this paper a method for the deposition of thin zeolite layer has been presented
with emphasis on zeolite 3A and 13X. Different mixtures were chosen among
those having the necessarily higher number of double bonds of the selected oil
in order to reduce the curing temperature. Best results were obtained by mixing
zeolite with soybean oil in a repeatable process performed at 120 ıC. Absorption
analysis were performed on the thin layer of zeolite following urea, miRNA and
Rhodamine solution deposition by means of by the FT-IR spectroscopy. In all cases
the nanoporous layer showed the capacity to easily entrap biological molecules in a
way similar to pure zeolite powder. NMOS characterization allow us to establish a
process, fully compatible with IC technology aimed at fabricating integrated sensors
on silicon wafers capable of interacting with biomolecules.
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Chapter 17
SQUID Detectors for Non-destructive
Evaluation in Industry

W. Nawrocki

Abstract This review paper describes DC-SQUID detectors and SQUID
measurement systems used for non-destructive evaluation of materials. Extremely
sensitive detectors of magnetic flux, SQUIDs can be used as preamplifiers in setups
for measuring many physical quantities. DC-SQUIDs have better energy resolution
" and lower noise level ˚r than RF-SQUIDs. Both parameters are discussed in this
paper. The best DC-SQUIDs have an energy resolution as good as 0.5h (where h
is Planck’s constant). SQUID measurement systems are used not only for material
testing and inspection in industry but also in biomagnetic studies (especially in
medicine), in geology, military tasks, thermometry and many other fields.

17.1 Introduction

Superconducting quantum interference devices (SQUIDs) are extremely sensitive
detectors of magnetic flux. They can be used as preamplifiers in setups for
measuring a variety of physical quantities that can be converted to magnetic flux,
e.g., magnetic induction, magnetic field gradient, magnetic susceptibility, voltage,
electric current or temperature. The operation of a SQUID is based on two physical
phenomena: the Josephson effect (Josephson tunneling) and magnetic flux quantiza-
tion in a superconducting magnetic loop. There are two kinds of SQUIDs: the direct
current-biased DC-SQUID, and the RF-SQUID biased by a radio-frequency signal
of a frequency between 100 kHz and 3 GHz. The DC-SQUID has two Josephson
junctions (JJ) connected in a superconducting ring. The RF-SQUID contains one JJ
in a ring.

SQUIDs are made of superconducting materials with a low critical temperature
(LTc), typically niobium, or of high critical temperature (HTc) superconductors,
usually CuO-based ceramics (e.g. YBaCu3O7). LTc SQUIDs are cooled by liquid
helium at 4.2 K, and HTc SQUIDs by liquid nitrogen at 77 K.
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DC-SQUIDs have better energy resolution " and lower noise level ˚r than RF-
SQUIDs. Therefore only DC-SQUIDs and measurement systems based on them are
discussed in this paper.

17.2 Operation of DC-SQUID Detector and Measurement
Setup

Let us consider a DC-SQUID (Fig. 17.1, right) with two identical Josephson
junctions with a critical current IcrJ . An input current I flows though the detector.
The critical current Ic of the DC-SQUID, or the maximum current that ensures the
superconductivity of the junctions, is described by the formula (17.1) [1].

Ic D 2IcrJ

ˇ̌
ˇ̌cos �

�
n �

˚e

˚0

�ˇ̌
ˇ̌ : (17.1)

where Ic is the critical current of the DC-SQUID, IcrJ is the critical current of each
Josephson junction,˚0 is the magnetic flux quantum:˚0 D e=2h Š 2:07
10�15 Vs
(e denotes the charge of the electron and h is Planck’s constant), ˚e is the external
magnetic flux applied to the detector, and n is a natural number: n D 0, 1, 2, : : : .

The general dependence that does not require the fulfillment of this condition is
plotted in Fig. 17.2a. Figure 17.2b shows the critical current of a DC-SQUID versus
the applied external magnetic flux for LIcrJ 	 ˚0, where L is the self-inductance of
the DC-SQUID.

Figure 17.3 shows the current-voltage (I–V) characteristic of a DC-SQUID,
contained between the curve starting from I D Ic max, for the flux ˚e D n˚0, and the
curve starting from I D Ic min, corresponding to ˚e D .n C 1=2/˚0.

For superconducting state: 4.2 K for LTc or 77 k for HTc

rf-SQUID dc-SQUID
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Fig. 17.1 Schematic of an RF-SQUID and a DC-SQUID
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Fig. 17.2 Critical current of a DC-SQUID versus applied magnetic flux: (a) general case; (b) for
the case when LIcrJ 	 ˚0

Fig. 17.3 Current-voltage
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The bias current I0 of a DC-SQUID is a direct current exceeding the maximum
critical current Ic max. When the applied magnetic flux changes from n˚0 to .n C

1=2/˚0, i.e. by 0.5˚0, the voltage at the detector decreases by �V . In the currently
manufactured DC-SQUIDs the value of �V ranges from 20 to 100�V, which
corresponds to a flux to voltage conversion coefficient

k˚ D �V=0:5˚0 D .20�100/ �V=.0:5
2:07
10�15 Vs/ Š .2�10/
1010 Hz:

Figure 17.4 presents a block diagram of a measurement system with a DC-
SQUID. Since the DC-SQUID is a detector of magnetic flux a measurement setup
with a plain DC-SQUID (without input coil) will be a quantum magnetometer.
The system depicted in Fig. 17.4 allows for high-sensitivity measurements of any
physical quantity that can be converted to electric current in the input coil.

In real measurement setups SQUIDs are very carefully screened from the exter-
nal magnetic field, since the Earth’s magnetic field, as well as the field generated by
electric devices such as electric motors, transformers or power lines, will interfere
strongly with an unshielded SQUID (see Fig. 17.5) to make the measurement
practically impossible. Interference is prevented by a superconducting shielding,
typically of lead or niobium. Due to the perfect diamagnetism of superconductors
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Fig. 17.5 Magnetic induction generated by the Earth, technical devices and parts of the human
body

the external field is repulsed from the superconducting shielding. As a result the
shielded detector is only exposed to the magnetic flux generated by the current Ix in
the input coil.

Measuring the signal Ix at the terminals of the input coil, the system operates
in a magnetic feedback loop with magnetic flux modulation [1]. The direct current
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source provides the bias current to the DC-SQUID. The total magnetic flux acting
on the magnetic field sensor includes:

• the magnetic flux ˚x from the input coil Li to which the signal is brought,
• the negative feedback flux˚f induced by the modulation coil Lf and proportional

to the modulated signal generated by the modulation signal generator.

The alternating voltage generated at the terminals of the detector is amplified
by the preamplifier. After the phase detection in the phase detector the signal is
filtered by the low-pass filter. The current in the modulation coil is proportional to
the voltage Vout at the output of the low-pass filter. The measured magnetic flux˚x is
automatically compensated by the feedback flux˚f in the measurement system. The
greater the signal Ix in the input circuit, the greater the current If in the modulation
coil generating the feedback flux. The voltage Vout at the output of the low-pass filter
is the output voltage of the whole measurement system.

The system allows to measure the current Ix or any physical quantity convertible
to current in the input coil. The most important parameters of a SQUID measure-
ment setup include the noise level, the energy resolution, the frequency bandwidth of
the transmitted signal and the slew rate. The total noise of a SQUID system is usually
the noise level of the DC-SQUID, while the dynamic properties are determined by
the electronic units of the feedback system.

17.3 Magnetic Interference and Its Reduction

Measurements of weak magnetic fields require the reduction of the interference
caused by the magnetic field of the Earth or that generated by technical devices.
Figure 17.5 shows the level of the magnetic induction generated by different sources
against the biomagnetic field of different parts of the human body.

The magnetic field measured by a SQUID magnetometer is sensed by the
detector indirectly via a superconducting magnetic flux transformer (see Fig. 17.6).
In the measurement system shown in Fig. 17.6b the transformer is a first-order
gradiometer. The measured field (magnetic flux˚sig) only acts on the first coil of the

ANTENA
ANTENA

dc-SQUID
dc-SQUID

Li

Li

d

Fsig

Finterf

Fx

Fsig + Finterf

Fx

Iinp

Fig. 17.6 An input part of a DC-SQUID measurement system: (a) a magnetometer; (b) a first-
order gradiometer



220 W. Nawrocki

gradiometer, while the interference (magnetic flux ˚interf) acts on both coils. These
are wound in opposite directions so that the currents induced in the coils of the
gradiometer by magnetic interference have opposite directions and thus compensate
each other.

Measurements of weak magnetic signals, e.g. biomagnetic measurements, with
a SQUID setup are carried out in shielded rooms, usually with multilayer shields.
Excellent shielding is provided by the shielded room in Physikalisch-Technische
Bundesanstalt Berlin [2]. This 2:9 
 2:9 
 2:9m room has an 8-layer shield that
reduces the external electromagnetic interference with a coefficient of up to 170 dB
(the reduction coefficient is a function of the frequency of the electromagnetic field).

17.4 Noise Level and Energy Resolution of DC-SQUIDs

The power spectral density Sv of the voltage white noise at the terminals of a DC-
SQUID is described by the analytical formula found by Likharev [3]:

S� D 8kBTRb
1C 0:5.IC=I0/2

1C .IC=I0/2
: (17.2)

The power spectral density Sv of the voltage signal can be converted to the magnetic
flux power spectral density ˚2

r in the equation (17.4) below. For low noise levels the
optimal relation between the voltage change dV at the detector and the change d˚
of the flux acting on the SQUID is [3]:

dV

d˚
D

Rb

L
: (17.3)

The magnetic flux power spectral density, or the noise level of the DC-SQUID, is
expressed by the following formula obtained from (17.2) and (17.3):

˚2
r D

S�
�

dV
d˚

	2 D
S�
k2˚

D
8kBTL2

Rb

1C 0:5.IC=I0/2

1C .IC=I0/
2
; (17.4)

where ˚r is the noise level of the DC-SQUID, " is its energy resolution, L its self-
inductance, IC its critical current, I0 its bias current, Rb its shunt resistance, and T is
the temperature.

The magnetic noise ˚r of a DC-SQUID is the thermal noise generated by shunt
resistors Rb. A shunt resistor Rb is connected to each Josephson junction to prevent
the hysteresis of its I–V characteristic. By the formula (17.2) obtained by Likharev
[3] the noise level depends on the temperature, the parameters (inductance L
and shunt resistance Rb) of the detector, and the bias current I0. The noise
level of the best DC-SQUIDs (LTc SQUIDs cooled by liquid helium) is of the
order of 10�7˚0 Hz�1=2; commercial detectors have a noise level of the order of
10�6˚0 Hz�1=2. The noise level of HTc DC-SQUIDs is nearly 100 times higher.



17 SQUID Detectors for Non-destructive Evaluation 221

The energy resolution of a SQUID detector is the lowest amount of energy it
can detect. This parameter allows to compare the sensitivity of detectors of different
physical quantities, e.g. the sensitivity of a DC-SQUID with that of a photodetector.
The energy resolution " of a DC-SQUID detector is described by the formula:

" D
˚2

r

2k2i
D
4kBTL2

k2i Rb

1C 0:5
I2c
I20

1C
I2c
I20

(17.5)

The formula (17.5) implies conditions to be fulfilled for the DC-SQUID to have a
good resolution. The operating temperature of the SQUID is often fixed. Typically,
the operating temperature is 4.2 K (the temperature of liquid helium) for LTc
SQUIDs and 77 K (the temperature of liquid nitrogen) for HTc SQUIDs. The
parameters required for a good energy resolution (a low value of ") of the detector
are: a low self-inductance L, a high coefficient ki of the feedback between the
inductance L of the SQUID ‘ring’ and the inductance Li of the input coil, and a high
shunt resistance Rb of the Josephson junction. The best energy resolution achieved
so far is " D 0:5h (where h is Planck’s constant) in the DC-SQUID without the input
coil [4]. The energy resolution is determined indirectly by measuring the noise level
˚r and the current sensitivity �Ii=˚0 of the DC-SQUID:

" D
1

2
Li˚

2
r

�
�Ii

˚0

�2
: (17.6)

17.5 Applications of SQUIDs for Non-destructive Evaluation
of Materials

A non-destructive evaluation (NDE) means looking for flaws (defects) in structural
parts of a mechanical construction. The second task of NDE are measurements of a
stress in beams to be tested. Sensitive SQUID systems are used for non-destructive
testing and inspection of materials if good performance and very high reliability
are required. The NDE methods are used in particular for testing and inspection of
sheets (and other construction parts) of airplanes and spacecrafts, and for testing of
construction parts of nuclear power stations and oil platforms [5].

Other methods of NDE are: using a human sight when a man is looking for a
visible defect, using an ultrasonic or X-ray inspection. We can note that X-rays
do not penetrate hard materials such as steel. Ultrasonic waves reflect not only
on the flaw but also on the separating layer of the multi-layer sheet. Therefore
such methods are not right for testing most types of materials for mechanical
constructions mentioned above. In contrast to the NDE – a destructive evaluation
means applying to the structural part such a great force that this part would be
destroyed.
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Fig. 17.7 Application of SQUID systems for NDE: (a) looking for inhomogeneous magnetic field
in the multi-layer sheets; (b) measurements of mechanical stress in the construction beam

A setup for testing two-layer metallic sheets is shown in Fig. 17.7a (in
general – for testing of multi-layer sheets). Current flow in a sheet without defects
induces a homogeneous magnetic field over the entire surface of the plate. Scanning
the magnetic field over the surface of the plate is carried out in order to detect
places where the magnetic field is inhomogeneous. In such places, the material may
be defective. This method can be applied for testing of sheets made of conducting
materials, e.g. steel, titanium or copper plates.

Figure 17.7b illustrates a method for measuring strain in a tested beam. The
magnetic field strength above-mentioned beam depends on the mechanical stress.
In particular, using this method it is possible to detect the barrier between the stress
causing elastic deformation and stress causing plastic deformation.

Advantages of non-destructive evaluation with SQUID are:

1. High sensitivity (B in order 10�100 fT/Hz1=2),
2. Wide frequency band: from DC to about 10 kHz,
3. Quantitative evaluation.

High-temperature SQUID, operated at 77 K and cooled with liquid nitrogen, are
used for NDE applications in industry. For measurements with high resolution (in
x-y axis) of nanometers – nano-SQUID detectors can applied [6].

17.6 Other Applications of SQUIDs

Other fields of application of SQUIDs include [7, 8]:

• Medicine: magnetocardiography (MCG), magnetoencephalography (MEG) (see
Fig. 17.8), magnetoneurography [9], magnetic markers, nuclear magnetic reso-
nance (NMR) [10];

• Sensitive instruments for physics: NMR, noise thermometer [11];
• Tests of general relativity: the geodetic effect (gravity waves, curved space-

time due to the presence of the Earth); gyroscopes (a spinning niobium-coated
sapphire sphere develops a magnetic dipole moment that can be sensed by a
SQUID);
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• Geology: searching for mineral deposits [12];
• Military: monitoring of the coast in search of underwater bombs and

submarines [13].

DC-SQUID detectors and measurement systems are the most widely used
in biomedical studies. It is estimated that more than a half of the fabricated
DC-SQUIDs are installed in magnetocardiographs and magnetoencephalographs
(Fig. 17.7). DC-SQUIDs are also used for increasing the sensitivity of nuclear
magnetic resonance (NMR) measurement systems used in medicine [6] and other
fields. Another field of application of SQUID systems is non-destructive evaluation
(NDE) of materials, mainly for testing sheets for aircraft and spacecraft siding.
Complementary to ultrasonic testing, NDE tests performed with a SQUID system
consist in measuring the distribution of the magnetic induction over the tested sheet
(Fig. 17.8). If a defect occurs in the material the magnetic field is non-homogeneous,
which allows the detection of the defect by a SQUID magnetometer.

Dc-SQUID measurement systems are also used for measuring weak electric
signals. Figure 17.9a shows a DC-SQUID measurement setup used for measuring
the resistor thermal noise current; the measurement data are presented in [14].
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The mean square of the noise current is given by the Nyquist formula:

OI2x D
4kB�fT

R
: (17.7)

Figure 17.9b presents the thermal noise of 120�	 to 1 m	 resistors over a
bandwidth of �f D 100Hz measured at a temperature of 4.2 K. The noise
level of the DC-SQUID system is 100 pA. The depicted measurement setup was
subsequently used as a noise thermometer.

As a part of the cryogenic current comparator (CCC), the DC-SQUID is used
for comparative measurements between the quantum Hall effect resistance and the
resistance of the resistor under study [15].

17.7 Conclusions

SQUID detectors allow the measurement of weak electric and magnetic signals that
cannot be measured by other methods. The high sensitivity of SQUIDs, however,
implies the requirement of very effective shielding of the measurement system.
SQUIDs are used in many fields, mainly in biomedical measurements. Still, the
use of SQUID detectors and measurement systems is limited by their high price.
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Chapter 18
Morphological Features of Nanostructured
Sensor for X-Ray and Optical Imaging, Based
on Nonideal Heterojunction

Ie. Brytavskyi, V. Smyntyna, and V. Borschak

Abstract A novel nanostructured sensor for X-ray and optical images obtaining is
developed on the basis of nonideal heterojunction CdS-Cu2S. Microscopy studies
have been conducted to determine the optimum method of sensor manufacturing.
The analysis of the original data set with microscopic image comparison of
polycrystalline films on different technological parameters showed that the most
homogeneous surface structure presents on samples, which CdS layer is obtained by
vacuum thermal evaporation of CdS layer. This finding is consistent with results of
current-voltage characteristics analysis, which showed the presence of high quality
CdS-Cu2S heterostructure, obtained by mentioned base layer forming methodics.

18.1 Introduction

The polycrystalline films containing Cu2S-CdS heterostructure formed by dry
deposition method [1] have been investigated in this work. The heterostructures
were formed by employing a substitution technique where the nanolayer of copper
sulfide is formed directly on the substrate layer of CdS during heat treatment using a
pre-printed cuprous chloride film, formed by vacuum evaporation. This technology
is promising due to low cost, easy processibility, and the possibility to fabricate large
area films with satisfactory structural quality [2].

However, such a heterojunction consisting of p-type Cu2S and n-type CdS is a
rather complicated structure because of the interface between two materials with
different electron affinities, band gaps, and polycrystalline structures. The lattice
mismatch and interdiffusion of components might cause defects at or near the
interface that strongly affect the junction properties [3].

Sensor based on nonideal heterojunction CdS-Cu2S demonstrates the properties
of internal amplification and signal accumulation effect [3–5], and substantially
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increased sensitivity compared to existing analogues. Practically valuable results
towards the measuring devices and systems creation for using on new telecommu-
nication and testing methods were obtained.

Actuality of designed sensor implementing is defined by opportunity of creation
on its basis a large sensing area devices that can be used in various security systems.
Developed sensor has outstanding practical importance because it can be used for
creation new classes of nanostructured sensors based on nonideal heterojunction
which are the part of functional nanoelectronics devices.

18.1.1 Sensor Samples Obtaining

A transparent SnO2 layer with 200 nm thickness was deposited on a glass substrate
in vacuum to serve as the back electrode. The CdS layer was then deposited by
one of two used methodics: vacuum thermal evaporation [6] (VTE) of pure CdS
powder at the rate of �0.3�m/min at 200 ıC or electrohydrodynamical spraying
[7] (EHDS) at room temperature under applied voltage about 35 kV. The evaporation
time was varied from 60 to 80 min to get a CdS layer thick enough (15–26�m) and
to prevent shunting due to diffusion of copper ions, as a Cu2S layer is subsequently
formed on the top of the CdS layer. Thickness increase of the CdS layer results in
an unacceptable increase of the base region resistivity. Thickness of 20–24�m was
found to be optimal for the CdS base layer. Spraying time varied in range 3–10 min
to get a continuous layer of CdS with thickness up to 5�m.

The top layer and heterostructure were formed by a substitution reaction
technique [1] where a layer of copper sulfide is formed by reacting the base CdS
layer [3] with a subsequently deposited layer of CuCl. The samples with CuCl film
on the surface were heated at 200 ıC for 4 min in a vacuum chamber to initiate and
maintain a solid-phase substitution reaction (18.1).

CdS C 2CuCl ! Cu2S C CdCl2: (18.1)

Thickness of the Cu2S layer was controlled by varying the CuCl deposition time.
The metallic top electrode was made by evaporation technique or using pressed
needle-type contact to the surface of Cu2S layer.

18.2 Microscopic Study of CdS-Cu2S Heterostructure
Film Layers

Investigation of surface morphology of photosensitive thin film samples were
carried out using two instruments: atomic force microscope (AFM) NTEGRA Prima
NS-150 using a silicon cantilever with a 10 nm radius tip of the probe and a scanning
electron microscope (SEM) Inspect F50 with a maximum resolution of 1.0 nm at
30 kV operating potential on the cathode.
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18.2.1 Atomic Force Microscopy

Scanning of sensor samples surface occurred in static contact mode, image pro-
cessing and statistical analysis were performed using Nova 1138 and Gwyddion
software. The main goal here was to compare changes in the characteristics of the
surface morphology of investigated CdS-Cu2S thin film structures in the manu-
facturing process, including observation and analysis of changes in the structural
characteristics of the sample surface during the formation of the layer Cu2S on CdS
film.

Comparing the morphology of samples prepared by different technologies, using
methods of atomic force microscopy, was impossible due to the peculiarities of
surface structure of CdS base layer films, manufactured by electrohydrodynamic
spraying. When trying to scan these samples, the probe signal almost immediately
underwent to irreversible distortions. Further use of the probe turned out to be
impossible. In the study by electron microscope it was established the presence
of CdS microparticles, that were adhering to the probe tip and made impossible its
further operation.

For samples obtained by vacuum thermal evaporation, scanning was performed
successfully and typical distributions of surface morphology presented on Fig. 18.1.

Used AFM technique allowed the quantitative analysis of morphology on a
number of parameters such as roughness Ra (a set of surface irregularities with
small steps at the base length), waviness Wa (a set of repetitive irregularities in
which the distance between adjacent elevations or valleys exceeds the basic length),
the relative length of the profile Lr (the ratio of the length of the profile to the basic
length) and average grain size.

