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Preface

This book, entitled Silicon Light Emitting Diodes and Lasers, reviews the use of an
indirect transition-type semiconductor to construct light emitting devices, which has
not been possible with conventional methods employed in materials science and
technology. Silicon (Si) and related crystals, which are typical popular indirect
transition-type semiconductors, are considered here. The light emitting devices that
are examined are light emitting diodes (LED) and diode lasers.

These devices can be fabricated using dressed photons (DPs) and
dressed-photon–phonons (DPPs) via a novel method known as DPP-assisted
annealing. Besides the fabrication step, DPs and DPPs are also used in the operation
of the fabricated device. It should be pointed out that the fabricated devices exhibit
a novel and unique property called “photon breeding”, which originates from the
DPs and DPPs. In photon breeding, the photon energy and photon spin of the light
emitted from the device are identical to those of the light that irradiates the crystal
during the DPP-assisted annealing. Due to this unique property, which is based on
novel fabrication and operation principles, it would be appropriate to call this novel
device “the third light source”, after LEDs and lasers. More concretely, it should be
called “a photon breeding device”, as represented by the subtitle of this book,
Photon Breeding Devices using Dressed Photons.

In order to review the fabrication and operation of photon breeding devices,
Chap. 1 surveys the problems with conventional LEDs and lasers (the first and
second light sources) and presents solutions that can be achieved by utilizing DPs
and DPPs. After presenting definitions of the DP and the DPP, the photon breeding
phenomenon is reviewed. Chapter 2 describes the fabrication and operation of a
visible LED using Si crystal. Chapter 3 describes those of an infrared LED using
Si crystal. In the same chapter, the spatial distribution of the dopant atoms is
analyzed, and a description is given of how to control the polarization of the emitted
light. Chapter 4 discusses the strength of the phonon coupling, the contribution of
multimode coherent phonons, and how to control the light emission spectral profile.
Chapter 5 reviews infrared lasers using Si crystal, demonstrating a low threshold
current density and a high output power. Chapter 6 surveys LEDs fabricated using
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SiC crystal, which is also an indirect transition-type semiconductor. Emission of
visible, ultraviolet, and broad-spectrum light is also demonstrated. The first half of
Chap. 7 is devoted to LEDs using GaP crystal, an indirect transition-type semi-
conductor, and the second half is devoted to LEDs using ZnO crystal. Finally,
Chap. 8 reviews three examples of other novel photon breeding devices. The first is
an optical and electrical relaxation oscillator, and the second is an infrared pho-
todetector with optical amplification, which have been fabricated using Si crystal.
The last is a novel optical polarization rotator, using ZnO crystal and also SiC
crystal. Appendices A—E are devoted to reviewing details of the features of DPs
and relevant phenomena.

Photon breeding devices using Si and other crystals are expected to bring about a
major paradigm shift in the design, fabrication, and operation of photonic devices
and their applications. This book will provide scientific and technical information
on these devices to scientists, engineers, and students who are and will be engaged
in this field.

The author thanks Drs. T. Kawazoe, T. Yatsui, N. Tate, W. Nomura,
K. Kitamura (the University of Tokyo), and M. Naruse (National Institute of
Information and Communications Technology) for their collaborations in research
on dressed photons. The author’s work on Silicon light emitting devices was par-
tially supported by the JSPS Core-to-Core Program (A. Advanced Research
Networks).

Several experimental results reviewed in this book were obtained through aca-
demia–industry collaborations under arrangements made by the Specified Nonprofit
Corporation “Nanophotonics Engineering Organization”. Finally, the author is
grateful to Dr. C. Ascheron of Springer–Verlag for his guidance and suggestions
throughout the preparation of this book.

Tokyo, Japan Motoichi Ohtsu
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Chapter 1
Problems with Light Emitting Devices
and Their Solutions

This book reviews how to use an indirect transition-type semiconductor to construct
light emitting diodes (LEDs) and lasers, which has not been possible with conven-
tional methods employed in materials science and technology. First, this chapter
surveys the problems to be solved. Some strategies and principles achieve solutions
are reviewed. Detailed discussions of the theoretical aspects are described in Appen-
dices A–E.

1.1 Introduction

The wavelength of the light emitted from a conventional LED is governed by the
bandgap energy Eg of the semiconductor material used. Although there is a Stokes
wavelength shift [1], its magnitude is negligibly small. Therefore, the value of Eg

must be adjusted for the desired light emissionwavelength, and this has been achieved
by exploring novel semiconductor materials. For this purpose, direct transition-type
semiconductors have been used for conventional LEDs. Among these semiconduc-
tors, InGaAsP has been used for optical fiber communication systems because the
wavelength of the emitted light is 1.00–1.70µm (Eg = 0.73–1.24eV) [2, 3]. When
fabricating a highly efficient infrared LED or laser using InGaAsP, it is necessary
to use a double heterostructure composed of an InGaAsP active layer and an InP
carrier confinement layer. However, there are some problems with this approach,
including the complexity of the structure and the high toxicity of As [4]. In addition,
In is a rare metal. On the other hand, composite semiconductors that emit visible
light, such as AlGaInP and InGaN, have extremely low emission efficiencies around
the wavelength of 550nm (=2.25eV) [5], which is called the green gap problem.
Although this efficiency has been increasing recently due to improvements in dopant
materials and fabrication methods, there are still several technical problems because
highly toxic or rare materials are required, which increases the cost of fabrication.

In order to solve the problems described above, several methods using sili-
con (Si) have been recently proposed. Although Si has been popularly used for

© Springer International Publishing Switzerland 2016
M. Ohtsu, Silicon Light-Emitting Diodes and Lasers,
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2 1 Problems with Light Emitting Devices and Their Solutions

electronic devices, there is a long-held belief in materials science and technology
that Si is not suitable for use in LEDs and lasers because it is an indirect transition-
type semiconductor, and thus, its light emitting efficiency is very low. The reason for
this is that electrons have to transition from the conduction band to the valence band
to spontaneously emit light by electron–hole recombination. However, in the case
of an indirect transition-type semiconductor, the momentum (wave-number) of the
electron at the bottom of the conduction band and that of the hole at the top of the
valence band are different from each other. Therefore, for electron–hole recombina-
tion, a phonon is required in the process to satisfy the momentum conservation law.
In other words, electron–phonon interaction is required. However, the probability of
this interaction is low, resulting in a low interband transition probability.

In order to solve this problem, for example, porous Si [6], a super-lattice structure
of Si and SiO2 [7, 8], and Si nanoprecipitates in SiO2 [9] have been used to emit
visible light. To emit infrared light, Er-doped Si [10] and Si-Ge [11] have been
employed. In these examples, the emission efficiency is very low since Si still works
as an indirect transition-type semiconductor in these materials.

In contrast to these examples, as explained in this article, the use of dressedphotons
(DPs) and dressed-photon–phonons (DPPs) can realize highly efficient LEDs and
lasers even when using Si bulk crystal.

1.2 Dressed Photons and Dressed-Photon–Phonons

First, as an introductory topic, the concept of elementary excitations is reviewed.
Elementary excitations have been discussed for a long time in the field of solid state
physics [12]. Excited states of a many-body system are regarded as a collection of
certain fundamental excited states that has been called an elementary excitation, and
also a quasi-particle. A phonon is a well-known example of a quasi-particle that
represents the normal mode of crystal lattice vibration in a solid. Another example is
a plasmon, which corresponds to the collective motion of electron density variations
in an interacting electron gas. An exciton, another well-known example, represents
a quasi-particle related to an electron–hole pair in a solid. The interaction between a
photon and an exciton forms a new steady-state that also represents a quasi-particle
called an exciton-polariton. Its dispersion relation, which is the relation between the
wave-number k and energy E of the excition–polaritons in macroscopic space, is
represented by curves A and B in Fig. 1.1. It should be noted that the quasi-particles
described above also follow dispersion relations that are similar to these curves.

Second, in preparation for starting the main topic of this section, it should be
pointed out that there is a vast space around the curves A and B in this figure, which
is represented by the gray shaded rectangle. A quasi-particle is also created in this
space. By referring to the large size of this space, unique features of this quasi-particle
are as follows:
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Fig. 1.1 Dispersion relation
between the wave-number k
and the energy E . The curves
A and B represent the
dispersion relation of the
exciton-polariton. The
broken line is that for light in
free space. The gray shaded
rectangle represents that for
the dressed photons

E
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(1) As represented by the horizontal double-pointed gray arrow, thewave-number, k,
of this quasi-particle spans awide range. This alsomeans that its uncertainty,Δk,
is large, which represents the non-conservation of the quasi-particle’s momen-
tum, �k(where � = h/2π, and h is Planck’s constant). This large uncertainty,
Δk, also means that the quasi-particle is composed of a large number of normal
modes. Furthermore, it means that the uncertainty, Δx , of the quasi-particle’s
position, x , is small, due to Heisenberg uncertainty relation, Δ(�k) · Δx ≥ �.
This small uncertainty, Δx , means that the size of this quasi-particle is small.

(2) As is represented by the vertical double-pointed gray arrow, the energy E of this
quasi-particle spans a wide range. This means that its uncertainty, ΔE , is large,
which represents the non-conservation of the energy. The large uncertainty,ΔE ,
also means that the time uncertainty, Δt , is small, due to Heisenberg uncertainty
relation ΔE · Δt ≥ �. This means that this quasi-particle is created and subse-
quently annihilated within a short duration. In other words, the energy of this
quasi-particle is temporally modulated, generating a large number of spectral
sidebands.

The first feature, that is, the small size, means that the quasi-particle is created in
a nanomaterial, and a part of the field of this quasi-particle penetrates through the
surface of the nanomaterial to the outside. This penetrated field has been called the
optical near field [13]. The second feature, the short duration, means that the quasi-
particle is a virtual photon. A dressed photons (DP) provides a physical picture
that describes these two features consistently, including the large number of normal
modes and the spectral sideband features of (1) and (2), respectively.
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For comparison, the exciton-polariton, represented by the curves A and B in
Fig. 1.1, is a quasi-particle in a macroscopic material where the size of this material
is much larger than the wavelength of light. This quasi-particle propagates toward the
far-field and has been called a real photon; its momentum and energy are conserved
(Δk = 0,ΔE = 0). The behavior and properties of this real photon have been studied
in conventional optical science and technology for a long time.

The curves A and B in Fig. 1.1 correspond to a physical system, which has been
called “on shell” in quantum field theory [14–16]. On the other hand, the shaded gray
rectangle has been called “off shell”. Whereas the real photon on shell conserves its
momentum and energy, the virtual photon off shell does not. The probability of
creating virtual photons diminishes depending on how far off shell they are. The
value of this probability is represented by the gradation depth of the gray rectangle.

We nowbegin our discussion of themain topic, based on the first and second topics
above. First, it is noted that the concept of a real photon on shell has been established
in the conventional quantum theory of light [17]. The real photon corresponds to
a quantum of the electromagnetic mode in a cavity defined in a macroscopic free
space. Since the real photon is massless, it is difficult to express its wave function in
a coordinate representation in order to draw a picture of the real photon as a spatially
localized point-like particle, unlike an electron [18].

When describing the virtual photon off shell in a nanometric space, energy transfer
between two nanomaterials and detection of the transferred energy are essential. They
are formulated by assuming that the nanomaterials are arranged in close proximity
to each other and illuminated by a real photon. Although the separation between the
two nanomaterials is much shorter than the optical wavelength, it is sufficiently long
to prevent electron tunneling. As a result, the energy is transferred not by a tunneled
electron but by some sort of optical interactions between the two nanomaterials.

A serious problem, however, is that a cavity cannot bedefined in a sub-wavelength–
sized nanometric space, which differs from the approach taken in the conventional
quantum theory of light. In order to solve this problem, an infinite number of electro-
magnetic modes and an infinite number of frequencies are assumed, corresponding
to the large number of normal modes and spectral sidebands mentioned in (1) and
(2) above, respectively. In parallel with this assumption, infinite numbers of energy
levels must also be assumed in the electrons. Based on these assumptions, the dressed
photons (DP) is defined as a virtual photon that dresses the electron energy (Appen-
dix A) [19, 20]. The DP is modulated spatially and temporally due to features (1)
and (2) above. The interaction between the two nanomaterials can be represented by
energy transfer due to the annihilation of a DP from the first nanomaterial and its
creation on the second nanomaterial.

Furthermore, since an actual nanometric system (composed of nanomaterials and
DPs) is always surrounded by a macroscopic system (composed of macroscopic
materials and real photons), energy transfer between the nanometric and macro-
scopic systems has to be considered when analyzing the interaction between the
nanomaterials in the nanometric system. As a result, it is found that the magni-
tude of the transferred energy is represented by the Yukawa function (Appendix B).
This analysis also elucidates an intrinsic feature of DPs, namely, the size-dependent
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resonance; that is to say, the efficiency of the energy transfer between nanomaterials
depends on the sizes of the nanomaterials that are interacting. It should be noted that
this resonance is unrelated to diffraction of the real photon on shell, which governs
the conventional wave-optical phenomena. Furthermore, since the DP is localized
in nanometric space, the long-wavelength approximation, which is valid for con-
ventional light–matter interactions, is not valid for DP-mediated interactions. As a
result, an electric dipole-forbidden transition turns out to be allowed in the case of
the DP-mediated interactions.

In actual materials, such as semiconductors, the contribution of the crystal lattice
also needs to be included in the theoretical model of the DP. By doing so, it has
been found that the DP interacts with phonons. Furthermore, in a nanomaterial, it
is possible to generate multimode coherent phonons via a DP–phonon interaction.
As a result of this interaction, a novel quasi-particle is generated. This quasi-particle
is called a dressed-photon–phonon (DPP), which is a DP dressing the energy of the
multimode coherent phonon (Appendix C). Furthermore, it is found that the DPP
field is localized at the impurity sites in the crystal lattice of the nanomaterial with
a spatial extent as short as the size of the impurity site. It is also localized at the end
of the nanomaterial with a spatial extent as short as the size of this end.

The DPP energy can be transferred to the adjacent nanomaterial, where it induces
a novel light–matter interaction. Here, since translational symmetry is broken due to
the finite size of the nanomaterial, the momentum of the DPP has a large uncertainty
and is non-conserved, as was the case of the DP itself. Also, since the DPP has
an infinite number of spectral modulation sidebands as was the case of the DP, the
electron dresses the energies of the photon and phonon, which means that the energy
of the electron in the nanomaterial is also modulated.

When analyzing the conventional light scattering phenomenon in a macroscopic
material, it has been sufficient to study one phonon. In contrast, the coherent phonon
described above is composed of an infinite number of phonons. This coherent phonon
assists in exciting the electron in the adjacent nanomaterial instead of merely increas-
ing the material temperature, which enables DPP-assisted excitation of the electrons.
Therefore, for analyzing the optical excitation of the nanomaterial, it is essential to
represent the relevant quantum state of the nanomaterial by the direct product of the
quantum states of the electron and the coherent phonon. This relevant quantum state
means that an infinite number of energy levels has to be considered in the energy
bandgap between the valence and conduction bands of an electron in the case of a
semiconductor. This quasi-continuous energy distribution originates from the mod-
ulation of the eigenenergy of the electron as a result of the coupling between the
DP and the coherent phonon. This DPP-assisted excitation and de-excitation can be
exploited in the fabrication and operation of LEDs, lasers, and other devices using
Si bulk crystals, which are reviewed in the following chapters.
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1.3 Principles of Photon Emission

For spontaneous emission of light by DPPs, a single-step or a two-step de-excitation
of an electron takes place depending on whether the emitted real photon energy is
higher or lower than the energy difference between the excited and ground states
of the electron, which is Eg in the case of a semiconductor material (Appendix D).
Stimulated emission also takes places in the same way.

1.3.1 Single-Step De-Excitation

In Fig. 1.2a, b, since the electron strongly couples with the photon and phonon,
the energy state is expressed as the direct product of the ket vectors of the elec-
tronic state and the phonon state. For example,

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 includes

Fig. 1.2 Single-step photon
emission processes via
dressed-photon–phonon. a
Spontaneous emission. b
Stimulated emission

|Eex;el> |Eex;phonon> 

|Eg;el> |Ethermal;phonon> 

|Eg;el> |Eex’;phonon> 

Real photon

Spontaneous emission

|Eex;el> |Eex;phonon> 

|Eg;el> |Ethermal;phonon> 

|Eg;el> |Eex’;phonon> 

Real photon

Stimulated emission

(a)

(b)

Dressed-photon phonon

Dressed photon
Dressed-photon phonon



1.3 Principles of Photon Emission 7

the ground state of the electron and the excited state of the phonon. The sponta-
neous emission of a DPP, as well as a real photon (Fig. 1.2a), is the result of the
radiative transition from the excited state |Eex ; el〉 ⊗ |Eex ; phonon〉 to the ground
state

∣
∣Eg; el

〉 ⊗ |Eex ′ ; phonon〉. Here, in the case of a semiconductor, the excited
and ground states of the electron, (|Eex ; el〉 and

∣
∣Eg; el

〉

), correspond to the states
in the conduction and valence bands, respectively. After the transition, the phonon
in the excited state relaxes to the thermal equilibrium state (|Ethermal; phonon〉)
determined by the crystal lattice temperature, and finally the electron and phonon
transition to the state

∣
∣Eg; el

〉 ⊗ |Ethermal; phonon〉.
The stimulated emission process (Fig. 1.2b) is explained as follows: When an

electron in the excited state is irradiated with a DP, a transition from the initial state
|Eex ; el〉 ⊗ |Eex ; phonon〉 to the ground state ∣

∣Eg; el
〉 ⊗ |Eex ′ ; phonon〉 takes place,

resulting in photon emission. Like the spontaneous emission, the phonon then relaxes
to a thermal equilibrium state determined by the crystal lattice temperature and finally
the electron and phonon transition to the state

∣
∣Eg; el

〉 ⊗ |Ethermal; phonon〉.

1.3.2 Two-Step De-Excitation

Figure1.3a schematically illustrates the two-step de-excitation for spontaneous emis-
sion (Appendix D).

First step The initial state is expressed by the direct product of the excited state of
the electron and the excited state of the phonon, (|Eex ; el〉 ⊗ |Eex ; phonon〉). De-
excitation takes place from this initial state to the ground state

∣
∣Eg; el

〉

of the elec-
tron. Since this de-excitation is an electric dipole-allowed transition, it generates
not only aDPPbut also a real photon.As a result, the system reaches the intermedi-
ate state

∣
∣Eg; el

〉 ⊗ |Eex ′ ; phonon〉. Here, the excited state |Eex ′ ; phonon〉 of the
phonon after DPP emission (route 1 in Fig. 1.3a) has a much higher eigenenergy
than that of the thermal equilibrium state |Ethermal : phonon〉. This is because the
DP couples with the phonon, resulting in phonon excitation. On the other hand,
the excited state |Eex ′ ; phonon〉 of the phonon after a real photon emission (route
2 in Fig. 1.3a) has an eigenenergy as low as that of |Ethermal : phonon〉. This is
because the real photon does not couple with the phonon.

Second step This step is an electric dipole-forbidden transition because the electron
stays in the ground state. Thus, only theDPP is generated by this emission process.
As a result, the phonon is de-excited to the lower excited state |Eex ′′ ; phonon〉,
and the system is expressed as

∣
∣Eg; el

〉 ⊗ |Eex ′′ ; phonon〉. After this transition, the
phonon promptly relaxes to the thermal equilibrium state, and thus, the final state
is expressed as

∣
∣Eg; el

〉 ⊗ |Ethermal; phonon〉. The de-excitation for the stimu-
lated emission is explained by Fig. 1.3b, which is similar to Fig. 1.3a. The only
difference is that the DP is incident on the electron in the excited state, triggering
stimulated emission.
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|Eex;el> |Eex;phonon> 

|Eg;el> |Ethermal;phonon> 

|Eg;el> |Eex’;phonon> 

Real photon

Spontaneous emission

Spontaneous emission

|Eg;el> |Eex”;phonon> 

Spontaneous emission

Spontaneous emission

Route 1 Route 2

|Eex;el> |Eex;phonon> 

|Eg;el> |Ethermal;phonon> 

|Eg;el> |Eex’;phonon> 

Real photon

Stimulated emission

Stimulated emission

|Eg;el> |Eex”;phonon> 

Stimulated emission

Stimulated emission

Route 1 Route 2

(a)

(b)

Dressed-photon phonon

Dressed-photon phonon

Dressed-photon phonon

Dressed-photon phonon

Dressed-photon phonon

Dressed-photon phonon

Fig. 1.3 Two-step photon emission processes via dressed-photon–phonon. a Spontaneous emis-
sion. b Stimulated emission

1.4 Photon Breeding

The following chapters review novel LEDs and lasers fabricated by using Si crystals
andother relevant indirect transition-type semiconductor crystals. Prior to this review,
it should be pointed out that the fabrication and operation principles of these devices
are different from those of conventional LEDs and lasers fabricated by using direct
transition-type semiconductors. This section describes these differences.

To realize a device by using Si crystal, dressed-photon–phonons (DPPs) are used
two times: first for device fabrication, and second for device operation.

(1) For device fabrication, a p–n homojunction-structured Si crystal is annealed, via
Joule-heat produced by current injection, in order to diffuse boron (B) atoms
(the p-type dopant). During the annealing, the Si crystal surface is irradiated
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(a)

(b)

Irradiation light

Emitted light

Fig. 1.4 Light emitting devices using Si. a Fabrication. b Operation

with light (a real photon) (Fig. 1.4a) to create DPPs on the B atom surface.
Driven by the created DPPs, electron–hole recombination takes place, emitting
light (a real photon). Since the energy of the emitted light dissipates from the
Si crystal, the efficiency of the Joule-heating decreases. As a result, a unique
spatial distribution of B atoms is realized, which depends on the created DPP
energy. This novel annealing is called DPP-assisted annealing. In this spatial
distribution, neighboring B atoms form a pair, and the resultant B atom pair
orients in a specific direction to efficiently create localized phonons (Sects. 3.3
and 4.3.3).

(2) For the operation of the fabricated Si-LED, the light irradiation is not required
any more; it is used only during the DPP-assisted annealing. Only forward cur-
rent that is much lower than that used for annealing is injected, as is the case of
the conventional LED operation. By this forward current, an electron is injected
into the conduction band at the p–n homojunction and creates a photon by spon-
taneous emission even though its probability is very low. However, once this
photon is created, it subsequently creates a DPP on the surface of the B atom
at the p–n homojunction, and this DPP interacts with another electron in the
conduction band to exchange momentum so that a secondary photon is cre-
ated. By repeating these momentum exchange and photon creation processes,
the emitted light intensity is amplified and reaches a stationary value within a
short duration, so that light with a sufficiently high intensity is emitted from the
p–n homojunction.

It should be noted that photon breeding occurs during device operation. As a
result, the photon energy of the emitted light is equal to the photon energy hνanneal
of the light irradiated during the annealing (Fig. 1.4b). This is in contrast to a con-
ventional device, where the photon energy of the emitted light is determined by
Eg . This is because the difference between hνanneal and Eg is compensated for by
the energy of the created phonons. This means that the photon energy of the light

http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_4
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emitted from the device is identical to hνanneal . This is because the spatial distribution
of the B atoms has been controlled by the light irradiated during the DPP-assisted
annealing, enabling most efficient stimulated emission and spontaneous emission of
photons with identical photon energy. In other words, the light irradiated during the
DPP-assisted annealing serves as a “breeder” that creates photons with an energy
equivalent to hνanneal . This is the reason why this novel phenomenon is named pho-
ton breeding with respect to photon energy. Photon breeding has been observed in
the radiation energy dissipation process from relativistic jets in blazars [21, 22].
However, in this astrophysical phenomenon, a very-high-energy photon (X ray) is
generated from a low-energy photon (infrared or visible light) by inverse Comp-
ton scattering with a charged particle. Therefore, the photon breeding discussed in
this book, producing equal-energy photons by using a DPP in a nanometric-sized
space in a material, is quite different from that described above. Due to this differ-
ence, the present photon breeding may have to be called “nano-photon breeding” in
order to avoid confusion. However, this book uses the name “photon breeding” for
conciseness.

Photon breeding has been observed not only for the photon energy but also for
the photon spin (Sects. 3.4 and 6.3). For example, linearly polarized light is emitted
from the LED if it was fabricated by irradiating linearly polarized light during the
annealing step. (Remember that the light emitted from a conventional LED is not
polarized.)

In summary, the principles, operation, and functions of the present devices are
different from those of conventional LEDs and lasers because DPPs and electric
dipole-forbidden transitions are involved. Furthermore, photon breeding occurs, so
that the energy and spin of the emitted photons are identical to those of the light
irradiated during the annealing. Due to this difference, it is appropriate to call this
novel device “a third light source”, or more concretely, “a photon breeding device”.

1.5 Fabrication and Performance of Photon
Breeding Devices

As the last topic of Chap.1, this section summarizes the fabrication and performance
of the photon breeding devices that will be reviewed in the following chapters.

1.5.1 Fabrication

(1.1) In DPP-assisted annealing, an electric current is injected into the sample while
irradiating it with light (photon energy: hνanneal ). (Refer to Sects. 2.2 and 3.1.)

(1.2) DPP-assisted annealing is possible even when the value of hνanneal is lower
than Eg (Refer to Sect. 3.1.)

http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_6
http://dx.doi.org/10.1007/978-3-319-42014-1_1
http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
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(1.3) The optimum condition for effective DPP-assisted annealing is that the ratio
of the electron injection rate to the photon irradiation rate be set to 1:1. (Refer to
Sect. 7.1.)

(1.4) The sample’s temperature during the DPP-assisted annealing can be as low as
400 K; in other words, an extremely high temperature is not required. (Refer to
Sects. 2.2, 3.1, and 7.1.)

(1.5) Conventional thermal annealing, e.g., by heating the sample in an electric
furnace, is not compatible with the fabrication of photon breeding devices. (Refer
to Sect. 7.1.3.)