This enabled the comparison of thin film sample surface microgeometry before
and immediately after the formation of Cu2S layer on CdS. Thus, for the same

Fig. 18.1 AFM image of the sample surface before and after the heterojunction formation. (a) –
the surface of CdS film, obtained by VTE, (b) – the surface Cu2S layer, formed on the CdS. Scans
are in the same scale



230 Ie. Brytavskyi et al.

Fig. 18.2 Linear profiles of the surface for the base CdS layer, obtained by VTE (a) and for Cu2S
layer, formed on the surface of the same sample (b)

Table 18.1 The
morphological parameters of
the surface of CdS and Cu2S
layers

Parameter CdS Cu2S

Average roughness Ra, �m 0.050 0.027

Average waviness Wa, �m 0.364 0.193

Relative length of profile Lr, a.u. 1.018 1.003

sample the sets of linear surface profiles for CdS layer and then for later deposited
Cu2S layer were obtained. Typical morphological profiles of the samples are shown
on Fig. 18.2 (a – CdS, b – Cu2S).

The values of morphological parameters numerically obtained from the profiles
are presented in Table 18.1. It is seen that formation layer reduces the expression of
Cu2S surface microrelief, thereby the values of roughness and waviness decrease.
The relative length Lr of the profile also reduced. Considering that the actual surface
area is L2r times more, then geometric one, so the deposition of Cu2S layer reduces
the effective area of the sample in the L2r (CdS) – L2r (Cu2S) D 0.003, i.e. 3 %.
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18.2.2 Scanning Electron Microscopy

The using of scanning electron microscopy allowed making the qualitative and
quantitative comparative analysis of the surface microstructure for both types of
samples, obtained by different base layer forming technologies.

The images of surface of sensor elements obtained using methods EHDS
and VTE are shown in the same scale on the Fig. 18.3. The comparing of the
surface images for CdS (Figs. 18.3a, c) clearly shows that there is more textured
surface for EHDS samples, the granular structure of the base material is clearly
seen. It was found that the CdS film, obtained by EHDS have a polycrystalline
structure, orientation of polycrystallines is chaotic, average size of crystallites in the

Fig. 18.3 SEM image of the sample before and after heterojunction formation. (a) – the surface of
CdS film, obtained by EHDS method, (b) – the surface of Cu2S layer, formed on the EHDS CdS,
(c) – the surface of CdS film, obtained by VTE method, (d) – the surface of Cu2S layer, formed on
the VTE CdS. Zomming rate – 10,000x
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Fig. 18.4 SEM image of CdS film surface, obtained by EHDS method: (a) – 1000x zoom
(b) – 5000x zoom. Measured linear dimensions of observed microparticles are marked

measurements on the SEM scan was 0.8�m. The surface of VTE samples shows
opposite – the relative homogeneity and less expressed relief.

Repeated scan series of sensor samples were made after forming the copper
sulfide film on CdS layer by a substitution reaction in the solid phase. Both types of
heterojunction samples, EHDS (Fig. 18.3b) and VTE (Fig. 18.3d) were investigated.
This made it possible to compare the morphology of the surface as before and
after the formation of the upper layer Cu2S, and as between technological types
of samples.

The splitting of Cu2S layer surface to separate flakes about 5�m2 was observed
for VTE samples (Fig. 18.3d) such features were not observed on the surface of
EHDS samples (Fig. 18.3b).

SEM studies revealed the presence of particles on the surface that prevent the
use of AFM techniques for scanning EHDS samples (Fig. 18.4a). The size of these
particles ranged from 1 to 8�m (Fig. 18.4b). They can easily separate from the
surface of CdS by passing of AFM probe tip and stick on it, and that process make
it impossible to use atomic force microscopy techniques for this type of samples.
The formation of these particles is likely due to the presence of very large drops in
the spray flare. When passing the reaction (18.1) the crystalline conglomerates on
the substrate are formed of these droplets, and they are observed in SEM images as
close to spherical shape particles on the surface of the sample.

A separate important task using microscopic methods was to study not only the
surface but also the bulk characteristics of CdS-Cu2S sensor heterostructures. For
this part of the samples was taken away from the set to the cleavage procedure:
cutting of the glass substrate and subsequent breakage by the incision line. In
the majority of cases obtained cut was strictly perpendicular to the plane of the
substrate glass plate on the side, where the heterojunction layers were deposited.
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Fig. 18.5 SEM image of thin film heterojunction cross-section: general view at 5000x zoom (a),
the surface region with Cu2S layer (b) and contact area with SnO2 layer on a glass substrate (c) at
30,000x zoom

The control of perpendicular matching of the cut line of the surface was held in
electron microscope camera using a mobile holder, which allowed to make sample
scanning from any side.

General view of CdS-Cu2S nanoheterostructure cross-section with the base layer
obtained by VTE is shown on Fig. 18.5. For this type of samples the columnar
structure of crystals location in cadmium sulfide was revealed, which is consistent
with the model of diffusion of copper to base layer by deep intercrystalline
layers [1].

The precise measurements of geometric parameters of sensor samples, such as
the thickness of the layers of the heterostructure, were obtained. The equipment
allowed to carry out measurements directly on the sample in the scan mode.
Zooming up to 30,000 times made it possible to distinguish tin oxide contact layer
(Fig 18.5c). The thickness of SnO2 for all samples was identical and uniform within
200 ˙ 20 nm (Fig. 18.6). Thickness of base layers CdS obtained by VTE method
was in range 15–25�m (Fig. 18.5a) for EHDS method – 1–4�m (Fig. 18.4b). These
data correspond well to the results of previous indirect measurements [8] of the
thickness of the base layer (interferometry, chemical etching, film transparency
measuring), but unlike them, method used in this work is a source of direct and
most accurate values of the thickness of the layers CdS and Cu2S (actual accuracy
to 3 nm is limited by resolution of the device).

SEM cross-section image of EHDS base layer is presented on Fig. 18.7. CdS
layer thickness is about 3�m. However, in this case, the columnar structure of
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Fig. 18.6 SEM image of
contact area cut with CdS
base layer on glass substrate
at 100,000x zoom. The arrow
indicates the measured
thickness of SnO2 contact
layer

Fig. 18.7 SEM image of cross-section of sample formed by EHDS technology at 5000x zoom

crystallites was not observed. Instead, visible grains location disorder, significant
surface roughness and thickness variation comparable to the value of layer thickness
were evident.

According to obtained linear measurements the characteristic curve of layer
thickness dependence on film deposition time for VTE technology was built
(Fig. 18.8). The difference between previously obtained and a new curve is due
to insufficient precision of previous indirect measurement techniques [8] (elec-
trochemical etching and CdS film optical transparency). A new curve shows also
previously unmarked shift from linear dependence h .tdep/ to sublinear for larger
time values. Thus, a decrease in growth rate of the film over time in the later stages
of the CdS layer forming is observed, which can be explained by a decrease in the
intensity of source material evaporation in a vacuum chamber.
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Fig. 18.8 The dependence of
thickness (h) of CdS film on
time .tdep/ of its deposition by
VTE method. Thickness
values calculated from
experimental measurements
of transparency coefficient
(stars, dotted line) and
measured directly on the
SEM image of sectioned
sample (circles, solid line)

Fig. 18.9 SEM image of heteojunction surface area cross-section with 30,000x zooming (a) and
with 20,000x zooming (b). The arrows indicate measured thickness of Cu2S layer

The big difference between the values of conductivity of layers CdS and Cu2S,
and therefore between the intensity of electron scattering of scanning beam, allowed
to observe copper sulfide layer directly formed by substitution reaction on the
surface of CdS (Fig. 18.5b). Thus, the opportunity was used to receive the original
results for investigated structures concerning the distribution of thickness h1 of
the light-absorbing upper layer Cu2S. Thus, a detailed scan revealed a significant
heterogeneity in thickness of copper sulfide film, as shown in Fig. 18.9. Measured
range in thickness was 0.3–2�m with an average 0.75�m. Considering that most of
the long-wavelength light is absorbed by a copper sulfide film, we can speak about
significant local inhomogeneities in the intensity of light absorption in Cu2S caused
by varying of layer thickness.

Additional scanning of CdS layer cross-section revealed the presence of surface
cracks with depth h2 up to 1.5�m (Fig. 18.10). These cracks can play the role of
effective channels for Cu2S layer thickening with subsequent diffusion of copper
atoms deep into CdS film. Filling the cracks by copper sulfide, that is formed during
the substitution reaction, changes the sensor surface roughness that was observed
during the study of samples microrelief by AFM. Typical local increase in Cu2S
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Fig. 18.10 SEM image the surface area cross-section of the base layer CdS, obtained by VTE,
with 50,000x (a) and 100,000x (b) zooming. The arrows indicate measured depth of detected
intercrystalline cracks

thickness was in rage of 1.5–2�m (Fig. 18.10b), which is completely consistent
with the possibility of its formation due to surface cracks in CdS.

Thus, in the use of VTE method of CdS base layer obtaining with subsequent
substitution reaction to create a surface Cu2S layer a “vertical” heterojunction is
formed, when copper sulfide layer gets deeper in the base region due to the presence
of surface cracks. This increases the heterojunction effective area and therefore leads
to increasing of short circuit current and efficiency of photoconversion sensor.

According to obtained SEM microscopy results the model of surface microstruc-
ture of studied heterostructure was developed ant its visualization is given on
Fig. 18.11, which shows an expected technological thickness h1of Cu2S layer and
thickness irregularities caused by cracks in the surface layer of CdS with depth h2.

The presence of cracks with 2�m depth in the surface layer of cadmium sulfide
formed by vacuum thermal evaporation was revealed. It was proved that these
intercrystalline cracks promote the penetration of Cu2S compound into base layer
depth when forming heterojunction, as it was evidenced by local heterogeneity
of measured Cu2S thickness. This fact can explain observed variations in sensor
surface photosensitivity [9].

18.3 Conclusion

Novel results concerning CdS-Cu2S heterojunction surface morphology and layers
geometrical distribution were obtained. In particular, the question of observed
variation of surface photosensitivity caused by irregularities in thickness of light-
absorbing Cu2S layer were clarified. Also the comparison of samples formed
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Fig. 18.11 Illustration of
CdS-Cu2S sensor
heterostructure surface
morphology according to
performed SEM research,
h1 – thickness of Cu2S; h2 –
depth of cracks in CdS
surface layer

by two different methodics (electrodynamical spraying and vacuum evaporation
techniques) was made. Obtained results enable to understand better the features of
layers forming procedure, the junction components surface interaction and influence
of external environment on sensor samples surface characteristics.

Reliable characteristic dependence of CdS thickness on evaporation time was
also obtained, which enables more accurate process of films geometric parameters
control during the formation of heterojunction layers and enables the doping of
individual layers of the base layer by introducing an impurity substance at a certain
time of CdS film depositing.

Developed sensor prototype demonstrates high stability parameters and shows
prospectivity for comprehensive studies of inorganic, organic and biological objects.
The originality of designed nanostructured sensors consists in the fact that they are
effective at low doses of X-ray radiation, which makes it possible to use this material
not only in controlling production processes, but in places of public use, such as
security systems and customs control.
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Chapter 19
Hetero-Carbon Nanostructures as the Effective
Sensors in Security Systems

G. Kharlamova, O. Kharlamov, M. Bondarenko, and O. Khyzhun

Abstract Hetero-carbon (heteroatomic derivatives of carbon, in which one or
several atoms of carbon are replaced on atoms of another non-metals) will a basic
component a new generation of nanomaterials. Carbon nitride g-C3N4 it is possible
to consider as the limiting saturated by nitrogen a hetero-carbon, that the monolayer
((C6N7/-N)n should be named (on an analogy with azafullerene) azagraphene.
Carbon nitride as well as azafullerenes, azananotubes (N-dope nanotubes) and
N-doped graphene are used as very sensitive nanosensors. Modifying, in particular,
oxidized derivatives of carbon nitride are not studied practically. Here the products
of a new route of a pyrolysis of melamine which as against known methods is carried
out at the presence of oxygen are described. New compound as carbon nitride oxide
(g-C3N4/O was obtained. Its structure is analogue of graphite oxide. Nanosized
powder of (g-C3N4/O is easily exfoliated and is dissolved in water with formation
of a flake-like suspension. This suspension can contain nanosheets from several
heptazine ((C6N7/-N)n monolayers or azagraphenes. Alongside with carbon nitride
oxide at pyrolysis of melamine at the presence of oxygen in a one step the O-doped
(�8.1 %) carbon nitride (O-g-C3N4/ is also formed.

19.1 Introduction

Up to date, after the brilliant opening of the new state of the matter, in particular, in
the form of monatomic monolayer closed molecules (fullerenes and single-walled
nanotubes (SCNT)) and planer structures (graphene) as well as the different mor-
phologies of multi-walled nanostructures (multilayer carbon nanotubes (MCNT),
onions, filaments and fibers) the most problem is the creation of the preparation the
methods of hetero-carbon or heteroatomic carbon derivatives. Are most perspective,
but are least investigated heteroatomic derivatives of carbon, in which one or several
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atoms of carbon are replaced on atoms, for example, nitrogen (aza-derivatives
(azafullerenes)), boron (boron-derivatives (borafullerene, (azabora[60]fullerene)) or
silicon. Endohedral fullerenes as special type of fullerene derivatives that have
atoms of metals (Na@C60/ and non-metals, (N@C60/ or molecules (H2O@C60/,
((NH3/2@C60// incapsulated into fullerene cage are studied enough detailed.

There is, naturally, a question: why so are interesting heteroatomic derivatives
of molecules and nanostructures of carbon? It is supposed, that aza-, azabora[60]-
fullerenes and N-doped nanotubes and onions because of brightly expressed
asymmetry of the distribution of electronic density in a graphene layer will have
the unusual electronic characteristics, that will allow to create the new effective
carriers and catalysts, is functional active adsorbents and perspective nanomaterials
for application them as a new generation of nanosensors.

Hetero-carbon can be a main component of a new generation of nanomaterials
useful in information technology, where rapid communication processes are based
on optical methods rather than electronics. Studies of B-, N-, and BN-substitutional
fullerenes shown that the doping enlarges the second hyperpolarizability by several
orders of magnitude compared to the pure fullerenes and, consequently, may
suppose that hetero-fullerenes will be unique candidates for photonic devices.
Indeed, BN-doped fullerene (azabora[60]fullerene) serve as a nanoscale sensor
to differentiate an adenine and its rare isomer Cu(II) complexes which their
chemical identification practically impossible [1]. (Adenine (C5H5N5) is a part of
many vital compounds in living organisms, such as adenosine, adenozinfosfotazy,
adenozinfosfornye acids, nucleic acids, adenine nucleotides, etc.)

Nitrogen-doped graphene is sensitive for probing Rhodamine B (RhB) molecules
[2]. (Rhodamine B (C28H31ClN2O3) often is used as a tracer, biomarker in oral
rabies vaccines.)

Sensors based on N-doped CNTs (azananotubes) for the detection of various
gases (NH3, NO2, O2, N2, CO2, CH4, H2O, H2, Ar) and the vapours of the solvents
(ethanol, acetone, chloroform, gasoline, pyridine, benzene) show the advantages
over undoped nanotubes because they have higher sensitivity and response times
(0.1–1 s).

Graphite-like carbon nitride g-C3N4, as a matter of fact, it is possible to consider
as the limiting saturated by nitrogen hetero-carbon, in which the degree of a
replacement (C/N) of atoms of carbon by atoms of nitrogen is maximal and
corresponds to 0.75. Carbon nitride has a wide area of the homogenity concerning
a nitrogen [3–5], within the limits of which a graphite-like structure is kept, but the
ratio C/N can change from 0.75 (C3N4) up to 3.0 (C3N). Here it is important to
note, that carbon nitride can be, from the chemical point of view, only graphite-
like one with sp2 atoms of carbon. The assumptions based only on geometrical
parameters of atoms of carbon and nitrogen about an opportunity of formation,
in particular, “superhard” hexagonal phase of carbon nitride ˇ-C3N4 similar to
silicon nitride (ˇ-Si3N4/ are in the chemical relation absolute unreasonable [4].
Unfortunately, subsequent numerous barothermal influences on transformation g-
C3N4 in imaginary ˇ-C3N4 with sp3 hybridized atoms of carbon have appeared
unsuccessful, but quite natural.
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The atom of silicon as against atom of carbon is capable to locate (and locates, for
example, in a flat configuration of trisilylamine N(SiH3/3/ on empty low energetic
3d-orbitals not binding electrons of atom of nitrogen with formation the additional
�-bond N–Si. This additional interaction how the unique multiple bond between
atoms of nitrogen and silicon promotes the greater strengthening � -bond N–Si.
Therefore theoretically pyramidal skeleton NSi3 in a molecule N(SiH3/3 gets a
flat configuration. A case this is not unique: the interaction of atom of silicon
with oxygen (O(SiH3/2/ and phosphorus (P(SiH3/3/ is characterized also additional
double p�-d�-bond. In structure ˇ-Si3N4, probably, multiple interaction N–Si also
is realized, where not binding electrons of atom of nitrogen are located on low
energetic 3d-orbitals of atom of silicon and in addition this bond are strengthened.
The atom of carbon has not at all d-orbital, therefore at formation � -bond C–N not
binding electrons of atom of nitrogen will delocalizated and can only weaken this
bond. Therefore molecule of trimethylamine N(CH3/3 as analogue of a flat molecule
N(SiH3/3 exists only in a pyramidal state. Hence, ˇ-C3N4 as against ˇ-Si3N4 cannot
in general exist because of absence of an opportunity by atom of carbon to locate
not binding electrons of atom of nitrogen.

On logic of a choice superhard ˇ-C3N4 to have only to be surprised, why up to
date the researches on obtaining of cubic aluminium nitride (cAlN) as an analogue
of existed cubic boron nitride (cBN) or graphite-like silicon nitride (g-Si3N4/ as
an analogue of g-C3N4 are not carried out. The atoms of boron and silicon in
sp3 – hybridizated state form the bonds with nitrogen accordingly in cBN and ˇ-
Si3N4 for the same reason: both atoms as against atoms of carbon and aluminium
have the vacant energetically low orbitals. The atom of boron (as against an atom
of aluminium) has energetically low vacant p�-orbital, therefore can locate and
locates in cBN not binding electrons of an atom of nitrogen with the formation
of an additional p�-p�-interaction.

Dispergation of g-C3N4 up to a several (6–12) monolayer and its modifying by
various elements, in particular, oxygen, allows essentially to increase a sensitivity
of nanosensors on the basis of a nitrogen-carbon material. So, on a basis graphitic
carbon nitride (g-C3N4/ fluorescent nanosensor for high selective and sensitive
detection of mercury ions and L-cysteine [6] was created. g-C3N4 is used as a
nonmetal biosensor for a selective detecting of heparin with a limit of the detection
18 ng/ml [7]. Nanosensor on a basis of nanostructurized carbon nitride has a high
sensitivity and allows to detect up to 2.8�A/ % of relative humidity [8]. Moreover,
the fluorescent nanosensor based on g-C3N4 nanosheets was applied to detect tap
water and the well of water. G-C3N4 is an attractive material as the candidate
for integrated humidity sensors because of its high melting point and thermal
stability [9–12]. Nanostructured carbon nitride is used as an alternative (traditional
on the basis of diamond doped by boron (BDD)) nanosensor for simultaneous
definition of dopamine (DA) and an ascorbic acid (AA) in synthetic biological
samples [13]. The limits of the detection established for simultaneous definition
of these analytes with use of a nitride-carbon electrode were 0.0656�mol�L�1

for DA and 1.05�mol�L�1 for AA, while with an electrode BDD these meanings
were 0.283�mol�L�1 and 0.968�mol�L�1 accordingly. Nanosensor on a basis of
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nanosheets of g-C3N4 intercalated LiCl has superhigh time of the response (�0.9 s)
and recovery (�1.4 s)9 at the detecting of a humidity.

Consequently, the increased interest in the development of novel effective
methods of dispergation and modifying of carbon nitride, in particular, by oxygen
is wellfounded. Therefore, we can assume that the existing route of the preparation
of graphene from graphite

graphite ! graphite oxide ! graphene oxide ! graphene (19.1)

may be also most suitable for the synthesis from carbon nitride of its nanodi-
mensional monolayer consisting of tri-s-triazine or heptazine (C6N7/ fragments
linked nitrogen bridges (C6N7/–N–(C6N7/. By analogy with azafullerene (C59N),
wherein in a fullerene structure only one carbon atom replaced by a nitrogen atom,
hypothetical heteroatomic monolayer ((C6N7/–N)n from the structure of carbon
nitride can be called an azagraphene (or (heptazinic graphene). Hence, the synthesis
of the hypothetical azagraphene from graphitic carbon nitride can be represented by
a scheme (19.2) similar to the scheme (19.1):

carbon nitride .g � C3N4/ ! carbon nitride oxide ..g � C3N4/O/

! azagraphene oxide ...C6N7/ � Nn/O/ ! azagraphene ..C6N7/ � Nn/:

(19.2)

However, in present time is reliably synthesized only a graphite-like carbon
nitride, which in the majority of the known solvents (behind exception DMSO)
is practically insoluble [14]. Therefore the heterophase method of obtaining of
graphite oxide from graphite in water solutions of strong oxidizers is represented
also quite logical and for the synthesis of oxide of carbon nitride from carbon
nitride. It is known [15] that carbon nitride unlike graphite is partially oxidized
in the aqueous solution of hydrogen peroxide (H2O2/. So, a carbon nitride with the
contents of nitrogen close to the formulaic composition (C/N D 0.751), which was
obtained at 550 ıC (in during 5 h) from dicyandiamide, subjected to processing by
a hydrothermal method: a powder g-C3N4 dispergated in 30 % a water solution of
H2O2 in teflon germetic autoclave at 140 ıC in during 10 h. The resulted product
after five cycles of centrifugation and washing by water [15] contained according
to the data XPS till 7.98 % oxygen. Therefore currently doped oxygen carbon
nitride prepared by only two stage method at an oxidation by H2O2 of previously
synthesized g-C3N4. However, obtained by such method of doped by oxygen of
carbon nitride, as well as g-C3N4, in water solutions of strong oxidizers in addition
is not oxidized with the formation of oxide of carbon nitride as analogue of oxide
of graphite. The ability and an ease (in comparison with carbon nitride) graphite to
intercalate water and oxidize up to graphite oxide, probably, is caused a somewhat
larger (on 0.016 nm) in it an interplanar distance 002.