1.5.2 Spatial Distribution of the Dopant Atoms

(2.1) As a result of DPP-assisted annealing, p-type dopant atoms (B atoms in the
case of a Si crystal) form pairs. The separation, d, between the dopant atoms in the
pair is given by d = na, where a is the lattice constant of the crystal. The integer
n satisfies the relation hνanneal = Eg − nEphonon , where Ephonon is the energy of
the created phonon. (Refer to Sect. 3.3).

(2.2) The orientation of the pair of the dopant atoms is perpendicular to the prop-
agation direction of the light irradiated during the DPP-assisted annealing. Fur-
thermore, in the case where this light is linearly polarized, it is also perpendicular
to the direction of polarization. (Refer to Sect. 3.4.)

1.5.3 Performance

(3.1) The fabricated devices exhibit electroluminescence by injecting an electric
current. (Refer to Sects. 2.2 and 3.1.)

(3.2) The photon energy of the emitted light is identical to hνanneal ; i.e., photon
breeding takes place with respect to the photon energy. (Refer to Sects. 2.2 and
3.1.)

(3.3) The polarization direction of the emitted light is identical to that of the
light irradiated during the DPP-assisted annealing; i.e., the device exhibits photon
breeding with respect to the photon spin. (Refer to Sects. 3.4 and 6.3.)

(3.4) When the device is fabricated under the condition described in (1.2) above,
the photon energy of the emitted light is lower than Eg , as can be deduced from
(3.2). Therefore, the emitted light is not absorbed by the crystal, enabling high
efficiency and high output power. (Refer to Sects. 3.2, 5.3, 6.1–6.4, 7.1, and 7.2.)

http://dx.doi.org/10.1007/978-3-319-42014-1_7
http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_7
http://dx.doi.org/10.1007/978-3-319-42014-1_7
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_6
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_5
http://dx.doi.org/10.1007/978-3-319-42014-1_6
http://dx.doi.org/10.1007/978-3-319-42014-1_6
http://dx.doi.org/10.1007/978-3-319-42014-1_7
http://dx.doi.org/10.1007/978-3-319-42014-1_7
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Table 1.1 Family of photon breeding devices

Devices Photon energy Crystal Chapters and sections
to refer to

Light emitting diode Visible Si Chap.2

SiC Chap.6

GaP Sect. 7.1

ZnO1 Sect. 7.2

Infrared Si Chap.3

Laser Infrared Si Chap.5

Optical and electrical
relaxation oscillator

Infrared Si Sect. 8.1

Photodiode2 Infrared Si Sect. 8.2

Visible Si Sect. 8.2

Modulator3 Visible ZnO1 Sect. 8.3

SiC Sect. 8.3
1Although ZnO is a direct transition-type semiconductor, a p-type semiconductor is difficult to
fabricate by the conventional method
2Provided with optical amplification gain
3Light polarization rotator and light beam deflector

1.5.4 Family of Photon Breeding Devices

The photon breeding devices that have been fabricated are listed in Table1.1.
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Chapter 2
Visible Light Emitting Diodes
Using Silicon Crystal

This chapter reviews the fabrication and operation of a Si bulk p–n homojunction-
structured LED [1]. Spontaneous emission of visible light takes places based on the
principle described in Sect. 1.3.1 because the emitted photon energy is higher than
Eg of Si.

2.1 Introduction

Since the DPP has a large uncertainty in its momentum due to its spatially modu-
lated nature (refer to Sect. 1.2), it can provide momentum for electron de-excitation,
i.e., for the recombination of an electron and hole. Although the lowest point of the
conduction band (X-point) and the highest point of the valence band (�-point) cor-
respond to different momenta, an electron in the conduction band efficiently relaxes
to the valence band and emits a real photon thanks to the assistance of the phonon
in the DPP. Furthermore, a radiative transition from a high-energy excited electron
can also occur via the DPP. For example, due to the existence of the DPP at a high
energy (e.g., level a in Fig. 2.1), an excited-state electron nearby can quickly couple
with the coherent phonon and then directly relax to the ground state; thus, a radiative
relaxation shown by the red downward arrows occurs, resulting in emission with a
photon energy higher than Eg. Recall that, without the DPP, an electron in an excited
state at high energy quickly transitions to the lowest point in the conduction band
due to fast intraband relaxation; therefore, the probability of an interband transition
from a high-energy excited state is extremely low in conventional methods.

In order to realize a visible Si-LED, the single-step spontaneous and stimulated
emission processes described in Sect. 1.3.1 were used two times. The first is for
fabrication of the device, more specifically, for self-organization of the spatial dis-
tribution of the dopant atoms to form a distribution that is suitable for the emission
of high-energy photons. The second is for the operation of the device, to obtain
spontaneously emitted photons. These are reviewed in the following sections.

© Springer International Publishing Switzerland 2016
M. Ohtsu, Silicon Light-Emitting Diodes and Lasers,
Nano-Optics and Nanophotonics, DOI 10.1007/978-3-319-42014-1_2
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Fig. 2.1 Energy band
structure of Si.Blue
horizontal lines represent the
phonon-coupled electronic
states. Red and blue
downward arrows show the
radiative relaxation

Level 

E
ne

rg
y 

(e
V

)

Wave-vector

0

4

2

3

1

-1
XL

Eg

a

Fig. 2.2 Cross-sectional
profiles of the layer
structures of the device
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2.2 Device Fabrication

The fabrication of the device can be divided into two steps. The first step is to prepare
a Si p–n homojunction structure having a modifiable dopant distribution. The second
step is to modify the shape of the dopant domains through DPP-assisted annealing.

In the first step, an epitaxial layer of phosphorus (P) was deposited on an n-type Si
crystal with low arsenic (As) concentration. Subsequently, this Si crystal was doped
with boron (B) atoms by ion implantation, with seven different accelerating energies,
namely, 30, 70, 130, 215, 330, 480, and 700keV, to form dopant domains with a
dopant concentration of 1019 cm−3. This doping formed a p-type region in the Si, and
as a result, a p–n homojunction structure was constructed. The B distribution in the
p–n homojunction was spatially inhomogeneous due to the high accelerating energy
and high doping concentration; this was to increase the probability of producing a B
distribution favorable for generating DPPs. The crystal was then diced. Then, an ITO
film was deposited on the surface of the p-type layer, and a Cr/Al film was deposited
on the back surface of the n-type Si for use as electrodes. The cross-sectional profile
of the layer structure of the device is shown in Fig. 2.2.

In the second step, DPP-assisted annealing was performed by causing a forward-
bias current to flow through the device while irradiating the p-type side of the device
with a laser beam. The forward-bias current density used for the annealing was
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1.44A/cm2. The optical power density of the laser beamwas 3.33W/cm2, which was
sufficiently high for inducing DPP-assisted annealing. The photon energy hνanneal
of the laser light was 3.1eV (400nm wavelength), which was 2.8-times higher than
Eg of Si (1.12eV, or 1.11µmwavelength) [2], and thus the light was absorbed in the
Si bulk crystal by a direct transition. The forward-bias voltage was set to be higher
than hνanneal/e, where e represents the electron charge.

It was pointed out in Sect. 1.2 that the DPP is localized at the impurity sites in
the nanomaterial with a spatial extent as short as the size of the impurity site. This
suggests the possibility of generating and localizing DPPs at the B impurity sites by
light irradiation, depending on the spatial distribution and concentration of B. During
the DPP-assisted annealing process, B atom diffuses, and its spatial distribution in
the p–n homojunction is continuously modified in a self-organized manner until
reaching the desired shape.

The mechanism of this DPP-assisted annealing is explained as follows, by con-
sidering regions where DPPs are hardly generated and regions where DPPs are easily
generated:

(1) Regions where DPPs are hardly generated: If the device is irradiated with light
(a real photon) satisfying hνanneal > Eg , as shown in Fig. 2.3a, when an electron
in the valence band absorbs a photon, it is simultaneously scattered by a phonon
(indicated by the upward blue arrow and the green wavy arrows, respectively).
As a result, the electron is excited to the conduction band and then immediately
relaxes to the bottom of the conduction band. After this relaxation, the electron
cannot radiatively relax because of the different momenta between the bottom
of the conduction band and the top of the valence band. Therefore, it eventually
relaxes non-radiatively, as indicated by the green thick arrow. This non-radiative
relaxation generates heat in the Si crystal, causing the B atom to diffuse, and
thus changing the spatial distribution of the B atoms.

(2) Regions where DPPs are easily generated: When the B diffuses as in (1), the
B concentration changes to a spatial distribution suitable for generating DPPs
with a fairly high probability. Here, in the case where DPPs are generated at
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Fig. 2.3 Schematic explanation of the DPP-assisted annealing. a Regions where DPPs are hardly
generated. b Regions where DPPs are easily generated
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the B atoms, as shown in Fig. 2.3b, an electron injected by the forward current
is de-excited via the DPP energy level (indicated by horizontal green parallel
lines in this figure), producing a photon generated by stimulated emission.When
the electron number densities of occupation in the excited state (the conduction
band) and the ground state (the valence band), denoted by nex and ng , satisfy the
Bernard–Duraffourg inversion condition (nex > ng) [3], the number of photons
created by stimulated emission exceeds the number of photons annihilated by
absorption. Since the photons generated by stimulated emission are radiated
outside the device, part of the light energy that the device absorbs is dissipated
outside the device in the form of propagating light energy, and therefore, the
thermal diffusion rate of the B atom becomes smaller than in (1).

(3) Due to the difference in the thermal diffusion rates between (1) and (2), after
the B atom has diffused throughout the entire device in a self-organized manner
as annealing proceeds, it reaches an equilibrium state in which its spatial dis-
tribution has been modified, and the annealing process is thus completed. Since
region (2) is in a state where stimulated emission with photon energy hνanneal
is easily generated via the DPPs, and since the stimulated emission probabil-
ity is proportional to the spontaneous emission probability [4], the DPP-assisted
annealed device should become an LED that exhibits spontaneous emission with
the photon energy hνanneal of the irradiation light. In other words, the irradiation
light during the DPP-assisted annealing serves as a “breeder” that generates light
with the same photon energy hνanneal in the LED; that is, a novel phenomenon
that we call photon breeding takes place in this LED.

After one hour of annealing, fabrication of the Si-LED was completed. To con-
firm the stimulated emission, Fig. 2.4 shows the measured temporal evolution of the
surface temperature difference between the irradiated area and the non-irradiated
area. The Si crystal was continuously irradiated with light, and current injection was
started after 7 min. At the beginning, when only the laser beamwas radiated, the tem-
perature increased to 75 ◦C, and the temperature difference dramatically increased
due to the heat provided by light absorption. After a few minutes, the heat gradually

Fig. 2.4 Temporal evolution
of the surface temperature
difference between the
irradiated area and the
non-irradiated area
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diffused into the whole device, and the temperature difference reached a stable value.
This agreed with our hypothesis of how the annealing process advances with laser
irradiation, which was described in (1) and (2). Next, after 7 min, a forward-bias
current was injected to the device. This led to an obvious decrease in the temperature
difference. This decrease was a result of stimulated emission in the area where DPPs
were generated; that is, the irradiated light was not converted into heat but induced
light emission due to the stimulated emission process. In other words, this decrease
in temperature difference confirmed the occurrence of stimulated emission via DPPs.

2.3 Device Operation

Figure2.5a–c show light emitted from the fabricated Si-LED (current density
2A/cm2) taken with a band-filtered visible CCD camera at room temperature. They
clearly reveal that the light emission spectrum from the Si-LED contained all three
primary colors: blue, green, and red, with photon energies of 3.1, 2.1 and 2.0eV
(wavelengths 400, 590 and 620nm), respectively. This confirms that the fabricated
Si-LED showed light emission in the visible region when a forward-bias voltage was
applied.

Curves A and B in Fig. 2.6 are light emission spectra of the devices at room tem-
perature before and after the DPP-assisted annealing, respectively. No light emission
was observed before annealing. However, after the annealing, a broad emission spec-
trum was observed. Noticeably, there are three dominant peaks in this spectrum: the
first one at 3.1 eV (400nmwavelength), which corresponds to blue, and the other two
close peaks at photon energies of 2.1eV (590nm wavelength) and 2.0eV (620nm
wavelength), which correspond to green and red light, respectively.

The above light emission characteristics agree with the principle described in
Sect. 1.3.1 and will be explained in detail here. Figure2.7 shows the energy band
structure of Si (black curves) and the phonon-coupled electronic levels |Eex ; el〉 ⊗

Fig. 2.5 Light emitted from the Si-LED. a–c are blue, green, and red light with photon energies
of 3.1, 2.1 and 2.0eV (wavelength; 400, 590 and 620nm), respectively

http://dx.doi.org/10.1007/978-3-319-42014-1_1
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Fig. 2.6 Light emission
spectra of the devices at
room temperature. Curves A
and B are the spectra taken
before and after the
DPP-assisted annealing,
respectively. Two downward
arrows represent the spectral
peaks at 2.0eV
(620nm-wavelength) and
2.1eV (590nm-wavelength)
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Fig. 2.7 Energy band
structure of Si and the
phonon-coupled electronic
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red horizontal lines represent
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|Eex ; phonon〉 (in particular, the blue, green, and red horizontal lines represent
phonon levels involved in the light emission in the visible region). Since a DP
strongly couples with phonons, a transition between the phonon-coupled electronic
levels takes place if the generation probability of a DP that is resonant with the tran-
sition energy is sufficiently high. After the DPP-assisted annealing process, almost
all of the B domains in the Si become suitable for generating DPPs whose pho-
ton energy corresponds to the light irradiated during annealing. Because the photon
energy hνanneal of the annealing light was 3.1eV (400nm wavelength), high-energy
excited electrons at the�-point of the conduction band relaxed to the ground state via
3.1eV-photon emission (blue downward arrow in Fig. 2.7), resulting in the spectral
peak at 3.1eV in the light emission spectrum. This light emission is the result of
photon breeding, as was described above.

Moreover, the injected electrons also tended to relax to the lower energy level via
intra-band relaxation, i.e., to the L- and X-points in the conduction band. Therefore,
the density of electrons at those points in the conduction band was considerably high.
Because the emission intensity is also proportional to the number of electrons, the
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radiative transition of electrons from the L-point resulted in light emission in the
proximity of 2.0eV.

The broad spectrum of the observed light emission is a result of the interaction
of electrons with phonons. Since the probability of this interaction is inversely pro-
portional to the number of phonons involved in phonon absorption or emission, the
emission spectrumhas two peaks at photon energies of 2.0 and 2.1eV (two downward
arrows on the curve B in Fig. 2.6). These photon energies are close to the energy level
of the L-point, indicating the interaction with one longitudinal optical (LO)-mode
phonon in the light emission process. Since there is a large difference in momentum
between an electron at the L-point of the conduction band and a hole at the�-point of
the valence band, the electron at the L-point needs to interact with a phonon in order
to lose or gain the momentum for emitting a photon. As a result, photons are emitted
from two separate energy levels (green and red downward arrows in Fig. 2.7). This
explains the existence of two peaks in the vicinity of the L-point, at 2.1 and 2.0eV.
The energy difference between the two peaks is 100 meV, which is approximately
equivalent to twice the LO-mode phonon energy [5]. The dip between the two peaks
corresponds to the zero-phonon line. On the other hand, no similar peaks appeared
in the spectrum at 3.1eV. This is because the electrons directly relaxed to the valence
band (the blue downward arrow in Fig. 2.7), and thus, the interactions with phonons
were weaker.

As discussed above, the visible light emission is a result of the high-energy excited
electrons,which are providedby the electrical power source.Therefore, it is necessary
to study the dependence of the light emission performance of the Si-LED on the
forward-bias voltage. Curves A and B in Fig. 2.8 show the dependences of the height
of the peaks at 2.0 eV (red light) and at 3.1eV (blue light) in Fig. 2.6 on the forward-
bias voltage. The peak at 2.1eV (green light) showed behavior similar to the peak
at 2.0eV and is therefore omitted here. Figure2.8 shows that, at a voltage of 2.5V,
curve A starts rising with a higher slope. This corresponds to the threshold for red
light emission. Furthermore, at a voltage of about 4.0V, curve B changes its slope.
This kink corresponds to the start of blue light emission. Interestingly, a kink in curve
A is also observed in the curve B.

Fig. 2.8 Dependences of the
height of the peaks on the
forwarded-bias voltage.
Curves A and B are at 2.0eV
(red light) and at 3.1eV (blue
light) in Fig. 2.6, respectively
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This characteristic dependence of the emission intensity on the voltage is well
explained by the emission mechanism discussed above: Since the voltage loss due
to the Schottky barrier and parasitic circuit resistance is about 1.0V, the highest
energy of injected electrons is about 2.0eV when a forward-bias voltage of 3.0V is
applied. Thus, the number density of electrons that have relaxed to the L-point in
the conduction band (energy level of about 2.0eV) starts increasing. Therefore, the
emission with photon energies of 2.0 and 2.1eV appears. This transition corresponds
to the change in slope of curve A in Fig. 2.8. When a sufficiently high forward-bias
voltage is applied, the energy of injected electrons becomes larger than 3.1eV, and
the number density of electrons at the �-point increases, resulting in the appearance
of emission from a transition with a photon energy corresponding to blue light.
This threshold voltage corresponds to the kink in the slope of curve B. Here, the
appearance of a kink in curve A is evidence for the fact that some of the injected
electrons recombine to cause blue light emission, and so the number density of
electrons that have relaxed to the L-point becomes relatively lower and results in the
decreased emission intensity of the red light.

2.4 Increasing the Light Extraction Efficiency

Although previous sections described the successful fabrication and operation of
visible Si-LEDs, visible photons generated at a p–n homojunction in a Si substrate
(2µm down from the surface in the case of Fig. 2.2) are easily absorbed before
they reach the surface because their photon energies are higher than Eg. This section
reviews a novel lateral p–n homojunction structure, as shown in Fig. 2.9a [6]. Because
it is formed on the surface of the Si substrate, the generated photons can be emitted
without suffering from absorption, which is expected to increase the light extraction
efficiency. This structure is formed by a novel laser doping method which does not
need specialized expensive fabrication equipment, and which is thus suitable for
mass production.

p-type

8 mm

4 mm

n-type

Cr/Al 
Cr/Al 

Si

Cr/Al Cr/Al 

SiO2

n-typep-type

(a) (b)

Fig. 2.9 Profile and photograph of the Si-LED with the lateral p–n homojunction. a Bird’s eye
view. b Photograph acquired after laser doping
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The fabrication process, including the laser doping, is as follows:

(1) For use as electrodes, Cr/Pt films (total thickness 300nm) were deposited on an
n-type silicon-on-insulator (SOI) substrate in which the thickness of the device
layer was 10µm and the resistivity was 0.5�cm. The areal sizes of the substrate
and the electrode were 4mm×8mm and 3mm×3mm, respectively.

(2) A solution, in which B-doped Si nanocrystals were dispersed (B concentration
1×1020 cm−3), was coated on half of the surface of the n-type Si substrate.

(3) For laser doping, the coated area was selectively irradiated with pulsed laser
light having a photon energy of 2.35eV (528nm wavelength) and a fluence of
4.0 J/cm2 to melt the Si nanocrystals, causing B atoms to diffuse into the Si
substrate and transforming the n-type material to a p-type material. Figure2.9b
is a top-view photograph of the Si-LED acquired after the laser doping.

Figure2.10a, b show the electrical and optical properties of the device measured
after the laser doping (3),whereFig. 2.10a is the relation between the applied forward-
bias voltage and injected current, and Fig. 2.10b is the weak light emission spectrum,
representing the band-edge emission at Eg. Successful formation of the lateral p–n
homojunction is confirmed by these figures.

After the processes (1)–(3) above, DPP-assisted annealing was conducted by
applying a forward-bias voltage, V , of 15V and irradiating the lateral p–n homo-
junction with CW laser light having a photon energy hνanneal of 3.1eV (400nm
wavelength) and an intensity of 8.0W/cm2.

Figure2.11 shows the light emission spectra of the fabricated Si-LED at V=15V.
Unlike the curve A in Fig. 2.6, the curve A in this figure represents the weak emis-
sion of visible light even before the DPP-assisted annealing. Detection of such low-
intensity emission is made possible thanks to the increase in the light extraction
efficiency by the lateral p–n homojunction. The spectral peak at 3.0eV is attributed
to the direct transition of electrons at the singular �-point in the energy band of
Si. On the other hand, the peak at 1.9eV is attributed to the radiative transition of
electrons at the �-point via scattering by phonons, which is because electrons and
phonons are weakly coupled even before the DPP-assisted annealing.
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Fig. 2.10 Electrical and optical properties measured after the laser doping. a Relation between the
forward-bias voltage and injection current. b Light emission spectrum
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Fig. 2.11 Light emission spectra of the Si-LED. The applied forward-bias voltage was 15V. Curve
A is the spectrum acquired before the DPP-assisted annealing. Curves B and C are the spectra
acquired after 30 and 90 min of DPP-assisted annealing, respectively
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Fig. 2.12 Time evolution of the emitted light intensities. Closed squares, triangles, and circles
represent the time evolution of the emitted light intensity of red (1.8–2.1eV photon energy, 590–
700nm wavelength), green (2.1–2.5eV photon energy, 490–590nm wavelength), and blue (2.5–
3.1eV photon energy, 400–490nm wavelength) colors in Fig. 2.11, respectively

Curves B and C in Fig. 2.11 are the spectra acquired after 30 and 90 min of DPP-
assisted annealing, respectively. Compared with curve A, they show that the visible
light emission is enhanced by theDPP-assisted annealing at photon energies between
2.0, and 3.3eV,which are below hνanneal . This selective enhancement originates from
the coupling between an electron-hole pair and a phonon via DPPs.

Closed squares, triangles, and circles in Fig. 2.12 represent the time evolution
of the emitted light intensity of red (1.8–2.1eV photon energy, 590–700nm wave-
length), green (2.1–2.5eV photon energy, 490–590nm wavelength), and blue (2.5–
3.1eV photon energy, 400–490nm wavelength) colors in Fig. 2.11, respectively,
where the intensities were normalized to those before the DPP-assisted annealing.
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This figure shows that the annealing time required for the increases in the emitted
light intensities to saturate was about 90 min. It also shows that the enhancement of
the green light intensity is larger than those of blue and red light, which is attributed
to a radiative recombination involving phonon emission.

The increase in light extraction efficiency can be evaluated by noting the two
peaks of the curves B and C in Fig. 2.11, at around 2 and 3eV. Since the absorption
at 2eV is negligible as compared with that at 3 eV (the absorption coefficient of Si
at 2eV is two orders of magnitude smaller than that at 3 eV [7]), the emitted light
intensity at 2eV, I2eV , can be used as a reference to compare the light extraction
efficiency between the lateral and vertical p–n homojunctions. The light extraction
efficiency is defined as ηr = I3eV /I2eV , where I3eV is the emitted light intensity at
3eV. As a result, the values of ηr for the lateral and the vertical p–n homojunctions
(Sects. 2.2 and 2.3) were evaluated to be 1.10 and 0.14, respectively, from which it
is confirmed that the lateral p–n homojunction had 7.8-times higher light extraction
efficiency at a photon energy of 3eV.

An advantage of the increased light extraction efficiency is the increase in the
sensitivity of measuring the light emission spectrum, which enables detailed investi-
gation of the emission process. The following part of this section reviews this inves-
tigation and confirms that the visible light emission originates from the coupling
between an electron-hole pair and a phonon.

Curves A–E in Fig. 2.13a show the light emission spectra under several values of
the forward-bias voltage V , which show that the emitted light intensity in a high-
energy band around 3.0eV increased with increasing V , resulting in a spectral blue-
shift. This shift causes a large shift of the Commission Internationale de l’Eclairage
(CIE) chromaticity coordinates, from (x, y)= (0.343, 0.359) at V= 8V to (0.286,
0.288) at V=24V, as is shown in Fig. 2.13b. This has never been observed in conven-
tional LEDs fabricated using compound semiconductors with a direct transition-type
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Fig. 2.13 Light emission spectra under several values of the forward-bias voltage, V . a Spectral
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Fig. 2.14 Emitted light intensity. aRelation with the injection current. bRelation with the forward-
bias voltage

structure. The closed circles in Fig. 2.14a show the measured relation between the
injected current and the emitted light intensity, where the light intensity was derived
by integrating the light emission spectra of Fig. 2.13a over thewhole range of the pho-
ton energy. The nonlinear relation in this figure shows that the visible light emission
originates from hot electrons with much higher energy than those at the bottom of the
conduction band. Closed circles in Fig. 2.14b show the measured relation between V
and the emitted light intensity, where the vertical axis is on a logarithmic scale. They
are fitted by a line, confirming that the emitted light intensity exponentially increases
with increasing V . Since the photon energy of the emitted light shown in Fig. 2.13a
is much higher than Eg of Si (=1.12eV), this exponential increase originates from
high-energy electrons, because the emitted light intensity is proportional to the num-
ber density n (E) of high-energy electrons and, furthermore, n (E) is proportional to
exp (eV/kT ), where e, k, and T are the electron charge, Boltzmann’s constant, and
temperature, respectively.

In contrast to the two peaks at 1.9 and 3.0eV in the curve A in Fig. 2.11, the
curves in Fig. 2.13a have a peak at 2.7eV, represented by a downward arrow. In order
to find the origin of this peak, the upper-left and -right parts of Fig. 2.15 show the
dispersion relation and the density of states (DOS) of phonons in Si [8], respectively.
The DOS has a peak at 60meV (indicated by a horizontal arrow), which corresponds
to the wave vector between the �- and K-points, as indicated by the horizontal and
vertical broken lines. The lower part of Fig. 2.15 shows the energy band structure
of the electron [9], in which the horizontal and vertical broken lines represent that
the electron, with the same wave-vector as that of the high-DOS phonon, has an
energy of 2.7eV. Due to the agreement between this electron energy and the energy
of the peaks in Fig. 2.13a, it is concluded that the emission from the visible Si-LED
originates from the coupling between an electron-hole pair and a phonon, as was
illustrated in Fig. 2.7, which is consistent with the spectral properties of infrared
Si-LEDs to be reviewed in Chap.3.