Noticeable dissolution and stratification of g-C3N4 nanosized particles (to form
ultrathin nanosheets) have been performed only in concentrated alkaline solutions
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at 50–90 ıC and in the absence of reducing agents by “green” peeling liquid
[16]. (Note that this method is used to obtain stable suspensions of graphene
from exfoliated graphite oxide.) Compared with the insoluble carbon nitride its
nanosheets have increased photoabsorption and photoresponse, are used as non-
metal biosensor. The information on obtaining carbon nitride oxide to date in the
literature absents.

We believe that the carbon nitride oxide may be formed in parallel with the
synthesis of carbon nitride by thermal transformation of melamine (cyanamide or
dicyandiamide) molecules (or fragments of their degradation) into heptazine layers
((C6N7/–N)n.

In this paper results of a research of melamine pyrolysis at 500–580 ıC and at the
presence of the small fixed quantity of oxygen are submitted. The aim of this study
to obtain partially oxidized derivatives of nitride carbon and, in particular, oxide of
carbon nitride and by oxygen doped carbon nitride.

19.2 Experimental

First of all, it is important here to remind, that partially (11.1 mass % O) oxidized
carbon nitride with the small contents of nitrogen (O-C3N) was obtained by us
earlier [4, 5] at pyridine pyrolysis [17–19]. Onion nanostructures of turbostratic
carbon nitride have been formed in the reactionary vapour-gas stream of the
products of pyridine molecules destruction and have been deposited far from the
most high-temperature zone of reactor. We believe that in a various degree of
the oxidized forms of carbon nitride can also be synthesized by means of gas-
transport reactions at pyrolysis of molecules, for example, melamine (cyanamide or
dicyandiamide) at the presence of oxygen. Graphite-like structure of carbon nitride
from heptazine fragments (C6N7/–N can be formed at the expense of consecutive
escalating of twosized heptazine monolayers from molecules (and its fragments
C3N6, CN, C2N) evaporating melamine. Formed an electrondonor (connected from
�-bonds) heteroatomic structure (C6N7/–N is extremely inclined to oxidation and at
the presence of oxygen it can easy oxidize with the formation of partially oxidized
carbon nitride. However it is usual the pyrolysis of the data precursors is carried
out, as consider in [3, 14], in conditions of the solid-phase reactions excluding the
presence of oxygen and precursor sublimation [20, 21].

So, the testes on the preparation from melamine carbon nitride of a formulaic
composition (g-C3N4/ have been carried out in conditions practically excluding of
the presence of oxygen: are used a closed vacuum ampoules and superpure inert gas.
In [22] melamine pyrolysis was carried out by a solvothermal method (P D 2:5GP,
T D 800 ıC) in a solution of hydrazine. The authors [20, 21] for the prevention of a
sublimation and oxidation of melamine at temperatures 520–550 ıC used a special
sheeting of a crucible from aluminium oxide. The products obtained in similar
reactionary conditions contain nitrogen, carbon and hydrogen as well as very small
(2–3 %) amount of oxygen from adsorbed water.



244 G. Kharlamova et al.

By us the pyrolysis of melamine to produce partially an oxidized product
is carried out at the presence of a fixed volume of an air. Melamine in open
ceramic crucible is located in a tubular quartz reactor with a fixed air volume
and, consequently, with a fixed quality of oxygen. The testes are carried out at
heating of ceramic crucible up to 500–580 ıC and at the variation of temperature,
melamine amount and the duration of its thermal treatment. The products of reaction
are condensed and are deposited outside of a zone of precursor localization and
mainly in low temperature zones of quarts reactor. The powdery products obtained at
fixed reactionary regimes previously estimated on their chemical and XRD analysis.
For the further investigation the samples were selected which according to their
diffractogram contained g-C3N4 and did not contain an initial reagent (melamine).

Synthesized substances have been investigated by methods chemical and X-ray
phase (DRON UM-1 with Cu K˛ radiation and nickel filter) analyses, XPS and
IR spectroscopy, as well as temperature-programmed desorption mass spectrometry
(TPDMS) formed products. X-ray photoelectron spectra (XPS) of the samples
were measured with photoelectron spectrometer manufactured by SPECS Surface
Nano Analysis Company (Germany), with a PHOIBOS semi-spherical analyzer. IR
spectra were measured in the reflection mode in the spectral range 4000–400 cm�1

with a resolution of 8 cm�1 with a Nicolet Nexus FTIR spectrometer (Thermo
Scientific). The samples under study were compacted in pellets with potassium
bromide in a ratio of 1:10.

The mass-spectrometric analysis at m/z of up to 200 was made on an MX-7304A
monopole mass spectrometer (Sumy, Ukraine) with electron ionization (EI) [23].
The samples (3 mg) were placed on the bottom of a quartz-molybdenum ampule
and the ampule was evacuated at room temperature to approximately 5 
 10–5 Pa.
The programmed linear heating of the sample to 750 ıC was performed at a rate of
0.15ı/s [23]. Volatile thermolysis products were delivered through a vacuum valve
with a diameter of 5.4 mm into the ionization chamber of the mass spectrometer and
ionized by electrons.

19.3 Results and Discussion

19.3.1 X-Ray Diffraction and Chemical Analysis of Products
of Melamine Pyrolysis

In particular amount of melamine by varying of the temperature and duration of
pyrolysis was determined the temperature interval in which the resultant product of
the reaction is substantially (according to X-ray diffraction) contained no a phase
of precursor. In our experimental conditions the conversion of melamine in the
carbon nitride is begun at 520 ıC: in the X-ray spectrum (Fig. 19.1, curve 4) of
a resultant product N0 of pyrolysis on a background of intense lines belonging
melamine are presented noticeable enough reflexes at 2� D 12:40 and 27.49 ıC,
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Fig. 19.1 XRD patterns of samples O2, N2, N1 and N0 (curves 1, 2, 3 and 4 respectively)

those are characteristic for graphitic carbon nitride. At temperatures above 550 ıC
phase of melamine into pyrolysis products N1 (Fig. 19.1, curve 3) and O2 is not
detected at all. However, from the X-ray diffraction patterns may see that the phase
composition of obtained at different temperatures resultant products are markedly
different and, hence, the route of melamine conversion depends on its pyrolysis the
temperature.

A brown powdery product N1 (Fig. 19.1, curve 3) is formed at melamine
pyrolysis at 550 ıC, in which X-ray spectrum clearly are detected four reflex,
two of which (2� D 12:40ı and 2� D 27:49ı) completely are characteristic
for g-C3N4, respectively for the planes 100 (d D 0:714 nm) and 002 (d D

0:324 nm). The presence in the X-ray spectrum of the sample N1 of additional
low-intensity peaks at 2� D 21:45ı and 10.79ı may indicate on the presence
in the product of the pyrolysis of other O, C, N- containing phases. Indeed, the
sample N1, unlike carbon nitride of a formulaic composition partially dissolved
in hot water to form an intensely colored yellow solution O2. Diffractogram of
treated by water insoluble brown powder N1 (Fig. 19.1, curve 3, Fig. 19.2a), on
which there are two characteristic for carbon nitride reflex, fully consistent with
both the calculated and experimental [3, 14] X-ray spectra of the g-C3N4. Indeed,
the sample N1 according to an elemental chemical analysis contains 35.9 mass %
carbon, 54.7 mass % nitrogen, 1.3 mass % hydrogen and 8.1 mass % oxygen, which
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may correspond to carbon nitride (C3N3:92H1:30O0:51/ with a ratio C/N (0.765) close
formulaic (0.75). Consequently, during the pyrolysis of melamine doped by oxygen
carbon nitride is formed.

Sample O2, which is formed after evaporation of water, has a yellow color. Its
diffraction pattern there are three reflex at 2� D 10:79, 21.45 and 27.49ı, which
are probably inherited from the original sample N2. We can assume that in this
sample is realized unidirectional shift both interplanar spaces in the direction of their
increase in comparison with the carbon nitride sample N2. Consequently, during
the pyrolysis of melamine, together with oxygen-doped carbon nitride is formed
a water-soluble substance O2, which may correspond to carbon nitride oxide, the
X-ray spectrum (Fig. 19.1, curve 1) which is presented here for the first time.

At higher temperatures (particularly at 580ıC) pyrolysis of melamine is formed
yellow product O1 (Fig. 19.2b), which has XRD patterns identical to the diffraction
pattern of the sample O2: three reflexes at 2� D 10:79, 21.45 and 27.49ı are

Fig. 19.2 Optical microscopy images of the sample N1 (a) and the flake-like sample O1 (b)
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characteristic for sample O2. In accordance with the chemical composition (49.6 %
nitrogen, 1.5 % hydrogen, 16.1 % oxygen and 32.8 % carbon) sample O1 can
be represented as formula C3N3:89H1:65O1:09. It can be seen that the product O1
compared to sample N2 contains twice more oxygen, while the ratio C/N in which
approximately comparable, 0.771 and 0.765 respectively. Sample O1 unlike N1
completely dissolves in hot water to form a flocculent yellow solution from which
after an evaporation of water yellow powder O3 is precipitated. (The flocculent
solution containing nanosheets (2–4 nm thick) of carbon nitride is formed by
ultrasonic peeling in the acid powdery g-C3N4 [16]). Thus, three reflex at 2� D

10:79, 21.45 and 27.49ı in the diffraction patterns of recrystallized yellow powder
O3 coincide with the reflections in the diffraction patterns of samples O1 and O2.
Sample O2, which is formed after evaporation of water, has a yellow color.

When comparing the diffraction patterns of water-insoluble oxygen-doped car-
bon nitride C3N3:92H1:30O0:51 (sample N2, 8.1 mass % O) and water-soluble sub-
stantially more oxidized carbon nitride (sample O1 (16.1 mass % O) as well as
O2) clearly may see that the structure of their X-ray spectra differ markedly. The
spectrum of sample O1 there is a significant shift of the signal corresponding to the
interaction between heptazine fragments in a monolayer, with 12.40ı–10.79ı. Thus,
the most intense signal at 2� D 27:49ı, characterizing interlayer interaction g-C3N4,
is maintained. Furthermore, there is a new reflex at 2� D 21:45ı in XRD patterns
O1, not present in the spectrum of the sample N2 (and g-C3N4/. It can be assumed
that the obtained water-soluble product O1, containing 16.1 % oxygen and having
an X-ray spectrum differs from the spectrum of g-C3N4, corresponds to a new
compound, carbon nitride oxide ((g-C3N4/O). We believe that the observed changes
(compared to carbon nitride) in structure of carbon nitride oxide associated with the
features (compared to the structure of graphite oxide) of location of heteroatoms (N
and O) in the plane of heptazine layer.

Each plane of graphite oxide is a continuous graphene network and any
oxygen-containing groups (hydroxyl or epoxy) can only be located between the
graphene layers, which lead to such a large increase in the interlayer spacing
from 0.34 nm in the graphite to about 0.7 nm in the graphite oxide. Therefore in
the X-ray spectrum of graphite oxide the signal at 2� D 26ı characteristic for
graphite virtually disappears, and the halo appears at the 2� D 10–15ı. However
heteroatomic (nitrogen-carbon) plane of g-C3N4 has not continuous but “openwork
network” because it consists of heptazine C6N7 fragments connected nitrogen
bridges ((C6N7/–N)n. Thus, in a plane between three neighbouring heptazine
fragments exists the hollow with diameter 0.717 nm (Fig. 19.3a). In the space of this
hollow can be freely placed two oxygen containing groups (Fig. 19.3d), in which
the bond lengths are �0.143 nm (C–O) and �0.091 nm (O–H). (Note that in the
carbon nitride oxide (g-C3N4)O to six carbon atoms heptazine fragments have two
oxygen atoms). Moreover, the oxidation of carbon nitride may also accompanied
by some gap between heptazine bonds and nitrogen-bridged fragments (Fig. 19.3b),
which leads to an increase of the distance between the heptazine blocks with 0.717
(2� D 12:40ı) to 0.818 (2� D 10:79ı) nm.
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Fig. 19.3 Schematic on-plane atomic model of g-C3N4 (a), (g-C3N4/O (b); schematic interplanar
atomic model of g-C3N4 (c), (g-C3N4/O (d)

However, in the carbon nitride oxide interlayer spacing close to the characteristic
(0.324 nm (2� D 27:49ı)) for carbon nitride can be partially preserved in some
parts of heptazine planes due to the distortion of the planarity in the opening
of the double bonds (–C D N– ! –C(OH)–NH–) in heterocycles. This “fluting”
heptazine cell in carbon nitride oxide may be the cause of additional peak at
2� D 21:45, corresponding substantially greater (compared with carbon nitride)
interplanar spacing, 0.414 nm.

There is a natural question that if an oxide of carbon nitride is the structural
analogue of graphite oxide than why in the diffractogram of graphite oxide in
comparison with the diffractogram of graphite of an occurrence of similar additional
peak is not observed?

Indeed, the structures of X-ray spectra of carbon nitride and carbon nitride oxide
differ more essentially than known structures of X-ray of spectra of graphite and
it oxide. In X-ray spectrum of graphite oxide in comparison with graphite the shift
of a characteristic signal with 26ı up to 10–15ı is fixed only, as corresponds to an
increase of an interplanar distance 002 with 0.340 up to �0.7 nm. In a spectrum
of oxide of carbon nitride (samples O1, O2) the change (an increase) both 002 and
100 the interplanar distances is fixed according to 0.324 (2� D 27:49ı) up to 0.414
(2� D 21:45ı) and with 0.714 (2� D 12:40ı) up to 0.818 nm (2� D 10:79ı).
Besides in oxide of carbon nitride the interplanar distance 0.324 nm, characteristic
for g-C3N4, also partially is kept (Fig. 19.3c, d).
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Main difference between the structures oxide of graphite and oxide of carbon
nitride is caused by a principal distinction in an arrangement of monoatomic
(carbon) and heteroatomic (nitrogen-carbon) hexagons. Each plane of oxide of
graphite represents a continuous graphene network and anyone formed at oxidation
of graphite of oxygen containing groups (hydroxyl or epoxy) can be located
exclusively between the graphene layers. Therefore an interplanar distance 002 in
oxide of graphite is so considerably increased.

Heteroatomic heptazine plane (C6N8/n in g-C3N4 represents not continuous
but “openwork” network (Fig. 19.3a, c) as everyone 3 heterocycles (C6N7/ of
the monolayer connected one with another by means of tertiary nitrogen atoms
(C6N7/–N–(C6N7/–N–(C6N7/–N form a large hollow (diameter 0.714 nm) in this
monolayer. Thus, carbon nitride oxide due to the hollows in heptazine planes and
localization features therein oxygen (or –OH groups) interplanar distance in (g-
C3N4/O slightly (by 0.09 nm) (Fig. 19.3a, b) increases only in certain areas of these
planes.

By the method X-ray photoelectron spectroscopy can estimate the chemical
composition of the sample O2, to determine the status of the elements and a
character of bonds between the atoms of these elements. We also hope, that
IR spectrum of (C3N3:89/O1:09H1:65 will contain both signals characteristic for
vibrations of the bonds in a heptazine layer of carbon nitride and signals of the
oxygen containing functional groups that usually present in the IR spectrum of
graphite oxide, but absent in a spectrum of g-C3N4.

19.3.2 The Study of the Oxide of Carbon Nitride
(C3N3:89/O1:09H1:65 by X-Ray Photoelectron
Spectroscopy

First of all, it is necessary to note, that earlier by method XPS were investigated the
various samples of carbon nitride obtained from various precursors [3, 14, 24–26] as
well as the samples of O-doped carbon nitride [15]. General and characteristic for
the investigated samples both g-C3N4 and O-g-C3N4 is the indispensable presence
at a spectrum of carbon of an intensive line at �288.0 eV. It is accepted to consider
that this line corresponds to sp2-bonded carbon to three of neighboring nitrogen
atoms (N D C–(N)2/ inside the aromatic heptazine structures. In low-nitrogen O-
doped carbon nitride (O-g-C3N) [4, 5], consisting of mainly not from heptazine
(C6N7/ but pyrazine and pyrimidine (C4N2/ of structures and, hence, containing
(N D C–(C)2/, instead of (N D C–(N)2/ fragments the line C1s at of �288.0 eV is
low intensive (Fig. 19.4, inset). At the same time, in a spectrum C1s of O-g-C3N
distinctly it is possible to see a line at 284.5 eV characteristic for atom of carbon in
hexagon of graphite (C D C–(C)2/, which also distinctly is visible in C1s spectra of
some samples g-C3N4 [3, 14, 24–26] and O-doped g-C3N4 [15].
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Fig. 19.4 XPS survey spectra of the samples (g-C3N4/O (curve 1) and O-g-C3N (curve 2) with
C1s spectrum of the samples (g-C3N4/O (curve 1) and O-g-C3N (curve 2) in the inset

Distinctive feature of O1s spectra g-C3N4 from partially oxidized samples of
carbon nitride (O-g-C3N4 and O-g-C3N) is the absence in the first intensive line O1s
at 531.5 eV. This intensive line in spectra both oxidized samples of carbon nitride
testifies to presence at these samples bond C–O.

It is possible to see (Fig. 19.4) the survey scan XPS spectra of oxide of carbon
nitride (sample O1) and O-g-C3N are similar: both spectra contain (as well as a
sample O-g-C3N4 [15]) three intensive peaks C1s, N1s and O1s and, hence, samples
contain carbon, nitrogen and oxygen.

Wide and assimetric peaks C1s and N1s can specify the existence in openwork
networks (g-C3N4/O and O-g-C3N of atoms of nitrogen and carbon with the
various valence status: their individual lines, undoubtedly, distinctly will be visible
at detailed deconvolution of these peaks. At the same time, in a spectrum C1s
of (C3N3:89/O1:09H1:65 (Fig. 19.4, inset) it is possible see the two intensive peaks
at �284.5–285.3 and �288–290 eV. These peaks are characteristic both g-C3N4

(284.7–285.7 and 287.8–288.2 eV [14, 24–26], and O-g-C3N4 (284.6 and 288.0 eV
[15]). Asymmetry of peak C1s at 288–290 eV can be caused by a superposition of
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a b

Fig. 19.5 XPS N1s (a) and O1s (b) spectra of the samples (g-C3N4/O (curves 1) and O-g-C3N
(curves 2)

two also of intensive peaks: carbon (at �288 eV) connected with three atoms by
nitrogen in a heptazine fragment (N D C–(N)2/, and carbon (at �290 eV) connected
with oxygen of hydroxyl group. Indeed, under the deconvolution of an asymmetric
spectrum C1s of a sample O-g-C3N4 [15] the lines distinctly were visible both at
288.0 eV, and at 289.0 eV. Perhaps, that the asymmetric peak C1s at �289–291 eV
displays the contribution of weaker signals of carbonyl (C D O) and carboxyl (O–
C D O) terminal functional groups, which, as will be shown later, distinctly are
detected in the IR spectrum of a sample (C3N3:89/O1:09H1:65.

Asymmetric N1s peaks of the XPS spectra (Fig. 19.5a) of the samples (g-C3N4/O
and O-g-C3N at �398.5–400 eV are similar and, probably, are the superposition of
two basic peaks with the values of binding energies �398.5–398.7 and �399.8–
400.1 eV. These values it is accepted to correspond21�23, to two types of nitrogen,
bonded to two (C–N D C) and three (C6N7/–N–(C6N7/2 neighboring carbon atoms,
respectively. Appreciable asymmetry of N1s peaks at a few large value of binding
energies (400–401 eV), perhaps, testify to the presence at structure of the researched
samples also of nitrogen of amino group (C–NHx/, which at 401.0 eV is detected
both in g-C3N4 [14, 24–26], and in O-g-C3N4 [15].

Figure 19.5b shows that O1s peaks for the samples (g-C3N4/O and O-g-C3N
are rather symmetric with the values of binding energy �531.5 eV. In XPS the
spectrum of O-g-C3N4 (�7.98 mass %) the peak O1s with the binding energy
531.6 eV corresponds, in opinion [15], to the bond N–C–O. Is remarkable, that in
XPS a spectrum of oxygen-free g-C3N4 [3, 14, 26] there is only of weak intensity a
line O1s with binding energy of 532.9 eV, characteristic for adsorbed H2O.

So, the XPS spectrum of the water-soluble sample (C3N3:89/O1:09H1:65 as well as
the known spectra of O-doped carbon nitride (O-g-C3N4 [15] and O-g-C3N [4, 5])
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Fig. 19.6 FTIR spectra of samples O3, O1 and N2 (curves 1, 2 and 3 respectively)

contains intensive lines of carbon, nitrogen and oxygen. Valence status of elements
in (C3N3:89/O1:09H1:65 practically coincides with the binding energies of C, N and O
in the samples of oxygen-free and O-doped carbon nitride.

Consequently, under thermal transformation of melamine molecules at the pres-
ence of small quantity of oxygen heptazine monolayers of carbon nitride partially
are oxidized with formation of two new earlier not detected at melamine pyrolysis of
products: a carbon nitride oxide (C3N3:89/O1:09H1:65 and doped by oxygen (�8.1 %)
carbon nitride (C3N3:92O0:51H1:30/.

19.3.3 IR Spectra of the Samples of O-Doped Carbon Nitride
(N1) and Water-Soluble Oxide of Carbon Nitride
(O1 and O3)

IR spectra of the samples N1, O1 and O3 (Fig. 19.6, curves 3, 2 and 1, respec-
tively) contain a number of distinct intense absorption bands in the region 1200–
1650 cm�1, which correspond to characteristic for g-C3N4 stretching vibrations
of aromatic CN-bonds in the heptazine (C6N7/ fragments of carbon nitride [14].
The spectra of all three samples contain the characteristic peak at 810 cm�1,
corresponding to the “breathing” vibration of triazine ring (C3N3/. In contrast the IR
spectra of samples g-C3N4, obtained by known methods, in the IR spectra of N1, O1
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and O3 are present the absorption bands of hydroxyl group. The absorption band at
1135 cm�1 corresponds to C–O bond of hydroxyl group, but broad strong absorption
bands at about 3200 and 3300 cm�1 correspond to the stretching vibrations of –OH
and –NH groups respectively.

It is important to note that in almost identical IR spectra of water-soluble samples
(O1 and O3) of carbon nitride oxide presents at 1728 cm�1 intense absorption band
carbonyl (carboxyl) terminal groups, whereas in the IR spectrum of O-g-C3N4 (N1),
which contains in 2 times (8.1 %) less amount of oxygen, this absorption band
completely absents. In the presence of carboxyl groups in IR spectra of samples O1,
O3 indicates also broadened band at �2700 cm�1, characteristic for –O–H bonds of
the carboxyl group. Furthermore, in the IR spectra of samples O1, O3 weaker signals
present at �1270, 970 and 780 cm�1, which may correspondent to the characteristic
stretching vibrations of the epoxy groups. It is noteworthy that the absorption bands
characteristic for given oxygen-containing groups (hydroxyl, epoxy, carbonyl and
carboxyl) always present in the IR spectra of graphite oxide. Consequently, the IR
spectrum of the sample synthesized carbon nitride oxide is original since it contains
additional bands which are absented both in the known samples of g-C3N4 and
oxygen doped carbon nitride.

19.3.4 Mass Spectrometric Study of Thermal Stability
of the Powdery Samples Oxide of Carbon Nitride
and O-g-C3N4

First of all, it is necessary to note, that the researches of the thermal stability of
partially oxydized, in particular the doped by oxygen, samples of carbon nitride
were not yet realized at all. The study of the thermostability of g-C3N4 (as extremely
important characteristic for many areas of its application) with detailed mass
spectrometric detecting of the gas-like products of the thermolysis also are quite
unique. In [27] is shown, that the thermolysis products of g-C3N4 contain mainly
of (CN)-fragments, such as C3N

C
2 (m/z 64), C2N

C
3 (m/z 66), CNC

4 (m/z 68), C3N
C
3

(m/z 78), C3N
C
4 (m/z 92). The thermal decomposition of g-C3N4 is started at 500 ıC,

and the complete destruction of structure of g-C3N4 is finished at 850ıC [27].
According to [28], carbon nitride obtained from dicyandiamide or melamine, is
completely decomposed in an atmosphere of nitrogen in an interval of temperatures
600–800 ıC by an evolution of smaller (CN) – fragments: C2N2, CNH2, NH3.

The synthesized sample of the water-soluble carbon nitride oxide compared to
carbon nitride of formulaic composition naturally is less thermally stable. The main
feature of the thermal decomposition of carbon nitride oxide (Fig. 19.7), as well as
carbon nitride doped with oxygen is the presence in the composition of the gaseous
products of their thermolysis both nitrogen-carbon (NH3, HCN, C2N2/, and oxygen
containing (NCO, NCOH, CO, CO2/ fragments.
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Fig. 19.7 Selected thermodesorption curves of sample O1

The data fragments that are detected at a temperature of thermolysis �300 ıC
are formed, probably, due to the destruction of functional groups arranged in
layers defects. Evacuation of cyanogen at thermolysis of (g-C3N4/O and O-g-
C3N4 indicates on complete destruction of heptazine nitride-carbon layer, which
is begun (according to mass spectrometric data) for both samples at �600 ıC. It
should to note that known oxygen-free examples of carbon nitride (obtained from
precursors such as dicyandiamide or melamine [28]) is completely decomposed in a
nitrogen atmosphere in the temperature range 600–800 ıC with evacuation of C2N2,
CNH2 and NH3. However ions of CNHC

2 and NHC
3 are detected in the products of

thermolysis of undoped carbon nitride already at about 450 ıC.
Distinctive (from g-C3N4/ feature of the thermal destruction of carbon nitride

oxide and doped by oxygen of carbon nitride is that in products of them thermolysis
alongside with nitrogen-carbon (NH3, HCN, C2N2/ present and nitrogenoxygen
fragments (NCO, NCOH). The decrease of the thermal stability of compounds in
a range g-C3N4 – O-g-C3N4 – (g-C3N4/O of an increase of the contents in the
substances of oxygen is completely logical.

So, the study of melamine pyrolysis at the presence of oxygen has shown that the
products of its transformation are essentially new substances. First of all, earlier the
unknown substance as carbon nitride oxide (C3N3:89/H1:65O1:09 as well as partially
oxidized or doped by oxygen carbon nitride(C3N3:92O0:51H1:30/ are formed from
melamine molecules in presence of oxygen. Let’s note that is traditional at melamine
pyrolysis in oxygen-free atmosphere were obtained only and only carbon nitride
practically formulaic composition, g-C3N4. Notably, the ratio N/C in the synthesized
samples (C3N3:89/H1:65O1:09 and (C3N3:92O0:51H1:30/ is also rather high, close to a
ratio N/C in g-C3N4. It is possible to assume, that at the pyrolysis of melamine
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at presence a small quantity of oxygen the construction of heptazine monolayers
((C6N7/–N)n of g-C3N4 from melamine molecules (C3N6H6/ or fragments ((C3N6/,
C2N and CN) of them destruction is accompanied by parallel partial oxidation of a
resultant “openwork” network.

The researched in this paper products of reaction, in particular, O-doped carbon
nitride and it oxide are formed only in more low temperature (<400 ıC) zone of
reactor, far from a place of the localization of precursor. Therefore the reactions
of the formation of (C3N3:89/H1:65O1:09 and (C3N3:92O0:51H1:30/ from melamine
at the presence of oxygen are gas-transport. Melamine in most high-temperature
(�550 ıC) zone of reactor not only evaporates from a surface of a sample in the
crucible, is occurs also the destruction of its molecules. Molecules of melamine
from a vapour-gas phase are condensed in more low-temperature (<400 ıC) reactor
zone. Certainly, some part of melamine molecules is exposed the destruction and in a
vapour-gas phase. Moreover, in a vapour-gas phase the formation not only heptazine
fragments ((C6N7/–N) can be performed, but also larger fragments ((C6N7/–N)n of
“openwork” network, which are deposited, naturally, in a low-temperature zone of
a reactor. However, as is established, the most part of a product as “openwork”
network partially oxidized carbon nitride is formed in a low-temperature zone
of a reactor. The formation of a heptazine fragment (C6N7/ as basic element of
construction of a nitrogen-carbon monolayers ((C6N7/–N)n can be fulfilled at the
expense of an interaction of melamine molecule with carbon-nitrogen radicals C2N,
CN, C2N3 and CN3 as products of disintegration of a molecule C3N6H6. The
reaction of creation, for example, one fragment (C6N7) assumes the formation of
four additional bonds C–N. Such reaction is high-exothermal. The escalating of a
number of fragments ((C6N7/–N) in a “openwork” network reminds the growth on
more high-temperature (in comparison with general temperature in the reactor) of
thread-like crystals, for example, carbide of silicon from the vapours of silicon and
carbon [29]. The high-temperature centre of growth of nanofilaments and nanotubes
of carbon is created also at the expense of huge exoeffect of the escalating of the
bonds C–C [30].

An addition of oxygen atoms to resultant fragments ((C6N7/–N)n is fulfilled in a
place of the destruction of the bonds C–N mainly between a tertiary amine nitrogen
and a carbon of a heterocycle ((C5N7/C)–N. The oxidation of heptazine fragments
is extremely exothermal reaction. Therefore only in lack of oxygen their oxidation is
not complete and is realized by the formation of partially oxidized forms of carbon
nitride, in particular, doped by oxygen of carbon nitride C3N3:92O0:51H1:30 and oxide
of carbon nitride (C3N3:89/O1:09H1:65.

In an oxide of carbon nitride the oxygen-containing groups are placed mainly
in the hollows of a plane of a heptazine monolayer limited by three of the next
heptazine fragments (C6N7/, whereas in graphite oxide as its structural analogue
they are placed only between monolayers

Therefore an interplanar distance 0.324 nm (2� D 27:49ı), characteristic
for g-C3N4, in oxide of carbon nitride (g-C3N4/O also is kept. An occurrence
in (g-C3N4/O of additional a little bit greater interplanar distance 0.414 nm
(2� D 21:45ı) is caused by a distortion of the planarity, “corrugating” of partially
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dearomatizated at oxidation of some heterocycles (–C D N– ! –C(OH)–NH–) of
“openwork” network. Besides, in oxide of carbon nitride is observed the increase (in
comparison with g-C3N4/ a distance between heptazine cycles in the “openwork”
network with 0.714 (2� D 12:4ı/ up to 0.818 nm (2� D 10:79ı), whereas in
graphite oxide the structure of graphene layer is kept similar to graphite. This
increase can be caused by a destruction of the bonds C–N between some heptazine
fragments and tertiary amine nitrogen.

Consequently, at the conversation of carbon nitride to it oxide the more appre-
ciable change is observed not in an interplanar space 002, as it is characteristic
for graphite oxide, but in a plane 100 of a heteroatomic monolayer. First, the
distance between the nearest heptazine fragments (C6N7/–(C6N7/ in a monolayer
is increased a little in the greater degree (on 0.104 nm), than between the heptazine
monolayers (on 0.090 nm). Secondly, the oxygen containing groups are located
mainly not in an interplanar spacing 002, as it is observed in graphite oxide, but in
the increased hollows of a plane 100. Therefore in comparison with graphite oxide
the ability for an exfoliation oxide of carbon nitride can be shown to a lesser degree.
According to the described structure of oxide of carbon nitride there appeared quite
logical results [16], in which the exfoliation of carbon nitride in rather rigid acid
conditions is finished by the formation only nanosheets from several heteroatomic
monolayers. It is possible only to hope, that the heptazine monolayer ((C6N7)–N)n

(or azagraphene) will be successfully reduced and stabilized from a water-soluble
oxide of carbon nitride as perspective material for nanosensors.

19.4 Conclusions

1. For obtaining of oxidized derivatives of carbon nitride as the perspective
nanosensors is developed the special method of pyrolysis of melamine: first the
pyrolysis of melamine was performed at the presence of oxygen.

2. New substance as carbon nitride oxide (C3N3:89/H1:65O1:09 as well as doped by
oxygen carbon nitride (C3N3:92O0:51H1:30/ are formed at melamine pyrolysis at
the presence of small quantities of oxygen. Earlier at melamine pyrolysis in
oxygen-free atmosphere were obtained only the samples of practically oxygen-
free carbon nitride.

3. Oxide of carbon nitride is the structure analogue of both carbon nitride, and
carbon oxide. Perhaps, a water-soluble oxide of carbon nitride will be the
precursor of hetero-atomic heptazine graphene or azagraphene.

4. Of yellow colour of the powder (C3N3:89/H1:65O1:09 as against (C3N3:92O0:51H1:30/

is easily dissolved in water with the formation of an yellow flake-like solution. It
is possible, that these flakes represent ultra-thin nanosheets from the azagraphene
layers.
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Chapter 20
Characterization of SnO2 Sensors
Nanomaterials by Polarization Modulation
Method

V.S. Grinevych, L.M. Filevska, V.A. Smyntyna, M.O. Stetsenko, S.P. Rudenko,
L.S. Maksimenko, and B.K. Serdega

Abstract The polarization characteristics for tin dioxide cluster films are studied
by the method of modulation polarization spectroscopy. The galvanic conductivity
presence in the films is the basis for registration in it the surface plasmon resonances.
The spectral characteristics analysis by means of expansion in terms of Gauss
components for the Stocks vector Q component of the probe radiation gave the
parameters of the revealed resonances. The resonance excitation of polaritons and
localized surface plasmons is established. The dispersion characteristics of non-
radiative modes of surface plasmons are obtained which matches the cluster film
structure. The numerical values comparison for resonances relaxation constants
leads to the conclusion of application of one of them in sensors.

20.1 Introduction

The unique chemical resistance in an aggressive medium, specific adsorptive-
catalytic, electrophysical and optical properties, cheapness in production and
possibility to create Tin dioxide nano size forms secures its leading position among
materials used for ecological monitoring [1, 2]. Nevertheless it is not the only
sphere for application of this material. The resistance sharp decrease property for
sensitive elements based on SnO2 films at pressure decrease is successfully used in
pressure transducers [2]. The conductive SnO2 films are actively used as transparent
electrodes in sun cells [3].
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The nonstoichiometric oxides, SnOx is among them, may become the basic
material in the nearest future for new elements of computer energy independent
memory-memristors, which modify their electric resistance under the current
influence [4]. The application of nanoparticles of the dioxide composite material
built in graphene nanoribbons, as anodes in Lithium Ions batteries in mobile electron
technique were recently reported [5]. This may seriously enhance the productivity
and effectiveness of such batteries and to achieve high initial charge and discharge
potentials [6].

The use of optical methods of gas and biological objects detection in liquid and
gaseous mediums became the new stage in nanosized tin dioxide application [7].

The tin-dioxide physical properties are principally dependent on the methods of
its production. Among them are expensive ion-plasma, electron – beam deposition,
magnetron spray and more cheap chemical methods – electric spray pyrolysis,
chemical deposition from vapour phase, sol-gel method [8–10]. These methods
are used for obtaining thin SnO2 films of high defectness and as a result of high
conductivity.

Free electrons presence in them secures the surface plasmon resonance (SPR)
effects developing. The surface plasmons excitation by electromagnetic radiation
(EM) is specific for nanosized structures, containing nanoparticles (NPs) of noble
metals and may be registered by the plasmon adsorption in visible, nearest UV
and IR wave length range [11]. The spectral and angular SPR characteristics of
nanostructured metal-dielectric films are very sensitive to the dielectric permittivity
variation of the contacting with them outer medium [12]. This is widely used for
monitoring. Addition of gold (Au) on the SnO2 surface in [13] enhances a sensor
best performance due to response (s) and time of response (t).

Previously in our [14] the SPR existence in SnO2 films without Au NPs was
shown. At the same work the effectiveness of modulation-polarisation spectroscopy
method (MPS) was shown, as an alternative method for diagnostics and char-
acterization of SnO2 films. The present work is a continuation of SnO2 films
characterization by MPS method aiming the determination of optimal resonance-
optical SPR parameters in dependence on the resonance type (localized or polariton
one) and also the structure morphology specificity aiming future application in
sensors.

20.2 Samples and Experimental Details

Samples for the investigation were prepared by the technique described in detail in
[15]. Bis(acetylacetonato)dichlorotin (BADCT) was used as a tin dioxide precursor
[16]. Freshly prepared BADCT was dissolved in acetone at different concentrations,
then equal volumes of each solution were mixed with the same volumes of
polyvinylacetate (PVAC) solutions in acetone prepared at different concentrations.
The mixtures were then sprayed onto the microscope cover glass of 22 
 22mm2

size. Samples were kept at room temperature for about 15 min to allow the acetone
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Fig. 20.1 AFM images of SnO2 films

removing prior to annealing them at 600 ıC for 6 h in air to achieve the thermal
decomposition of the film organic components (BADCT and PVAC) and subsequent
removing decay products. The organic components removing were confirmed
by our thermogravimetric studies of the precursor [16] and by the data on the
PVAC decomposition at temperatures above 200 ıC, particularly in the presence of
catalytic oxides (tin dioxide in our case). After annealing, the tin dioxide film was
left on the substrate. PVAC was employed to structurize the film during removing
its decay products. Force Microscopy (AFM) method (NanoScope IIIa, Digital
Instruments). The tapping mode measurements were carried out with use of a silicon
probe with nominal radius of about 10 nm. The AFM phase topology image of the
sample T4.P1 (4 wt. % BADCT and 1 wt. % PVAC in the initial solution) is shown
in Fig. 20.1a.

The optical scheme of experimental technique for spectral and angular SPR char-
acteristics measurement based on the Kretchman [17] geometry and improved by
the MPS method is described in details in [18]. The method is based on modulation
of the EM radiation polarization. The idea of modulation is the periodical variation
of probing radiation polarized state with constant intensity, frequency, phase and
wave vector. The magnitude of the registered signal at the modulation frequency
(f D 60 kHz) is equal to the intensities difference of the reflection coefficients
s and p polarized radiations �.�; �/ D R2s � R2p – the polarization difference.
According to the conventional terminology in polarimetry [19] this parameter is a Q-
component of Stocks vector within the EM radiation which is reflected in this case
by SnO2 film fixed on a semicylinder surface and sensible to resonance. The phase
locking detection of angular and spectral polarization characteristics increases the
information ability of �.�; �/ parameter, both due to the dynamic range extension
of the measured quantity, and due to different signs of amplitude signals. The
parameter � is more convenient in detection with high sensitivity to the peculiarities
morphology of structure due to simultaneous measuring of R2s and R2p components
under interaction between radiation and sample.
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20.3 Results and Discussions

The angular characteristics of the internal reflection coefficients R2s .�/ and R2p.�/
and their polarization difference �.�/ at � D 500 nm for SnO2 films are shown at
Fig. 20.2. For the incidence angles � , more than the critical angle of total internal
reflection �cr D 43ı, the presented characteristics minima, are caused by the surface
plasmons excitation for both s- and p polarized radiation.

The effectiveness of the resonance interaction of s-polarization in the present
case exceeds over p-polarization (Rp

sp and Rs
sp are oscillators’ forces, excited by

corresponding polarized radiation). The negative values of �.�/ characterize the
SnO2 films structure as cluster one and nonuniform, which corresponds to the results
of investigation of ultra thin and cluster gold films in [20].

In dependence on the structure peculiarities of the films studied, the SPR
excitation is subdivided to several types: the excitation of the surface plasmon-
polaritons on the infinite plane boundary of the metal-dielectric surface and the
excitation of surface plasmons, localized on separate not interacting NPs or between
NPs of metal due to dipole-dipole interaction. The spectral characteristics of the
polarization difference �.�/ at different incidence angles � D 45ı, 55ı, 65ı are
shown at the Fig. 20.3a for characterization of SnO2 films, and SPR types definition.
The complicated character of the parameter �.�/ spectral contour is connected with
different types of SPR in the films. The variable in signs form of curves �.�/ caused
by the resonance response from both polarizations at the phase-locked detection
allows to interpret each extremum as a result of the resonant excitation of the surface
plasmons of different nature.

Fig. 20.2 Angular dependences of the internal reflection coefficients R2s .�/, R2p.�/ and polariza-
tion difference �.�/ at � D 500 nm
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Fig. 20.3 (a) – spectral dependences of polarization difference �.�/ for SnO2 films at incident
angles of � D 45 (square), 55 (circle), 65 (triangle), degrees. (b) – frequency dependence
of polarization difference �.!/ at � D 65ı (marks) recalculated from the corresponding
dependence of �.�/ in comparison with the Gaussian distribution function (solid line) expanded
into components (dashed line)

The negative sign extrema in �.�/ spectra are conditioned by the resonant
excitation of the localized surface plasmons in a short wavelength region (�LSP1 �

500 nm) on clusters or surface structure inhomogeneity, but in a long wavelength
region (�LSP2 � 1000 nm) between clusters due to electrodynamic/ dipole-dipole
interaction. In both cases, the simultaneous resonant interaction of both s-, and
p-polarized radiation with SnO2 film occurs. Extrema with positive �.�/ values
at �SPP � 650 nm are conditioned by the surface plasmon-polariton excitation
in the interface film-air, consequently, as a result of resonant interaction only
for p-polarized radiation. It is to be mentioned, that the “blue shift” occurs for
corresponding extrema, which is conditioned by the considerable thickness d D

230–400 nm of the SnO2 films. Such peculiarities of �.�/ curves are specific for
cluster type and inhomogenous structure films [21].

Aiming the definition of every SPR parameters, the �.�/ characteristics were
studied by means of Gaussian functions approximation. As a result, the amplitude
and relaxation resonance parameters were obtained. The frequency dependence of
�.!/ of one of �.�/ curves at � D 65ı was shown at Fig. 20.3b. The following
principal frequencies and FWHM parameters (full width at a half maximum) are
obtained: !LSP1 D 1:9 
 1015 Hz, �LSP1 D 0:73 
 1015 s�1; !SPP D 2:86 
 1015 Hz,
�SPP D 0:994 
 1015 s�1; !LSP2 D 4:43 
 1015 Hz, �LSP2 D 0:544 
 1015 s�1. In all
cases considered the surface plasmons excitation has non radiative nature and needs
to secure phase-synchronous conditions, when both frequency (!) and wave vector
(k) of light excitation matches to those of the surface plasmon’s frequency and wave
vector.

The resonances frequencies values, obtained from the components’ extrema
(dash lines), both with the wave vectors magnitudes, considering the incidence
angle (� ), permit to built the dispersion characteristics !.k/ of the surface plasmons
(Fig. 20.4). The dispersion curves shape, their position in !.k/ coordinates, and
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Fig. 20.4 Dispersion characteristics !.k/ of surface plasmons localized on isolated clusters (1),
between clusters caused by dipole fields’ interactions (3), and surface plasmon-polaritons (2) for
SnO2 films

also AFM images, makes it possible to identify two of them, correspondingly, as
excitation of the surface plasmons, localized on separate, not interacting clusters,
and interclusters interaction and the third – the excitation of surface plasmon-
polaritons.

The angle dependencies of the relaxation parameters, � , connected with SPR
type is presented at Fig. 20.5. It is evident, that the biggest � values corresponds to
the surface plasmon-polariton excitation. According to the least � parameter value
rule, the SPR intercluster interaction dependence is the most appropriate for sensors
applications. It is evident, the parameter value �LSP2 D 0:472 
 1015 s�1 at the
angel � D 45ı, provides the maximum �.�/ characteristic slope. It’s shift as a result
of the film interaction with an external detected medium, secures the maximum
effectiveness in the sensors applications.

20.4 Conclusions

The characterization of resonant-optical parameters and morphology features of
sensor – SnO2 films is fulfilled by modulation – polarization spectroscopy method.
Two SPR types are registered, which are conditioned both by the surface plasmon-
polaritons excitation and localized surface plasmons on separate not interacting
clusters and between clusters due to dipole interaction. The polarization analysis
of SnO2 research showed the inhomogeneity and cluster type of the structure
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Fig. 20.5 Angular dependences of the relaxation parameters of SPR characteristics for SnO2 films

morphology. The optimal resonance-optical parameters were obtained for SPR
intercluster inter action, which supposes and secures their angular and spectral
characteristics maximum effectiveness in the sensors applications.
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Chapter 21
Diagnostic of Resonant Properties of Au-PTFE
Nanostructures for Sensor Applications

L.S. Maksimenko, S.P. Rudenko, M.O. Stetsenko, I.E. Matyash,
O.M. Mischuk, Yu.V. Kolomzarov, and B.K. Serdega

Abstract Diagnostic of nanocomposite films formed by gold nanoparticles
embedded in a polytetrafluorethylene matrix has been performed utilizing
modulation polarization spectroscopy technique. The dependencies of annealing
influence on morphology structure and LSPR parameters of Au-PTFE films
were studied and discussed. Effective optical parameters of Au-PTFE films were
obtained. Two types of LSPR were detected: the first is on isolated non-interacting
Au NPs and the second – between Au NPs caused by dipole fields’ interactions.
The experimental data were confirmed by theoretical calculations. Radiative and
non-radiative modes of surface plasmons were studied. Plasma frequencies were
obtained for Au-PTFE films with unheated structure and annealed at temperatures
of 300 and 520 ıC by measuring of spectral characteristics of the angle of isotropic
reflection ��D0.�/.