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Fig. 2.15 Schematic
explanation of the
contribution of the coupling
between the electron–hole
pair and the phonon via
DPPs. Upper part The
dispersion relation and the
density of states of phonons.
Lower part The electronic
energy band structure
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Chapter 3
Infrared Light Emitting Diodes
Using Silicon Crystal

This chapter reviews the fabrication and operation of a Si-LED that emits infrared
light. In contrast to the single-step spontaneous and stimulated emission processes
described in Sect. 1.3.1, those of infrared light emission are two-step processes
(Sect. 1.3.2). This is because the emitted photon energy is lower than Eg.

3.1 Device Fabrication

As with the case described in Sect. 2.2, an n-type Si crystal with low As concentra-
tion was used [1]. By doping the crystal with B atoms, the Si crystal surface was
transformed to p-type, forming a p–n homojunction. An ITO film and anAl filmwere
deposited on opposite surfaces of the Si crystal for use as electrodes. A forward bias
voltage of 16V was applied to inject current (current density of 4.2 A/cm2) in order
to generate Joule-heat for performing annealing, causing the B atom to be diffused
and varying the spatial distribution of its concentration. During the annealing, the Si
crystalwas irradiated, through the ITOelectrode,with laser light (light power density,
10 W/cm2) whose photon energy hvanneal was 0.95 eV (1.30 µmwavelength). Since
hvanneal is lower than Eg of Si, the radiated light is not absorbed by the Si crystal.
Therefore, in the regions where DPPs are hardly generated, B diffuses simply due to
the Joule-heat of the applied electrical energy. However, in the regions where DPPs
are easily generated, the thermal diffusion rate of the B atom becomes smaller via
the following processes:

(1) Since the energy of the electrons driven by the forward-bias voltage (16 V) is
higher than Eg , the difference EFc − EFv between the quasi Fermi energies in
the conduction band EFc and the valence band EFv is larger than Eg . There-
fore, the Benard–Duraffourg inversion condition is satisfied. Furthermore, since
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hνanneal < Eg, this light propagates through the Si crystal without absorption
and reaches the p–n homojunction. As a result, it generates DPPs efficiently
at B atoms. Since stimulated emission takes place via DPPs (Sect. 1.3.2), the
electrons generate photons by the stimulated emission and are de-excited from
the conduction band to the valence band via the phonon energy level.

(2) The annealing rate decreases because a part of the electrical energy for generating
the Joule-heat is spent for the stimulated emission of photons. As a result, at the
regions where the DPPs are easily generated, the B atoms become more difficult
to change.

(3) Spontaneous emission occurs more efficiently at the regions in which the DPPs
are easily generated because the probability of spontaneous emission is propor-
tional to that of stimulated emission. Furthermore, with temporal evolution of
process (2), the light from stimulated and spontaneous emission spreads through
the whole Si crystal, and as a result, process (2) takes place in a self-organized
manner throughout the entire volume of the Si crystal.

It is expected that this method of DPP-assisted annealing will form the optimum
spatial distributionof theBconcentration for efficient generationofDPPs, resulting in
efficient device operation. Figure3.1 shows the temporal evolution of the temperature
of the device surface as annealing progressed. After the temperature rapidly rose to
154 ◦C, it fell and asymptotically approached a constant value (140 ◦C) after 6 min,
at which time the temperature inside the device was estimated to be about 300 ◦C.
The features of this temporal evolution are consistent with those of the principle
of DPP-assisted annealing under light irradiation described above: The temperature
rises due to the Joule-heat by the applied electrical energy. However, the temperature
gradually falls because stimulated emission is induced by the DPPs generated at the
domain boundary of the inhomogeneous distribution of the B atoms. Finally, the
system reaches the stationary state.

This temporal decrease in the device temperature, and also the temporal increase
in the emitted light intensity, have been theoretically reproduced by a stochastic
model of the spatial distribution of B atoms, which was controlled by the DPPs [2].

Fig. 3.1 Temporal evolution
of the temperature of the
device surface as annealing
progresses
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3.2 Device Operation

Figure3.2a shows the relationship between the forward-bias voltage (V) applied to
the device and the injection current (I ) for a Si crystal with a surface area as large
as 9mm2 and a thickness of 650 µm. This figure indicates negative resistance at I
> 50 mA, and the breakover voltage Vb was 63 V [3]. This was due to the spatially
inhomogeneous current density and the generation of filament currents, as shown in
the inset of Fig. 3.2a. In other words, the B distribution had a domain boundary, and
the current was concentrated in this boundary region. A center of localization where
the electrical charge is easily bound was formed in this current concentration region,
and a DPP was easily generated there. That is, the negative resistance is consistent
with the principle of the device fabrication described in Sect. 3.1. The reason why Vb

was higher than the built-in potential of the Si p–n homojunction is because of the
high total resistance due to the thick Si crystal wafer and the large contact resistance
between the electrodes and the Si crystal wafer. In addition, although the device
surface temperature during annealing (Fig. 3.1) was too low for diffusing the B,
localized heating occurred due to the filament currents described above, which made
the temperature inside the device sufficiently high. From secondary ion-microprobe
mass spectrometry, it was confirmed that the B penetration depth was increased to at
least 300nm by the annealing. For comparison, when the device had a size as small
as 0.6mm2 in area and 120 µm in thickness, the V − I characteristic did not exhibit
such negative resistance but was identical to that of an ordinary LED using a direct
transition-type semiconductor, as shown in Fig. 3.2b.

Figure3.3a, b are photographs showing the device without and with current injec-
tion (current density, 4.2A/cm2), respectively, at room temperature,whichwere taken
by an infrared CCD camera (photosensitive bandwidth: 1.73–1.38 eV, wavelength:
0.90–1.70 µm) under fluorescent lamp illumination. Figure3.3b shows a bright spot
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Fig. 3.2 Relationship between the forward-bias voltage (V ) to the device and the injection
current (I ) for the Si crystal. a The surface area of the Si crystal is as large as 9mm2 and the
thickness is 650 µm. The inset is a schematic explanation of the filament currents generated due
to the spatially inhomogeneous current density. b The surface area is as small as 0.6mm2, and the
thickness is 120 µm
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(a) (b) 

Light emitting diode Emitted light spot

Fig. 3.3 Photographs of the device. a and b were taken without and with current injection, respec-
tively, at room temperature

1.0 0.8 1.2 1.4 

Photon energy (eV) 

1.0 1.8 1.6 1.4 1.2 0.9 

Wavelength (µm) 

0 

0.01 

0.02 

Li
gh

t i
nt

en
si

ty
 (

a.
u.

) 

0 

1.0 

2.0 

3.0 

1.0 0.8 1.2 1.4 

A 

B 

C 

D 

Wavelength (µm) 

1.0 1.2 1.4 1.8 1.6 0.9 

Photon energy (eV) 

Li
gh

t i
nt

en
si

ty
 (

a.
u.

) 

(a) (b)

Fig. 3.4 Light emission spectra. a The spectrum of a commercial photodiode (Hamamatsu Photon-
ics, L10823) at an injection current density of 0.2 A/cm2. b Curve A is identical to the curve in (a).
Curves B–D are the spectra of the devices fabricated by annealing for 1, 7, and 30 min, respectively

of light with an optical power as high as 1.1 W, which was emitted by applying 11W
of electrical power.

It should be pointed out that a conventional Si photodiode can emit light even
though its efficiency is extremely low. Figure3.4a shows the light emission spectrum
of a commercial photodiode (Hamamatsu Photonics, L10823) at an injection current
density of 0.2 A/cm2. Higher current injection damaged the photodiode. The main
part of the light emission spectrum in this figure is located at energies higher than
Eg (=1.12 eV), as a result of the indirect transition caused by phonon scattering
[4]. Figure3.4b shows the light emission spectra of three devices at an injected
current density of 1.5 A/cm2, which were fabricated by the method described in the
previous section. Curve A in this figure is identical to the curve in Fig. 3.4a, drawn for
comparison. Curves B–D are the spectra of the devices fabricated by DPP-assisted



3.2 Device Operation 33

annealing for 1, 7, and 30 min, respectively. Their profiles considerably differ from
that of curve A, and the spectra are located at lower energies than Eg . The light
intensity values of the curves B–D appear low at energies lower than 0.8 eV, which is
due to the low sensitivity of the photodetector used for the measurement. Although
the light emission spectrum of the device fabricated using 1min of annealing (curve
B) still had a clear peak around Eg , the spectrum broadened and reached an energy
of 0.75 eV (1.65 µm wavelength). That of the device annealed for 7 min (curve C)
showed a new peak at around 0.83 eV (1.49 µm wavelength). In the case of the
device annealed for 30 min (curve D), no peaks were seen around Eg; instead, a new
peak appeared, identified by a downward thick arrow, at an energy that corresponds
to the photon energy hνanneal (=0.95 eV, 1.30µmwavelength) of the light radiated in
the annealing process. This peak is evidence that DPPs were generated by the light
irradiation and that the B diffusion was controlled. In other words, photon breeding
took place also by the two-step de-excitation process (Sect. 1.3.2). The value of the
emission intensity at the highest peak (identified by the left thin upward arrow) on
curve D was 14-times and 3.4-times higher than those of the peaks on curves B and
C, respectively.

Here, the separations between the energies identified by two upward thin arrows
(0.83 and 0.89 eV), and by the downward thin arrow (0.95 eV) were 0.06 eV, which
is equal to the energy of an optical phonon in Si. This means that the two upward thin
arrows show that the DPP with an energy of 0.95 eV was converted to a real photon
after emitting one and two optical phonon. This conversion process demonstrates that
the light emission described here uses the phonon energy levels as an intermediate
state.

The spectrum of curve D extended over the energies 0.73–1.24 eV (1.00–1.70µm
wavelength), which covers the wavelength band of optical fiber communication sys-
tems. The spectral width of curve D was 0.51 eV, which is more than 4-times greater
than that (0.12 eV) of a conventional commercial InGaAs LED with a wavelength
of 1.6 µm. For the device annealed for 30 min, the relation between the applied
electric power and the emitted light power was measured at photon energies higher
than 0.73 eV (1.70 µm wavelength). From this measurement, it was found that the
evaluated external power conversion efficiency and the differential external power
conversion efficiency reached as high as 1.3% and 5.0%, respectively, with an applied
electric power of 11 W. This relation was also measured for emitted photon energies
of 0.11–4.96 eV (0.25–11.0 µm wavelength), giving an external power conversion
efficiency and a differential external power conversion efficiency as high as 10% and
25%, respectively.

In order to estimate the quantum efficiency, the relation between the injection
current density J and the emitted light power density Pd at photon energies higher
than 0.73 eV (1.70µm wavelength) was measured for the device annealed for 30
min. From this measurement, it was found that Pd was proportional to J 2, which is
due to the two-step spontaneous emission process; i.e., one electron is converted to
two photons. For comparison, Pd is proportional to J in a conventional LED device.
Furthermore, the external quantum efficiency was estimated to be 15% at J=4.0
A/cm2, and the differential external quantum efficiency was estimated to be 40% at

http://dx.doi.org/10.1007/978-3-319-42014-1_1
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Fig. 3.5 Progress in external
quantum efficiency. The
solid curve is the logistic
curve fitted to the
experimental values. The
gray thick horizontal line
represents the value for a
commercially available
InGaAs near-infrared LED

J =3.0–4.0 A/cm2. From the measured relation between J and Pd at photon energies
of 0.11–4.96 eV (0.25–11.0 µm wavelength), the external quantum efficiency at
photon energies higher than 0.73 eV (1.70 µm wavelength) was as high as 150%.
The reason why this value is higher than 100% is that the two-step spontaneous
emission process converts one electron not to one photon but to two photons.

Figure3.5 shows the progress made in increasing the external quantum efficiency
in the wavelength range of 1.32± 0.15 µm. By early 2013, an efficiency of 15% had
been reached. This value is already higher than those of commercially available 1.3
µm-wavelength LEDs using the direct transition-type semiconductor InGaAs, such
as Hamamatsu Photonics L7866 and L10822 (external quantum efficiencies of 2%
and 5%, respectively). The solid curve in this figure is the least-squares fitted logistic
curve, which has been popularly used to represent population growth, technological
progress, and increases in the number of articles on the market. This curve fits the
experimental values well, showing the rapid, smooth progress of Si-LED technology.

The high optical power emitted from the fabricated Si-LED, as high as 1W, offers
a variety of novel application systems; several have been proposed, and their feasi-
bilities have been confirmed by experiments [5]. One example is infrared imaging,
as demonstrated in Fig. 3.6. Figure3.6a shows one scene from a video of a dancing
toy robot acquired by irradiating the robot with infrared light from the Si-LED. As a
reference, Fig. 3.6b shows that from a conventional video acquired by irradiating the
robot with visible light. Another example is demonstrated by Fig. 3.7. Figure3.7a
shows a piece of crumpled black plastic tape attached to a substrate. When it is irra-
diated with the focused infrared light beam from the Si-LED, it immediately ignites
and gives of smoke, as shown in Fig. 3.7b, c, respectively. This burning experiment
suggests novel applications of this technique to materials processing.
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(a) (b)

Fig. 3.6 Infrared imaging. a One scene from a video of a dancing toy robot acquired under infrared
irradiation. b One scene from a conventional video acquired under visible light irradiation, shown
for reference

(a) (b) (c)

10 mm 10 mm10 mm

Fig. 3.7 Burning a piece of black plastic tape. a Image of the tape, which is crumpled and attached
to a substrate, indicated by the green circle. bA flame ignited by infrared light irradiation, indicated
by the white arrow. c Smoke pouring out after the burning, indicated by black arrow

3.3 Spatial Distribution of Boron

This section presents the analysis results of the three-dimensional spatial distribution
of the doped B atoms [6]. Figure3.8 shows the three-dimensional spatial distribution
of B atoms at the p–n homojunction, which was measured by atom probe field ion
microscopywith sub-nanometer resolution [7]. The black dots represent the positions
of the individual B atoms. The distribution is projected onto the xy-, yz-, and zx-
planes ((001), (100), and (010) planes), represented by green, blue, and red dots,
respectively.

It should be noted that the Si crystal is composed of multiple cubic lattices with
a lattice constant a of 0.54nm [8], and its top surface lies in the xy-plane. The light
irradiated during the DPP-assisted annealing is normally incident on this plane; i.e.,
the light propagation direction is parallel to the z-axis, which is parallel to the [001]
orientation.

Some of the regularly arranged Si atoms are replaced by the doped B atoms in the
DPP-assisted annealing. It has been pointed out that phonons can be localized at the
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Fig. 3.8 Three-dimensional spatial distribution of B atoms, measured by the atom probe ion
microscopy
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Fig. 3.9 Number of B atom pairs plotted as a function of the separation d between the B atoms in
the pair. a The un-annealed Si crystal. b The DPP-assisted-annealed Si crystal

B atoms for creating a DPP under light irradiation because the B atoms are lighter
than the Si atoms. However, for this localization, it has also been pointed out that two
or more adjacent B atoms (in other words, two or more unit cells containing B atoms)
are required (refer to Fig.C.1 in Appendix C). Since the doped B atom concentration
is as low as 0.04% relative to the Si atom concentration, making it difficult for more
than three B atoms to aggregate, the following discussion considers two closely
spaced adjacent B atoms (a B atom pair), around which a phonon is localized for
creating a DPP. That is, the pair of unit cells containing the B atoms serves as a
phonon localization center.

Figure3.9a, b show the numbers of B atom pairs plotted as a function of the
separation, d, between the B atoms in the pair, which were derived from the mea-
surement results in Fig. 3.8. Since the distribution of the number of B atom pairs is
nearly random, it can be least-squares fitted by the Weibull distribution function (the
solid curve in these figures), which is expressed as
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p (d) = (3/β) · (d/β)2 · exp [−(d/β)3
]

, (3.1)

where δ is the concentration of the B atoms, and β = 3
√
3/4πδ. In the un-annealed

Si crystal (Fig. 3.9a), the measured number of B atoms pairs deviates from the solid
curve in the range d > 45nm. The deviation depends on the characteristics of the
ion implantation.

In contrast, in the Si crystal after theDPP-assisted annealing (Fig. 3.9b), the devia-
tion is much less than that in Fig. 3.9a, which means that the DPP-assisted annealing
modified the spatial distribution and decreased the deviation induced by the ion
implantation, making the distribution more random. However, at specific values of
d (= na, where n = 3, 4, 5, 6; refer to the four downward arrows in this figure), the
number of B atom pairs still deviates from the solid curve and is larger than that of
the solid curve. This is explained as follows: The B atom pair with the shortest d (i.e.,
equal to the lattice constant a) can orient in a direction parallel to the [1,0,0], [0,1,0],
or [0,0,1] orientation because the Si crystal is composed of multiple cubic lattices. As
a result, the wave-vector (momentum) of the localized phonon points in this direc-
tion, which corresponds to the �-X direction in reciprocal lattice space (Fig. 3.10).
Thus, a photon is efficiently created because this �-X direction is the same as the
direction of the wave-vector of the phonon required for recombination between an
electron at the bottom of the conduction band at the X-point and a hole at the top of
the valence band at the �-point. Here, it should be noted that the absolute value of
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Fig. 3.10 A unit cell of the Si crystal in real lattice space and in reciprocal lattice space
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Fig. 3.11 Relation between n and the deviation. a Measured results. b The energy band structure
of Si and schematic explanation of light emission

the wave-vector of the phonon has to be 1/a for this electron–hole recombination to
take place. Furthermore, it should also be noted that, among the phonons localized
at the B atom pair with separation d (= na), the absolute value of the wave-vector
of the lowest mode is 1/na. By comparing these two absolute values, it is found that
the DPP at this B atom pair has to create n phonons for recombination. Thus, it can
be concluded that the four downward arrows in Fig. 3.9b indicate selective increases
in the number of B atom pairs with separation d = na due to the DPP-assisted
annealing, and these pairs serve as phonon localization centers.

Figure3.11a shows the relation between n and themeasured deviation in Fig. 3.9b.
This figure shows that the deviation takes the maximum value at n =3, which means
that B atom pairs most efficiently create three phonons for light emission, as is
schematically shown in Fig. 3.11b. This phonon creation process is consistent with
the discussion in Sect. 4.1, in which the magnitudes of the phonon sidebands in the
light emission spectra were analyzed based on the density of states of phonons and
the estimated value of the Huang–Rhys factor. As a result, the emitted photon energy
hνem is expressed as hvem = Eg − 3Ephonon . By substituting the values of Eg (=
1.12 eV) and the relevant optical mode phonon energy Ephonon (=65 meV [9]) into
this equation, the value of hνem is derived to be 0.925 eV, which is identical to the
photon energy hvanneal irradiated during the DPP-assisted annealing. This numerical
relation confirms that photon breeding with respect to photon energy occurs.

Figure3.9b indicates selective increases in the number of B atom pairs with sep-
aration d = na. This means that, since n is an integer, B atom pairs are apt to orient
along a plane perpendicular or parallel to the top surface of the Si crystal (zenith
angle θ = 0◦ or 90◦ in Fig. 3.8). Orientation along other directions in which n is not
an integer (θ �= 0◦, 90◦) hardly occurs.

Figure3.12 shows the relation between the zenith angle θ and the number of B
atom pairs. It can be seen that this number takes the maximum value at θ = 90◦,
which means that the B atom pairs are apt to stretch in a plane (xy-plane) which
is parallel to the top surface of the Si crystal, i.e., perpendicular to the propagation
direction ([001̄] orientation; z-axis) of the light irradiated during the DPP-assisted
annealing. On the other hand, the number of B atom pairs takes the minimum value

http://dx.doi.org/10.1007/978-3-319-42014-1_4
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Fig. 3.12 Relation between
the zenith angle θ and the
number of B atom pairs
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at θ = 0◦, which means that the B atom pairs hardly orient along the propagation
direction (z-axis) of the light irradiated during the DPP-assisted annealing. This is
because the phonons are hardly localized along this direction since their momenta
(wave-vectors) are parallel to θ = 90◦ [10].

3.4 Polarization Control

It is expected that photon breeding takes place not only with respect to photon energy
described above but also with respect to photon spin. That is, the light emitted from
the LED can be polarized if it is fabricated by irradiating the Si crystal with polarized
light during the DPP-assisted annealing.

The output light from conventional LEDs is not polarized, and several meth-
ods have been proposed for polarizing it, such as using the specific anisotropic
optical properties of nonpolar GaInN quantum wells [11] and installing a compli-
cated subwavelength-size metallic nanograting [12]. Instead of these approaches, the
present section proposes a novel polarization control method for infrared Si-LEDs
based on photon breeding with respect to photon spin [6].

The fabrication method is the same as that described in Sect. 3.1, except that the
irradiated light is linearly polarized along the x-axis. Its photon energy, hνanneal , and
wavelength are 0.924 eV and 1.342 µm, respectively.

For evaluating the polarization characteristics of the fabricated Si-LED, the emit-
ted light was decomposed into two linearly polarized components by using a linear
polarizer, and their intensities (I‖, I⊥) were acquired. The polarization directions
of these components are respectively parallel and perpendicular to that of the light
irradiated during the DPP-assisted annealing.

Their light emission spectra at an injection current of 100 mA are represented by
the curves A and B in Fig. 3.13, whose spectral peaks are close to hνanneal due to
the photon breeding with respect to photon energy. It is seen that I‖ is larger than
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Fig. 3.13 Light emission
spectra. Curves A and B are
the linearly polarized
components, which are
respectively parallel and
perpendicular to the direction
of the linear polarization of
the light irradiated during the
DPP-assisted annealing. The
annealing time was 180min

0.8 1.0 1.2 1.4
0

1

2

3

1.01.21.41.6

Photon energy (eV)

Li
gh

t i
nt

en
si

ty
 (

a.
u.

)

h anneal

A

B

Wavelength (µm)

Fig. 3.14 Relation between
the DPP-assisted annealing
time and the degree of
polarization P at the photon
energy, hνanneal . Black
squares represent the
measured values. The solid
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I⊥ in a wide spectral range around hνanneal . Since the linearly polarized light is the
superposition of the two photons with up- and down-spins, this difference between
I‖ and I⊥ in this figure also represents the successful results of polarization control,
which is due to photon breeding with respect to photon spin.

The black squares in Fig. 3.14 represent the measured relation between the DPP-
assisted annealing time and the degree of polarization

P = (

I‖ − I⊥
)

/
(

I‖ + I⊥
)

(3.2)

at the photon energy hνanneal . The value of P in this figure is zero at zero annealing
time because the Si crystal is optically isotropic. However, this value increases with
increasing annealing time and asymptotically approaches a maximum value of 0.07.
This increase is not due to the optical anisotropy induced by the Joule-heat because
the applied Joule energy was too low to strain or deform the Si crystal. For reference,
the surface temperature was maintained at as low as 154 ◦C in the DPP-assisted
annealing (Fig. 3.1).
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Fig. 3.15 Relation between
the azimuthal angle ϕ and the
difference in the numbers of
B atom pairs after and before
the DPP-assisted annealing

0 45 90

(degree)

The measured values were fitted by the solid curve in Fig. 3.14. This curve repre-
sents the result of numerical calculation based on the two-level system model (refer
to Appendix E).

Figure3.15 shows the relation between the azimuthal angle ϕ and the number
of the B atom pairs. This angle is defined in the xy-plane (θ = 90◦), and ϕ = 0◦
corresponds to the polarization direction (x-axis) of the light irradiated during the
annealing. The vertical axis in Fig. 3.15 represents the difference in the numbers
of B atom pairs after and before the DPP-assisted annealing. The negative value
of this difference at ϕ = 0◦ means that the number of B atom pairs orienting to
ϕ = 0◦ decreases as a result of the DPP-assisted annealing. In the region ϕ > 45◦,
this difference becomes a positive value, which means that the number increased
due to the DPP-assisted annealing. The number of B atom pairs takes the maximum
value at ϕ = 90◦. This angular dependence means that the diffusion of the B atoms
was controlled by the linearly polarized light irradiated during the DPP-assisted
annealing, with the result that the B atom pairs oriented to ϕ = 90◦.

As a result, the light emitted from the fabricated LED was polarized, and the
polarization direction was governed by that of the light irradiated during the DPP-
assisted annealing. There are two possible origins of this induced polarization of the
emitted light: (1) Since the oriented B atom pairs work as a kind of nano-wire grid
in the xy-plane (the orientation of this grid is ϕ = 90◦), the light emitted from the
fabricated LED can be linearly polarized in the direction (ϕ = 0◦) perpendicular to
the direction of the grid. (2) First, when the LED is fabricated by the DPP-assisted
annealing, transverse optical phonons are created at the B atom pairs and couple with
the DPs. The vibration direction of these phonons is parallel to that of the electric
field of the polarized light (ϕ = 0◦) irradiated during the DPP-assisted annealing.
Next, when the fabricated LED is operated, since these phonons are created again,
the direction of the electric field vector of the emitted light becomes also parallel to
the vibration direction of these phonons. Therefore, the polarization direction of the
emitted light becomes identical to that of the light irradiated during the DPP-assisted
annealing.

The number of B atom pairs at ϕ ≥ 45◦ in Fig. 3.15 is 8.6% of the total, which
corresponds to a P value of 0.07 for the 180min annealing time. This correspondence
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supports the origins (1) and (2) presented above. It should be possible to increase P
further by more precisely controlling the annealing parameters for orienting more B
atom pairs along the direction ϕ = 90◦ (and also θ = 90◦).
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Chapter 4
Contribution and Control of Coherent
Phonons

This chapter estimates the value of the Huang–Rhys factor, which is a parameter
representing the coupling strength between electron–hole pairs and phonons. Fur-
thermore, the origin of the sidebands described inChaps. 2 and 3 is described. Finally,
how to control the generation of these sidebands is demonstrated.