21.1 Introduction

Properties and behavior of small gold nanoparticles (Au NPs), such as their melting
point, density, lattice parameter, and optical properties, are significantly different
from those of bulk materials. Gold is technologically important among of many
elements and compounds from which NPs can be made, because of its low electrical
resistivity, more biocompatible, and stability into environment [1]. Numerous
practical applications of metal NPs require them to be well dispersed into or on
surface of various substrates and matrices without formation of large aggregates at
low chances to coagulating. Polymers are the best host materials, which commonly
are used for improvement of mechanical stability of NPs. Polytetrafluorethylene
(PTFE) films possess a high thermal stability and also have a high degree resistance
to any chemical attack and excellent transparency. They are generally low-cost
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materials, versatile, and can easily be processed into any shape including thin films.
PTFE can be used in waveguide as materials with low and high refractive indices
[2–4].

Nanocomposite Au-PTFE film is a combination of AuNPs embedded in PTFE
matrix. In these systems small particle sizes enhance the optical properties while the
polymer matrix materials will act to stabilize the particle size and growth besides
providing the required transparent medium. Polymer-metal nanocomposites are
promising candidates for many applications [5] as in chemical catalysis, biochips,
surface-enhanced Raman spectroscopy, optical and photonic sensor devices for
environment monitoring including hazardous processes in industry [6–8].

The sensing principle relies on the high sensitivity of the localized surface
plasmon resonance (LSPR) spectral shifts caused by the surrounding dielectric
environmental change in a binding event [9, 10]. LSPR is one of the signature optical
properties of noble metal NPs, which arises when the incident photon frequency is
resonant with the collective oscillation of the conduction electrons in the metal NPs.
The bandwidth, intensity and position of the LSPR wavelength of nanocomposites
depend on the amount, shape and size of the metal clusters in the film, as well as
on the interparticle separation [11, 12]. The great significance of the polymer-metal
nanocomposites is the ability to tune and extend the plasmon resonance wavelength,
which is highly desirable in various applications of metallic NPs.

In the field of sensor security, much attention is paid to new approaches of control
and diagnostics for the resonant parameters, morphology structures, the concentra-
tion and manipulation of light to improve the absorption and/or transmission for
energy of sensor plasmonic films [13]. The aim of this study is to characterize and
determine of optical and polarization parameters of LSPR, which are necessary for
sensor applications of Au-PTFE nanocomposites. In this context, we investigated
the influence of different morphology structure on resonant parameters of LSPR
for Au-PTFE films utilizing the modulation polarization spectroscopy (MPS)
technique. The effectiveness of MPS technique was demonstrated in our previous
studies of both continuous and porous nanosized Au and Ag films [14, 15] as well
as nanocomposite structures containing Au NPs [16, 17]. Two type of LSPR (surface
plasmon’s excitations on isolated non-interacting Au NPs and between adjacent Au
NPs due to dipole-dipole interactions) were studied by means of analysis of angular
and spectral characteristics of polarization difference �.�; �/ D R2s � R2p of the
internal reflection coefficients of s- and p-polarized radiation (perpendicular R2s and
parallel R2p to the incident plane, respectively). Radiative and non-radiative modes
of surface plasmons were considered. The obtained experimental results contain the
information about the morphological peculiarities of Au-PTFE films and parameters
of LSPR, such as amplitude, frequency position, and FWHM (full width at half
maximum). Plasma frequency oscillations were determined for each Au-PTFE
films. Effective optical parameters of Au-PTFE films were obtained. These studies
allowed performing rapid diagnosis of Au-PTFE nanocomposites with different
morphology structure and receiving their resonant and optical parameters, which
are necessary in further sensor applications.
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21.2 Samples

Nanocomposite films formed by AuNPs embedded in PTFE matrix were made
by thermal vacuum co-deposition (pressure of 4 
 10�2 Pa). One-millimeter-thick
quartz plates were used as substrates. PTFE was evaporated with vapor activation
by electron cloud. The heated tungsten boat was used for gold evaporation. Further
details can be observed in previous works [18–22]. Deposition rate was 6 nm/min.
Gold concentration in Au-PTFE films was 27.4 % of the mass or 4.12 % from
the film volume. The amount of deposited Au and PTFE was controlled in situ
with a quartz thickness gage (Sigma Instruments SQM-242), frequency shift by the
quartz sensor readings with the gold was 747.6 Hz, and with the teflon – 1983.7 Hz.
The film thickness was determined by means of the height of a step profile from
an Atomic force microscopy (AFM) Nanoscope IIIa (Digital Instrument, USA).
The morphology and thickness were studied using a periodic contacts regime with
silicon AFM probes (a rated end point radius up to 10 nm). Annealing was carried
out in a homemade oven in air for various time intervals at temperatures of 300 and
520 ıC.

The AFM images for Au-PTFE films are demonstrated in Fig. 21.1. The unheated
film (sample 1) shows that shape of Au NPs was somewhat spheroidal, but not

Fig. 21.1 AFM images of Au-PTFE films: sample 1 – unheated; sample 2 – annealed at 300 ıC;
sample 3 – annealed at 520 ıC
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completely spherical. Although, in order to achieve a high degree of accuracy, one
should suppose that Au NPs has ellipsoidal shapes. A higher Au concentration is
characterized by a bigger NP size. At the higher concentration NPs aggregation
is presented on the image. PTFE matrix prevents formatting of smooth Au film.
Also Au NPs keeps formation of PTFE phase in thermodynamically disequilibrium
conditions. It is amorphous. The root-mean-square (RMS) roughness equals to
�4.65 nm. The mass thickness of sample 1 is �24 nm with average particle size of
�59 nm at a height drop of �13.5 nm. After annealing at 300 ıC the film (sample 2)
exhibits more uniform structure with smaller size of Au NPs at approximately the
same mass thickness of gold. The RMS roughness and mass thickness are decreased
to �1.01 and �22 nm, respectively, at NPs size of �10 nm and a height drop of
�7.1 nm. Similar results of influence of annealing on the surface morphology of Au
films at certain heat temperature were observed in the works of Romanyuk et al.
[23] and Worsch et al. [24].

Annealing at higher temperature up to 520 ıC lead to a drastic change in
morphology structure (sample 3) at increasing of Au NPs-size of 223 nm with a
slight difference in height drop of �3.7 nm. In this case the RMS roughness and
mass thickness are decreased to �0.77 and �13 nm, respectively. The clusters with
Au NPs can be merged into bigger aggregates, which were made possible due
to a pyrolysis of PTFE at T > 500 ıC. As shown in Madorsky et al. [25], the
pyrolysis of PTFE occurs relatively slowly only up to 420 ıC. Moreover the size
and inter-particle distance of Au NPs depend on annealing time and temperature.
High temperature annealing tended to increase the size and inter-islands distance of
Au islands [26].

21.3 Experimental Details

Polarization characteristics of Au-PTFE films were measured in Kretschmann
geometry using the MPS technique. Setup scheme was described in detail in
the work of Berezhinsky et al. [27]. The probe radiation in case of modulation
of polarization state had constant intensity, frequency, phase, and wave vector,
with polarization state as the only variable. A diffraction monochromator MDR-
4 (with a halogen tube KGM-150 at the input and Franck–Ritter polarizer (FRP)
at the output) served as a source of spectral radiation in the wavelength range
� D 0:4–1�m. A photoelastic polarization modulator PEPM [28] acted as dynamic
phase plate. Alternating phase incursion was caused by compression/expansion
of the quartz plate. A quarter-wave mode was selected by a proper supplying
voltage. As a result, linear polarization was transformed into alternating right-to-left
circular polarization. A stationary quarter-wave phase plate (PP) was placed after
the PEPM. By rotating PP around the optical axis a position of PP was selected
at which polarization azimuths of radiation after PP alternated between parallel
and perpendicular positions relative to the incident plane (p- and s-polarization,
respectively). The radiation with modulated polarization state is directed onto the
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system of quartz half-cylinder with the Au-PTFE film. The output radiation was
directed at a photodetector PD (silicon photodiode). Reflected light was a measure
of the difference of orthogonally polarized intensities, which was transformed by
a PD into alternating signal. This signal was registered by a selective amplifier
equipped with a phase-lock detector (lock-in-voltmeter) tuned to the modulation
frequency (f D 60 kHz). The variable component value is a magnitude of the
difference of internal reflection coefficients of s- and p-polarizations � D .R2s �

R2p/ sin.!t/. The resulting value is the polarization difference �.�; �/ D R2s � R2p. If
necessary, the angular and spectral dependences of R2s .�; �/ and R2p.�; �/ reflection
coefficients separately were measured. The magnitude of polarization difference
�.�/ equals zero at particular incident angles. In that case, the reflection coefficients
of s- and p-polarized radiation have equal amplitude values, i.e. R2s .�/ D R2p.�/.
Hence, light reflection occurs regardless of polarization state at the angles of
isotropic reflection ��D0 as defined in the work of Serdega et al. [14]. The parameter
� is the analog of Q-component of the Stokes parameters and also describes
the amplitude characteristics of samples. The parameter � is more convenient in
detection with high sensitivity to the peculiarities morphology of structure due
to simultaneously measuring of R2s and R2p components under interaction between
radiation and sample.

21.4 Experimental Results and Discussion

In Fig. 21.2 angular characteristics of polarization difference �.�/, internal reflec-
tion coefficients of p-polarized R2p.�/ and s-polarized R2s .�/ radiation at a wave-
length � D 600 nm for Au-PTFE films are shown. In the range of incident angles
more than the critical angle of total internal reflection, � > �cr � 43ı, the resonant
parts in the dependencies of R2p.�/ and R2s .�/ are very poorly visible and their
detection can be difficult. In our previous works [29, 30] the negative sign of �.�/
in the range of � > �cr � 43ı indicates to the presence of a medium with high
optical density (e.g. Au-PTFE film) when anomalous reflection manifests itself
R2s .�/ < R2p.�/.

Negative values and positive curvature of �.�/ indicates in the resonant excita-
tions of surface plasmons by both s- and p-polarized radiation, which correspond to
the clustered structure. Increasing of amplitude value of �.�/ < 0 in the direction
from sample 1 toward more annealed sample 3 is due to changing of morphology
structure up to clusters aggregation. These are correlated to decreasing of mass
thickness of films from 24 nm (1), 22 nm (2) to 13 nm (3) and corresponded to
changing of optical parameters. Note that all curves of �.�/ intersect x-axis (axis
of angles) close to the �cr. A small shift takes place for sample 3 and indicates
in significant changes in morphology structure due to annealing at a drastically
high temperature. Agreement between theoretically calculated and experimentally
measured data was obtained due to a fitting procedure in which the Fresnel formulas
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Fig. 21.2 Angular dependences of the internal reflection coefficients R2s .�/, R2p.�/ and polariza-
tion difference �.�/ at � D 600 nm: experimental curves for samples: 1 – solid line, 2 – dashed
line, and 3 – dotted line in comparison with calculated (marks) characteristics

were used. The modeling was performed by means of multiparameter fitting of the
calculated curves of �.�/, R2s .�/, and R2p.�/ to the experimental ones. The following
effective refractive n and absorption k indexes of Au-PTFE films were used for
modeling: thickness d D 24 nm, n D 1:5, k D 0:3 (sample 1); d D 22 nm,
n D 1:65, k D 0:39 (sample 2); d D 13 nm, n D 1:8, k D 0:75 (sample 3) at a
wavelength of � D 600 nm and refractive index of a half-cylinder N0 D 1:458.
The difference between obtained optical parameters is caused by differences in
morphology structure of samples 3 in comparison with 1 and 2. In spite of the large
amplitude of �.�/ for samples 3, the samples 1 and 2 are most suitable for sensor
applications due to their stable structure.

The spectral characteristics of �.�/ in the range of � > �cr for sample 1 are shown
in Fig. 21.3a in order to investigate the LSPR in Au-PTFE films. Such behavior of
curves is typical for nanosized films with clustered structure. Asymmetrical contour
in characteristics of �.�/ can be caused by presence of two partially overlapping
resonances in the films. On the one hand extremum in a short-wavelength range is
caused by resonant excitations of surface plasmons on isolated non-interacting Au
NPs. On the other hand extremum in a long-wavelength range is caused by resonant
excitations of surface plasmons between NPs due to electrodynamic/dipole-dipole
interactions of adjacent NPs. As a result, the surface plasmon oscillations in a single
AuNPs induces the surface plasmons oscillations in adjacent Au NPs when both
frequency (!) and wave vector (k) of light excitation matches to those of the surface
plasmon’s frequency and wave vector. In other words, the phase synchronism
condition is satisfied, the surface plasmons resonance manifests itself. The average
size of Au NPs is much less the radiation wavelength over the whole range of
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Fig. 21.3 (a) – spectral dependences of polarization difference �.�/ for sample 1 at incident
angles of � D 31 (�), 37 (
), 43 (�), 45 (�), 50 (4), 60 (?), and 70 (ı) degrees. (b) – frequency
dependence of polarization difference �.!/ at � D 45ı for sample 1 (marks) recalculated from the
corresponding dependence of �.�/ in comparison with the Gaussian distribution function (solid
line) expanded in two components (dashed line)

measurement. The band of LSPR is broadened due to wide size distribution with
increasing ‘mean free path of an electron-to-size of Au NPs’ ratio. Similar results
were obtained in the absorption spectra of thin Au films in research laboratories by
J. Siegel’s group [31], where it was also noted that for Au NPs resonant absorption
band shifts to long-wavelength range as cluster density increases. One can see that
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for � > �cr, the curves of �.�/ have their extrema around � � 600 nm, which
slightly red-shifts with increasing incident angle.

In Fig. 21.3b the experimental dependence of �.�/ at � D 45ı was converted
to the corresponding frequency dependency and decomposed into elementary
components that are described by Gaussian function with fundamental frequencies
!1, !2 and oscillation relaxation times �1, �2, respectively. Their sum determines
a calculated characteristic, which has a quite satisfactory agreement with the
experimental one. In this case two broad extrema of �.�/ corresponds to two types
of resonant mechanisms of surface plasmon’s excitations for Au-PTFE films. first
extremum in the angle range of 45ı < � < 60ı at a frequency of !1 D 3:09–
3:03 
 1015 Hz and �1 D 1:08–1:12 
 1015 s�1 is related to the LSPR due to dipole
fields’ interactions of adjacent Au NPs. The second extremum at a frequency of
!2 D 4:19–4:41 
 1015 Hz and �2 D 1:16–0:8 
 1015 s�1 is determined by surface
plasmon’s excitations on isolated non-interacting Au NPs.

In both cases the surface plasmons have non-radiative modes. The excitation of
surface plasmons of two types of resonant mechanisms in the ultrathin metal films
was confirmed by research results from D. Dalacu [32] and B.-h. Choi [33].

In Fig. 21.4a all curves of �.�/ exhibit identical extrema at � D 568 nm for
the whole range of incident angles less than the critical one � < �cr. The surface
plasmon’s oscillations of small metal NPs have radiative modes. In other words,
the surface plasmons can be excited with light of appropriate wavelenhgt (and
polarization) irrespective to the excitation light wave vector. For � < �cr, the
origin of extremum �.�/ is determined by a number of metal centers that interact
with electromagnetic wave that manifests itself in resonant excitations of surface
plasmons on isolated non-interacting Au NPs at a wavelength close to the resonant
wavelength of natural oscillations of the conduction electrons or plasma oscillations.
The frequencies at which small Au NPs absorb light are near but not equal to those
of gold material absorption [34]. In particular, from the similar measurements of
�.�/ for � < �cr the extrema at � D 568, 560, and 585 nm are obtained for
samples 1, 2, and 3, respectively.

The nanocomposite Au-PTFE films consist of AuNPs embedded in PTFE matrix.
The matrix presence leads to shifting of the surface plasmons absorption band to
long-wavelength range because of change of the Fröhlich conditions for surface
plasmon’s resonance in composite system. Moreover, if Au NPs are deposited on
a glass substrate the shift-direction of resonant wavelength is determined by the
relation between the refractive indices of the substrate and material of polymer
substance (i.e., PTFE). These shift value depend on the permittivity of material of
NPs as well as the dielectric properties and thickness of polymer substance [35].
Similar splitting of plasmon resonances, when new formed resonances are shifted
in both red and blue spectrum directions, takes place as a result of the interaction
of metal NPs with the substrate [36] and also is possible because of predominant
orientation of Au NPs due to the structural particularities of thin films [37, 38].

Multifunctionality of the MPS technique enables one to perform diagnostic of
Au-PTFE films by using a special parameter – angle of isotropic reflection for s- and
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Fig. 21.4 (a) – spectral dependences of polarization difference �.�/ for sample 1 at incident
angles of � D 31 (�), 34 (?), 37 (
), and 42 (�) degrees. (b) – spectral dependences of the angle
of isotropic reflection ��D0.�/ at �.�/ D 0 (filled marks) in comparison with the dependence of
�.�/ at � D 30ı (solid curve) for sample 1. Inset: similar characteristics of ��D0.�/ and �.�/�D30ı

for samples 2 and 3

p-polarized radiation, ��D0. The above parameter ��D0 is based on value equality of
the reflection coefficients of s- and p-polarized radiation, i.e. R2s .�/ D R2p.�/ and
�.�/ D 0 as defined in the work of Serdega et al. [14]. Here, light reflection is
independent on the polarization state or, in other words, the polarization state of
the electromagnetic wave is isotropic at angles of ��D0. In Fig. 21.4b the spectral
characteristics of the angles of isotropic reflection ��D0.�/ (dots) along with the
spectral dependencies of �.�/ (solid line) at � D 30ı for samples 1, 2 and 3 of
Au-PTFE films are shown.
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The presented curves are characterized by nonmonotonic behavior, with an
extrema at � D 568, 560, and 585 nm for sample 1, 2 and 3, respectively, which
are in complete agreement with extrema values of �.�/ in the radiative region for
� < �cr. The light propagation in the direction of ��D0 is defined by appropriate size
of Au NPs. In this case surface plasmons are localized. These surface plasmons’
excitations take place in small, non-spherical metal particles with irregular and
uneven shape, when the surface charge distribution is essentially inhomogeneous.
Such non-uniform distribution generates higher multipoles (quadrupole, etc.) even
if the film thickness is much smaller than the wavelength. These higher multipoles
are occurring when NPs size increases and interaction transition mode from quasi-
static to radiation is observed [39]. Under such conditions, surface electromagnetic
wave does not develop and its propagation is similar to a standing wave. Moreover,
even small intensity of exciting electromagnetic wave can lead to strong oscillations,
provided that the frequency of the incident radiation is in resonance with the
frequency of collective oscillations of conduction electrons in Au films. The plasma
frequency !p depends on the electron concentration in each separated Au film
which can deviate for small size of Au NPs [40, 41]. Parameter of ��D0.�/ is very
sensitive to change of intensity towards one or another polarization state (s or p) of
radiation during its interaction with Au NPs. Consequently, the angle of isotropic
reflection ��D0.�/ is an additional registration method of plasma frequency for
nanocomposited Au-PTFE films: !p D 3:32 
 1015 Hz (1), 3:37 
 1015 Hz (2) and
3:22 
 1015 Hz (3). These values are increased according to increase of appropriate
mass thickness d for Au-PTFE films.

In Fig. 21.5 spectral characteristics of �.�/ at � D 44ı exhibit the LSPR for all
samples under investigations 1, 2 and 3. The amplitude value of �.�/ is gradually
increased from sample 1 to sample 3 as in case of the angular characteristics of �.�/
in Fig. 21.2. The LSPR frequencies for the sample 1 and 2 are remained without
changing !1 D 3:24
 1015 Hz (�1 D 0:824
 1015 s�1) and slightly changed for the
sample 3 !1 D 3:093
 1015 Hz (�1 D 0:8
 1015 s�1). PTFE adding into nanosized
Au films allows obtaining the nanocomposites with stable resonant parameters,
which are demonstrated by similar frequency values of the LSPR. The annealing at
delicate temperature of nanocomposite Au-PTFE films makes it possible to obtain
the structures with increased amplitude properties of the LSPR.

In Fig. 21.6 the dispersion characteristics !(k) of surface plasmons as a result
of polarization analysis of spectral characteristics of �(�) in a wide incident angle
range were obtained for samples 1, 2 and 3. Two dispersion branches are shown
for non-radiative modes (to the right of the light straight line) where the phase
synchronism condition is necessary for surface plasmon’s excitations. The low-
frequency branch corresponds to the surface plasmon’s excitations between Au NPs
due to dipole fields’ interactions of adjacent NPs (the influence of neighbouring
Au NPs is dominant). These LSPR frequencies are also increased according to
increase of appropriate mass thickness d for Au-PTFE films. The high-frequency
branch corresponds to the surface plasmon’s excitations on isolated non-interacting
Au NPs. Removal of branches from each other in frequency is associated with the
dependence of the plasmon’s frequency on Au NP size. In our case, such a size can
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Fig. 21.5 Spectral dependences of polarization difference �.�/ for samples 1 – solid, 2 – dashed,
and 3 – dotted experimental curves at � D 44ı

Fig. 21.6 Dispersion characteristics !.k/ of localized surface plasmons on isolated Au NPs
(opened) and between Au NPs caused by dipole fields’ interactions (filled) for Au-PTFE films

be particle cross-section (that depends on the incident angle) toward the electric field
of electromagnetic wave and the distance between Au NPs. These characteristic
features are associated with a spheroidal in form Au NPs, but not completely
spherical for Au-PTFE film. The splitting of the dispersion characteristics into
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two branches is associated with the small thickness of the sample [42]. One more
dispersion branch is shown for radiative modes (to the left of the light straight
line). Constant frequency value of the LSPR at varying wave vector completely
corresponds to the plasma frequency !p for Au-PTFE films. These values are also
increased according to increase of appropriate mass thickness d of Au-PTFE films.