4.1 Strength of Phonon Coupling

The main features of the Si-LEDs reviewed in Chaps. 2 and 3 are that the emit-
ted photon energy does not depend on Eg; instead, the emitted light has approxi-
mately the same photon energy as the photon energy hνanneal of the light radiated
during annealing. In other words, photon breeding occurs. Also, phonon sidebands
are found in the light emission spectrum, and these are caused by the creation of
DPPs. The phonons constituting these DPPs have been theoretically shown to be
multi-mode coherent phonons [1]. The parameter representing the coupling strength
between electron–hole pairs and phonons is called the Huang–Rhys factor, S [2].
The value of S can be obtained experimentally from the intensities of the phonon
sidebands [3, 4].

This section estimates the value of S in the fabricated Si-LEDs by comparing the
measured emission intensities of the phonon sidebands found in its light emission
spectrum and a simulation result of the light emission process [5]. In the case of the
device used in this section, the photon energy of the light absorbed in the depletion
layer is 1.2–3.0 eV, which was estimated based on the depletion layer depth and
thickness obtained from the B doping conditions. There is no singular point in the
Si band structure in this range of energies and especially in the range corresponding
to the photon energy of the emitted light (1.4 eV). Thus, this range is suitable for
evaluating the involvement of phonons in the light emission process. Therefore, the
surface of the device was irradiated with light having a photon energy hνanneal of
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Fig. 4.1 Light emission
spectra of the Si-LED. The
curves A and B show the
spectra obtained 1 and 3h
after starting annealing,
respectively

Li
gh

t i
nt

en
si

ty
 (

a.
u.

)

Photon energy (eV) 

A
B 

1.2 1.3 1.4

1

0

2

3

1.4 eV during annealing. The principle of light emission and DPP-assisted annealing
are the same as those described in Sects. 1.3.1 and 2.2, respectively.

Ion implantation was used to dope B into an n-type Si crystal in order to form a
p-type layer, thus fabricating a p–n homojunction. The highest B ion implantation
energy was 700 keV, the concentration was 1 × 1019 cm−3, and the thickness of
the p-type layer was 2 µm. After dicing this crystal, an ITO film and a Cr/Al film
were respectively deposited on the surfaces of the p-type and n-type layers for use as
electrodes. A forward-bias voltage of 2 V was applied to the device (current density
0.96 A/cm2) while simultaneously irradiating it with laser light (hνanneal = 1.4 eV)
to perform DPP-assisted annealing for 3 h.

Figure4.1 shows the light emission spectra measured when a forward current
(current density 3.2 A/cm2) was injected into the Si-LED. The curves A and B are
the spectra obtained 1 and 3 h after starting annealing, respectively. By comparing
these curves, it can be seen that the emission intensity showed almost no change
at photon energies of 1.25 eV and above, whereas at photon energies below 1.25
eV, the emission intensity was considerably increased. A possible reason for this
is that, in the regions where low-energy photons are easily generated, the energy
dissipation level due to stimulated emission produced in those regions is small, like
those discussed in (2) in Sect. 2.2. Thus, the thermal diffusion rate is similar to that in
region (1) in Sect. 2.2, and therefore, annealing proceeds slowly. This phenomenon
suggests the validity of the annealing principle discussed in Sect. 2.2. In Fig. 4.1, the
photon energy hνanneal (=1.4 eV) of the light irradiated during annealing is indicated
by the upward arrow. From the curves A and B, it is found that this Si-LED emitted
light with a photon energy approximately equal to hνanneal ; i.e., photon breeding took
place. Furthermore, multiple sidebands are observed in the curve B (indicated by the
downward arrows). The spacing between these downward and upward arrows are

http://dx.doi.org/10.1007/978-3-319-42014-1_1
http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_2
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Fig. 4.2 Schematic
explanation of the light
emission process via DPP
energy levels. [a] and [b]
represent two possible
relaxation processes
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approximately constant at 60 meV, which agrees with the energy of optical phonons
in Si [6], and therefore, these sidebands likely originate from phonons.

In the Si-LED fabricated here, since it involves a simple single-step transition,
only one photon is emitted due to the radiative relaxation of a single electron. In
addition, the emission lifetime of a Si-LED using DPPs is on the order of 1 ns
(Sect. 8.1), which is considerably shorter than the lifetime of the weak light emission
from a normal Si bulk crystal. However, it is three to four orders of magnitude larger
than the intraband relaxation time of electrons in Si (0.1–1 ps) [7, 8]. Therefore, it
is reasonable to assume that the injected electrons do not radiatively relax during
the relaxation process (a) in Fig. 4.2, but instead radiatively relax by coupling with
phonons after they have relaxed to the bottom of the conduction band, as shown by
process (b). This indicates that the electron–hole pairs have an energy identical to
Eg . Therefore, it can be concluded that the difference between the photon energy
of the emitted light and Eg is the energy of the phonons that have coupled with the
electron–hole pairs.

The light emission spectrum was obtained via simulation, and the coupling
strength between electron–hole pairs and phonons was examined by comparing the
simulation results with themeasured spectrum. The following four assumptions were
made in the simulation:

(1) The electron and hole are at the bottom of the conduction band and at the top of
the valence band, respectively, and the momentum and energy of the phonon are
imparted to this electron–hole pair. This assumption was made based on the fact
that the electron and hole intraband relaxation time is shorter than the emission
lifetime via the phonon level, as described above.

(2) The electron–hole pair couples with coherent phonons including all optical
modes. This was assumed based on experimental results [9] and theoretical
considerations [1] regarding DPPs.

(3) The probability distribution of the number of phonons that couple with an
electron–hole pair follows a Poisson distribution. In other words, the proba-

http://dx.doi.org/10.1007/978-3-319-42014-1_8
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bility of n phonons coupling with an electron–hole pair is proportional to Sn/n!.
This means that coupling of electron–hole pairs and phonons via DPPs occurs
randomly.

(4) Radiative relaxation occurs by following the momentum conservation law
between the initial state and the final state.

The simulation procedure is as follows:

(I) Based on assumption (3), the number of phonons that couple with an electron–
hole pair is determined.

(II) Based on assumption (2), from among all of the optical phonons, phonons
whose number was determined in (I) are randomly selected. From this number
and the dispersion relation of phonons in Si [10], the momentum and energy
of the coupling phonons are determined.

(III) From among the electron energy levels between the �-point and the X-point,
those at the bottom of the conduction band, having the lowest energy are
selected. Then, their momenta and the momenta of the phonons selected in
(II) are summed up. If this summed value and the value of the momentum at
the �-point do not match, no light emission occurs, and the procedure returns
to (I). On the other hand, if they do match, the light whose photon energy cor-
responds to the sum of the energies of the electron–hole pair and the phonons
is emitted. Therefore the value of this photon energy can be calculated. Then
the procedure returns to (I).

(IV) The number of individual photons, obtained by repeating (I)–(III) above, is
determined, and the simulation ends.

Figure4.3a shows the light emission spectrum obtained by performing the simu-
lation using both longitudinal optical mode (LO-mode) and transverse optical mode
(TO-mode) phonons as the phonons that couple with the electron–hole pair, where
n is the number of phonons. Multiple peaks corresponding to each n are observed
in this spectrum, similarly to the measured results (Fig. 4.1). For ease of viewing
the spectral shape, the heights of all peaks are normalized to unity. By comparing
the curve in this figure with the curve shown in Fig. 4.1, it can be concluded that
the phonons that couple with the electron–hole pair are composed of both LO-mode
and TO-mode phonons since the photon energies at the peaks match, and since the
spectral shapes resemble each other. For the sake of comparison, Fig. 4.3b shows a
light emission spectrum obtained by performing the simulation using only LO-mode
phonons. The positions of the peaks on the curve in Fig. 4.3b differ from the positions
of the peaks in Figs. 4.1 and 4.3a, from which it is confirmed that both LO-mode and
TO-mode phonons are involved in the coupling with the electron–hole pair.

Next, to determine the value of the Huang–Rhys factor, S, the heights of the
emission peaks were considered. As described in assumption (3) above, since the
distribution of the number of phonons n follows a Poisson distribution that depends
on the value of S, the height of each spectral peak in Fig. 4.3a also depends on the
value of S. Hence, least squares fitting was carried out on the heights of each peak
in Fig. 4.3a and each peak on the curve B in Fig. 4.1. As a result, the value of S was
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Fig. 4.3 Light emission spectra obtained by performing the simulation. The parameter n is the
number of phonons that coupled with an electron–hole pair via a DPP. a The results obtained by
using both longitudinal optical mode (LO-mode) and transverse optical mode (TO-mode) phonons
as the phonons that couple with the electron–hole pair. bThe result obtained by using only LO-mode
phonons

found to be 4.08 ± 0.02. In a normal bulk Si crystal, on the other hand, S ranges
from 0.001 to 0.01 [11], which means that the DPP-mediated coupling between the
electron–hole pair and phonons is two to three orders ofmagnitude stronger. The peak
widths in the light emission spectrum of the actual device were found to differ from
those in the simulated spectrum. This is because coupling between the electron–hole
pair and acoustic phonons was not taken into account in the simulation.

4.2 Contribution of the Multimode Coherent Phonons

Previous sections have revealed that DPs are accompanied by multimode coherent
phonons, resulting in the creation ofDPPs.High-resolutionRaman spectroscopy [12]
and Fourier transform infrared spectroscopy [13] have been used to study the spectral
properties of phonons generated in a super-wavelength sized space in a macroscopic
material. Furthermore, coherent phonons (CPs) have been generated by irradiating
macroscopic materials with short optical pulses, and their spectral properties have
been studied by measuring CP-induced temporal variations in macroscopic physical
quantities of thematerials, such as the optical reflectivity [14, 15]. Theoretical studies
have also been carried out to explain several phenomena caused by these CPs [16].
In contrast to these conventionally studied CPs, the multimode coherent phonons
are excited by the DPs in nanometric spaces. These multimode coherent phonons in
the nanometric spaces (MCP-NSs) have large uncertainties in their momenta (wave-
numbers) because of the sub-wavelength size of the nanometric spaces in which they
are generated. In this section, the origin of the sidebands observed in the light emission
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Fig. 4.4 Main part of the
spectrum of the light emitted
from the Si-LED with an
injection current of 450 mA
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spectrum of a visible Si-LED is reviewed based on the results of measurement of
optical phonons in the MCP-NSs by using pump–probe spectroscopy [17].

A Si-LED was fabricated by applying a forward-bias voltage of 3.5 V (injection
current: 240 mA) while irradiating the Si crystal with pulsed laser light for 1 h. The
laser light had a photon energy hνanneal of 3.1 eV (400 nm wavelength), a pulse
width of 100 fs, a repetition frequency of 80 MHz, a pulse energy density of 5×10−8

J/cm2, and an average power density of 4 W/cm2. The principles of light emission
andDPP-assisted annealing are the same as those of Sects. 1.3.1 and 2.2, respectively.
The reason for using a pulsed laser, not a CW laser, is to maintain a sufficiently high
peak power for efficient annealing by light absorption.

Figure4.4 shows the main part of the spectrum of the light emitted from the
fabricated Si-LED with an injection current of 450 mA. The curve in this figure
clearly shows three peaks in the visible region. The spectral component at 3.1 eV
(=hνanneal ), which originated from the light irradiated in the annealing process (i.e.,
photon breeding), is not displayed due to the low efficiency of the diffraction grating
in the monochromator used for the spectral measurement. The separations between
adjacent peaks are about 250meV (60THz), fromwhich these peaks can be identified
as phonon sidebands originating from the strong coupling between DPs and MCP-
NSs in the Si crystal, as will be discussed in the following.

In order to generate and evaluate the MCP-NSs for studying the origin of the
sidebands in Fig. 4.4, pump–probe laser spectroscopy was employed based on the
principle of impulsive stimulated Raman scattering (ISRS) [18]. If the spectral width
of the optical pulse (carrier frequency ν) from the light source is wider than the eigen-
frequency of the phonon, νp, the intensity of the frequency components ν − νp in
the optical pulse can be maintained sufficiently high for generating the MCP-NSs
efficiently.

Since the generated MCP-NSs temporally modulate the Coulomb potential of the
interaction with electrons, the energy band structure of the electrons is modulated,

http://dx.doi.org/10.1007/978-3-319-42014-1_1
http://dx.doi.org/10.1007/978-3-319-42014-1_2
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resulting in modulation of the optical reflectivity of the Si crystal [15, 19]. Among
the coherent and incoherent phonons, this modulation enables selective detection of
the MCP-NSs because the thermally excited incoherent phonons do not induce any
variations in the optical reflectivity.

The temporal variation of the optical reflectivity can be acquired by plotting the
reflected probe beam intensity as a function of the time difference, t , between the
arrival times of the incident probe and pump optical beams at the Si crystal surface.
A Ti:sapphire laser was used as a light source. The center wavelength was 780–805
nm (photon energy, 1.54–1.59 eV), and the pulse width was 15 fs. The temporal
variation of the optical reflectivity was measured by lock-in detection of the probe
beam intensity reflected from the Si crystal surface.

Figure4.5a shows a normalized fractional variation of the optical reflectivity mea-
sured as a function of the time difference defined above. The curve in this figure repre-
sents a rapidly oscillating, amplitude-modulated optical interference signal between
the pump and probe beams. Figure4.5b shows the spectrum obtained by Fourier
transforming the fractional variation of the optical reflectivity when the average
powers of the pump and probe beams were 120 and 20 mW, respectively. Their beam
spot diameters were 1mm. As represented by the four downward arrows, the spectral
curve shows several sidebands on both sides of the high spectral peak of the optical
interference signal at 385 THz. These sidebands originate from the amplitude and
phase modulations of the reflected probe beam intensity, i.e., the modulation of the
optical reflectivity of the Si crystal. These results suggest that there is strong coupling
between the MCP-NSs and the pump-beam photons.

In order to evaluate the spectral properties in Fig. 4.5b more quantitatively, the
average power of the probe beam was increased to 120 mW to increase the measure-
ment sensitivity. Figure4.6 shows the measured Fourier-transformed spectrum. In
this curve, the interference signal peak at 385 THz is much higher than the maximum
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Fig. 4.5 Measured optical reflectivity. a Normalized fractional variation of the optical reflectivity
measured as a function of the time difference t between the arrival times of the incident probe and
pump optical beams at the Si crystal surface. b The spectrum obtained by Fourier transforming the
fractional variation of the optical reflectivity
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Fig. 4.6 Measured
Fourier-transformed
spectrum. The inset
represents the magnified
spectral curve of the signals
originating from the
MCP-NSs
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on the vertical axis. On both sides of this over-scaled peak, many more sidebands
are seen, as compared with Fig. 4.5b. In addition to the optical interference signal
and the sidebands in Figs. 4.5b and 4.6 also reveals the unique signals originating
from the MCP-NSs. The spectral curve of these signals is magnified and shown in
the inset of Fig. 4.6. These signals are manifested by spectral peaks at frequencies
lower than 80 THz, as represented by the two arrows. The high-frequency cut-off,
which is governed by the value ν − νp, was confirmed to be 80 THz because the
spectral intensity of the curve in the inset decreased to zero at 80 THz (represented
by a vertical broken line in the inset). The curve in the region higher than 80 THz
represents tails of the sidebands of the optical interference signal.

The spectral peaks shown by the two arrows on the curve in the inset are at the
frequencies of 18 and 64 THz (74 and 265 meV). It is easily seen that the spectral
intensity at 64 THz, which is defined by the area under the bell-shaped spectral
curve, is larger than that at 18 THz. As a result of the comparison between the
spectral intensities, it was found that the sidebands with a separation of about 60
THz in Fig. 4.4 originated from the spectral peak at 64 THz in this magnified curve.

For a more detailed evaluation of the curve in the inset, it was fitted by the
superposition of the Lorentzian spectral curves of the fundamentals and harmonics
of the LO-mode phonons with the center frequency nνp, which can contribute to
forming the MCP-NSs. The integer n represents the order of the harmonics, where
n = 1 represents the fundamental. The center frequency νp was set to 15.6 THz for
the LO-mode phonons by referring to previous experimental and theoretical studies.
(From a study of the LO-mode CPs in a Si crystal, the eigen-frequency of the LO-
mode phonon has been measured to be 15.6 THz [14, 15].) Since TO-mode phonons
can also contribute to forming theMCP-NSs, these could also bemeasured; however,
with pump–probe spectroscopy, only phonons with a wave-number of 0 (the �-point
in wave-number space) are measured and, since the frequencies of the LO-mode
phonons and TO-mode phonons at the �-point are approximately equal [20], it is
not possible to distinguish between them. The full-width at half maximum of the
Lorentzian spectral curve was fixed at 10 THz (41 meV) by referring to the average
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Fig. 4.7 Result of the curve
fitting. Curve A is the result
of fitting. Curve B is a copy
of the curve in the inset of
Fig. 4.6. Curves C–E
represent the Lorentzian
spectral curves of the
fundamental and the second-
and fourth-order harmonics
of the LO-mode phonons,
respectively
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phonon energy (30 meV) and additional scattering by incoherent phonons at room
temperature [14, 21].

The curve A in Fig. 4.7 represents the result of the fitting, whereas the curve B is
a copy of the curve in the inset of Fig. 4.6. The curves C–E represent the Lorentzian
spectral curves of the fundamental, and the second- and fourth-order harmonics of
the LO-mode phonons, respectively, whose superposition yields the curve A. The
contribution from the third-order harmonics was negligibly small. As a result of
this accurate fitting of the curve A to the curve B, the spectral peak at 64 THz in
the inset of Fig. 4.6 was found to be composed of the fourth-order harmonic of the
LO-mode phonons. The spectral peak at 18 THz is composed of the fundamental
of the LO-mode phonons. The second- and third-order harmonics of the LO-mode
phonons contribute to the lower signal. Since the spectral intensity of the 64 THz
peak was the largest, it was found that the fourth-order harmonic of the LO-mode
phonons couple most strongly with the pump-beam photons and are the origin of the
sidebands in the emission spectrum in Fig. 4.4.

From the discussion above, the fundamental and harmonics of the LO-mode
phonons were revealed to be the constituent components of the multimode coherent
phonons generated in the nanometric spaces around the domain boundaries of B in
the Si-LED.

4.3 Control of Light Emission Spectral Profile

4.3.1 Principle of Control

Since aDPP is a state in which aDP is coupledwith a phonon in thematerial, the light
emission spectrum of the Si-LED described above has a large number of sidebands
that are regularly arrangedwith a spacing corresponding to the optical phonon energy,
centered on the photon energy of the light used in the DPP-assisted annealing. These
sidebands are caused by coherent phonons (CPs) contributing to light emission. In
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typical light emitting devices, such sidebands originating from phonons (phonon
sidebands) are observed in the photoluminescence spectrum, but are not observed in
the electroluminescent spectrum. The observation of such sidebands in the spectrum,
as described above, is a phenomenon unique to LEDs (photon breeding devices)
fabricated using DPPs. By using this phenomenon, it is possible to control the shape
of the light emission spectrum of a Si-LED by controlling the number of CPs created
during the DPP-assisted annealing. This section reviews how to control the creation
of CPs by using a pair of pulses during the DPP-assisted annealing, allowing us to
control the shape of the light emission spectrum of a Si-LED [22].

The mechanism of sideband creation will be explained. Figure4.8a is an energy
level diagram showing electronic states in a Si-LED fabricated by DPP-assisted
annealing. The state

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 in the figure is a state represented by
the direct product of the ground state

∣
∣Eg; el

〉

of the electron and the excited phonon
state |Eex ; phonon〉. Transitions to this state

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 have been
shown to occur only due to absorption or emission of photons via DPPs [9]. When
this is illustrated in the electronic energy band structure, it is a localized state inwhich
DPP-mediated excitation can take place, and therefore, it is indicated by a constant-
energy straight line (horizontal solid or broken line), as shown in Fig. 4.8b, due to
wavenumber uncertainty. Although an adequate explanation of the conventional light
emission process in Si-LEDs has been possible until nowwith only Fig. 4.8a, b is also
presented to emphasize the significance of phonons. In the light emission process
of Si-LEDs, since electrons are excited to the state |Eex ; el〉 by current injection,
the initial state |Eex ; el〉 ⊗ |Ethermal; phonon〉 in the light emission process exists
close to the X-point in the conduction band in Fig. 4.8b. Here, |Ethermal; phonon〉 is
the thermally excited state of the phonon. Similarly, since the final state

∣
∣Eg; el

〉 ⊗
|Ethermal; phonon〉, reached after the light emission, corresponds to the energy state
of holes created by the injection current, the state

∣
∣Eg; el

〉

concentrates in the vicinity
of the �-point at the top of the valence band. The state |Ethermal; phonon〉 is limited
to phonons that can exist at room temperature, according to Bose statistics. In other
words, the states |Eex ; el〉 ⊗ |Etherrmal; phonon〉 and ∣

∣Eg; el
〉 ⊗ |Ethermal; phonon〉

are the initial state and the final state in the usual indirect transition.
Next, the processes (0), (0’), (1), and (1†) in Fig. 4.8 will be explained. As the first-

step, process (0) occurs. Processes (0’), (1), and (1†) occur as the second step. These
processes involve externally observable transitions, in other words, photon emission.
Processes (0) and (0’) are transitions that do not require a phonon, whereas processes
(1) and (1†) require an optical phonon. Similarly, (n) and (n†) are transitions involving
n optical phonons (n = 2, 3, 4, . . .).

Process (0) is the first-step transition from the initial state |Eex ; el〉 ⊗
|Ethermal; phonon〉 of electrons injected near the X-point by the current to the inter-
mediate state

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉, which can be reached via a DPP-mediated
transition. It corresponds to the energy relaxation from the bottom of the conduction
band Eg(=1.14 eV) to the state

∣
∣Eg; el

〉⊗|Eex ; phonon〉 (the energy of this state was
experimentally determined to be 0.94 eV). This transition is allowable via emission
of a large number of phonons or via the emission of infrared light. However, the
probability of the transition via phonon emission is small because the simultaneous
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Fig. 4.8 Diagram for explaining DPP-mediated transitions. a Energy levels. b Levels that can be
reached via DPP-mediated transitions in electronic energy band structure of Si crystal

emission of about 10 phonons is required at room temperature (thermal energy 25
meV). On the other hand, in the transition via infrared light emission, since the elec-
tronic state changes from |Eex ; el〉 to

∣
∣Eg; el

〉

, the selection rule required for photon
emission is fulfilled. In addition, this transition is a direct transition in wave-number
space, as shown in Fig. 4.8b. Therefore, the probability of this transition is higher than
the probability of a transition via phonon emission. In real space, this process is a tran-
sition from the state |Eex ; el〉⊗|Ethermal; phonon〉, which is broadened to the extent
of the electron coherence length, to the localized state

∣
∣Eg; el

〉⊗|Eex ; phonon〉. The
reason why infrared light can be emitted in this transition is that part of the electron
energy can be dissipated as infrared light via a DPP having an energy that is resonant
with this infrared light.

Process (0’) is the second-step transition from the intermediate state
∣
∣Eg; el

〉 ⊗
|Eex ; phonon〉 to ∣

∣Eg; el
〉 ⊗ |Ethermal; phonon〉. The photon energy emitted during

this process is equal to hνanneal . Since this is a transition between the same electronic
states

∣
∣Eg; el

〉

, the selection rule required for photon emission is governed by a
phonon, and the state

∣
∣Eg; el

〉⊗|Eex ; phonon〉 is also a state that can be reached via
a DPP-meditated transition. The Si-LED fabricated by DPP-assisted annealing has
a high probability of conversion from a DPP to propagating light, and almost all of
the electrons in the state

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 relax by emitting photons with
energy hνanneal .

Process (1) is the second-step transition from the intermediate state
∣
∣Eg; el

〉 ⊗
|Eex ; phonon〉 to the final state

∣
∣Eg; el

〉 ⊗ |Ethermal; phonon〉 by absorption of an
optical phonon. Since the first-step transition due to process (0) is an infrared light
emission process, optical phonons are created via the Raman scattering process.
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If the electrons in the state
∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 are scattered to the �-point
by absorbing optical phonons, the second-step transition from the state

∣
∣Eg; el

〉 ⊗
|Eex ′ ; phonon〉 to the state ∣

∣Eg; el
〉⊗|Ethermal; phonon〉 becomes possible, resulting

in photon emission, as in the case of a direct transition-type semiconductor. This is
process (1) shown in Fig. 4.8b. Here, |Eex ; phonon〉 and |Eex ′ ; phonon〉 are the
excited states that the phonon reached before and after absorbing optical phonons.
The energy of the emitted photons is hνanneal + hνp, where hνp is the energy of the
optical phonon.

Process (1†) represents the second-step transition from the intermediate state
∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 to the final state
∣
∣Eg; el

〉 ⊗ |Ethermal; phonon〉, which
occurs via emission of an optical phonon. Thus, it is conjugate to process (1). In this
process, |Eex ′′ ; phonon〉 in Fig. 4.8 shows the phonon excited state after the emission
of the optical phonon. The emitted photon energy is hνanneal − hνp.

Similarly, processes (n) and (n†) are transitions in which n optical phonons are
absorbed or emitted. Since, in practice, the processes (n) and (n†) occur simultane-
ously, sidebands with photon energies hνanneal − nhνp and hνanneal + nhνp appear
in the light emission spectrum. The relationship between the nth order sideband
energy and the photon energy hνanneal is the same as that of an nth order Raman
scattering process with respect to the zero-phonon line. As is well-known, in Raman
scattering, when a large number of phonons are excited, the electrons absorb them,
emitting light. On the other hand, when a small number of phonons are excited, the
electrons emit phonons, emitting light [23]. Thus, the intensity of these sidebands
changes according to the number of phonons. This suggests that the intensity of the
sidebands can be controlled by controlling the number of phonons.