21.5 Conclusions

In summary, particularities of morphology structure due to annealing for Au-PTFE
nanocomposites were studied by measuring angular and spectral dependencies
of polarization characteristics utilizing developed modulation polarization spec-
troscopy technique. As a result of polarization analysis two types of the LSPR were
detected: the first is on isolated non-interacting Au NPs and the second is between
Au NPs caused by dipole fields’ interactions. The obtained optical and resonant
parameters of Au-PTFE nanocomposites are necessary characterization parameters
for each individual film in case of their sensor applications. The paper discussed
the following obtained results. Frequencies and damping parameters of the LSP
resonances were determined. Dispersion characteristics !.k/ of LSP are shown for
radiative and non-radiative modes. Plasma frequencies !p were obtained for Au-
PTFE films with unheated structure and annealed at temperatures of 300 and 520 ıC
by measuring of spectral characteristics of the angle of isotropic reflection ��D0.�/.
The correlation between plasma frequency and film thickness was discussed.
The annealing at delicate temperature of nanocomposite Au-PTFE films makes
it possible to obtain the structures with opportune morphology structure, optical
and LSPR parameters. The annealing at high temperature leads to changing in
morphology surface up to clusters aggregation and restructuring of films.
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Chapter 22
Metal Oxide Based Biosensors for the Detection
of Dangerous Biological Compounds

A.V. Tereshchenko, V.A. Smyntyna, I.P. Konup, S.A. Geveliuk,
and M.F. Starodub

Abstract In this report an application of some metal oxide nanostructures as a
biosensor platform for the detection of dangerous biological compounds (Bovine
leucosis, Salmonella) have been discussed. The attention is paid to the TiO2

nanoparticles and ZnO nanorods deposited on the flat surface. The changes in
photoluminescense signal from nanostructured surface were applied as biosensor
response to detect the analytes. The detection range of TiO2 based biosensor for
Bovine leucosis antibodies was in the range of 2–10�g/ml. The detection range of
ZnO based biosensor for Salmonella antigens was 102–106 cells/ml. The obtained
results provide a good basis for the use of optical properties of metal oxide based
semiconductor nanostructures in biosensor technology.

22.1 Introduction

During last decades metal oxide nanostructures based on TiO2 and ZnO are
the materials that attract a lot of attention due to their optical, catalytic and
sensing applications. Physico-chemical properties of these nanomaterials that can
be controlled and changed by growth methods or by modification of nanostructures
can play crucial role in sensing application. For these metal oxides, quantum
confinement effect caused by nanoscale size, have resulted not only in band gap
increase and improved photocatalytic activity but also in photoluminescence peaks
appearance at room temperature. Being wide band gap semiconductors that have a
good affinity to biological compounds, TiO2 and ZnO nanostructures are promising
materials to be used as optical biosensor transducers [1–5].
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Among various types of biosensors, an immune biosensor is a type, based
on specific interaction between antibody (Ab) – antigen (Ag) couple [6]. The
reaction between this couples has high specificity and sensitivity to detecting
analytes what makes immune biosensors suitable for accurate and precise tests
with electrochemical, optical, magnetic and piezoelectric transducers [6–8]. As it is
known from the range of works, optical methods of detection based on absorbance,
reflectance and photoluminescence demonstrate simple, fast and accurate detection
of target analyte [9–14]. In particular, photoluminescence from nanostructured
metal oxides is a promising property that can be used for the detection of chemical
and biologic compounds [4, 9, 10, 13, 14]. Therefore, the photoluminescence from
TiO2 nanoparticles was used for the detection of Bovine leucosis antibodies.

22.1.1 Application of Photoluminescence TiO2 Nanoparticles
for the Detection of Bovine Leucosis

Bovine leucosis virus (BLV) – is the highly foetal neoplasia of the cattle charac-
terized by the abnormality maturation process of the blood cells [15]. Diagnosis
of the BLV infection based on the clinical signs alone is difficult because of the
wide range of symptoms. The traditional immune methods have high specificity
and sensitivity, but they take a lot of time and require additional parameters such as
labelled molecules [16]. To overcome such drawbacks we need to use the modern
instrumental analytical devices based on the biosensor technology.

TiO2 is a material, which is widely applied for different applications [17–22]
including sensors and biosensors [20, 23–25]. TiO2 shows good stability in aggres-
sive environment what makes it attractive for chemical sensors applications [18, 20].
TiO2 is a wide band gap semiconductor with indirect optical transitions [19].
TiO2 has low isoelectric point pH D 5.5 what makes some advantages to protein
immobilization on its surface [25].

22.2 Experimental

Anatase nanoparticles with mean size 32 nm were used as biosensor template. TiO2

nanoparticles were solved in water to prepare sols (with concentration 0.05 mg/ml).
TiO2 layers were formed on glass substrates by dropping TiO2 sols and drying
at room temperature with post annealing treatment at 300 C for 1 h was provided
to remove water from the samples. SEM measurements showed that nanoparticles
formed high surface area porous structure (Fig. 22.1a) that is suitable platform for
immobilization of biological species.

Raman spectrometer with Ar/Kr laser (Jobin Yvon-Labram 1B, � D 647:1 nm)
and spectral resolution 1 cm�1 were used for the study of Raman spectra. Raman
spectrum of TiO2 nanostructures, deposited on glass substrates is shown in
Fig. 22.1b. The peaks were found at 392, 512 and 634 cm�1, which correspond
to B1g, A1g and Eg modes of anatase phase of TiO2. Surface morphology of
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a b

Fig. 22.1 (a) – SEM image of TiO2 nanostructures deposited on glass; (b) – Raman spectrum of
TiO2 nanostructures
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Fig. 22.2 (a) – AFM image of surface of TiO2 nanostructures (Asylum Research MFP-3D); (b) –
photoluminescence setup

deposited samples has been investigated with AFM (Fig. 22.2a). The obtained
TiO2 nanostructures had high active surface area. Mean square surface roughness
(Rsq), measured with free software Gwiddion, was 140 nm for prepared TiO2

nanostructures. Photoluminescence spectra were measured by setup shown on
Fig. 22.2b. The photoluminescence was stimulated by UV laser LCS-DTL-374QT
with excitation wavelenth � D 355 nm. The emission spectra were amplified and
recorded in the range of 370–800 nm.

22.3 Results and Discussion

To fabricate biosensitive layer, the antigens of BLV were immobilized on TiO2

surface. TiO2nanostructures were exposed to water solution of BLV antigens (Ag)
for 10 min and then were washed two times in distilled water and dried in air at room
temperature. The backside of TiO2 sample was sealed to prevent immobilization of
Ag on it.
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a b

Fig. 22.3 (a) – PL spectra of TiO2 nanoparticles before and after immobilization of BLV antigens,
and after BSA adsorption; (b) – PL spectra of TiO2-Ag-BSA layer under different concentrations
of BLV Ab

The photoluminescence spectrum of pure TiO2 samples is characterized by
broad peak centered at 510 nm. A number of papers reported on room temperature
PL in TiO2 nanostructures [22, 26–28]. Usually TiO2 nanostructures demonstrate
emission in the range 430–560 nm. Two mechanisms of luminescence are proposed:
self-trapped excitons (STE) (430–510 nm) and oxygen vacancies (530–560 nm).

Photoluminescence (PL) spectra of TiO2 nanoparticles before and after immobi-
lization of antigens are shown on Fig. 22.3a. As one can see, the immobilization
of BLV antigens lead to the significant changes of PL spectra in intensity and
peak position. It was found that after Ag immobilization PL spectra was shifted
to shorter wavelengths, what can be a proof of formation links between TiO2

and Ag. Increase of PL intensity could result from charge transfer between Ag
molecules and conductance band of TiO2. And the UV shift of PL maximum can
be explained by additional dipole-dipole interaction, what can change energetic
position of recombination centers into TiO2. After immobilization of antigens, the
bovine serum albumin (BSA) was deposited on the biosensitive layer as a blocking
agent to prevent nonspecific protein adsorption. The intensity of PL after BSA
adsorption has been increased.

After forming of biosensitive layer by immobilization BLV antigens, the BLV
antibodies (which play role of analyte) were deposited on the functionalized surface
from water solutions with different concentrations. PL spectra of TiO2-Ag-BSA
biosensor, measured under different Ab concentrations are shown in Fig. 22.3b. It
was found that PL intensity decreased with the increase of analyte concentration. At
the same time, peak position moved to higher wavelengths.

Thus, the biosensor response to leucosis Ab can be a function of two parameters:
PL intensity and position of PL peak. To analyze the sensor response we calculated
the changes biosensor signal S according the following equation

S D
SAg-BSA � SAb

SAg-BSA
; (22.1)
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a b

Fig. 22.4 (a) – Response of the biosensor signal S and peak shift to different concentrations of
BLV antibodies; (b) Ratio of ISTE=IVŒO� for TiO2 NP before and after interaction with biomolecules

where SAg-BSA and SAb are PL peak’s intensities of TiO2 nanostructures with
immobilized BLV antigens before and after interaction with BLV antibodies,
correspondently.

The changes of peak position after adsorption of Ab were calculated according
following equation:

�� D �Ag-BSA � �Ab; (22.2)

where �Ag-BSA and �Ab are PL peak positions of TiO2 nanostructures with immo-
bilized BLV antigens before and after interaction with BLV antibodies, correspon-
dently.

The results, obtained with the use of equations (22.1) and (22.2) are plotted
in Fig. 22.4a. The analysis of the results showed that the changes of biosensor
parameters had similar behavior. The obtained experimental curves increased at
the range of Ab concentrations from 2–10 mkg/ml. The further increase of Ab
concentration led to the saturation of signal changes.

It is known that photoluminescence spectrum of TiO2 nanostructures can be split
into two peaks, related to self-trapped excitons (STE) and oxygen vacancies VŒO�.
We performed the fitting of the obtained PL spectra before and after interaction
with biological molecules (the fitting is not shown here) and plotted the ratio of
PL intensities related to STE and oxygen vacancies (Fig. 22.4b). It was found that
the positions of both peaks have not been changed for all steps of the experiment
(1–1.5 nm). At the same time the redistribution of the integrated intensity between
peaks caused by STE at 461 nm and oxygen vacancies VŒO� at 502 nm was observed.

The formation of biosensitive layer and BSA molecules adsorption was accom-
panied by an intensity increase of the peak at 461 nm and a decrease of the
peak at 502 nm, leading to a shift in the overall spectrum to shorter wavelengths.
This indicates that the biomolecules adsorption by the surface of TiO2 reduces
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the rate of radiative recombination caused by oxygen vacancies and increases
the photoluminescence intensity caused by STE. After immune reaction between
antigens and antibodies, the ratio of PL intensities related to STE and oxygen
vacancies decreased with increasing concentration of antibodies.

The formation of antibody-antigen complex can lead to the changes in molecular
structure of antigens previously immobilized on TiO2 surface which is accompanied
by link changes between antigens and TiO2 surface.

Successful results were obtained for Salmonella antigens detection using similar
procedure and biosensor, based on photoluminescence from ZnO nanorods [29–31].
The studied ZnO nanorods can be used as transducers in optical biosensors for
Salmonella detection. The optimal response of the fabricated biosensor is observed
at concentrations 102–106 cells/ml.

22.4 Mechanism of Interaction Between TiO2 Surface
and Bio-molecules

Reaction of TiO2 with proteins (Ab, Ag and BSA) is due to non-covalent bind-
ing. Van der Waals and hydrophobic bonds are suggested as the mechanism of
interaction between TiO2 surface and BLV molecules. An increase of PL emission
after biomolecules immobilization is observed as a result of charge transfer from
bio-molecules to TiO2 surface. The proteins are bound to the surface by several
functional groups affecting the surface band bending. The changes in UV PL
emission after target molecules adsorption could occur due to the immune reaction
between Ag-Ab couple. The decrease in intensity of the PL peak after target
molecules adsorption is due to elimination and/or weakening of link between
TiO2 and bio-molecules, caused by structural modification of previously adsorbed
Ab molecules as a result of antigen-antibody reaction. However, the mechanism
of interaction cannot be determined from only measurements of PL. Additional
methods, such as XPS confocal microscopy are needed to investigate it.

22.5 Conclusions

Specific selective interaction between immobilized antibodies and antigens couples
(‘key’-‘lock’ principle) can be monitored by PL of TiO2 and ZnO. Photolumi-
nescence from these nanomaterials is a suitable method for characterizing sample
surface, surface defects and the changes of the surface properties as a result of bio-
logical impact. TiO2 and ZnO nanostructures can be successfully used as a platform
for the immobilization of biologically active substances on their surface which is
confirmed by the changes in PL intensity and PL peak shift. Photoluminescence
method of analyte detection is not the highest one comparably to SERS, SPR or
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fluorescence however it is easier to be applied, does not need label system and can
become the next generation of sensing devices. Obtained results provide a basis
for the prospective application of metal oxide based nanostrucutures in immune
biosensors for rapid diagnosis of such viruses as Bovine leucosis, Salmonella and
other dangerous biological species.
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Chapter 23
Cerium Dioxide CeO2�x and Orthovanadate
(Gd0:9Eu0:1VO4) Nanoparticles for Protection
of Living Body from X-Ray Induced Damage

G. Grygorova, V. Klochkov, Ye. Mamotyuk, and Yu. Malyukin

Abstract The effectiveness of CeO2�x and GdEuVO4 nanoparticles in radiopro-
tection in model animals during radiation exposure has been shown. Nanoparticles
were injected per os by two different schemes – once and during 15 days. For the
15-days scheme of GdEuVO4 nanoparticles injection during 30 days of observation
the survival of animals irradiated with a dose of 6.0 Gy was 100 %; for ceria it was
90 % for ceria. It was revealed that 7.0 Gy radiation dose is lethal. These results can
serve as a motivation to consider inorganic nanoparticles as the basis for new drugs
possessing by radioprotective effect.

23.1 Introduction

During last years the radiobiology has achieved a number of great successes.
Radioprotective effect was revealed for the range of substances with different
chemical structure. To the most important ones from the viewpoint of the possible
practical applications belong cystamine, serotonin, mexamine and some others
organic compounds which action is based as on the chemical modification of
biologically active target molecules, so on the inactivation of oxide radicals which
form at the interaction of ionizing radiation with water and biomolecules. However,
these radioprotectors had only limited success due to short half-lives (hours or even
minutes), lack of penetration to the site of radical production, and daily dosing
requirements [2]. Moreover, the majority of traditional radioprotectors with stable
chemical structure are effective only at high concentrations and often possess a toxic
side action.
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In the last years new materials for radiation protection with high stability and
ability to self-regeneration were proposed [9]. Such materials are based on the
inorganic nanocrystals which are able to participate in redox reactions as mediators
at electron transfer. At interaction with radicals possessing with non-paired electrons
nanoparticles can as to take, so to give an electron turning thereby a radical into an
ion or neutral molecule. Besides, near the surface of nanoparticle recombination
of radicals accompanied by formation of neutral molecules can take place. It is
remarkable that the chemical composition of nanoparticle remains unchangeable
during interaction, and the number of acts of interaction is unlimited. So, contrary
to organic antioxidants, for which neutralization of radicals is accompanied by
inactivation of antioxidant molecule itself, nanoparticle can neutralize unlimited
number of radicals. So, for an effective suppression of free radicals in an organism
concentrations of nanoparticles can be several times less than for conveniently used
organic antioxidants. Also, due to concentration effect activity of nanoparticles
increases at increase of free radical concentration and vice versa, deceases at
free radical concentration decease, so nanoparticles play a role of regulators of
concentration of free radicals in an organism allowing to maintain the required level
of reactive oxygen species.

The role of nanoparticles as radioprotectants is a cutting-edge development in
decades of scientific interest regarding the protection of normal cells and tissues.
In both in vitro and in vivo experiments it was shown that the cerium dioxide
nanoparticles, fullerenes and their derivatives [1, 3, 5, 11] protect cells and tissues
from radiation injury. The ability of cerium oxide nanoparticles to protect living
cells from the influence of ionizing radiation was shown in the number of papers
[10]. For instance, in [10] both human normal and tumor cells were treated with
cerium oxide nanoparticles and irradiated, and cell survival was measured. It
was shown that the presence of cerium oxide in normal cells provided almost
99 % protection from radiation induced cell death, while for tumor cells the same
concentration of nanoceria have shown almost no protection.

Another and almost unexplored type of inorganic nanocrystals is rare-earth
orthovanadates. Vanadium compounds recently have attracted a lot of attention as
potential base for innovative medical agents, and our own preliminary investigations
have shown that efficiency of radiation protection for GdEuVO4 nanoparticles is
comparable to efficiency of nanoceria and even exceeds it for some schemes of NPs
injection [8].

23.2 Experimental

Colloidal solutions based on orthovanadates Gd0:9Eu0:1VO4 and cerium dioxide
CeO2�x nanoparticles used in the work were obtained by methods previously
described in [6, 7]. The colloidal solutions are stabilized by sodium citrate (NaCit)
with molar ratio CeO2/NaCit as 1:1. All ñolloidal solutions were transparent in
transmitted light and opalescent in lateral light (Tyndall cone). Colloidal particles
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Fig. 23.1 TEM images of CeO2�x (a) and GdEuVO4 (b) nanoparticles

pass easily through nitrocellulose ultrafilters with a pore diameter of 100 nm. The
process solutions have physiological value pH D 7.2–7.8 and, therefore, they can
be used for biological testing. The solutions were stored in sealed ampules without
changing their properties for more than 2 months at normal conditions.

In the experiments, colloidal solutions of nanoparticles with average sizes of
10 nm for CeO2�x and 8 
 20 nm for GdEuVO4 were used (Fig. 23.1).

The work was conducted in accordance with international principles of the
“European Convention for the Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes” [4].

The investigation was performed on 90 white male rats weight in g 150–180 g.
The X-ray irradiation of the animals was performed using a x-ray therapeutic
unit model RUM 17 (USSR) in standard technical conditions. X-ray irradiation
conditions: tube voltage 190 kV, current 10 mA, filters 0.5 mm Cu C 1.0 mm Al,
field 20 
 20 cm2, the absorbed doses 6.0 and 7.0 Gy, the absorbed dose rate in air
0.57 Gy/min, Eef D 79:0 keV.

Solutions of nanoparticles with concentration of 0.2 g/l were injected per os by
0.5 ml using the schemes:

Scheme 1 – injection of NPs during 5 days before irradiation, then irradiation with
doses of 6.0 and 7.0 Gy followed by injection of solution for another 10 days
(CeO2�x5 C Irradiation by 6.0 Gy C CeO2�x 10; GdEuVO4 5 C Irradiation by
6.0 Gy C GdEuVO4 10).

Scheme 2 – single injection of NPs for 40 min before irradiation with dose of 7.0 Gy
(CeO2�x5 C Irradiation by 7.0 Gy C CeO2�x 10; GdEuVO4 5 C Irradiation by
7.0 Gy C GdEuVO4 10).

Control groups were irradiated without injection of nanoparticles.
The following parameters were analyzed: 30-day survival rate (% mortality); the

average life duration; integral indicators (cumulative frequency).
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By developed in the laboratory (in Grigoriev Institute for Medical Radiology,
Ukraine) system of accounting for various signs of acute radiation sickness (ARS)
one can quantitatively predict positive or negative radioprotective effect of the
tested substance. These integral frequency index (IFI, %) of signs of acute radiation
sickness was considered separately for survived and dead rats for 30 days after
irradiation. In this case, we took into account cumulative survival rate and frequency
of characteristic signs of radiation damage of body: a ruffed fur (a common indicator
for the state of the body), bloating, diarrhea, swelling of mouth, peel eyes. All these
symptoms may indicate the severity of radiation sickness

23.3 Results and Discussion

23.3.1 Radioprotective Activity of Nanoparticles in
Experiments with Rats

Main experimental results are shown in Fig. 23.1. The data show that at a dose
of 6.0 Gy injection of two types of nanoparticles by Scheme 1 reduces the 30-
day mortality from 60 % to 0–10 %. Radiation with a dose of 7.0 Gy is lethal,
so in control 2 almost all animals died. However, after injection of nanoparticles
according to schemes 1 and 2 radioprotective effect of nanoparticles is observed,
although it is quite negligible.

In addition to the analysis of the 30-day survivability, different signs of acute
radiation sickness were monitored, such as a ruffled fur (a common indicator for
the state of the body), bloating, diarrhea, swelling of mouth and eyes. Figures 23.1,
23.2, 23.3, and 23.4 show changes of frequencies of investigated signs of acute
radiation sickness for nanoparticles injected to rats irradiated by 6.0 Gy. By all these
characteristics a protective effect of the nanoparticles was observed in the case of
per os injection of both types of nanoparticles and irradiation by 6.0 Gy.

Figures 23.5 and 23.6 show changes of frequencies of investigated signs of acute
radiation sickness for nanoparticles injected to rats irradiated by 7.0 Gy. For an
irradiation by 7.0 Gy the signs of acute radiation sickness did not differ from those
of the controls (Fig. 23.2).

Thus, in in vivo experiments it was found that per os injection of nanoparticles
based on orthovanadates of rare earths and cerium dioxide protects the organism of
rats following exposure to a lethal dose of radiation.

In general, the radioprotective effect of considered nanoparticles corresponds
to, and even possibly exceeds the level of protection provided by conventionally
used organic radioprotectors. Probably, the radioprotective effect of nanoparticles is
related to their antioxidant action. Moreover, unlike organic antioxidants, inorganic
nanoparticles can provide the “traps” for free radicals. Also, participating in the
redox processes following by neutralization of free radicals they can play the role
of mediators of electron transfer without changing their physical and chemical
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Fig. 23.2 Integral frequency index (IFI, %) of signs of acute radiation sickness for rats in the
experiments with X-Ray irradiation by 6.0 Gy and injection of CeO2�x

Fig. 23.3 Integral frequency index (IFI, %) of signs of acute radiation sickness for rats in the
experiments with X-Ray irradiation by 6.0 and 7.0 Gy



Fig. 23.4 Integral frequency index (IFI, %) of signs of acute radiation sickness for rats in the
experiments with X-Ray irradiation by 6.0 Gy and injection of GdEuVO4

Fig. 23.5 Integral frequency index (IFI, %) of signs of acute radiation sickness for rats in the
experiments with X-Ray irradiation by 7.0 Gy and injection of CeO2�x
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Fig. 23.6 Integral frequency index (IFI, %) of signs of acute radiation sickness for rats in the
experiments with X-Ray irradiation by 7.0 Gy and injection of GdEuVO4

properties. Thus, one inorganic nanoparticle is able to participate in the unlimited
number of acts of capture and neutralization of reactive radicals.

But one can not exclude the possibility of induction of own protective functions
of the organism at injection of nanoparticles. The mechanism of radioprotective
action of considered types of nanoparticles requires further more in-depth research.
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Chapter 24
Anthology and Genesis of Nanodimensional
Objects and GM Food as the Threats
for Human Security

O. Kharlamov, M. Bondarenko, O. Khyzhun, and G. Kharlamova

Abstract At the end of the last century two important scientific discovery in
biochemistry and nanochemistry were made which essentially have changed the
quality and quality of modern food. In 1981–1982 years were created the first
genetically modified organism (GMO) and hardly later was discovered a new state
of matter as nanodimensional objects (NDO) and nanomaterials. With 1996–2009
year the area of crops of GM cultures have increased with 2.8 up to 134.0 million
ha. It corresponds almost to all 2/3 of cultivated fertile grounds. NDO are widely
used as various external decoration and the additives in food and packings. Hence, a
new epoch of preparation of artificial modified by GMO and NDO food have began,
as from lack of organic food can and already millions inhabitants of a planet perish.
However, at hit into an organism of people through skin, nose and mouth NDO
also easy overcome practically all biological of barriers and can interact and destroy
different human organs. The first results of study of an influence of NDO and GMO
on the organism of people and plants are threatening. The objectives of this report is
to demonstrate the experimental results of nanoecological nanothreats related with
a scale usage of GMO and NDO as the additives in nano-food and in it packings.

24.1 Introduction

“Maintain humanity under 500,000,000 in perpetual balance with nature.” It is
one of ten conunandments engraved in eight modern and four ancient languages
on granite plates of Georgia Guidestones. The monument was ordered for a civil
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engineering firm in 1979 ostensibly Robert C. Christian. Is remarkable, that in 1974
year the number of people on all planet has already overcome 4 billion. There is a
natural question. What will with the people that will appear outside of balance with
a nature? In present time (2015 year) such people already more than 6.5 billion.
Consequently, it are required the civilizational qualitative changes of technologies,
and first of all, technologies of the production and the preparation of food.

Just in this period of time the first genetically modified objects (GMO) and
nanotechnologies are created. Moreover, new state of substance as the hollow
spherical closed molecules (fullerenes, single-walled carbon nanotubes (SWCNT)),
nanostructures and nanodimensional objects (NDO) of the simple and complex
substances was discovered. These unique scientific achievements, first of all, were
used not only in various systems of safety, but also for the decision of a problem
of food maintenance of the people of all planet by accessible products of a feed.
Nanodimensional food not only is much more useful, but also the illusion of its huge
abundance creates. Probably, therefore the transition from laboratory researches
GMO and NDO up to their industrial application has appeared extremely short.
So, the first GM culture (GM tomato FlavrSavr) was created in 1993 [1], and during
1 year it was begun industrial cultivation by company Calgene [2].

Manufacture of GM agricultural cultures is represented by an effective way of the
complete decision of a food problem of mankind. Indeed, by numerous experiments
was convincingly shown, that GM agricultural cultures have the raised productivity
because of stability to a drought, herbicides, insect and viruses. However the
question on biological influence of GM products of a feed on living organism and,
first of all, on the man is opened. The researches of a similar direction not so much
complex, how many require rather long period of study of object: the results of
study of influence of GMO (as well as NDO) on the organism of the man during
life of one generation not always are rather correct. Therefore it is very important
attentively to consider the results, in which the toxicity or the harmful influence of
GMO and NDO is so definitely demonstrated already in a short interval of life of
the living organism.

In the given paper the researches concerning spheres of an application of
GMO and NDO in foodstuff and possible consequences of their uncontrollable
use are systematized. Earlier [3–5] by us were classified NDO, the nanochemical
and nanooxicological features and the possible routes of the penetration them in
organism of the man are described. Is remarkable, that GMO can get in organism of
people only with products of a feed, whereas NDO also through a skin, a nose and
an ear. The special attention here is given to the description of harmful influence
such NDO as carbon (nanotubes, fullerenes and quasi-fullerenes) and heterocarbon
(carbon nitride (C3N4) and silicon carbide SiC) molecules and nanostructures. Just
these NDO we synthesize [6–14] by the original methods and investigate their
special, nanochemical properties.
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24.2 Threats of Human Security from Genetically
Modified Products

Paul Berg in 1974 year for the first time has been synthesized recombinant (cloned
from DNA various organisms) DNA [15]. For this discovery to him was awarded
of the Nobel premium. The opportunity of creation of the genetically modified
organisms has appeared. Herbert Boyer and Stanley Cohen in 1972 year for the first
time have entered an allogenic gene of salmonella [16] in a unicellular bacterium of
Escherichia coli. It has become the beginning of the creation of gen engineering as
biotechnology of a direct transfer of DNA from one organism to another.

The first alive the transgenic essences (mouse and fly Drosophila) were created
in 1981–1982 years, and the first genetically modified agriculture (a GM tomato
FlavrSavr) has appeared in 1993 year [1]. From the moment of a beginning of the
cultivating by the company Calgene [2] of a GM tomato FlavrSavr the quantity of
the names of GM agricultures (Fig. 24.1) and, as a consequence made foodstuff with
GMO (Fig. 24.2), grows avalanchely.

The sowing areas of the engaged GM cultures have increased more than in
100 times for 14 years. Only for the period with 1996 for 2009 of the area of crops
of GM cultures have increased with 2.8 up to 134.0 ml hectares, and in 2013, on the
data Institute of science in society (University of Nottingham, UK) have reached
already 175.2 ml hectares [17]. It corresponds almost to 12 % all cultivated fertile
grounds. For today soybean is most widespread GM culture. On the data Institute
of science in society on size of the areas of engaged under GM cultures, the leaders
are 5 countries: USA, Brazil, Argentina, India and Canada (Fig. 24.3) [17]. So, in
USA now 91 % soybean, 85 % of corn and 80 % of sugar beet are GMO (Fig. 24.4)
[18]. The list of the countries, produced GM plants, continuously is extended. The
question on an opportunity to sow the genetically modified plants [19] in territory
of Russia is also decided (Resolution Russian Federation Government No. 839,
September 23, 2013). (Russia else recently considered as the basic manufacturer
of safe products of a feed.) The similar rates of increase of the areas of crops of GM
plants, in particular soybean, can result in complete disappearance of traditional
unmodified agricultures.

Soybean Maize Cotton Raps Sugar
beat

Wheat Potatoes TomatoesMost
widespread GM

cultures

Fig. 24.1 Most widespread GM cultures
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GM soybean
GM soy

flour in food

Margarine

Mayonnaise

Candies and
chocolate

Sausages

Milk drinks

Fig. 24.2 Most widespread GM food

Fig. 24.3 Share of areas planted with GM crops (of the world), %

The uncontrollable growth of the consumption of a genetically modified food has
caused an active discussion about safety of such products. Deeply it is symbolical,
that for the first time the fears about possible toxicological influence of GMO [20]
were stated already in 1974 year by the founder of recombinant DNA, which the
opening and has allowed to create the first GMO.

Indeed, the risks for health of the man with an increase of the areas with GM
plants can be caused by food allergies and horizontal gene transfer from GMO to
the consumer (Fig. 24.5). The pollution of an environment by GMO can be caused
by migration of genes owing to cross-pollination or horizontal gene transfer. At
the same time, in the reports of the World organization of public health services
(World Health Organization (WHO)) [21], General Management of the European
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Fig. 24.4 The area of sowings in USA of traditional and GM soybean, maize, sugar beet

Fig. 24.5 The basic risks connected with cultivation of GM plants

commission on a science and information (European Commission Directorate-
General for Research and Innovation) [22] the safety of the use of GM products
is marked. In more than 300 scientific works the conclusion about harmlessness of
GM products experimentally also proves to be true.

However there are publications of some scientists such as Arpad Pusztai (Britain)
[23], Gilles-Eric Seralini (France) [24, 25], Irina Ermakova (Russia) [26] and
William Engdahl (USA) [27], which testify about the unsafety of the use of GÌ
products. So, in 1999 Arpad Pusztai [23] (Britain) experimentally has established,
that the consumption of a transgenic potatoes with the built – in gene lectin (from
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snowdrop Galanthus nivalis) negatively influences on immune system of the rats:
the abnormal changes bowel, illness of a liver, kidneys, head brain are observed. Is
remarkable, that after this publication the company – developer of the transgenic
potatoes with a gene of lectin immediately stopped it the cultivation: probably, the
experimental results Arpad Pusztai were convincing.

The researches of Irina Ermakova [26] (Russia) demonstrated, that GM soybean
(RR, the line 40.3.2) negatively influences on a health of the rats and their posterity.
According to research by Ermakova[26] the consumption of GM soybean (RR, the
line 40.3.2) causes the pathologies of sexual organs and reproductive functions of
the animals, results in infringement of hormonal balance, infertility, the formation
of tumours.

Scientific experiments of Seralini [24, 25] (France) have shown, that the some
sorts of GM corn cause at experimental rats (Sprague-Dawley) cancerous tumours,
defeats of pituitary, necrosis of a liver and nephropathy of kidneys. The death at the
females of the rats in all processed groups was observed in 2–3 times more, than in
control group.

The researches demonstrating the toxicity of GM food not only for laboratory
animals, but also for the man also have appeared. So, the toxic influence of GM
corn on organism of the man was established by the Canadian researchers Aris and
Leblanc [28]. To the study were exposed 30 not pregnant and 30 pregnant women
in Eastern Townships of Quebec (Canada). Was established [28], that a toxin Bt,
developed by corn genetically modified pesticide, collects in organism both not
pregnant women, and pregnant women. Moreover, a toxin Bt penetrates through
placenta and collects in embryos. Thus, a health of the future people can be in the
same danger that occurs, as is established by Ermakova [26], with the posterity of
the experimental ruts.

As it is possible to see, it is not enough of researches on an establishment of a
harmful influence of GM food. At the same time, these researches, probably, are
so convincing that the interdiction on the cultivating of some sorts of soybean [29],
corn and pasturable peas [30] nevertheless has appeared. However, the increase of
new farmland under GM culture proceeds and, hence, the manufacture of GM food
is promptly increased. Only we shall hope, that other sorts of GM plants (soybean,
corn and peas) are not such harmful as directly for the consumer of GM food, and
his posterity.

24.3 Threats of Human Security from
Nanodimentional Objects

As against GMO the toxicological features of products with NDO are investigated
very detailed. Application of NDO in comparison with GMO is more various:
nanoparticles and nanomaterials on their basis are widely applied in electron-
ics, chemical, textile and food-processing industry (Fig. 24.6), biomedicine and
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E 171 - TiO2 nanoparticles
Food: Tables and capsules, cottage and mozzarella cheses, horseradish cream,
sauces, lemon curd, sweets
Toxicological effects: Detectable amounts in the blood, brain and gland, high
concentration in the lymph nodes and lungs

Food: Salmon and shrimp paste, meat paste, cake, dessert mixes
Toxicological effects: Toxicity of iron oxide nanoparticle internalization in
growing neuro

Food: Antacid treatments, tap watter drinking supply, external decoration in 
cakes
Toxicological effects: Cells of nervous system; brain cells accumulated in 
neurofibrillary tangles and nueritic plaques. Skeletal abnormalities: osteoporosis

Food: External decoration
Toxicological effects: Kigney, dislocation of eyes damage, blue-grey

Food: External decoration
Toxicological effects: AuNP can induce oxidative stress-mediated genomic
instability

E172 - Fe2O3 nanoparticles

E174 - Ag nanoparticle

E175 - Au nanoparticle

E173 - AI nanoparticle

Fig. 24.6 The use of nanoparticles as food additive

cosmetology. Now already more than 1000 products in the market are made with the
use of nanomaterials [31], the part from which can easy penetrate in the organism
of the man through a digestive path, organs of breath, a skin and also through
mucous environments of an eye and acoustical pass [3–5]. Therefore in the given
review the special attention is given on the researches of toxicological properties
as metallic (Fig. 24.7), and carbon [6–11, 13] (Fig. 24.8) nanoparticles, which
intensively are used in a cosmetology, nanomedicins, a textile and food-processing
industry. Besides the environment in an epoch of the nanotechnological enterprises
also contains various NDO, which of air and waters penetrate in organism of all
people. At the industrial enterprises up to 82 % of the workers receive the seen
damages of an epidermal barrier [32], as well as the disease of organs of a breath
[33] at an influence of metallic and nonmetallic nanoparticles.

In a food-processing industry the food additives on a basis of nanoparticles of
oxides of iron (Fe2O3, FeO) and titanium (TiO2/ as well as such metals as aluminum
(Al), silver (Ag) and gold (Au) are used in plenties. Toxicological effects of using
in food the additives of nanoparticles of TiO2, Al, Ag [34], Au [35] and iron oxides
[36] is shown in Figs. 24.6, and 24.8. Addition of a dye on a basis of nanoparticles of
Fe2O3, (the food additive E 172) in a forage farmed on farms, for example, shrimps
and red fish provides an appetizing kind of a salmon and shrimp paste. Fractional
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Fig. 24.7 Some unusual toxic peculiarities of carbon nanostructures

introduction of suspension of iron nanoparticles (dozes 1000, 2000 and 5000 mg/kg)
results to the development of inflammatory processes on a mucous stomach and
the intestines (of mice, birds and fish) as well as the change during a formation, a
development and a maturing of blood cells [3–5]. Nanoparticles of Fe2O3 render
toxic influence on cells of a bone marrow [37] both a mice, and people [38].

Nanoparticles of TiO2 frequently are used in a food industry as the food additive
E 171, which provides a visual whiteness or density to sauces, pastes, confectionery
creams and cheeses. Besides, nanoparticles of TiO2 are used in a cosmetology
(creams) and pharmacology (tablet and capsules). However these nanoparticles
penetrating in the organism through the pores of a skin collect in high concentration
in the blood, brain, gland, lymph nodes and lungs and promote a photooxidation
and cause oxidative stress [3–5]. Besides histopathological researches have shown
[39] the serious damages of a skin to all groups of mice exposed to the influence of
TiO2 nanoparticles. Nanoribbons and nanoparticles of TiO2 after an introduction in
trachea of mice and rats cause neutrophilia, inflammation easy [40] and pulmonary
fibrosis [41]. At the treatment by nanoparticles of ZnO of metastatic lymphatic
tumours was established their unselective toxicity for healthy cells of organism [42].

Nanoparticles of silver are widely applied in electronics, medicine (antiseptic),
food (additive E 174 and packing of products) and a textile industry. They are
capable to penetrate in an organism of people and to cause the damage of cells
(macrophages) [43] and to infringe of the functions of a liver and kidneys [3–5].
Ability of nanoparticles of silver to generate the active forms of oxygen leads to the
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Fig. 24.8 Peculiarities of toxic impact of nanoparticles of various metals and oxides on live
organism

damages of biomolecules such as fibers, ferments and DNA [44]. So, nanoparticles
of silver (Ag NPs) cause an induction of apoptosis and an injure a mitochondrial
membrane of cells HepG2 of a liver of people [45]. Ag nanoparticles can inhibit the
viability of cells HepG2 and cause a stop of a cell cycle.

Nanoparticles of gold exert a toxic influence at them the collection in the vacuoles
of fat cells [46], bone marrow, cells of blood and liver [47]. Thus [48] is established,
that the degree of a toxicity depends on the size, surface chemistry, and shape of the
gold nanoparticles.

Mezoporous nanoparticles of silicon oxide (SiO2/ even at their very low concen-
tration are extremely toxic for tumoral cells of the man [49].

Molecules (single-walled nanotubes, fullerenes and its derivatives) and nanos-
tructures (multi-walled nanotubes (MWCNT), graphene and graphene oxide) car-
bon generate the active forms of oxygen and induce an oxidizing damage of a
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membrane both nucleus of cells of a liver and blood of the man [3–5]. So, fullerene
C60 is toxic at very low concentration (0.02 ppb). The intravenous injection of
small dozes (on 15 and 25 mg/kg) of fullerene resulted within 5 min in death of
two of twenty rats. Fullerene C60 and MWCNT also injure DNA and nucleus
of cells [3–5]. Graphene and MWCNT injure a cell membrane stronger. Besides,
as was established [50] the concentration limit of cytotoxicity of suspension
from carbon nanotubes is about 0.01 mg/ml. SWCNT also causes the mutating
of RNA [51]. SWNTs considerably break phagocytosis of alveolar macrophage
at a low doze (0.38 mkg/sm2/, while MWCNT and C60 cause an infringement
only at a high doze (3.06 mkg/sm2/. The influence of SWCNTs or MWCNTs
at their concentration 3.06 mkg/sm2 on macrophages has shown characteristic
features necrosis and degeneration and also attributes apoptosis. So, the authors
[52] have established the increase of a degree of the toxicity in a range: SWC-
NTs > MWCNT10 > quartz > C60. Fullerenes, SWCNTs and MWCNTs also
immunotoxic [53], cause a strong inflammation in alveolar and bronchial epithelial
cells. In [54] in vitro and in vivo was investigated a cytotoxicity of graphene oxide
(GO) depending on the size of nanoflakes (diameter 89 and 277 nm) and the duration
of an influence for cells. Greater nanosized flakes of GO reduce the viability of cells
faster. Nanoparticles of GO of any size destroy of a cell during 48 h.

It should be noted that the toxicity of the most potentially fit for numerous
present and future applications (for catalysts, carriers, nanosensors and others
nanodevices) nanomaterials based on hetero-carbon, such as hetero-fullerenes
[9, 10], hetero-nanotubes, hetero-graphene, onion-like N-doped carbon (Fig. 24.9)
[11], O-doped carbon nitride (O-C3N [13]) still practically is not investigated.

Fig. 24.9 XPS survey spectrum, TEM and HR TEM images (insets) of onion-like N-doped carbon
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Heteroatomic (carbon-nitrogen-oxygen (Fig. 24.9)) derivatives because of brightly
expressed asymmetry of the distribution of electronic density in a graphene layer
have the unique electronic characteristics.

As it is possible to see, some results of researches of a degree of the toxicity
of nanoparticles in vitro and in vivo are rather inconsistent. It is possible, that
the toxicity of NDO essentially depends on the size, a surface state, a form and
the method of preparation of a researched nanochemical object, as well as from a
technique of study of the toxicity.

24.4 Conclusions

At the end of the last century first were created the generically changed organisms
and was discovered a nanostate of substance: the epoch bio- and nanotechnologies
began. The advanced countries alongside with the purposes of a military safety in
epoch “nano” have begun actively to decide the questions of food safety. The basic
manufacturer of GM plants is Northern America (USA and Canada), where the
basic researches about a possible toxicity of GM products also intensively carry out.
However, GM products use in many other countries. The products with the additives
NDO are made, probably, in each country. Therefore to study and to supervise a
harmful influence both GMO, and NDO it is extremely difficult as in technological
and methodical relation. The results of researches as GMO, so NDO are not always
unequivocal. However there are researches, which convincingly demonstrate a high
toxicity of NDO and GM products. At the penetration in organism of people through
a skin, the nose and mouth, NDO easily is overcome practically all biological
barriers and can injure various human organs. Therefore, in a new epoch, the epoch
of a nanotechnological and artificial food, probably, is possible to supplied with food
even of those people, with which the destiny, “outside of balance with a nature”. The
question while remains open – that will be with their posterity?

References

1. Keith R, Hiatt B, Martineau B, Kramer M (1992) Safety assessment of genetically engineered
fruits and vegetables: a Case study of the Flavr Savr tomato. CRC Press, Boca Raton

2. Weasel LH (2009) Food fray. Amacom Publishing, New York
3. Kharlamov A, Skripnichenko A, Gubareny N et al (2011) Toxicology of nano-objects: nanopar-

ticles, nanostructures and nanophases. In: Mikhalovsky S, Khajibaev A (eds) Biodefence.
NATO science for peace and security series A: chemistry and biology, Part 1. Springer,
Dordrecht, pp 23–32

4. Kharlamov O, Bondarenko M, Kharlamova G et al (2015) Nanoecological security of
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Chapter 25
Transmission of Three Resistance Sensor Signals
Over Four Wire Line with Losses

A. Penin and A. Sidorenko

Abstract The invariant relationship between the sets of load conductivity values
at the output of the balanced four wire communication line with losses and the
corresponding current values at the input of this line is shown. This relationship does
not depend on accuracy of measuring devices. It allows transmitting three signals
over this communication line.

25.1 Introduction

Different sensors of physical values are used for monitoring technical or natural
objects. For these usually remote devices, it is necessary to provide of transmission
of measuring signals [1], for example, by multi-wire line [2].

At present time, methods for transmission of discrete electrical signals in binary
code are used. Also, researches and elaborations of systems for transmitting discrete
electrical signals in the analog form are important [3].

The theoretical researches show that invariant relationship takes place between
the sets of load conductivity (resistance) values at the output of communication line
with losses and the corresponding conductivity or current values at the input of this
line [4]. The cross ratio of four points, known in projective geometry, is this invariant
relationship. Therefore, the value of cross ratio (is the ratio of two proportions) does
not depend on parameters of two wire line and accuracy of measuring devices. These
invariants are used for transmission or, more precisely, for restoration of measuring
signals over the two and three wire lines [5, 6].

It is naturally to use four wire lines for transmission of three signals. But, these
lines must be as the balanced networks for the output terminals. Therefore, we may
introduce projective coordinates and use the above invariant relationships. There are
two variants of the balanced networks [7, 8]. In this regard, it is possible to consider
these balanced networks in the general way.
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25.2 First Balanced Network

Let us consider the equivalent circuit or model of a four wire line with losses in
Fig. 25.1. Resistance sensors are the loads with conductivities YL1, YL2, and YL3,
which connect to the output of this line. Each voltage source V4, V5, V6 is the source
for the corresponding sensor. A mutual influence of the loads on the input I4, I5,
I6 and output I1, I2, I3 currents takes place because of loss resistances. For known
values of the loss resistances or transmission parameters, we may calculate the load
values by the measured input currents.