The number of created phonons can be controlled by a method involving multi-
photon absorption or CP excitation using pulsed light. Since the Si crystal is heated
byDPP-assisted annealing, resonant absorption to a specific exciton state for creation
of coherent phonons is not possible by using a high-power CW-laser optical source.
This is because the high-power CW laser excitation changes not only the phonon
structures but also DP state. Therefore, phonons are selectively created here via CP
excitation using ultrashort pulsed light. The principle of the CP excitation in this case
can be understood as an impulsive stimulated Raman scattering (ISRS) process of
Sect. 4.2. The duration and the repletion rate of the used pulsed light was 17 fs and
80MHz, respectively. Therefore, its duty ratio was 1.3×10−6. The Raman scattering
process based on the third order optical nonlinearity. Therefore, the enough laser
power for the control of CP creation using the ultrashort pulsed light is 2.3 × 10−18

times lower than that using the CW laser. Thus, the adverse effect was reduced to the
negligible small coming from the DP generation by the additional laser excitation
for the CP control.

In ISRS, the frequency component of the pulsed light irradiating the crystal
includes coherent frequency components ν and ν−νp with sufficiently high intensity.
Therefore, when the crystal is irradiated with pulsed light, the electrons absorb light
with energy hν and exhibit stimulated emission of light with energy hν−hνp. At this
time, it is possible to create CPs having an energy hνp. Since these CPs are coherent,
it is possible to control the creation of CPs by a single pulse or multiple pulses of
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(a) (b) (c)

Fig. 4.9 Illustration of DPP-assisted annealing. a Using CW light. b Using CW light and a light
pulse. c Using CW light and two light pulses

light and causing them to interfere. In other words, unlike conventional DPP-assisted
annealing inwhich the Si crystal is irradiatedwith CW light, CP creation is controlled
by irradiating the Si crystal with pulsed light in addition to CW light. Therefore, it is
possible to control the intensities of the sidebands in the light emission spectrum. In
the following, two cases are reviewed; one is the case where the Si-LED is irradiated
with a single pulse of light during the DPP-assisted annealing, and the other is the
case where the Si-LED is irradiated with a pair of light pulses.

(1) Irradiation with a single light pulse: In the conventional DPP-assisted annealing,
as shown in Fig. 4.9a, the CW light plays the role of decreasing the thermal
diffusion rate by means of stimulated emission. In the present case, as shown
in Fig. 4.9b, a light pulse is also radiated, together with the CW light. Since
the light pulse excites multimode CPs via ISRS, the coupling probability of
electron–hole pairs, photons, and CPs increases. As a result, the probability of
electrons absorbing phonons and emitting light increases because the number of
excited phonons increases as the light emission intensity increases. Therefore,
the intensity of the sidebands having energy hvanneal + nhνp increases, and the
intensity of sidebands having energy hvanneal −nhνp decreases. Thus, compared
with an Si-LED fabricated by irradiation with only CW light, it is expected that
the light emission spectral shape of the Si-LEDwill show a higher light emission
intensity at energies higher than hνanneal , and conversely a lower light emission
intensity at energies lower than hνanneal .

(2) Irradiation with two light pulses (light pulse pair): Since the CPs created by
ISRS are coherent and thus have the ability to interfere, as described above,
let us consider the case where a Si crystal is sequentially irradiated with two
coherent light pulses having an arrival time difference Δt . If the value of Δt is a
half-integer multiple of the vibration period, 1/νp, of the phonons (n/2νp; n =
1, 3, 5, . . .), as shown in Fig. 4.9c, it is known that the excited CPs destructively
interfere [15]. On the other hand, they constructively interfere when Δt is an
integer multiple of the vibration period (n/νp; n = 1, 2, 3, . . .). That is to say, by
radiating a pair of light pulses, it is possible to control the creation of CPs so as
to be suppressed or enhanced. Thus, by adjusting the value of Δt , it is possible
to perform various types of sideband control as compared with (1) above.

As an example, in the case ofΔt = 1/2νp, methods of control the CP creation and
the light emission spectrum are explained. The valueΔt = 1/2νp corresponds to one
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period of vibration of a phonon with frequency 2νp. Therefore, by radiating a pair
of pulses having this value Δt , the number of phonons of frequency νp decreases,
whereas the number of phonons of frequency 2νp increases. Thus, the probability of
process (1†) increases, by which electrons emit phonons of frequency νp and emit
light, resulting in a higher probability of electrons absorbing phonons of frequency
2νp and emitting light. In other words, as a result of the reduction in the number of
phonons with frequency νp, the intensity of the sideband at energy hνanneal − hνp

becomes higher than that of the sideband at energy hνanneal +hνp. At the same time,
as a result of the increase in the number of phonons with frequency 2νp, the intensity
of the sideband at energy hνanneal −2hνp becomes lower than that of the sideband at
energy hνanneal +2hνp. The above discussion can also be extended to an explanation
of the case where the sideband intensity at energy hνanneal − (2n − 1) hνp increases,
and that at energy hνanneal + (2n − 1) hνp decreases. It can be also extended to
the case where the sideband intensity at energy hνanneal − 2nhνp decreases, and
that at energy hνanneal + 2nhνp increases. For controlling the number of phonons
during the DPP-assisted annealing, two light pulses were used with delay times of
Δt = 1/νp,exp(=64.1 fs), 1/2νp,exp(=32.1 fs), and 1/4νp,exp(=16.0 fs).

4.3.2 Evaluation of Light Emission Spectrum

The device fabrication conditions were the same as those of Chap.3. In DPP-assisted
annealing, a CW laser light was used (hνanneal = 0.94 eV, wavelength 1.3µm) as the
light source for creating DPs. As the pulsed light source for creating CPs, a mode-
locked laser was used (a photon energy 1.55 eV, wavelength 0.8 µm, a pulse width
17 fs, and a repetition frequency 80 MHz). To verify the DPP-assisted annealing
method, the following four samples were employed.

(a) Sample 1 Sample 1 was irradiated with pulsed light (average power 100 mW,
spot diameter 150µm)andCWlight (hνanneal =0.94 eV, power 1W, spot diameter
3 mm). It was annealed with a voltage of 20V and a current of 145 mA for 1 h
(Fig. 4.9b).

(b) Samples 2–4 Of the CPs created by pulsed light irradiation, optical phonons
with the highest creation probability [10] (hνp =65meV(νp =15.6Hz); indicated
as hνp,exp below) were selected as the phonons to be controlled. The samples were
irradiated with CW light and a pair of light pulses with Δt = 1/νp,exp (=64.1
fs), 1/2νp,exp (=32.1 fs), and 1/4νp,exp (=16.0 fs). They were annealed with a
voltage of 25V and a current of 120mA for 1 h (Fig. 4.9c). The other experimental
conditions were the same as those used for Sample 1 above. In the following,
samples for Δt = 1/νp,exp, 1/2νp,exp, and 1/4νp,exp, are referred to as Samples
2, 3, and 4, respectively.

To eliminate the contributions of variations in the sizes and shapes of the electrode
and the substrate to the experimental results, the CW lightwas radiated onto the entire
surface of the sample, and the pulsed light was radiated only at the center of the region

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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CW light 
(3 mm )

Pulsed light 
(150 µm )

Si-LED

Fig. 4.10 Irradiation spots of CW light and pulsed light on sample surface during DPP-assisted
annealing
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Fig. 4.11 Light emission spectra. a Sample 1. Curve A area irradiated only with CW light. Curve
B area irradiated with CW light and pulsed light. b Differential light emission spectrum

irradiated with the CW light, as shown by the red and yellow circles, respectively,
in Fig. 4.10. With the samples prepared with this method, the light emission spectral
shapes in these two circleswere different. By taking this difference between the inten-
sities of these light emission spectra, it was possible to eliminate the contributions
above and to examine the details of the changes in the light emission spectra depend-
ing on the presence/absence of the pulsed light irradiation. Experimental results are
reviewed below.

(a) Sample 1 Figure4.11a shows, for Sample 1, the light emission spectrum of
the part irradiated with only the CW light (curve A: LCW ) and the light emis-
sion spectrum of the part irradiated with the CW light and the pulsed light
(curve B: LCW+pulse). Figure4.11b shows the difference between their intensities
(LCW+pulse − LCW ; differential light emission spectrum). By irradiating the sam-
ple with the pulsed light, the emitted light intensity at higher energies increased,
and the intensity of the+1 and+2 order sidebands of the optical phonons (energy
hνp,exp = 65 meV) increased. In the differential light emission spectrum, band-
edge light emission and an increase in the intensity of the+3 order sideband were
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also confirmed. However, since mode selection was not performed by using a
pair of pulses, the spectra of the sidebands were extremely broad. The increase in
intensity of these sidebands is explained by the creation of a large number of CPs
by ISRS, using the pulsed light, as explained in Sect. 4.2. In other words, since a
large number of CPs are created, the process in which CPs are absorbed becomes
dominant, resulting in light emission. In addition, the increase in light emission
at the band edge is considered to be a consequence of the increased number of
phonons due to CP creation causing an increased probability of a direct transition
between electronic bands. On the other hand, in the sideband corresponding to the
−1 order optical phonons, the emitted light intensity is decreased by the incident
pulsed light during DPP-assisted annealing. This is because process (1†), in which
optical phonons and light are emitted, is suppressed due to CPs created by the
pulsed light.

(b) Samples 2 Figure4.12a shows the differential light emission spectrum for
Sample 2. In this sample, small bumps (arrows A, B, and C) are observed at
the positions of the +1 to +3 order optical phonon sidebands (hνp,exp = 65
meV). They are due to the selective creation of optical phonons nhνp,exp (n =
1, 2, 3, . . .), which were mode-selected by irradiating this sample with a pair of
pulses with Δt = 1/νp,exp. On the other hand, a region with reduced light emis-
sion, like that seen in Fig. 4.11b, was not observed in the region whose energy is
lower than hνanneal (arrow D). The reason for this is that the number of created
optical phonons is half or less of that in the case of Sample 1 because ISRS is
a second-order nonlinear process, and the energy of the pulses irradiating this
sample is one-half of the energy of the pulses irradiating Sample 1. This is due
to the suppression of process (1†), in which light emission occurs while phonons
are emitted.

(c) Samples 3 Figure4.12b shows the differential light emission spectrum for
Sample 3. In this sample, the intensity of the −1 order sideband increased (arrow
A). The reason for this is that, withΔt = 1/2νp,exp, the number of odd-numbered
harmonic components was decreased, and the number of even-numbered har-
monic components was increased. In other words, since the electrons had an
increased probability of emitting the +1 order phonons, process (1†) was dom-
inant, and the intensity of the −1 order sideband increased. On the other hand,
process (1), in which light emission occurs while phonons are absorbed, is sup-
pressed. Therefore, since the high-order modes are also suppressed, a region
exhibiting reduced optical phonon sidebands is observed at energies higher than
hνanneal , which is the opposite to what is shown in Fig. 4.11b.

(d) Samples 4 Figure4.12c shows the differential light emission spectrum for
Sample 4. The intensities of the +1 order and +2 order sidebands (arrows A
and B, respectively) were decreased, and those of the +4 order and +5 order
sidebands (arrows C and D, respectively) were increased. A reason for this is that,
with Δt = 1/4νp,exp, the number of +2 order harmonic phonons was decreased,
and that the number of+4 order harmonic phonons was increased. The reason for
the increase in the number of optical phonons in the +5 order is considered to be
because the values of 1/4νp,exp and 1/5νp,exp are close. As a result, the intensity
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Fig. 4.12 Differential light
emission spectra. a Sample
2. b Sample 3. c Sample 4
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of the+1 order sideband is decreased. In other words, this is because the+1 order
optical phonons are absorbed for creating the +4 order and +5 order harmonic
phonons. The reason why the generation of the+5 order sideband dominates over
generation of the+1 order sideband is that the energy of the+5 order sideband is
higher than the bandgap energy, Eg , of Si, and this is a phonon scattering process
that is resonant with the electronic level. As a result, process (1) is suppressed,
and the intensity of the +1 order sideband is decreased. On the other hand, since
the overall number of optical phonons is increased, process (1†) is suppressed, as
in the case of Fig. 4.11b. As a result, a region with reduced light emission, similar
to that seen in Fig. 4.11b, is observed in the region at energy hνanneal − nhνp,exp.

The curves A and B in Fig. 4.13 show the light emission spectra of the regions
irradiated with the light pulses for Samples 2 and 3, respectively. In Sample 2,
the numbers of phonons of the fundamental (hνp,exp) and the harmonics (nhνp,exp;
n = 2, 3, . . .) were all increased, and therefore, the phonon absorption probability
of the electrons increased, resulting in higher light emission at higher energies. In
Sample 3, on the other hand, due to the interference of CPs, the number of odd-
order harmonic components of the phonons was decreased, and the number of even-
order harmonic components was increased; therefore, the absorption probability of
phonons of odd-order harmonic components was decreased, resulting in relatively
higher light emission at lower energies. The above results indicate that the light
emission spectral shape of the Si-LED was successfully controlled by changing the
conditions of the pair of light pulses radiated during DPP-assisted annealing. That is,
the intensity at energies higher than hνanneal is increased, and that at lower energies
is decreased. Furthermore, conversely, the intensity at energies lower than hνanneal
is increased, and that at higher energies is decreased.
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Fig. 4.13 Light emission spectra after annealing. Curves A and B are for Samples 2 and 3, respec-
tively
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In DPP-assisted annealing without using a pulsed light source, the broadening
(half width at half maximum, HWHM) towards lower energies was 250 meV or
greater, and the broadening (HWHM) towards higher energies was 50 meV. In con-
trast, in the light emission spectrum of the Si-LED fabricated using a pulsed light
source for creating phonons, the light emission spectrum was broadened towards
higher energies by 200 meV or greater (HWHM), and the broadening towards lower
energies was reduced to 120 meV (HWHM).

In DPP-assisted annealing, the spectral shape of a Si LED was successfully con-
trolled by radiating a pair of light pulses for creating CPs. In the light emission spec-
trum, the intensity of sidebands due to phonons could be controlled by the number of
phonons during DPP-assisted annealing. The peak wavelength in the light emission
spectrum was determined by the wavelength of the light source used in DPP-assisted
annealing. In order to broaden the light emission spectrum toward higher energy,
a pair of light pulses having Δt = 1/4νp,exp was radiated. Conversely, to broaden
the light emission spectrum towards lower energies, a pair of light pulses having
Δt = 1/2νp,exp was radiated. As a result, the light emission spectrum was broad-
ened towards higher energies by 200 meV or greater (HWHM), and the broadening
towards lower energies was reduced to 120 meV (HWHM).

4.3.3 Control of Spatial Distribution of Boron

This subsection describes the three-dimensional spatial distribution of boron (B)
atoms, which was formed by simultaneously irradiating a Si crystal with a pair of
light pulses and CW light for the DPP-assisted annealing [24]. Figure4.14a shows
the number of B atom pairs plotted as a function of the separation of the B atoms
in the pair, which was derived from the measured spatial distribution of B atoms, as
was the case in Sect. 3.3. When comparing the plotted results with the solid curve
(Weibull distribution function), the measured values do not show any deviations,
unlike the ones indicated by the four downward arrows in Fig. 3.9b. This means that
the B atom pair orients not along a specific orientation [1,0,0], [0,1,1], or [0,0,1] but
along the direction schematically explained by Fig. 4.14b.

To realize the orientation shown in Fig. 4.14b, diffusion of B atoms is controlled
by the following DPP creation mechanism: First, DPPs are created by the CW light
irradiation, exciting multimode CPs. Simultaneous irradiation of the pair of light
pulses selects the CPmodes. In the case where only the CW light is radiated, Sect. 3.3
described that the wave-vector of the phonon for creating the DPP is parallel to the
direction of propagation of the light radiated for the DPP-assisted annealing (θ = 0◦
in Fig. 3.8), i.e., parallel to the �-X direction in reciprocal lattice space. However,
the present case suppresses the creation of phonons with a wave-vector parallel to
the �-X direction. Since other phonons are not suppressed, the separation d becomes
random and takes continuous values, by which the solid curve was fitted precisely
to the measured values in Fig. 4.14a. Due to this suppression of phonon creation, the

http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
http://dx.doi.org/10.1007/978-3-319-42014-1_3
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magnitude of the phonon sidebands in the light emission spectra decreased, as was
described in Sect. 4.3.2.

Figure4.15 shows the relation between the zenith angle θ and the number of B
atom pairs. In contrast to Fig. 3.12, the number of B atom pairs does not take the
maximum value at θ = 90◦, due to the above-mentioned suppression of the phonon
creation. However, it should be noted that the number of B atom pairs take the
minimum value at θ = 0◦, as was the case in Fig. 3.12.
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Chapter 5
Infrared Lasers Using Silicon Crystal

This chapter reviews infrared Si lasers fabricated by using DPPs and capable of
continuous-wave operation at room temperature. After describing basic devices that
have been experimentally demonstrated, devices having an ultralow threshold cur-
rent density are reviewed. In addition, the values of optical amplification quantities
are estimated accurately for achieving further improvements in lasing performance.
Finally, novel devices that emit high output optical power are demonstrated.

5.1 Basic Devices

Si has been the subject of extensive research for use in fabricating lasers since it
shows excellent compatibility with electronic devices [1]. For example, there have
been several reports of basic devices that have been demonstrated, including Raman
lasers [2] and lasers utilizing quantum size effects in Si [3]. However, parameters
such as the operating temperature, efficiency, wavelength, optical power and so forth
are still not adequate for practical adoption of these lasers. This chapter reviews an
infrared Si laser designed to solve these problems, fabricated by using DPPs and
capable of continuous-wave operation at room temperature [4, 5].

Optical amplification gain occurs when the Bernard–Duraffourg inversion condi-
tion is satisfied. Furthermore, if the fabricated devices have an optical cavity structure
for confining the emission energy, and if the optical amplification gain is larger than
the cavity loss, there is a possibility of laser oscillation occurring as a result of
stimulated emission.

This section reviews the fabrication and operation of basic Si laser devices. AnAs-
doped n-type Si crystal was used as a device substrate, whose electrical resistivity and
thickness were 10�cm and 625µm, respectively. A part of this crystal was further
doped with B atoms by ion implantation to form a p-type layer. The B concentration
was 1×1019 cm−3. After forming a p-n homojunction, an ITO film was deposited on
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the p-layer side of the Si substrate, and an Al film was deposited on the n-substrate
side for use as electrodes. Next, the Si crystal was diced to form the device. For
DPP-assisted annealing (refer to Sect. 3.1), the substrate was irradiated with infrared
laser light having a photon energy, hνanneal , of 0.94eV (1.32µm wavelength) and a
power density of 200mW/cm2 during which annealing was performed by applying
a forward-bias current of 1.2A to generate Joule-heat, causing the B atom to diffuse.
With this method, the spatial distribution of the B atom changes, forming domain
boundaries in a self-organized manner, which have shapes and distributions suitable
for efficiently inducing the DPP-assisted process.

Next, the ITO electrode and the Al electrode were removed by etching. Then, a
ridge waveguide was fabricated by using conventional photolithography: An SiO2

film, used as amask inwet chemical etching of Si byKOH,was deposited bymeans of
tetraethyl orthosilicate chemical vapor deposition (TEOS-CVD). After transferring
the mask pattern (10µm linewidth) to the SiO2, KOH etching was conducted to
fabricate a ridge waveguide. Then, an SiO2 film for isolating the Si wafer and the
electrode was deposited by TEOS-CVD, and a contact window was formed on top
of the ridge waveguide.

After that, an Al electrode was deposited by DC sputtering. The substrate was
then polished to a thickness of 100µm, and Al was deposited on the reverse side of
the Si substrate. The sample was cleaved to various cavity lengths, and the cleaved
facets served as cavity mirrors.

Several Si laser devices were fabricated with the above method. All of the experi-
ments described below were conducted at room temperature (15–25 ◦C). Figure5.1a
illustrates the device structure. Secondary ionmass spectrometrymeasurements con-
firmed that the active layer formed in the p-n homojunction was located at a depth of
1.5–2.5µm from the surface of the Si substrate. This corresponds to the bottom of
the ridge waveguide. Figure5.1b shows an SEM image of a fabricated Si laser. The
width and thickness of the ridge waveguide constituting the cavity were confirmed to
be 10 and 2µm, respectively. Several Si lasers were fabricated, whose cavity lengths
were 250–1000µm.

50µm

10µm

Si substrate 

Ridge waveguide 

SiO2

Al film 

Active layer 

10µm

250
1000µm

100µm 2µm

Active layer 

Si substrate 

Al film 

SiO2

Ridge waveguide (a) (b)

Fig. 5.1 The device structure of a Si laser. a Schematic illustration of the structure. b An SEM
image of a fabricated Si laser

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Figure5.2 shows a numerically calculated cross-sectional light intensity profile
for the device in Fig. 5.1. This figure shows that a portion of the lasing light leaked
from the active layer. From this calculated result, the estimated optical confinement
factor, Γ , was as low as 4.7 × 10−4.

Due to suchweak optical confinement, the guiding loss in the ridgewaveguidewas
expected to be as large as 90%ormore.However, because theDPP-assisted annealing
forms an active layer that efficiently creates DPPs, the effective refractive index of
the active layer can become higher than the refractive index of the surrounding area.
As a result, the sum of the guiding loss and the optical scattering loss at the cleaved
facets was 70% for the TE-polarization component, which was smaller than the
value expected above.

From the measurement of the relation between the injection current density and
the optical amplification gain at a wavelength of 1.32µm, the transparent current
density, Jtr , was estimated to be 26.3A/cm2. This value is about 1/10-times that for
a conventional laser device made using a direct transition-type semiconductor [6],
demonstrating that this ridge waveguide with the p-n homojunction structure has
adequate performance for use as a laser.

For the laser with a waveguide length of 750µm, the far-field and near-field
images of the optical radiation pattern are shown in Fig. 5.3a, b, respectively. There
is a ridge waveguide with a width of 10µm at the center of the white broken circle
in Fig. 5.3b. At an injection current of 50mA and above, the optical radiation pattern
was concentrated inside the ridge waveguide, and the optical power increased. This
concentration indicates that the directivity of the optical radiation pattern was high

10µm

100µm

Fig. 5.2 Numerically calculated cross-sectional light intensity profiles for the device of Fig. 5.1

(a) (b)

Fig. 5.3 Optical radiation patterns from the Si laser. a Far-field image. b Near-field image
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Fig. 5.4 TM- and TE-polarization polarization components. a Near-field images. b The cross-
sectional light intensity profiles along the white broken lines in (a). The curves A and B are the
profiles for the TM- and TE-polarization components, respectively

due to the laser oscillation. At an injection current below 50mA, on the other hand,
the directivity was low. This is because the main components of the optical radiation
pattern are spontaneous emission and amplified spontaneous emission (ASE).

Figure5.4a shows images of the TM- and TE-polarization components of the
near-field image in Fig. 5.3b. Figure5.4b is their cross-sectional light intensity pro-
files taken along the white broken lines in Fig. 5.4a. These figures show that the TM-
polarization component spread over the entire device, whereas the TE-polarization
component was concentrated in the ridge waveguide. The intensity ratio of the TE-
polarization and the TM-polarization was 8:1. On the other hand, in a conventional
semiconductor laser, this ratio is 100:1 or greater [7]. The reason for the difference
between these ratios is the absence of the optical confinement structure in the thick-
ness direction of the ridge waveguide in the present device, in contrast to the case of
conventional semiconductor lasers, where it has been formed by providing a double-
heterojunction structure. Another possible reason is that the spectral wavelength
bands of the spontaneous emission and ASE are extremely wide.

Curves A–D in Fig. 5.5 show the light emission spectral profiles of the Si laser
with several injection currents. In these measurements, another device with a shorter
waveguide length (250µm)was used in order to separately observe each longitudinal
mode.A sharp peakwas observed at awavelength of 1.356µm(the position indicated
by the downward arrow on curve D), which shows laser oscillation at an injection
current of 60mA. The tip of the peak went off the top edge of the graph due to
saturation of the sensitivity of the photodetector in the measurement equipment.
This sharp peak is evidence of laser oscillation due to photon breeding, as was
described in the previous chapters. Figure5.5 also shows a magnified view of the
vicinity of the oscillation spectral peak (curve D) during laser oscillation, where
several longitudinal modes (positions indicated by the upward arrows) are observed
at a wavelength spacing of 1.0nm, determined by the waveguide length (250µm).
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Fig. 5.5 Light emission spectral profiles of the Si laser with a short waveguide length (250µm).
Curves A–D are for injection currents of 20, 33, 53, and 60mA, respectively

Fig. 5.6 Current
dependency of the output
optical power. The open
circles are values obtained by
integrating the optical power
with respect to wavelength in
the wavelength range
1.220–1.380µm. The closed
squares are values of the
spectral power density at a
wavelength of 1.356µm

Figure5.6 shows the current dependency of the output optical power. The open
circles are values obtained by integrating the optical power with respect to wave-
length in the range 1.220–1.380µm. At an injection current of 60mA, the output
optical power was 50µW, and the external differential quantum efficiency was 1%.
This value is as high as that reported for a conventional 1.3µm-wavelength double
heterojunction-structured laser using InGaAsP/InP, which is a direct transition-type
semiconductor [8]. The closed squares are values of the spectral power density at
a wavelength of 1.356µm. At the injection current of 60mA, the spectral power
density was 150µW/nm. Because this device had a wide emission wavelength band,
the optical powers of the spontaneous emission and ASE also increase as the current
increases. Therefore, the measurement results indicated by the open circles do not
show a sudden increase in the output optical power of laser oscillation. The closed
squares, on the other hand, do show this, and the threshold current for laser oscillation
was found to be 50mA, giving a threshold current density, Jth , of 2.0kA/cm2.

Light emission spectral profiles were measured also for the Si laser with the
longer waveguide length (500µm). The results are shown in Fig. 5.7. At a current of
56mA, a sharp laser oscillation spectrum was observed, as shown in Fig. 5.7a, with a
center wavelength of 1.271µm, which is also evidence of photon breeding. The full
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Fig. 5.7 Light emission spectral profiles of the Si laser with the long waveguide length (550µm).
a Above the threshold. b Below the threshold

width at half maximum was 0.9nm or less, which is limited by the resolution of the
measurement equipment. At an injection current of 55mA (Fig. 5.7b), only a wide
emission spectrum that originated from the spontaneous emission was measured.
From these measured results, the threshold current density, Jth , for laser oscillation
was found to be 1.1kA/cm2.

5.2 Decreasing the Threshold Current Density

This section reviews the design and fabrication of an improved device with a higher
optical confinement factor, for achieving a further reduction in the threshold current
density, Jth [5]. First, the value of the transparent current density, Jtr , is estimated
for this design. It should be noted that, as shown by Fig. 5.2, a part of the lasing light
leaked out from the active layer. Since this leaked light does not contribute to the
optical amplification, only the light in the active layer has to be used to estimate Jtr .
For this estimation, an infrared Si photodetector with optical amplification (to be
described in Sect. 8.2) was used, and its photocurrent was measured by irradiating it
with light having a wavelength of 1.32µm. This measurement was possible because
all of the irradiated light contributes to Jtr for the photodetection process. As a result,
the transparent current density, Jtr , was estimated to be 5.0A/cm2. Through this
estimation, the differential gain coefficient, g, was also estimated to be 38.4cm/A.

Next, by using these estimated values, the threshold current density, Jth , of the
laser is derived from

Γ g(Jth − Jtr ) = αint + 1

2L
ln

(
1

R f Rb

)

, (5.1)

where Γ , αint, and L are the optical confinement factor, the internal loss coeffi-
cient, and the waveguide length, respectively [9]. Furthermore, R f and Rb are the
reflectivities of the front and back facets of the waveguide, respectively, which are

http://dx.doi.org/10.1007/978-3-319-42014-1_8
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used as cavity mirrors. The values of these parameters for the device in Fig. 5.1
are Jtr = 5.0A/cm2, g = 38.4cm/A, αint = 1.6 × 10−5 cm−1, Γ = 4.7 × 10−4,
L = 250µm, and R f = Rb = 0.31. By substituting these into (5.1), the threshold
current density, Jth , is estimated to be 2.6kA/cm2, which is close to the measured
value given in Sect. 5.1.

Since the optical confinement factor, Γ , for the device in Fig. 5.1 was very low
(4.7× 10−4), a further decrease in the threshold current density, Jth , is expected by
increasing Γ . For this decrease, the dependence of Jth on Γ was derived by using
(5.1) and the numerical values listed above, where 500µm was used as the value of
L . The derived relation is shown in Fig. 5.8, which suggests that Jth decreases to less
than 1/100-times that of the device in Fig. 5.1, i.e., to 8.8A/cm2, by increasing Γ to
0.16.

By following this suggestion, an improved device with a larger Γ was designed in
order to decrease Jth to 8.8A/cm2. Its cross-sectional profile is schematically shown
in Fig. 5.9. The device layer is 15µm thick, which was realized by using a silicon-
on-insulator (SOI) substrate. The thickness and width of the ridge waveguide are 2
and 8µm, respectively. Figure5.10 shows the numerically calculated cross-sectional
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Fig. 5.8 Calculated relation between the optical confinement factor and the threshold current
density
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Fig. 5.9 A cross-sectional profile of the improved device
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8µm

15µm

Fig. 5.10 Numerically calculated cross-sectional light intensity profiles for the device in Fig. 5.9

2µm

2mm

500µm

(a) (b)

Fig. 5.11 Images of the fabricated device. a An SEM image of the end facet of the waveguide. b
An optical microscopic image of the device

light intensity profiles for the device in Fig. 5.9. A comparison between Figs. 5.2
and 5.10 confirms a higher optical confinement factor, Γ , in the device in Fig. 5.9.
However, it should be noted that this figure still shows that a portion of the lasing
light leaks and spreads over a wide area of the device layer, even in the improved
device of Fig. 5.9, because of its p-n homojunction structure.

The SOI substrate consists of a device layer, an insulating layer made of SiO2,
and a Si support substrate. The device layer is P-doped n-type Si with a resistivity
of 2.0× 10−2 to 3.4× 10−2 �cm. The thicknesses of the insulation layer and the Si
support substrate are 2 and 575µm, respectively.

Some of the fabrication steps were modified from the process described in
Sect. 5.1: (1) B atoms were doped into the device layer by ion implantation to form a
p-type layer. Numerical calculations estimated that a p-n homojunction was located
at a depth of 1.5–2.5µm from the surface of the SOI substrate. (2) A Cr/Pt film was
deposited on the surface of the SOI substrate. (3) An electron-beam (EB) resist was
coated on theCr/Pt film layer and a stripe (8µmwide)was formed byEB lithography.
(4) A Cr/Pt stripe was formed by ICP-RIE etching. (5) The device layer was etched
with CF4 gas to fabricate a ridge waveguide. (6) An SiO2 film was deposited on the
surface of the waveguide to serve as an insulating film. (7) The insulating film on the
waveguide and on a part of the device layer surface was removed. (8) The SiO2 was
etched to expose the top side of the waveguide and part of the device layer surface.
(9) A Cr/Pt/Au film was deposited for use as an electrode. (Figure5.11a shows an
SEM image of the end facet of one of the waveguides, which were formed in parallel
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Fig. 5.12 Light emission spectral profiles of the output light. a Above the threshold. b Below the
threshold

on the SOI substrate.) (10) The SOI substrate was diced to separate each waveguide
to form solitary laser devices. (Figure5.11b shows an optical microscopic image of
the waveguide.)

DPP-assisted annealing was adopted by injecting a current pulse (1kHz repetition
frequency, 100µs pulse width, 77.5A/cm2 peak current density, 3.2V peak voltage).
The substrate was irradiated with an infrared laser light (1.31µmwavelength, 1mW
power) during this current injection. The annealing time was 1.5h.

Figure5.12 shows the light emission spectral profiles for the fabricated device,
acquired at room temperature (25 ◦C). The vertical axis of this graph is a logarithmic
scale. Figure5.12a shows the profile above the threshold for lasing (current density
J = 42A/cm2, J/Jth = 1.05). Here, the threshold current density, Jth , is 40A/cm2,
as will be presented below. The sharp spectral peak at a wavelength of 1.40µm
wavelength represents the CW laser oscillation with a single longitudinal mode, even
though the waveguide is as long as 500µm. The origin of this single mode oscillation
is that the low infrared absorption by the Si provides a low threshold for the principal
longitudinal mode at the optical amplification gain spectral peak and, as a result, the
gains for other modes are depleted by this principal mode due to nonlinear mode
competition [10, 11]. Figure5.12b shows the spectral profile below the threshold
(current density, J = 38A/cm2, J/Jth = 0.95), in which no ASE spectra are seen,
which is also because of the gain depletion due to the mode competition described
above.

For accurate estimation of the threshold current density, Jth , an extremely small
current drop in the relation between the applied voltage and the injected current
density, due to electrical energy being immediately converted to photon energy when
the current density reached the threshold [12], was measured. Figure5.13 shows the
measured relation. An upward arrow in this figure indicates the above-mentioned
current drop at 3V. From the current value at the instant this drop occurred, Jth was
found to be 40A/cm2, which is 1/28 times that of the device in Fig. 5.1.



74 5 Infrared Lasers Using Silicon Crystal

Fig. 5.13 Relation between
the applied voltage and
current density. The upward
arrow represents the position
of the lasing threshold. The
downward arrow represents
the negative resistance,
which originated from the
floating capacitance
associated with the electrical
circuit used for driving this
device
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A possible reason why this value of Jth is still higher than the designed value
(8.8A/cm2) is that the actual internal loss coefficient is still higher than the value
(1.6 × 10−5 cm−1) used for the device design. It should be possible to reduce this
coefficient further by improving the fabrication process so that Jth approaches the
value suggested in Fig. 5.8.

5.3 Evaluation of Optical Amplification Quantities

Section5.2 demonstrated a laser having an optical waveguide with a large optical
confinement factor achieved a remarkably low threshold current density of 40A/cm2.
Furthermore, its optical amplification quantities, such as the transparent current den-
sity Jtr and the differential gain coefficient g, were evaluated by using an infrared Si
photodetector with optical amplification.

To achieve further improvements in lasing performance, this section evaluates
these optical amplification quantities more accurately [13] by using a different
method, which has been employed for a conventional infrared laser of a direct
transition-type semiconductor [14]. Specifically, the output optical power, Pout , of
the light emitted from the output facet of the waveguide is measured by irradiating
the input facet of the waveguide with laser light (input optical power, Pin).

For this evaluation, awide ridgewaveguidewas fabricated byusing aSOI substrate
in order to increase the optical confinement factor. This increase enables improved
optical alignment accuracy when irradiating the input facet with the light for exciting
a guided mode in the waveguide, resulting in higher accuracy when measuring the
value of Pout .

As shown in Fig. 5.14a, thewidth of the ridgewaveguidewas increased to 750µm.
The thickness and length, L , of the waveguide were 2 and 2000µm, respectively.
The overall dimensions of the device were 1.5mm×2.0mm. The device layer in the
SOI substrate was P-doped n-type Si (resistivity 0.020–0.034�cm) with a thickness
of 15µm. The thickness of the SiO2 insulation layer was 2µm, and the thickness
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Fig. 5.14 Structure of the optical waveguide used for evaluation. a Schematic explanation of the
optical waveguide. b SEM image of the input facet of waveguide

Fig. 5.15 Measured relation
between the injection current
density, J , and the output
optical power, Pout . The
input optical power, Pin , was
fixed at 11mW
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of the Si support substrate was 575µm. The concentration of B doped in the device
layer was 1× 1019 cm−3. By numerical calculations, the p-n homojunction interface
was found to be at a depth of 1.5–2.5µm from the surface of the SOI substrate.
Figure5.14b is an SEM image of the input facet of the waveguides, which confirms
that the thickness of the waveguide is 2µm.

DPP-assisted annealing was performed for 1h by injecting a triangular-wave cur-
rent (current density 0–40A/cm2, voltage 0–3V, frequency 1Hz) to bring about
Joule-heating, while simultaneously irradiating the device with laser light having a
photon energy of hνanneal = 0.95eV (1.31µm wavelength) and a power of 40mW
through the input facet of the waveguide. As a result, an infrared Si optical waveguide
that can be used for accurate evaluation of the optical amplification quantities was
fabricated.

These quantities were evaluated at the photon energy of hνanneal = 0.95eV since
the Si laser exhibits photon breedingwith respect to photon energy. Figure5.15 shows
the relation between the injection current density, J , and the output optical power,
Pout , which was measured at Pin = 11mW. From these measured values of Pout ,
the relation between J and the net optical amplification gain G was derived from
the equation G = (1/L) ln (Pout (J ) /Pout (0)) − α, where α (= 2.7 × 10−5 cm−1)
is the absorption loss at the photon energy of 0.95eV [15]. Figure5.16 shows the
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Fig. 5.16 Measured
dependence of the net optical
amplification gain G on the
injection current density J
and the input optical power
Pin
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Fig. 5.17 Relation between
the injection current density
J and the net optical
amplification gain G. The
input optical power, Pin , was
fixed at 11mW. Closed
circles are the measured
values, to which lines are
fitted

G
 (

cm
-1

)

J (A/cm2)

0 10       20 30 40
0

0.25 

0.75 

0.50 

3210

-2

0

-4

 J (mA/cm2)

J tr

G
 (

cm
-1

)

measured dependence of G on J and Pin , from which the relation between J and
G was derived and is represented by closed circles in Fig. 5.17. At J < 25A/cm2,
the closed circles are fitted by a line. The value of Jtr was evaluated to be 1mA/cm2

from the intersection of this line with the horizontal axis, as is represented in the
magnified graph at J < 3mA/cm2 in this figure. In the region J > 25A/cm2 of
Fig. 5.17, saturation in the increase of G can be seen, as is represented by the fitted
line with a smaller slope, which is due to the current leakage. As a reference, this
value of Jtr is 2×10−4-times that (5.0A/cm2) derived in Sect. 5.2. This is because the
mode volume in the waveguide was 1 × 104-times that of the Si photodetector used
in Sect. 5.2 (i.e., the value of L of the present device is 1×103-times the thickness of
the active layer of an infrared Si photodetector, and the spot size of the light incident
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Fig. 5.18 Relation between
the differential gain
coefficient, g, and the input
optical power, Pin . Closed
circles are the measured
values, to which two lines
are fitted
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on the input facet of the waveguide is 10-times larger), which corresponds to the
inverse of the value 2×10−4. That is, the whole mode volume of the waveguide was
fully used for evaluation, by which it is confirmed that the present evaluation result
is more accurate than that in Sect. 5.2.

Closed circles in Fig. 5.18 represent the measured relation between Pin and
the differential gain coefficient g, derived from Fig. 5.16 and the equation g =
(1/J L) ln (Pout (J ) /Pout (0)), which were fitted by two lines. It is found from this
figure that, at Pin < 40mW, the value of g decreases as Pin decreases. This is because
spatially diverging spontaneously emitted light is the main component of the output
light. Therefore, a part of the emitted light does not reach the photodetector used for
evaluation. However, at Pin > 40mW, g is independent of Pin and takes the value
2.6 × 10−2 cm/A. This is because high-directivity stimulated emission light is the
main component, enabling efficient collection and detection of the emitted light by
the photodetector.

Furthermore, at Pin > 100mW, the value of g decreases as Pin increases, which
represents the gain saturation. From the line fitted in this region of Pin , the saturation
power Psat and the saturation power density psat were evaluated to be 120mW and
30kW/cm2, respectively.

5.4 Novel Devices with High Output Optical Power

Section5.2 demonstrated that low threshold current density can be achieved, which
suggests the capability to realize high output optical power operation with a fairly
low injection current. Based on this suggestion, novel devices were designed and
fabricated by referring to the values of physical quantities evaluated in Sect. 5.3.
Here, for ensuring a large total optical amplification gain, a Si crystal with a large
cross-section and long length, and without a waveguide structure, was employed as
a laser medium. Employing such a large Si crystal can be more advantageous than
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increasing the optical confinement factor of a small waveguide because, due to the
p-n homojunction-structure in the Si crystal, an extremely high optical confinement
cannot be expected even by further modifying the waveguide structure described in
Sect. 5.2.

Figure5.19 shows the cross-sectional structure of the Si crystal used as the laser
medium (1mm width, 150µm thickness) [16]. The length of the crystal was 15mm,
as seen in the photograph in Fig. 5.20a. The output facets were cleaved for use
as laser cavity mirrors. An As-doped n-type epitaxial Si film (10µm thickness,
10�cm resistivity) was grown on a Sb-doped n-type Si crystal substrate (15m�cm
resistivity). A part of this film was further doped with B atoms by ion implantation to
form a p-type layer. The B concentration was 1×1019 cm−3. The thickness of the B-
doped p-type layer was 1.2µm.After depositing Cr/Pt/Au films for use as electrodes,
the device was installed in a heat sink made of copper plates, as shown in Fig. 5.20b.
For DPP-assisted annealing, one of the output facets was irradiated with infrared
laser light having a photon energy, hνanneal , of 0.95eV (1.31µm wavelength) and a
power of 200mW, duringwhich annealingwas performed by applying a forward-bias
current of 5A to generate Joule-heat, causing the B atoms to diffuse.

Figure5.21 shows the light emission spectral profile above the lasing threshold of
the fabricated device under continuous-wave operation at room temperature [17]. In
contrast to those in Figs. 5.7a and 5.12a, it has three spectral peaks A, B, and C. This

B-doped Si (p-type) 

Epitaxial layer 
 (As-doped Si: n-type) 

Substrate  
(Sb-doped Si: n-type)

1mm
1.2µm

10µm

150µm

Fig. 5.19 Cross-sectional profile of the Si crystal used as a laser medium and the laser cavity

Si crystal

1mm 

15mm 

Heat sink

15mm 

Surface

Undersurface

(a) (b)

Fig. 5.20 Photograph of the laser. a The Si crystal. bA heat sink, in which the Si crystal is installed
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Fig. 5.21 Light emission
spectral profile of the output
light
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Fig. 5.22 Measured relation
between the injection current
density, J , and the output
optical power, Pout , emitted
from one output facet of the
Si crystal
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multi-wavelength operation is attributed to the multiple transverse and longitudinal
modes, which are allowed to exist in the present large laser cavity.

The spectral peak A is located at a wavelength of 1.31µm. This is identical to the
wavelength of the light used for the DPP-assisted annealing, which is direct evidence
for photon breeding. The spectral peak B at a wavelength of 1.37µm is a phonon
sideband, which is generated after emitting an LO-mode phonon with an energy of
40meV at the X-point in the energy band diagram in Fig. 3.11b. The spectral peak
C is also a phonon sideband, which is generated after emitting a TO-mode phonon
with an energy of 60meV at the X-point.

Closed circles in Fig. 5.22 represent the measured relation between the injection
current density, J , and the output optical power, Pout , emitted from one output facet
of the fabricated device. The value of Pout takes a maximum value of 110mW at
J = 33A/cm2 (5A injection current). This value is more than 10-times higher than
that of a conventional double heterojunction-structured InGaAsP/InP laser (10mWat
1.3µmwavelength: SLT1130 series manufactured by Sumitomo Electric). By taking
the output optical power from the other output facet into account, the maximum total

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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output optical power is 220mW. Further increases in Pout are expected by increasing
J because the values of Pout in this figure are linearly proportional to J and do not
saturate.

Figure5.22 also shows that the threshold current density, Jth , is 12A/cm2, which
is lower than that described in Sect. 5.2 (40A/cm2). The origin of such a low Jth
in the present device is attributed to the large total optical gain due to a large laser
medium.

The slope of the line fitted to the closed circles in this figure indicates that the
external differential quantum efficiency is 9.0% in the case where the total output
optical power is radiated from the two output facets. This is higher than the efficiency
of a conventional double heterojunction-structured InGaAsP/InP laser (7% at 1.3µm
wavelength: SLT1130 series manufactured by Sumitomo Electric).

Figure5.23a shows a dazzling infrared radiation pattern from the output facet,
acquired by an infrared camera, which demonstrates the high output optical power.
Figure5.23b is an image of the light scattered from the surface of a screen installed at
a position 20cm away from the laser. The image is spatially modulated, i.e., speckles
are clearly seen, which demonstrates a high spatial coherence of the output infrared
light beam. Figures5.21, 5.22 and 5.23 demonstrate that the high output optical
power and low threshold current density were simultaneously realized by the present
device. These originated from the large optical amplification gain and also from the
very low infrared absorption loss.

Since a Si bulk crystal without a waveguide structure was used, the structure of
the present device is more similar to those of solid-state and gas lasers than those of
conventional double heterojunction-structured semiconductor lasers [18, 19]. Further
similarities with solid-state and gas lasers can be found by referring to the magnitude
of absorption loss: In the case of solid-state and gas lasers, electronic transitions in
the electronically isolated ions, atoms, and molecules are used for lasing. Therefore,
even though direct electric current injection to these laser media is difficult, the
absorption loss per unit volume is very low. Thus, a high output optical power can be

Fig. 5.23 Images of the output infrared light. a Radiation pattern of the infrared light emitted from
the output facet. b The speckles in the light pattern scattered from the screen surface
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obtained by increasing the size of the laser medium even though the photon density
of the lasing light is low.

On the other hand, in the case of conventional semiconductor lasers, coupled
electrons and holes in the conduction and valence bands, respectively, have been
used for lasing. Therefore, direct electric current injection to the laser medium is
easy. An additional advantage is that the laser medium can be very small. However,
the problem is that the absorption loss per unit volume is large, making it impossible
to achieve high output optical power and low threshold current density even though
the photon density of the lasing light is high.

Considering the discussions above, the present Si laser is found to be similar to
solid-state and gas lasers because electronically isolated DPPs are used, which keeps
the absorption loss per unit volume very low. Thus, the threshold current density
can be decreased. Furthermore, the output optical power can be greatly increased by
increasing the size of the laser medium even though the photon density of the lasing
light is low. An additional advantage is that electrons can be easily supplied by direct
electric current injection, due to a low recombination loss in the Si crystal.

Finally, it should be pointed out that, early in the study of semiconductor lasers, it
was found that the absorption loss in indirect transition-type semiconductors was low
at low temperature, which was advantageous for inverting the electron population
for lasing [20]. However, the disadvantage was that the magnitude of the population
inversion was not sufficiently large for ensuring a large optical amplification gain.
Since this finding, it has been believed for a long time that indirect transition-type
semiconductors are not appropriate for use as laser media. Instead, direct transition-
type semiconductors have been popularly used up to now [21].

Now, thanks to the advent of dressed photon technology, DPPs have resulted
in the manifestation of large optical amplification gain in indirect transition-type
semiconductors, which is the secret to the dramatically high output optical power
and low threshold current density realized by the present device made of Si crystal.
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Chapter 6
Light Emitting Diodes Using Silicon Carbide
Crystal

A silicon carbide (SiC) is an indirect transition-type semiconductors, as is the case
of Si. This section reviews the use of a DPP-assisted process in a bulk crystal SiC for
fabricating and operating green, ultraviolet, and broad-spectral width light emitting
diodes.

6.1 Basic Light Emitting Diodes

Silicon carbide (SiC) has been considered to be a suitable material for use in high-
electrical-power devices because of its high electrical breakdown strength, thermal
conductivity, and heat tolerance [1]. Although SiC is an indirect transition-type semi-
conductor, research has been conducted for realizing blue LEDs using this crystal.
However, the external quantum efficiency of the light emission is low, at 0.1% or less,
and it has not been easy to fabricate practical devices [2, 3]. This section reviews the
use of a DPP-assisted process in a bulk crystal SiC.

Since thebandgap energy Eg ofSiCcorresponds to ultraviolet to bluewavelengths,
visible to ultraviolet SiC-LEDs fabricated via the DPP-assisted process can avoid
a decrease in efficiency due to light absorption by 4H-SiC [4]. To achieve light
emission from4H-SiC, the two-step de-excitation processwas used, aswas described
in Sects. 1.3.2 and 3.2. A 500nm-thick n-type buffer layer (dopant density 1 × 1018

cm−3) was deposited on an n-type 4H-SiC crystal with a thickness of 360 µm, a
diameter of 100mm, a resistivity of 25 m�cm, and a surface orientation of (0001),
after which a 10µm-thick n-type epitaxial layer (dopant density 1× 1016 cm−3) was
deposited. The 4H-SiC crystal was then implanted with a p-type dopant (Al) atoms
by ion implantation. During this process, the implantation energy was changed in
multiple steps in the range 30–700 keV, and the ion dose was adjusted in the range
3.0 × 1013 cm−2 to 2.5 × 1014 cm−2 for each implantation energy. As a result, the
dopant density was modulated between 2.2 × 1019 cm−3 and 1.8 × 1019 cm−3 in
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seven periods in the depth direction. After this, thermal annealing was performed for
5min at 1800 ◦C to activate the Al ions, forming a p–n homojunction. An ITO film
and a Cr/Pt/Au film were deposited on the front and back surfaces, respectively, for
use as electrodes. After this, the 4H-SiC crystal was diced to form a device with an
area of 500 µm × 500 µm.

A forward bias voltage of 12 V (current density 45 A/cm2) was applied to the
device to bring about annealing due to Joule-heat, which caused the Al to diffuse,
modifying the spatial distribution of the dopant concentration. During this process,
the device was irradiated from the ITO electrode side with laser light (optical power
density 2 W/cm2) having a photon energy hνanneal (=2.33 eV, 532nm wavelength)
smaller than Eg of the 4H-SiC (=3.26 eV) [5]. This induced theDPP-assisted process,
which modified the Al diffusion due to annealing, leading to the self-organized
formation of unique minute inhomogeneous domain boundaries of Al.

Curves A–G in Fig. 6.1a show the measured light emission spectra from the SiC-
LED acquired during DPP-assisted annealing. They were measured at 0.01, 0.25,
0.5, 1.0, 3.0, 8.0, and 24.0 hr, respectively, after starting the DPP-assisted annealing.
The surface temperature during annealing was 120–150 ◦C. In order to demonstrate
photon breeding, the wavelength (the photon energy hνanneal ) of the light irradiated
onto the device during annealing is indicated by the long downward arrow in the
figure. These curves show that the total emission power (the area surrounded by the
curves and horizontal axis in Fig. 6.1a) increases approximately in proportion to the
logarithm of the annealing time because the dopant diffusion rate due to annealing
has an extremely large distribution, as has been described for two-level systems
[6]. After 8h of annealing (curve F in Fig. 6.1a), the total emission power was five-
times greater than the value immediately after starting annealing (curve A). The total
emission power saturatedwhen annealingwas conducted for 8h ormore.As shown in

Wavelength (nm) 

O
pt

ic
al

 p
ow

er
 (

nW
/n

m
) 

Photon Energy (eV) 

A

B
D

C

400 500 700600
0

2

1

2.02.42.83.2

Wavelength (nm) 
400 500 700600

O
pt

ic
al

 p
ow

er
 (

nW
/n

m
) 

0

2

1

Photon Energy (eV) 
2.02.42.83.2

(a) (b)

Fig. 6.1 Light emission spectra of the SiC-LED. a The spectra acquired during DPP-assisted
annealing. Curves A–G were acquired at 0.01, 0.25, 0.5, 1.0, 3.0, 8.0, and 24.0 h, respectively, after
starting the DPP-assisted annealing. b Relationship between the light emission spectral profiles and
irradiation intensity during DPP-assisted annealing. The curve A was acquired immediately after
starting annealing. The curve B is the result of annealing without irradiating light. The curves C
and D are the results of annealing with irradiation intensities of 2 and 10 W/cm2, respectively
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Fig. 6.1a, the peak emission wavelength was red-shifted from 480nm (upward arrow
X) to 490nm (downward arrow Y). Curves A–D in Fig. 6.1b show light emission
spectra observed after 8h of annealing. As shown by the curveD,when the irradiation
intensity during annealing was 10 W/cm2, the wavelength had red-shifted to 515nm
after annealing. It is also shown that the total emission power of the curve D was
reduced to about half that in the case of the curve C (irradiation intensity of 2W/cm2

during annealing). This was because the progress of the DPP-assisted annealing was
not sufficiently controlled by the light irradiation since the 4H-SiC crystal absorbed
532nm-wavelength light for generating heat. Compared with the curve C, the greater
red-shift and also the lower total emission power in the case of the curve D was
because the intrinsic energy of the DPP level was close to the photon energy hνanneal
of the light irradiated during annealing, which counteracted the heat generation due
to absorption. On the other hand, when annealing was performed using only current,
without irradiating any light (curve B in Fig. 6.1b; current density 45 A/cm2), the
electrodes were degraded due to heat generation in about 1h, and the emission power
decreased.