To determine the transmission parameters, we must test this line by complex
manipulations at the input and output that is often inconvenience. Further, we
will show how to calculate the load values using the measured input currents by
manipulations at the output terminals only.

To do this, we consider our line as an active multiport relatively to load
conductivities. The circuit is described by the following system of Y parameter
equation

Fig. 25.1 Four wire line with longitudinal and lateral loss resistances
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a b

Fig. 25.2 (a) Points of intersection for each axis do not coincide among themselves. (b) Points of
intersection coincide among themselves and form the plane of infinity 1

0

@
I1
I2
I3

1

A D

0

@
�Y11 Y12 Y13
Y12 �Y22 Y23
Y13 Y23 �Y33

1

A �

0

@
V1
V2
V3

1

A C

0

@
ISC
1

ISC
2

ISC
3

1

A ; (25.1)

where ISC
1 , ISC

2 , and ISC
3 are the short circuitSC currents. Taking into account the

voltages V1 D I1=YL1, V2 D I2=YL2, and V3 D I2=YL3, the equations of three
bunches of planes are obtained in the form .I1; I2; I3;YL1/ D 0, .I1; I2; I3;YL2/ D 0,
.I1; I2; I3;YL3/ D 0.

Crossing of the planes of one bunch among themselves defines a bunch axis. The
equation of the axis of the bunch YL1 corresponds to the condition I1 D 0, V1 D 0

and to equation .I2; I3/ D 0. Therefore, this axis is located in the plane I2, I3 in
Fig. 25.2a.

The points I2.YL1/, I3.YL1/ are the points of intersection with corresponding axis.
Similarly, we obtain the points I1.YL2/, I3.YL2/ of intersection of the bunch axis
YL2 and the points I1.YL3/, I2.YL3/ of intersection of the bunch axis YL3.

On the other hand, the projective system of coordinates has to represent a
tetrahedron 0 IG1

1 IG2
2 IG3

3 in Fig. 25.2b. In this case, we accept the plane, which passes
through three base points IG1

1 , IG2
2 , and IG3

3 on the axes of coordinates, as the plane
of infinity 1.

Therefore, the next conditions have to be satisfied

I1.YL2/ D I1.YL3/ D IG1
1 ; I2.YL1/ D I2.YL3/ D IG2

2 ;

I3.YL1/ D I3.YL2/ D IG3
3 :

We must determine requirements for Y parameters.
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Let us consider the base point or base values

I1 D IG1
1 ; V1 D VG1

1 :

Then, I2 D 0; V2 D 0, I3 D 0; V3 D 0. Using (25.1), we get

�VG1
1 D

ISC
2

Y12
D

ISC
3

Y13
:

Similarly, we consider

I2 D IG2
2 ; V2 D VG2

2 ; �VG2
2 D

ISC
1

Y12
D

ISC
3

Y23
I

I3 D IG3
3 ; V3 D VG3

3 ; �VG3
3 D

ISC
1

Y13
D

ISC
2

Y23
:

From here, we must obtain or complete the given line conductivities with the aid of
Fig. 25.3.

Fig. 25.3 Equivalent circuit of the line for calculation the base values IG1
1 , VG1

1
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Let the first load voltage V1 D �VG1
1 . For the others, we consider

V2 D 0; I2 D 0I V3 D 0; I3 D 0:

This condition gives the following relationship

UG1
a D

ISC
5

yab
D

ISC
6

yac
:

In turn, the currents

ISC
5 D y5bV5; ISC

6 D y6cV6:

Therefore, we get

y5b

yab
V5 D

y6c

yac
V6: (25.2)

We determine the base values

VG1
1 D UG1

a C
IG1
1

y1a
; IG1

1 D I4 C ISC
5 C ISC

6 C Ia; YG1
L1 D

IG1
1

VG1
1

;

where

I4 D .V4 C UG1
a /y4a; Ia D yaUG1

a :

Let the second load voltage V2 D �VG2
2 . For the others, we consider

V1 D 0; I1 D 0I V3 D 0; I3 D 0:

This condition gives the following relationship

UG2
b D

ISC
4

yab
D

ISC
6

ybc
;

In turn, the current

ISC
4 D y4aV4:

Therefore, we get

y4a

yab
V4 D

y6c

ybc
V6: (25.3)
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From here, we determine the base values

VG2
2 D UG2

b C
IG2
2

y2b
; IG2

2 D ISC
4 C I5 C ISC

6 C Ib; YG2
L2 D

IG2
2

VG2
2

;

where

I5 D .V5 C UG2
b /y5b; Ib D ybUG2

b :

Let the third load voltage V3 D �VG3
3 and

V1 D 0; I1 D 0I V2 D 0; I2 D 0:

Therefore,

UG3
c D

ISC
4

yac
D

ISC
5

ybc
:

From here

y4a

yac
V4 D

y5b

ybc
V5: (25.4)

The base values

VG3
3 D UG3

c C
IG3
3

y3c
; IG3

3 D ISC
4 C ISC

5 C I6 C Ic; YG3
L3 D

IG3
3

VG3
3

;

where

I6 D .V6 C UG3
c /y6c; Ic D ycUG3

c :

We may consider that the voltage sources have equal voltage values and different
output powers. Let the voltage source V5 and load YL2 be the most powerful
elements. Therefore, the values of the conductivities y5b, ybc, yab, y4a can be
given independently. Then, relatively to these conductivities, using (25.2), (25.3)
and (25.4), we get the values of the rest conductivities

y6c D
ybc

yab
y4a; yac D

ybc

y5b
y4a D

yab

y5b
y6c: (25.5)

The obtained conductivity values do not limit especially possibilities of this circuit,
but allow simplifying essentially calculation of loads. We must note that access to
line elements is necessary.
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25.3 Second Balanced Network

If there is no access to the line, we may introduce two additional bias current sources
�I1, �I3 at the output of this line as it is shown in Fig. 25.4.

Our line is an active multi-port A for the output terminals and is also described
by the following system of the equations

0

@
I1
I2
I3

1

A D

0

@
�Y11 Y12 Y13
Y12 �Y22 Y23
Y13 Y23 �Y33

1

A �

0

@
V1
V2
V3

1

A C

0

@
JSC;SC;SC
1 ��I1

ISC;SC;SC
2

JSC;SC;SC
3 ��I3

1

A ; (25.6)

where JSC;SC;SC
1 , JSC;SC;SC

2 , JSC;SC;SC
3 are the short circuit SC currents.

We take into account that

J1 D �I1 C I1; J2 D I2; J3 D �I3 C I3:

We determine the values �I1; �I3 and the base value YG1
L1 , YG2

L2 , YG3
L3 .

Let YL2 D YG2
L2 . Then,

I2 D IG2
2 ; V2 D VG2

2 ;

I1 D 0; V1 D 0; I3 D 0; V3 D 0:

These requirements determine the circuit in Fig. 25.5.

Fig. 25.4 Equivalent circuit
of the line with bias current
sources �I1, �I3
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Fig. 25.5 Equivalent circuit
of the line with the base value
of the second load

Using (25.6), we get

8
<̂

:̂

0 D Y12VG2
2 C JSC;SC;SC

1 ��I1

IG2
2 D �Y22VG2

2 C ISC;SC;SC
2

0 D Y23VG2
2 C JSC;SC;SC

3 ��I3:

Similarly, we consider in series YL1 D YG1
L1 and YL3 D YG3

L3 .
Finally, we get

�VG1
1 D

ISC;SC;SC
2

Y12
; IG1

1 D

�
Y11
Y12

C
Y13
Y23

�
ISC;SC;SC
2 ;

� YG1
L1 D

IG1
1

�VG1
1

D Y11 C
Y13Y12

Y23
; (25.7)

��I1 D
Y13
Y23

ISC;SC;SC
2 � JSC;SC;SC

1 :

�VG2
2 D

Y13
Y12Y23

ISC;SC;SC
2 ; IG2

2 D

�
Y22Y13
Y12Y23

C 1

�
ISC;SC;SC
2 ;

� YG2
L2 D

IG2
2

�VG2
2

D Y22 C
Y12Y23

Y13
: (25.8)
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�VG3
3 D

ISC;SC;SC
2

Y23
; IG3

3 D

�
Y33
Y23

C
Y13
Y12

�
ISC;SC;SC
2 ;

� YG3
L3 D

IG3
3

�VG3
3

D Y33 C
Y13Y23

Y12
; (25.9)

��I3 D
Y13
Y12

ISC;SC;SC
2 � JSC;SC;SC

3 :

25.4 Projective Coordinates of the Output

We accept that coordinate axes I1; I2; I3 determine the Cartesian coordinate system
.I1; I2; I3/ in Fig. 25.6.

Let a running regime correspond to a point M1, which is set by load conductivities
Y1L1;Y

1
L2;Y

1
L3 and currents I11 ; I

1
2 ; I

1
3 . The short circuit regime of all the loads is

presented by the point SC. As it was showed above, the plane G1G2G3 passes
through the base currents IG1

1 , IG2
2 , IG3

3 . Then, the running value Y1L3 corresponds
to the plane which passes through the point M1 and the straight line G1G2. This line
corresponds to the intersection of the planes G1G2G3 and 0G1G2. Similarly, Y1L2
agrees to the plane, which passes through the point M1 and the straight line G1G3.
Also, Y1L1 matches to the point M1 and the line G2G3. We remind that this line is
the axis of the bunch planes YL1. In turn, the values YL1 D 0, YL1 D 1, YG1

L1 are
the characteristic values of YL1. Therefore, the running value Y1L1 corresponds to the
non-uniform coordinate m1

1 in the form of the cross ratio of the four points

Fig. 25.6 Cartesian
coordinate system .I1; I2; I3/
and projective coordinate
0G1G2G3
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m1
1 D .0Y1L1 1 YG1

L1 / D
Y1L1

Y1L1 � YG1
L1

: (25.10)

There, YL1 D 0, YL1 D YG1
L1 are the base points and YL1 D 1 is a unit point. The

cross ratio for m1
2; m1

3 is expressed similarly

m1
2 D

Y1L2
Y1L2 � YG2

L2

; m1
3 D

Y1L3
Y1L3 � YG3

L3

: (25.11)

Besides the non-uniform coordinates m1
1; m1

2; m1
3 of the point M1, there are

homogeneous projective coordinates �11 ; �
1
2 ; �

1
3 ; �

1
4 , which are set by a coordinate

tetrahedron and a unit point SC. These homogeneous coordinates are defined as the
ratio of the distances ı11; ı

1
2; ı

1
3; ı4 for the point M1 and distances ıSC

1 ; ı
SC
2 ; ı

SC
3 ; ı

SC
4

for a unit point SC to the planes of the coordinate tetrahedron 0G1G2G3. Then, the
distances ı11 , ıSC

1 correspond to the plane 0G2G3; therefore, ı11 D I11 , ıSC
1 D ISC

1 .
Similarly, ı12 , ıSC

2 match to the plane 0G1G3 and ı12 D I12 , ıSC
2 D ISC

2 . Also, ı13 , ıSC
3

correspond to 0G1G2 and ı13 D I13 , ıSC
3 D ISC

3 ; ı14 , ıSC
4 agree with the plane G1G2G3.

Therefore, we obtain

� �11 D
ı11

ıSC
1

D
I11

ISC
1

; � �12 D
ı12

ıSC
2

D
I12

ISC
2

;

� �13 D
ı13

ıSC
3

D
I13

ISC
3

; � �14 D
ı14

ıSC
4

;

(25.12)

where � is a coefficient of proportionality.
In turn, the homogeneous projective coordinates set the non-uniform coordinates

as follows

m1
1 D

��11
��14

; m1
2 D

��12
��14

; m1
3 D

��13
��14

: (25.13)

25.5 Projective Coordinates of the Input

Let us superpose the coordinate system .I4; I5; I6/ with .I1; I2; I3/ in Fig. 25.7.
Then, any point .I1; I2; I3/ corresponds to a point .I4; I5; I6/. In particular, the

running regime point M1, a unit point SC and the coordinate tetrahedron 0G1G2G3

correspond to the points NM1, SC and N0 NG1
NG2

NG3. For convenience, the conformity of
the output and input characteristic regime points is shown in Table 25.1.

We consider that ISC
1 D ISC;SC;SC

1 , ISC
2 D ISC;SC;SC

2 , ISC
3 D ISC;SC;SC

3 .

It is known that projective coordinates of points M1 and NM1, concerning the own
coordinate systems, are equal among themselves. Therefore, we must introduce the
known coordinates �11 ; �

1
2 ; �

1
3 ; �

1
4 of the point NM1.
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Fig. 25.7 Superposition of
coordinate systems of output
.I1; I2; I3/ and input
.I4; I5; I6/ currents

Table 25.1 Output–input conformity of the line

Output currents Input currents

Output points I1 I2 I3 Input points I4 I5 I6
0 0 0 0 N0 IOC

4 IOC
5 IOC

6

G1 IG1
1 0 0 NG1 IG1

4 IG1
5 IG1

6

G2 0 IG2
2 0 NG2 IG2

4 IG2
5 IG2

6

G3 0 0 IG3
3

NG3 IG3
4 IG3

5 IG3
6

SC ISC
1 ISC

2 ISC
3 SC ISC

4 ISC
5 ISC

6

These homogeneous coordinates are defined as the ratio of the distances
Nı11;

Nı12;
Nı13;

Nı4 for the point NM1 and the distances NıSC
1 ;

NıSC
2 ;

NıSC
3 ;

NıSC
4 for a unit

point SC to the planes of the coordinate tetrahedron N0 NG1
NG2

NG3

� �1 D
Nı1
NıSC
1

D
A23I4 � B23I5 � C23I6 � D23

A23ISC
4 � B23ISC

5 � C23ISC
6 � D23

;

� �2 D
Nı2
NıSC
2

D
A13I4 � B13I5 C C13I6 C D13

A13ISC
4 � B13ISC

5 C C13ISC
6 C D13

;

� �3 D
Nı3
NıSC
3

D
�A12I4 � B12I5 C C12I6 � D12

�A12ISC
4 � B12ISC

5 C C12ISC
6 � D12

;

� �4 D
Nı4
NıSC
4

D
A1I4 C B1I5 C C1I6 C D1

A1ISC
4 C B1ISC

5 C C1ISC
6 C D1

;

(25.14)
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where matrix determinants have the view

A23 D

ˇ̌
ˇ
ˇ̌
ˇ

IOC
5 IOC

6 1

IG2
5 IG2

6 1

IG3
5 IG3

6 1

ˇ̌
ˇ
ˇ̌
ˇ
; B23 D

ˇ̌
ˇ
ˇ̌
ˇ

IOC
6 IOC

4 1

IG2
6 IG2

4 1

IG3
6 IG3

4 1

ˇ̌
ˇ
ˇ̌
ˇ
;

C23 D

ˇ̌
ˇ
ˇ̌
ˇ

IOC
4 IOC

5 1

IG2
4 IG2

5 1

IG3
4 IG3

5 1

ˇ̌
ˇ
ˇ̌
ˇ
; D23 D

ˇ̌
ˇ
ˇ̌
ˇ

IOC
4 IOC

5 IOC
6

IG2
4 IG2

5 IG2
6

IG3
4 IG3

5 IG3
6

ˇ̌
ˇ
ˇ̌
ˇ
I

A13 D

ˇ̌
ˇ̌
ˇ̌

IOC
5 IOC

6 1

IG1
5 IG1

6 1

IG3
5 IG3

6 1

ˇ̌
ˇ̌
ˇ̌ ; B13 D

ˇ̌
ˇ̌
ˇ̌

IOC
6 IOC

4 1

IG1
6 IG1

4 1

IG3
6 IG3

4 1

ˇ̌
ˇ̌
ˇ̌ ;

C13 D

ˇ
ˇ̌
ˇ̌
ˇ

IOC
4 IOC

5 1

IG1
4 IG1

5 1

IG3
4 IG3

5 1

ˇ
ˇ̌
ˇ̌
ˇ
; D13 D

ˇ
ˇ̌
ˇ̌
ˇ

IOC
4 IOC

5 IOC
6

IG1
4 IG1

5 IG1
6

IG3
4 IG3

5 IG3
6

ˇ
ˇ̌
ˇ̌
ˇ
I

A12 D

ˇ̌
ˇ̌
ˇ̌

IOC
5 IOC

6 1

IG1
5 IG1

6 1

IG2
5 IG2

6 1

ˇ̌
ˇ̌
ˇ̌ ; B12 D

ˇ̌
ˇ̌
ˇ̌

IOC
6 IOC

4 1

IG1
6 IG1

4 1

IG2
6 IG2

4 1

ˇ̌
ˇ̌
ˇ̌ ;

C12 D

ˇ̌
ˇ̌
ˇ
ˇ

IOC
4 IOC

5 1

IG1
4 IG1

5 1

IG2
4 IG2

5 1

ˇ̌
ˇ̌
ˇ
ˇ
; D12 D

ˇ̌
ˇ̌
ˇ
ˇ

IOC
4 IOC

5 IOC
6

IG1
4 IG1

5 IG1
6

IG2
4 IG2

5 IG2
6

ˇ̌
ˇ̌
ˇ
ˇ
I

A1 D

ˇ̌
ˇ̌
ˇ
ˇ

IG1
5 IOG1

6 1

IG2
5 IG2

6 1

IG3
5 IG3

6 1

ˇ̌
ˇ̌
ˇ
ˇ
; B1 D

ˇ̌
ˇ̌
ˇ
ˇ

IG1
6 IG1

4 1

IG2
6 IG2

4 1

IG3
6 IG3

4 1

ˇ̌
ˇ̌
ˇ
ˇ
;

C1 D

ˇ̌
ˇ̌
ˇ̌

IG1
4 IG1

5 1

IG2
4 IG2

5 1

IG3
4 IG3

5 1

ˇ̌
ˇ̌
ˇ̌ ; D1 D

ˇ̌
ˇ̌
ˇ̌

IG1
4 IG1

5 IG1
6

IG2
4 IG2

5 IG2
6

IG3
4 IG3

5 IG3
6

ˇ̌
ˇ̌
ˇ̌ :

In turn, in accordance to (25.12), (25.13) and (25.14), we obtain the non-uniform
coordinates m1

1; m1
2; m1

3. Finally, the load conductivities are restored by (25.10)
and (25.11)

Y1L1 D
YG1

L1 m1
1

m1
1 � 1

; Y1L2 D
YG2

L2 m1
2

m1
2 � 1

; Y1L3 D
YG3

L3 m1
3

m1
3 � 1

: (25.15)
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25.6 Appliance for Transmission of Signals

Figure 25.8 schematically shows a structure of appliance designed to transmit three
signals by the second balanced network.

The transmission system contains:

a receiver 1 of three transmitted signals US1;US2;US3 at the input of a four wire
line 2 with resistance losses; a transmitter 3 of these signals at the line output.

In turn, the receiver 1 contains:

a voltage source 4; current sensors 5 of the input currents I4; I5; I6;
a calculator 20 of the transmitted signalsUS1;US2;US3.

The transmitter 3 includes:

current sensors 6 of the output currents I1; I2; I3;
a calculator 7 of the bias currents �I1; �I3 and the base values YG1

L1 ; YG2
L2 ; YG3

L3 ;
formers 8-1, 8-2 of the bias currents �I1; �I3;
formers 9-1, 9-2, 9-3 of the base values YG1

L1 ; YG2
L2 ; YG3

L3 ;
a multi-channel generator 10 of control pulses; analog switching units 11, 12, 13;
formers 14, 15, 16 of the information conductivities YL1, YL2, YL3;
sources 17, 18, 19 of the transmitted signalsUS1;US2;US3.

Operation of the appliance consists of two stages.
At the first stage, the line 2 parameters are defined and the bias currents�I1; �I3

and the base values YG1
L1 ; YG2

L2 ; YG3
L3 are calculated by (25.7), (25.8) and (25.9).

At the second stage, the transmission of the signals US1;US2;US3 is directly
completed. The voltage source 4 through the current sensors 5 provides power
supply of the line 2. The group of three of the break-make contacts of the units
11, 12, 13 connects one after another the base and the information conductivities to
the line 2 wires.

Therefore, the six sets of three conductivities at the line output are obtained. The
corresponding sets of the input and the output currents of the line are shown in
Table 25.2, which is similar to Table 25.1.

We accept cross ratios (25.10), (25.11) are equal to the transmitted signals; that is,

m1 D US1; m2 D US2; m3 D US3:

Then, the information conductivities (25.15) are expressed by the formers 14, 15,
16 and the sources 17, 18, 19 of the transmitted signals

YL1 D
YG1

L1 US1

US1 � 1
; YL2 D

YG2
L2 US2

US2 � 1
; YL3 D

YG3
L3 US3

US3 � 1
:
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Fig. 25.8 Transmission system of signals US1;US2;US3 over the four wire line
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Table 25.2
Conductivity-currents
conformity of the line

Set Conductivities Output currents Input currents

1 YL1 YL2 YL3 I1 I2 I3 I4 I5 I6
2 YSC

L1 YSC
L2 YSC

L3 ISC
1 ISC

2 ISC
3 ISC

4 ISC
5 ISC

6

3 YL1 YL2 YG3
L3 0 0 IG3

3 IG3
4 IG3

5 IG3
6

4 YL1 YG2
L2 YL3 0 IG2

2 0 IG2
4 IG2

5 IG2
6

5 YG1
L1 YL2 YL3 IG1

1 0 0 IG1
4 IG1

5 IG1
6

6 YOC
L1 YOC

L2 YOC
L3 0 0 0 IOC

4 IOC
5 IOC

6

Next, the calculator 20 determines the homogeneous coordinates (25.14) and the
transmitted signals in the following view

US1 D ��1 � ��4; US2 D � �2 � � �4; US3 D � �3 � � �4: (25.16)

So, it is possible to separate (or restore) three signals by only input currents of a
line.

We note also that multiplicative and additive errors of measurement of input
currents are mutually reduced in (25.16).

25.7 Conclusions

The offered choice of line parameters permits to introduce projective coordinates.
Input projective coordinates allow finding load conductivities only by the measured
input currents without running determination of the transmission parameters of this
line. It allows transmitting signals over a communication line. The obtained results
can be a basis for carrying out applied researches and developments; in particular,
results can be generalized for AC lines.
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