Figure6.2 shows the measured relations between the injection current and the
light emission power. The SiC-LED was driven with both direct current (closed
circles) and pulsed current (closed squares). The images of the output optical beams
from the SiC-LED shown in the insets were taken under fluorescent room lights.
From the measured relationship between the forward bias voltage and the injection
current, it was found that a Schottky barrier effect at the electrodes reduced the
light emission efficiency. However, this can be eliminated by applying a voltage
sufficiently higher than the potential gap of the Schottky barrier. To achieve this,
first, the injection direct current was increased, which caused the voltage applied to
the device to rise. In this case, as shown by the closed circles and the solid curve in the
figure, the emission power increased nonlinearly due to the two-step de-excitation,
and at injection currents of 0.3 mA or higher, it saturated. The major cause of this
saturation is probably heat generation due to the injection current. Therefore, to avoid
this heat generation, second, a pulsed current was injectedwith a pulse width of 50µs

Fig. 6.2 Injection current
dependency of the light
emission power. The
SiC-LED was driven with
both direct current (closed
circles) and pulsed current
(closed squares). The insets
show the images of output
optical beams from the
SiC-LED
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and a repetition frequency of 100Hz. In this case, an instantaneous current of 780–
1300 mA flowed in the SiC-LED, and the instantaneous voltage was 23.0–23.6 V. As
a result, the emission power was observed to increase linearly and did not saturate,
as shown by the closed squares and the solid line in the figure. The reasons for this
linear increase are as follows: (1) The driving voltage was sufficiently high, making
the number of carriers, which nonradiatively recombine at the Schottky barrier at the
electrode, negligibly small. (2) For the injection pulsed current density as high as
320–520 A/cm2, the Al concentration was not high enough to cause efficient two-
step de-excitation. As a result, electrons and holes accumulated at the bottom of the
conduction band and the top of the valence band, respectively, where they formed
DPPs. Therefore, the one-step transition due to phonon scattering was dominant.

Reason (1) above is well-known in electronic devices having a normal Schottky
barrier. The basis for reason (2) is described as follows: Fig. 6.3a–c show measure-
ment results of the light emission spectra of the SiC-LED, driven by pulsed current,
which correspond to closed squares A, B, and C on the solid line in Fig. 6.2, respec-
tively. When the pulsed current was small (Fig. 6.3c), the temperature of the device
was low, and a separate phonon level was observed (the peak at the wavelength of
390nm in the figure: downward arrow). This peak appeared for the first time due
to pulsed current operation, but the photon energy of this peak is lower than Eg of
4H-SiC by an amount corresponding to the energy of LO-mode phonons (95meV) or
the energy of TO-mode phonons (110 meV) [7]. From a comparison of Fig. 6.3a–c, it

Fig. 6.3 Light emission
spectra of the SiC-LED,
driven by pulsed current. a–c
correspond to squares A, B,
and C on the solid line in
Fig. 6.2, respectively
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is clear that the intensity of this emission peak governs the emission intensity while
driving the device with pulsed current. Since the energy of this emission level is
close to Eg , recombination luminescence is possible via a one-step transition involv-
ing only phonon emission. Of course, an emission peak corresponding to the DPP
level also exists (upward arrow in Fig. 6.3c) even under direct-current injection to the
SiC-LED. However, comparing Fig. 6.3a–c, the height of the emission peak is satu-
rated. Therefore, when the SiC-LED was driven by a pulsed current, it is likely that
the one-step transition was dominant, resulting in a linear increase in the emission
power with increasing current.

The gradient of the solid line in Fig. 6.2 corresponds to an external quantum effi-
ciency of 1%. From the light extraction efficiency (<30%) and the light absorption
(>70%), the internal quantum efficiency was estimated to be 10%. This value is as
large as the efficiency of conventional LEDs using direct transition-type semicon-
ductors. It is expected that this efficiency will be increased by carrying out more
precise adjustments of the thickness and dopant density.

6.2 Green Light Emitting Diodes

This section reviews the fabrication and operation of a SiC-LED, which emits green
light [8]. An N-doped 6H-SiC bulk crystal (n-type) was used, and the crystal was
doped with Al atoms to convert the it from n-type to p-type for forming a p–n
homojunction. The size of the fabricated SiC-LED was 3 mm × 3 mm (Fig. 6.4).

ITO and Cr/Al films were used as electrodes. The device surface was irradiated
with green laser light with a wavelength of 532nm for the DPP-assisted annealing.

The light emission spectra of the fabricated SiC-LED (Fig. 6.5) show that the emit-
ted light intensity at the wavelength of 550nm increases remarkably with increasing
annealing time. Two upward arrows represent the peak wavelengths of the emission
spectra acquired at 10 and 50min after starting annealing, showing that the peak
wavelength shifted toward the wavelength (532nm) of the light irradiated during the
annealing. The magnitude of this blue-shift observed during this 40min-period was
15nm.

The downward arrow represents the spectral peak at a wavelength of 448nm (2.77
eV photon energy) which appeared 10min after starting annealing. This peak origi-
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Fig. 6.4 Structure and photograph of the SiC-LED
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Fig. 6.5 Light emission
spectra. Curves A–F are the
results acquired at 10, 50, 60,
90, 120, and 150min after
starting the DPP-assisted
annealing, respectively. The
injection current density was
10 A/cm2
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Fig. 6.6 Relation between
the DPP-assisted annealing
time and the emitted light
intensity. Closed and open
squares represent the light
intensity at wavelengths of
448 ± 0.5 and 532 ± 0.5nm,
respectively
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nated from an intra-band transition whose transition energy is lower than that of the
band-edge transition for emitting light with a wavelength of 410nm (3.02 eV photon
energy) [9]. The difference is 250 meV, which corresponds to the difference between
the bandgap energy Eg(=3.26 eV) of the SiC crystal and the emitted photon energy.
This photon emission comes from a donor-acceptor recombination or a free-to-bound
electron recombination. Closed squares in Fig. 6.6 represent the emitted light inten-
sity at a wavelength of 448 ± 0.5nm, indicated by the downward arrow in Fig. 6.5.
It decreases with increasing annealing time, which is due to the following reasons:
Soon after the annealing starts, the SiC crystal temperature increases, so that a large
number of incoherent non-localized phonons are created. These phonons trigger
the electron-hole recombination, increasing the spontaneous emission probability.
However, as the annealing advances, the stimulated emission probability increases,
decreasing the crystal temperature. As a result, the spontaneous emission probability
and also the emitted light intensity decrease.

Open squares in Fig. 6.6 represent the emitted green light intensity at a wavelength
of 532 ± 0.5nm, which takes the maximum value at 90min and slightly decreases
subsequently. These temporal variations originate from the variation of the spatial
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distribution of the Al atoms and can be described by a two-level system model (refer
to Appendix E) [10]: Since the time evolution of the spatial distribution of Al atoms
correlates with that of the emitted light intensity and can be represented by the two-
level system model, the temporal variation of the emitted light intensity is given
by (E.5) of Appendix E. The solid curve in Fig. 6.7 represents (E.5), which was
least-squares fitted to the experimental results (open squares, which are identical to
those in Fig. 6.6). The agreement between this curve and the open squares confirms
the validity of applying the two-level system model.

The emitted light intensity (open squares in Figs. 6.6 and 6.7) decreased after
90min, which is due to the deterioration of the electrical characteristics of the elec-
trodes and electrical wires caused by the heat generated during the annealing. In order
to avoid this decrease, the device structure was improved by employingmore-reliable
assembly technologies, including wire-bonding, which have been popularly used for
conventional commercial LEDs. Figure6.8 shows the improved device structurewith
an areal size of 500 µm × 500 µm. An ITO film was used for the front electrode, a
part of which was replaced with a Ni/Au film. A Cr/Pt/Au film was used for the back
electrode. Figure6.9 represents the light emission spectra. Comparing the curves A
and B in this figure, it is confirmed that the emitted light intensity increased at a

Time (min.)
101 102In

te
gr

at
ed

 li
gh

t i
nt

en
si

ty
 (

a.
u.

)

0.2

0

0.4

0.6

0.8

1.0

Fig. 6.7 Temporal evolution of the emitted light intensity. Open squares are the experimental
results, which are identical to those in Fig. 6.6. The solid curve represents (E.5), which was least-
squares fitted to the open squares
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Fig. 6.8 Structure and photograph of the improved SiC-LED device
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Fig. 6.9 Light emission
spectra. Curve A is the result
for the un-annealed device.
Curve B is the result for the
DPP-assisted annealed
device. Their annealing time
is 230min
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Fig. 6.10 Green light
emitted from the improved
SiC-LED device

500µm

wavelength of 532nm after the DPP-assisted annealing. Since the injection current
for annealing could be maintained low, the two curves do not have a peak at a wave-
length of 448nm, which confirms that the reproducibility and reliability of the device
performance improved.

As shown by Fig. 6.10, the emitted green light intensity localizes around the
Ni/Au film. This is because the injection current is concentrated under this film, as
is demonstrated by the result of numerical calculations shown in Fig. 6.11. The light
intensity around the ITO film is lower, because the injection current is lower at the p–
n homojunction (Fig. 6.11). This is also because of the low light extraction efficiency
due to total reflection at the air–SiC interface. This efficiency can be increased by
adopting a cap layer, a window layer, and a patterned electrode.
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Fig. 6.11 Cross-sectional profile of the injection current density derived by numerical calculations

Fig. 6.12 Photoluminescence
spectra. Curves A and B are
the results acquired at
temperatures of 7 and 100 K,
respectively
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6.3 Ultraviolet Light Emitting Diodes

This section reviews the fabrication and operation of a SiC-LED, which emits ultra-
violet light whose photon energy is higher than Eg [11]. An N-doped 4H-SiC bulk
crystal (n-type) was used, and the crystal was dopedwith Al atoms in order to convert
the n-type material to p-type for forming a p–n homojunction.

Figure6.12 shows the photoluminescence spectra emitted from an un-annealed
device acquired by using a 325nm-wavelength He-Cd laser as an excitation light
source. The two curves have several spectral peaks, which suggest the existence of
impurities in the SiC crystal. Absorption spectra were also acquired and are shown
in Fig. 6.13. The two curves in this figure have a spectral peak at a wavelength of
470nm, which originated from the doped N atoms.
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Fig. 6.13 Absorption
spectra. Curves A and B are
the results for the SiC
crystals with and without
doping N atoms, respectively
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Fig. 6.14 Raman scattering
spectra. Curves A–C are the
results acquired in the
epitaxial layer, the n-layer,
and the p-layer, respectively

Wavenumber (cm-1)

Li
gh

t i
nt

en
si

ty
 (

a.
u.

)

0 50 100

Energy (meV)

A

B

C

0 200 600400 800 1000
0

1

2

3

4

5

Raman scattering spectra were acquired for finding the defects in the SiC crystal
and evaluating the crystalline quality after doping with the Al atoms. Back-scattered
light from the (0001)-surface was collected by using a laser (wavelength 488nm
and power 20 mW) as an excitation light source. Figure6.14 shows the acquired
Raman scattering spectra. Sharp spectral peaks in the wavenumber region of 200–
800cm−1 originated from the Raman-active folded phononmodes, which are created
since the dispersion curve of the phonon modes (propagating along the c-direction
in the crystal) are approximated by folded curves in the basic Brillouin zone [12].
In the area surrounded by the broken-line square, spectral peaks originated from the
LO-mode phonon-plasmon coupled mode [13], which indicates that a thin intrinsic
layer exists between the p- and n-layers. A broader spectral component at the tail of
the curve C in this broken-line square indicates that the p-type carriers are activated.
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Figure6.15 shows the experimental setup for the DPP-assisted annealing. Since
the short-wavelength light, irradiated during the annealing, is strongly absorbed by
the SiC crystal due to its higher photon energy than Eg, this light was irradiated not
from the top surface of the device but from the side surface in order to carry out
the DPP-assisted annealing effectively by decreasing the magnitude of absorption.
DPP-assisted annealing was carried out using both a single light source and two light
sources.

(1) Using a single light source
CurveA inFig. 6.16a shows the light emission spectrumof the un-annealed device,
which exhibits a low emitted light intensity in the region around Eg (refer to
the inset). Curves B–D show the light emission spectra acquired after the DPP-
assisted annealing by irradiating the device with light from a single light source
(wavelength 325nm, photon energy 3.81 eV). The curves in the inset show that
the emitted light intensity around 3.13 eV increased with increasing annealing
time. This emitted photon energy is nearly equal to or higher than Eg , which
falls in the UV region. On the other hand, the intensities for photon energies

Irradiation light

Copper plate

Substrate (n-type)

Cr/Pt/Au

Epitaxial layer (p-type)
SiC

Cr/Al/Au

1.5µm

360µm

Fig. 6.15 Experimental setup for the DPP-assisted annealing
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Fig. 6.16 Light emission spectra. a Curve A is the result for the un-annealed device. Curves B–D
are those for the DPP-assisted annealed device. Their annealing times are 68, 324, and 410min,
respectively. b Rate of increase, i.e., the spectral intensity of the curve D, which is divided by that
of the curve A
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lower than 3.0 eV decreased, as represented by the main part in Fig. 6.16a. The
above-described dependencies of the emitted light intensities on the annealing
time are explained as follows: Although a DPP with an energy of 3.81 eV is
created at the dopedAl atoms by irradiating the devicewith 3.81 eV-photon energy
light during the annealing, the created DPP does not trigger stimulated emission
because the energy of the excited electron in the conduction band is lower than
the created DPP energy. However, after creating a multimode coherent phonon
by the DPP-assisted annealing, the DPP can trigger stimulated emission since the
DPP energy decreases and approaches the excited electron energy. Furthermore,
since the wave-number of this phonon is equal to the difference between those of
the electrons at the �–point and the M-point, the requirement for the momentum
conservation law is met, and a photon is emitted. As a result, the light intensity
emitted from the annealed device increases around 3.13 eV. In contrast, the light
intensity at longer wavelengths decreases because the injected electrons are spent
for emitting photons around 3.13 eV. Figure6.16b shows the rate of increase of
the emitted light intensity, i.e., the intensity from the annealed device, which was
divided by that from the un-annealed device. The curve in this figure has a spectral
peak at 3.10 eV, which is 130meV lower than the photon energy (3.23 eV) emitted
by the interband transition. Since the value of this energy difference corresponds to
the phonon energy of theLO-mode, it is confirmed that the annealed device created
anLO-mode phonon in the electron-hole recombination process. This curve has an
oscillatory profile with a period of 40 meV (indicated by the downward arrows) in
the energy region higher than Eg , which indicates that the phonons of the optically
active acousticmode are also involved in the electron-hole recombination process.

(2) Using two light sources
Two light sources were used for more effective DPP-assisted annealing. In more
detail, in addition to 325nm-wavelength light, 473nm-wavelength light was
simultaneously irradiated during the annealing. Curves A and B in Fig. 6.17 show

Fig. 6.17 The light mission
spectra. Curve A is the result
for the un-annealed device.
Curve B is the result for the
DPP-assisted annealed
device with an annealing
time of 190min
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the light emission spectra from the un-annealed and annealed devices, respec-
tively, from which it is confirmed that the DPP-assisted annealing increased the
emission intensity not only in the UV region but also in the blue region, as indi-
cated by the upward solid and broken arrows, respectively. In order to compare
the results of the DPP-assisted annealing by using a single light source and two
light sources, Fig. 6.18 shows the rate of increase of the emitted light intensity.
The curve A is identical to the curve in Fig. 6.16b. The curve B was derived from
the two curves in Fig. 6.17. It is confirmed from these curves that the use of two
light sources resulted in two effects in the SiC-LED. One effect is to broaden the
spectral width, which is because both kinds of light, with higher and lower photon
energies, efficiently contributed to theDPP-assisted annealing, thus increasing the
emitted light intensity at corresponding photon energies due to photon breeding.
As a superposition of these light emission spectra, the curve B is broader than the
curve A. The photon energy at the peak of the curve B is 100 meV lower than
that of the curve A, which is due to irradiation of the device with the 473nm-
wavelength light. The other effect is acceleration of the DPP-assisted annealing.
Although the values of the rate of increase between these curves are almost equal,
the annealing time required to attain these values was as short as 190min in the
case of the curve B, whereas it was 324min in the case of the curve A. The reason
for this difference, i.e., the acceleration of the DPP-assisted annealing, can be
explained by using the two-level systemmodel (refer to Appendix E): Among the
two kinds of light, the photon energy of the 325nm-wavelength light is higher
than Eg , resulting in excitation of the Al atoms, causing them to transition to
the excited state. As a result, Al atoms drift in a wide range of the configuration
coordinate space since the energy at the local minimum of the potential energy
of Al atom is low in this space. On the other hand, since the photon energy of the
473nm-wavelength light is lower than Eg, this light decreases the drift range by
triggering stimulated emission so that the Al atoms promptly reach a specific posi-
tion and are stabilized. After this stabilization, the Al atoms are de-excited to the
ground state. This prompt stabilization accelerates the DPP-assisted annealing.

Fig. 6.18 Rate of increase.
Curve A is identical to the
curve in Fig. 6.16b. Curve B
is the magnitude of the curve
B in Fig. 6.17, which is
divided by that of the curve A
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As the last topic of this section, a novel polarization controlmethod is reviewed.
Since a SiC-LED emits visible light, controlling its polarization could be advan-
tageous in reducing power consumption in backlight systems for displays and
imaging systems. As was the case of the Si-LED described in Sect. 3.4, it is
expected that photon breeding with respect to photon spin occurs also in a SiC-
LED. That is, the light emitted from the SiC-LED is polarized if it is fabricated by
irradiating the SiC crystal with polarized light during the DPP-assisted annealing.
The remaining part of this section reviews a novel polarization control method
for SiC-LEDs (4H-type SiC crystal) based on photon breeding with respect to
photon spin [14]. The fabrication method is the same as those described in the
previous sections, except that the irradiated light is linearly polarized. Its photon
energy, hνanneal , and wavelength are 2.62 eV and 473nm, respectively.

For evaluating the polarization characteristics of the fabricated SiC-LED, the
emitted light was decomposed into two linearly polarized components by using
a linear polarizer, and their intensities (I‖, I⊥) were acquired. The polarization
directions of these components are respectively parallel and perpendicular to that
of the light irradiated during the DPP-assisted annealing. Their light emission
spectra at an injection current of 100 mA are represented by the curves A and B
in Fig. 6.19, whose spectral peak energy hνpeak (=2.58 eV, 480nm-wavelength)
is close to hνanneal due to the photon breeding with respect to photon energy. It
is seen that I‖ is larger than I⊥ in a wide spectral range, which represents photon
breeding with respect to photon spin.

The black squares andwhite circles in Fig. 6.20 represent themeasured relation
between the DPP-assisted annealing time and the degree of polarization P ((3.2)
of Sect. 3.4) at the photon energies hνpeak and hνanneal , respectively. The value of
P in this figure increases with increasing annealing time and reaches a maximum
value of 0.12. The measured values were fitted by the curves A and B. These
curves represent the result of numerical calculation based on the two-level system

Fig. 6.19 Light emission
spectra. Curves A and B are
the linearly polarized
components, which are
respectively parallel and
perpendicular to the direction
of the linear polarization of
the light irradiated during the
annealing
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Fig. 6.20 Relation between
the DPP-assisted annealing
time and the degree of
polarization. The black
squares and white circles
represent the measured
values at the photon energies
hνpeak and hνanneal ,
respectively. The curves A
and B represent the
theoretical values, which
were fitted to the measured
values

model ((E.5) of Appendix E). The agreement between this curve and themeasured
values suggests that the polarization was controlled by the linearly polarized
light irradiated during the DPP-assisted annealing. The origin of the induced
polarization in the emitted light is the spatial distribution of Al atoms, which
was controlled by the linearly polarized light irradiated during the DPP-assisted
annealing (refer to Sect. 3.3). The slope of the curve B is larger than that of the
curve A, which means that a larger value of P is expected at the photon energy
hνanneal by further increasing the annealing time and by more precisely adjusting
the annealing parameters.

6.4 Broad-Spectral-Width Light Emitting Diodes

This section reviews broadening of the spectral width of the light emitted from a
SiC-LED by using a Xe lamp for the DPP-assisted annealing [15]. An epitaxial film
was grown on n-type 4H-SiC, and the crystal was doped with Al atoms for forming
the p-type layer. The areal size of the device was 500 µm × 500µm (Fig. 6.21). An
ITO film and a Cr/Al film were used as electrodes.

(1) Using two lasers
As a preliminary broadening experiment, two kinds of light with wavelengths
of 325 and 532nm were simultaneously radiated during the annealing (refer to
Sect. 6.3). Curve A in Fig. 6.22 shows the light emission spectrum of the un-
annealed device. This emission is caused by electron-hole recombination from a
defect energy level [16], especially via the energy levels of the Z1 centers created
by the saw-tooth transition and also via the energy levels of the doped Al atoms
[17]. Curves B and C are the spectra acquired at 370min and 17 h after starting
annealing, respectively, which show that the emitted light intensity increases with
increasing annealing time. They also show the red-shift of the spectral peak and

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Fig. 6.21 Photograph of a
broad-spectral-width
SiC-LED

500µm

Fig. 6.22 Light emission
spectra. Curve A is the result
for the un-annealed device.
Curves B and C are those for
the DPP-assisted annealed
devices with annealing times
of 370min and 17h,
respectively A
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Fig. 6.23 Difference in the
emitted light intensities
between the annealed and
un-annealed devices. Curve
A is the difference between
the curves B and A in
Fig. 6.22. Curve B is the
difference between the
curves C and A in Fig. 6.22
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the increases of the spectral half width. Their magnitudes are 2.2 and 1.4nm,
respectively. In order to investigate the origin of these variations of the spectral
profiles, the curveA inFig. 6.23 shows thedifference in the emitted light intensities
between the annealed and un-annealed devices (i.e., between the curves B and A
in Fig. 6.22). Curve B is the difference between the curves C and A in Fig. 6.22.
The curves A and B show that the emitted light intensities increase in the photon
energy region of 2.47–2.81 eV. However, it should be noted that these photon
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Fig. 6.24 Difference in the emitted light intensities between the annealed devices, i.e., the difference
between the curves C and B in Fig. 6.22
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Fig. 6.25 High Fourier-frequency filtered components of the intensity differences. a, b are those
extracted from the curves A and B in Fig. 6.23, respectively

energies are not equal to those of the two kinds of light irradiated during the
annealing (3.81 and 2.33 eV, respectively, for wavelengths of 325 and 532nm).
For a more detailed investigation, Fig. 6.24 shows the difference in the emitted
light intensities between the annealed devices, i.e., the difference between the
curves C and B in Fig. 6.22. The curve in this figure exhibits multiple spectral
peaks, as identified by downward arrows. The separation between the adjacent
peaks is 74 meV, from which these spectral peaks are identified as phonon side-
bands and the spectral peaks in Figs. 6.22 and 6.23 are attributed to the emission
from the 2.33 eV-energy level via absorption of anLA-mode phonon [18]. For ana-
lyzing these sidebands, Fig. 6.25a, b show high Fourier-frequency components,
extracted from curves A and B in Fig. 6.23, respectively. The curve in Fig. 6.25a
has a high, sharp spectral component (indicated by a downward arrow) at 95 meV
lower than the photon energy of 2.33 eV. This peak indicates that phonons of
the TO-mode are created. On the other hand, the curve in Fig. 6.25b has a more
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complicated oscillatory profile in the energy region higher than 2.33 eV because
it has two intervals (74 and 119 meV), which indicates that phonons of the LA-
and LO-modes are created. By referring to Fig. 6.25a, b, the sideband generation
in Fig. 6.24 is discussed in detail as follows: Because the density of states of the
TO-mode is sufficiently high to maintain the large probability of the interaction
with a DP having an energy of 2.33 eV, the spatial distribution of Al atoms is
optimized for this interaction within a short annealing time, resulting in sideband
generation due to the phonons of the TO-mode. On the other hand, since the
phonons of the LA- and LO-modes weakly interact with the 2.33 eV-energy DP,
a longer annealing time is required for generating the phonon sidebands. Because
the spatial distribution of Al atoms varies as annealing proceeds, the sidebands
due to the TO-mode gradually disappear and, as a result, the sidebands due only
to the LA- and LO-modes survive, forming the oscillatory profile in Fig. 6.25b.

(2) Using a Xe lamp
For further increasing the light emission spectral width, the two light sources
described in (1) above were replaced with a broad-spectral-width Xe lamp. One
purpose for this replacement is to demonstrate the possibility of realizing DPP-
assisted annealing even when using incoherent light. Curve A in Fig. 6.26 shows
the light emission spectrum of the un-annealed device, whereas the curves B–
D were acquired after the DPP-assisted annealing by using the Xe lamp. By
comparing the curves A–D, it is found that the emitted light intensity increased
with increasing annealing time.However, it temporarily decreased between 30 and
60min of annealing time. This decrease is because the sufficiently high diffusion
rate of theAl atomswasmaintained for up to 60min since the Joule-heating caused
by current injection was more dominant than cooling caused by the stimulated
emission of light. After 60min, however, the stimulated emission probability
increased, reducing the heat generation, and finally, the spatial distribution of Al
atoms approached a specific profile for increasing the intensity of the emitted
light, whose spectral profile depends on the spectral profile of the light from the
Xe lamp (curve E).

Fig. 6.26 Light emission
spectra of the SiC-LED,
annealed by using a Xe
lamp. Curve A is the result
for the un-annealed device.
Curves B–D are those for the
DPP-assisted annealed
devices. Their annealing
times are 30, 60, and
120min, respectively. Curve
E is the light emission
spectrum from the Xe lamp
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Comparing the curves B–D revealed a red-shift of the spectrum, whosemagnitude
increased with increasing annealing time. The magnitude of the red-shift of the
curve D with respect to the curve A is as large as 10nm. It is also found that the
increase in the spectral width of the curve D is as large as 0.6nm, which suggests
the possibility of an asymptotic approach to the spectral width of the light from
the Xe lamp by carefully adjusting the DPP-assisted annealing parameters.
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Chapter 7
Light Emitting Diodes Fabricated Using
Other Crystals

This chapter reviews LEDs using semiconductor materials other than Si. The first
example is gallium phosphide (GaP), which is indirect transition-type semiconduc-
tors, as is the case of Si. The second one is zinc oxide (zinc oxide). Although it is a
direct transition-type semiconductor, it has been difficult to form a p-type crystal in
this material for highly efficient LEDs by conventional technologies.

7.1 Using a Gallium Phosphor Crystal

A gallium phosphor (GaP) (Eg = 2.26 eV; wavelength, 548 nm) is a low-cost mate-
rial that can be readily used to grow single crystals and research into light emitting
devices using GaP has been conducted for a long time, since as early as the 1960s
[1, 2]. However, GaP is an indirect transition-type semiconductor, and the light emis-
sion efficiency is known to be extremely low. A widely known technique for increas-
ing the efficiency is to introduce isoelectronic impurities such asN atoms, and devices
based on this approach are commercially available [3]. Isoelectronic impurities cap-
ture and localize electrons due to differences in electronegativity with respect to the
component atoms of the host crystal. As a result, according to the Heisenberg uncer-
tainty principle, the wave function of the electrons in wave-number space becomes
broader, making radiative recombination possible at yellow and green wavelengths.
In addition, GaP-LEDs that emit red light by the addition of Zn and O have also been
reported [4]. However, the light emission efficiency is low because of energy loss due
to internal relaxation to the isoelectronic impurity levels. Furthermore, only photons
with energies lower than Eg are emitted, since light emission occurs via localized
levels in the forbidden band. On the other hand, if it were possible to effectively
utilize the large Eg of GaP, it would be possible to develop a method that overcomes
the environment-related problems and technical difficulties mentioned above, as well
as to expand the color coverage of GaP-LEDs.

© Springer International Publishing Switzerland 2016
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7.1.1 Fabrication and Operation

The fabrication andoperation of theGaP-LEDare reviewed in this subsection through
demonstrating strong enhancement of light emission in the 520–540 nm wavelength
band by subjecting a GaP crystal to DPP-assisted annealing [5]. It also demonstrates
that the photon energy of this radiative recombination changes by an amount equal
to the energies of multimode coherent phonons involved, and therefore, the photon
energy of emitted light can be higher than Eg .

An n-type (dopant: S) GaP single-crystal wafer (a thickness of 500 µm and a
diameter of 50 mm) was used. The orientation was (111), and the dopant concen-
tration was 2×1017–4×1017 /cm3 (resistivity, 0.05 �cm). This wafer was subjected
to ion implantation to implant acceptors (Zn atoms; an implantation energy of 300
keV and a dose of 1.7×1014 /cm2) to fabricate a p–n homojunction structure. An
Au/Zn/Ni film (150 nm) was deposited on the front surface (p-type side) of the sub-
strate (Fig. 7.1). The electrodes were formed in the shape of a mesh so as to facilitate
light irradiation and light emission duringDPP-assisted annealing and device driving,
respectively. An Au/Ge/Ni film (300 nm) and a Pt film (50 nm) were sequentially
deposited on the rear surface (n-type side) to serve as a negative electrode. Then, the
wafer was diced into a 600 µm × 600 µm chip and was fixed to a printed circuit
board (PCB).

To make the device emit light in the green band (wavelengths around 530 nm), an
injection current (9.9 A/cm2-current density) was injected into the device while irra-
diating it with 532 nm-wavelength laser light (hνanneal = 2.32 eV, 0.4W-power, 35.4
W/cm2-power density). During the DPP-assisted annealing, the surface temperature
of the device reached 40◦C, while the PCB had been cooled to 26◦C.

Figure7.2a shows the results of measuring the light emission spectra of the device
during DPP-assisted annealing. This figure shows that the emitted light intensity in
the range 1.75–2.26 eVwas becamemore intense as the annealing timewas increased.
Possible explanations for this include light emission from Zn-O pairs formed from
Zn atoms and impurity O atoms which occupy the closely spaced Ga site and P
site, respectively [6], and light emission originating from radiative recombination
of electrons trapped at the donors (S) and free holes [7]. In particular, it has been
reported that formation of Zn-O pairs can be explained by diffusion of Zn from the p

500µm
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350nm

600µm

600µm

20µm x 20µm    

Al/Zn/Ni

Al/Ge/Ni,Pt

GaP
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600µm
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Fig. 7.1 Structure and photograph of the GaP-LED
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Fig. 7.2 Temporal
variations of the light
emission spectra. a Spectral
profile. Curve A is for the
un-annealed device. Curves
B–E are acquired after the
DPP-assisted annealing of 1,
2, 3, and 4 h, respectively.
b Temporal variation of the
total light emission intensity.
c Rate of increase
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side to the n side of the p–n homojunction [8]. In other words, the high emitted light
intensity in this region as DPP-assisted annealing progressed is considered evidence
that Zn diffusion took place. In addition, light emission was observed from levels
above Eg . This is a result of the DPP-assisted annealing. The increase in emitted light
intensity from these high energy levels is also a result of the DPP-assisted annealing.

Figure7.2b shows the dependence of the integrated intensity (the areas enclosed
by the curves and the horizontal axis in Fig. 7.2a) on the DPP-assisted annealing
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Fig. 7.3 Image of the
emitted light

600µm

600µm

time. The emitted light intensity saturated after about 3 h of annealing, reaching
the value three-times higher than the initial intensity. Figure7.2c shows the rate of
increase R (= P4hr (E) /P0hr (E)). Here, P4hr (E) is the emitted light intensity P at
the photon energy E after 4 h of DPP-assisted annealing, and P0hr (E) is that from
the un-annealed device. In this figure, at photon energies below 2.20 eV (< Eg),
R was 2.50–3.50, whereas at photon energies higher than hνanneal , R was 6.50 or
greater. In addition, in this figure, periodic peaks (indicated by downward arrows) are
observed at positions away from hνanneal . These peaks were 50 meV apart, which
corresponds to the energy of LO-mode phonons in GaP. In other words, phonon
sidebands appeared in the emitted light in the high-energy region, as reviewed in
Sects. 4.1 and 4.2, confirming that the light emission was due to multimode coherent
phonons.

Figure7.3 shows the image of the light emitted from the device.Although the value
of R was large at energies higher than hνanneal , the emission component originating
from impurities or Zn-O centers [6, 7] was strong, making the emitted light appear
orange. Usually, GaP contains defects or impurities such as oxygen, and these form
emission centers. In other words, photons with a wide range of energies are generated
inside the crystal during DPP-assisted annealing, and stimulated emission is also
made possible triggered by these generated photons.

To confirm the effect of this light emission, the crystal was annealed without laser
irradiation. The curve A in Fig. 7.4a represents the acquired light emission spectra.
The curve A in Fig. 7.4b is the rate of increase R (the curve B is identical to the curve
in Fig. 7.2c). First, the values of the curve A at the low energy side were close to the
values of the curve B. However, above Eg , they are considerably different between
each other. This feature can be explained as follows: In the 1.7–2.2 eV energy band,
the photon number density with the corresponding energy is the same, regardless of
whether or not laser irradiation is performed, and therefore, no change occurs in the
DPP-assisted annealing process. In addition, the light emission from Zn-O or defects
does not change compared with the case where laser irradiation is performed, and
therefore, the rate of increase is the same. In the case of the high-energy band, there

http://dx.doi.org/10.1007/978-3-319-42014-1_4
http://dx.doi.org/10.1007/978-3-319-42014-1_4
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Fig. 7.4 Light emission spectra of device annealed without light irradiation. a Light emission
spectral profiles. Curve A is for the un-annealed device. Curve B is for the device annealed for 4 h.
b Rate of increase. Curve A is for the device annealed without light irradiation. Curve B is the one
with light irradiation (identical to the curve in Fig. 7.2c)

is a difference between progression and suppression of dopant diffusion depending
on whether or not laser irradiation is performed. In other words, if the high intensity
light is made incident, stimulated emission from an energy level corresponding to the
photon energy of that monochromatic light becomes more pronounced. Therefore,
this demonstrates the effectiveness of DPP-assisted annealing, in terms of the ability
to control the photon energy of the light emission from the device by the photon
energy hνanneal rather than Eg (the photon breeding effect).

In general, lattice defects occur in crystals due to impurity doping by ion implan-
tation. In particular, with high-energy ion implantation, there is also a risk of the
crystal becoming amorphous. The crystallinity was examined by a Raman scattering
method. The sample was preliminarily annealed at 800 ◦C for 30 min prior to DPP-
assisted annealing, after ion implantation. Figure7.5 shows the measured Raman
scattering spectra (incident light wavelength: 488 nm) of the substrate before ion
implantation (blue circles), the substrate after ion implantation (red diamonds), and
the substrate after preliminary annealing carried out in a furnace (green triangles). In
the spectrum for the substrate before ion implantation, sharp peaks appeared, which
indicate the high crystal quality. However, after ion implantation, these peaks were
not observed, which means that the surface changed to an amorphous structure. In
the spectrum for the substrate after preliminary annealing, peaks appeared again. To
confirm the effect of the amorphous surface on light emission, the substrate whose
surface crystallinity was restored by preliminary annealing was formed into a device
and was subjected to DPP-assisted annealing. The results are shown in Fig. 7.6a and
b. As can be understood from these figures, the same spectral change as shown in
Fig. 7.2a and c was observed.

The results shown in Figs. 7.5 and 7.6 can be explained as follows: By implanting
Zn into GaP with a high acceleration energy (300 keV), the surface of the GaP
crystal became amorphous.However, via theDPP-assisted process, the light emission
occurs at the domain boundaries formed by the dopant (Zn) inside the crystal, and
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Fig. 7.5 Raman scattering spectra. Blue circles substrate before ion implantation, for comparison.
Red diamonds substrate after ion implantation. Green triangles substrate subjected to preliminary
annealing after ion implantation
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Fig. 7.6 Results of DPP-assisted annealing of sample subjected to preliminary annealing after ion
implantation. a Light emission spectral profiles. Curve A the un-annealed device. Curve B acquired
after the DPP-assisted annealing of 4 h. b Rate of increase (Curve A). For comparison, the curve B
is the value which was acquired without preliminary annealing (identical to the curve in Fig. 7.2c)

does not rely on the amorphization of the crystal surface. Thus, the same results are
obtained regardless of whether or not preliminary annealing is performed to recover
the crystallinity.

7.1.2 Changing the Barrier Height with an Applied External
Field

In this subsection, a two-level system model is used in order to discuss the change in
the spatial distribution of doped Zn atoms due to the DPP-assisted annealing. This
discussion enables evaluation of the barrier height in this model, which is decreased
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Fig. 7.7 Energy level diagram of the two-level system model. Solid, broken, and dotted arrows
(a)–(c) represent the paths of de-excitation, excitation, and backward transition via photon emission
and absorption (Refer to Sect. 7.1.3.)

by applying an external field [9]. For reference, the details of the two-level system
model are reviewed in Appendix E [10, 11].

Figure7.7 shows the energy level diagram of the two-level systemmodel [11]. The
horizontal axis does not represent any specific physical quantity, whereas the vertical
axis is the electron energy. The states A and B represent the electron states before
and after the DPP-assisted annealing, respectively. They are composed of two energy
levels, i.e., the ground state (

∣
∣Eg A

〉

,
∣
∣EgB

〉

) and excited state (|Eex A〉, |EexB〉), which
respectively correspond to the valence and conduction bands in a semiconductor.
The DPP-assisted annealing forces a forward transition from state A to state B. The
possibility of a backward transition from state B to state A is reviewed in Sect. 7.1.3.
The initial and final states of this transition are

∣
∣EgA

〉

and
∣
∣EgB

〉

, respectively. Since
the potential barrier Vg in the ground state is generally high, the transition takes
places through the lower potential barrier Vex in the excited state after excitation
from

∣
∣EgA

〉

to |Eex A〉. De-excitation from |EexB〉 to the final state
∣
∣EgB

〉

takes place
after the transition.

The two-level systemmodel can describe theDPP-assisted annealing rate, depend-
ing on which state the electron is in:

(1) When the electron is in state A: State A corresponds to the region in the GaP
crystal where the spatial distribution of Zn atoms is not suitable for generating
DPPs. Therefore, the electron in |Eex A〉 generates Joule-heat due to scattering
processes. On the other hand, the electron in

∣
∣EgA

〉

is excited by absorbing the
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irradiated light, and, as a result, Joule-heat is also generated. Because of the
Joule-heat generated in these cases, the annealing rate is higher in state A.

(2) When the electron is in state B: State B corresponds to the region in the GaP
crystal where the spatial distribution of Zn atoms is suitable for generatingDPPs.
Since electron–hole pairs can radiatively recombine in this case, the light irradi-
ated during the DPP-assisted annealing triggers stimulated emission. As a result,
the annealing rate is lower in state B because the stimulated emission optical
energy dissipates from inside the GaP crystal to the outside.

Due to the difference in the annealing rates in (1) and (2), the spatial distribution of
Zn atoms changes in a self-organized manner. When it reaches that of state B, the
DPP-assisted annealing is completed, and the GaP-LED is thus fabricated.

The value of Vex can be evaluated by noting that the net forward transition rate is
given by [11]

γT ∝ exp

(

−Vex

kT

)

, (7.1)

Here, k is Boltzmann’s constant, and T is temperature. Figure7.8 shows themeasured
relation between the DPP-assisted annealing time and the emitted light intensity.
Open and closed circles are the results obtained at T1 = 320 K and T2 = 310
K, respectively, which were fitted by lines. The slopes γ1 and γ2 of these lines are
proportional to γT in (7.1). A notable feature of these slopes is that the ratio γ1/γ2
is as large as 1.8 even though the relative temperature difference, (T1 − T2) /T1, is
only 0.03. By using this ratio, Vex can be derived from (7.1) and is expressed as

Vex = k
T1T2

T1 − T2
ln

γ1

γ2
. (7.2)

The value of Vex is evaluated to be 0.48 eV by substituting the numerical values
given above into this equation. It should be noted that this evaluation was carried out
during the DPP-assisted annealing, during which external electric and optical fields

Fig. 7.8 Relation between
the DPP-assisted annealing
time and the emitted light
intensity. Open and closed
circles are the results
obtained at T1 = 320 K and
T2 = 310 K, respectively,
which were fitted by the
solid lines
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were applied to the GaP crystal. The applied DC bias voltage was 22 V (injected
current 25 mA), and the irradiation light power was 0.2 W (beam diameter 0.55
mm), respectively. On the other hand, in the previous work [12], the barrier height
was evaluated to be 0.61 eV in the absence of external fields. In that report, too, the
barrier height, which is the energy required to replace a Ga atom by a dopant atom
via the kick-out mechanism, was evaluated to be 1.64 eV. These values are larger
than the value of 0.48 eV above, which means that the applied external electric and
optical fields decreased the value of Vex . This decrease is the reason why the spatial
distribution of Zn atoms was efficiently changed by the DPP-assisted annealing even
at low temperature, such as T1 and T2 given above. In other words, the outstanding
technical advantage of the DPP-assisted annealing is that it does not require any
high-temperature electric furnaces, which have been needed for conventional thermal
annealing.

7.1.3 Optimum Condition for DPP-Assisted Annealing

In this subsection, the optimum condition for DPP-assisted annealing, i.e., the opti-
mum ratio between the electron injection rate and light irradiation rate for DPP-
assisted annealing [9], is presented. First, the electron is assumed to be in the excited
or ground state of state B (|EexB〉 or ∣∣EgB

〉

) as a result of DPP-assisted annealing, i.e.,
as a result of the forward transition from state A to state B. Next, the solid, broken
and dotted arrows a–c in Fig. 7.7 represent the possible paths of the electron for de-
excitation, excitation, and backward transition via photon emission and absorption,
which may subsequently occur by continuing the DPP-assisted annealing.

Path (a): The electron in |EexB〉 can emit a photon via spontaneous or stimulated
emission. Thus, it de-excites to

∣
∣EgB

〉

without a transition back to state A.
Path (b): If the electron in |EexB〉 does not emit a photon, it transitions back to

|Eex A〉 in stateA, and subsequently de-excites to
∣
∣EgA

〉

via nonradiative relaxation.
Path (c): The electron in

∣
∣EgB

〉

is excited to |EexB〉 by absorbing a photon. It
subsequently transitions back to |Eex A〉 in state A and de-excites to

∣
∣EgA

〉

via
nonradiative relaxation, as in path (b).

In the case of path (a), the spatial distribution of Zn atoms is kept unchanged even
though DPP-assisted annealing proceeds, because both the initial and final states
(|EexB〉 and ∣

∣EgB
〉

) are in state B. However, in the case of paths (b) and (c), the final
state

∣
∣EgA

〉

is in state A, and this spatial distribution easily changes as DPP-assisted
annealing proceeds. Thus, to confine the electrons in state B, paths (b) and (c) must
be blocked to prevent the backward transition.

Noting that a photon causes an electron to emit another photon via stimulated
emission, a promising method for blocking the paths is to set the ratio of the electron
injection rate and the photon irradiation rate to 1:1,which corresponds to the optimum
condition for the DPP-assisted annealing. If the electron injection rate is higher than
the photon irradiation rate, the excess electrons do not emit photons via stimulated
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Fig. 7.9 Relation between the photon energy and the rate of increase, R. a and b show the values
of R measured when the irradiation light powers during DPP-assisted annealing were 180 and 260
mW, respectively. Curves A and B represent the measured values for the injection currents of 20
and 30 mA, respectively

emission but escape through path (b). On the other hand, if the photon irradiation rate
is higher than the electron injection rate, the excess photons do not cause electrons
to emit photons via stimulated emission but allow the electrons to escape through
path (c).

Experiments were carried out to confirm this optimum condition. As was the
case of curve A in Fig. 7.6b, Fig. 7.9a and b show the rate of increase, R, defined in
Sect. 7.1.1. It was measured when the irradiation light powers during DPP-assisted
annealing were 180 and 260 mW, respectively. Curves A and B represent the results
for injection currents of 20 and 30 mA, respectively. In Fig. 7.9a, the values of
R

(

E > Eg

)

were higher for the injection current of 20 mA than for the injection
current of 30 mA. On the contrary, in Fig. 7.9b, they were lower.

Figure7.10 shows measured values of R (hνanneal) for various values of injection
current and irradiation light power, including the values derived from Fig. 7.9. In
this figure, the horizontal axis is the ratio of the numbers of photons and electrons
irradiated and injected per unit time, respectively. This figure shows that R takes
the maximum value when the ratio between the photon number and the electron
number is 1.3:1, which is approximately 1:1. This clearly shows the optimum condi-
tion claimed above. This optimum condition has been theoretically reproduced by a
stochastic model of the spatial distribution of B atoms, which was controlled by the
DPPs [13].

This optimum condition suggests that conventional thermal annealing, i.e., by
heating the sample in an electric furnace, is not compatible with fabricating photon
breeding devices even if the furnace temperature can be increased to much higher
than the values of T1 and T2 given in Sect. 7.1.2. DPP-assisted annealing is the only
suitable fabrication method. Furthermore, it should be pointed out that the present
discussion on the optimum condition is valid not only for GaP-LEDs but also for all
of the photon breeding devices reviewed in this book.
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Fig. 7.10 Dependency of
the measured values of
R (hνanneal ) on the ratio of
the numbers of photons and
electrons irradiated and
injected per second
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7.2 Using a Zinc Oxide Crystal

ZnO is a direct transition-type, wide bandgap semiconductor and is expected to
be used as a material for fabricating optical devices such as UV LEDs and laser
diodes [14]. However, it is difficult to form a p-type crystal because the acceptors are
compensated due to the numerous oxygen vacancies and interstitial zinc in the ZnO
crystal [15]. Therefore, despite the numerous efforts that have been made [16–21],
there have been very few reports of electroluminescence at room temperature [19,
20]. Because the radius of N ions is approximately the same as that of O ions, they are
promising candidates to serve as p-type dopants in ZnO [14], and N doping by ion
implantation has been examined [22]. However, the large number of lattice defects
generated in normal ion implantation cannot be removed evenwith thermal annealing,
and therefore, no p-type crystals of sufficient quality for fabricating devices have been
obtained [22]. This section reviews a p–n homojunction-structured LED that emits
visible light at room temperature by applying DPP-assisted annealing to a direct
transition-type bulk ZnO crystal [23].

An n-type ZnO single crystal was used, which was grown by the hydrothermal
growth method [24]. The crystal axis direction was (0001), the thickness was 500
µm, and the electrical resistivity was 50–150 �cm. N2+ ions were implanted into
the crystal at an energy of 600 keV and an ion dose density of 1.0 × 1015 cm−2.
The implantation depth was confirmed to be about 3 µm by secondary ion mass
spectrometry. This allowed the N dopant to be distributed in the vicinity of the crystal
surface, forming a p-type ZnO layer. As a result, a p–n homojunction structure was
realized. A 150 nm-thick ITO film was deposited on the surface of the p-type ZnO
layer, and a 105 nm-thick Cr/Al film was deposited on the surface of the n-type ZnO
layer to serve as electrodes. Then, the crystal was diced to form a device with an area
of 9 mm2.

As described in Chaps. 2 and 3, when a bulk Si crystal was implanted with B
serving as a p-type dopant, the B atom was readily activated to form acceptors, thus
creating a p–n homojunction. In the present case, however, the N atom was not read-
ily activated [15]. Therefore, first, Joule-heat caused by an injection current was used

http://dx.doi.org/10.1007/978-3-319-42014-1_2
http://dx.doi.org/10.1007/978-3-319-42014-1_3
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to anneal the crystal for activating the N atom. An overview of this principle is as
follows: If an injection current is applied directly after implanting the N atom, the N
atom is not activated sufficiently. Therefore, only electrons, which are majority carri-
ers, carry the electrical current. Also, because no holes exist, recombination emission
does not take place either. Therefore, the p–n homojunction remains highly resistive,
and when a constant current is injected, the voltage applied across the p–n junction is
high. As a result, a high level of Joule-heat occurs, diffusing the N atom and consid-
erably changing the concentration distribution, causing the N atom to be activated.
Therefore, since holes also become current carriers, the resistance decreases. Because
ZnO is a direct transition-type semiconductor, the electrical energy is converted to
spontaneously emitted optical energy through recombination of electrons and holes,
and this is radiated from the crystal to the outside. The Joule-heat drops due to this
energy dissipation and the decrease in resistance mentioned above, and therefore,
the concentration distribution of the N atom eventually reaches a steady state. This
completes the N atom activation process.

Second, DPP-assisted annealing was used simultaneously with the activation
described above. The process can be explained as follows: A p–n homojunction is
formed in the ZnO crystal by implanting N2+ ions. However, because this structure
is simple, the electrons and holes both exhibit wide spatial distributions. Therefore,
their recombination probability is low, and the emitted light intensity is also low. The
DPP-assisted annealing is used to increase the emitted light intensity. Specifically,
while applying an injection current during the annealing, the crystal surface is irra-
diated with light having a small photon energy hνanneal compared with Eg of ZnO.
The mechanism of the DPP-assisted annealing of the ZnO crystal is equivalent to
that described in Sect. 3.1. As a result, an N atom concentration distribution that is
suitable for inducing the DPP-assisted annealing with high efficiency is formed in a
self-organized manner.

The following two types of devices were fabricated.

Device 1 Adevice fabricated by annealing with an injection current alone, without
light irradiation, to activate the N atom.

Device 2 A device fabricated by DPP-assisted annealing. To do so, during anneal-
ing with the injection current, the device was irradiated with laser light having a
photon energy hνanneal (=3.05 eV, 407 nm wavelength), which is smaller than Eg

(=3.4 eV) of ZnO.

The injection current density for annealing both devices was 0.22 A/cm2. For
Device 2, the irradiation power density was 2.2 W/cm2. Figure7.11a shows the
change in surface temperature with time at the center of Device 2. The surface
temperature rose to 100 ◦C when annealing commenced, and then dropped, reaching
a constant temperature of 74 ◦C after about 60 min. This temperature drop was
caused by the generation of DPPs as annealing progressed, bringing about stimulated
emission, and by part of the electrical energy added to produce Joule-heat being
dissipated in the form of optical energy. To confirm this stimulated emission effect,
Fig. 7.11b shows the results of measuring the change in surface temperature with
time for another identical sample of Device 2, when the irradiated light power was

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Fig. 7.11 Change in surface temperature with time at the center of Device 2. a The change in
the surface temperature in the process of annealing with light irradiation. b The change in surface
temperature for another identical sample of Device 2, when the irradiated light power was turned
on and off every 5 min

turned on and off every 5 min. The temperature dropped during light irradiation,
confirming the stimulated emission effect.

As for the device operation, first, the curves A–C in Fig. 7.12 are light emission
spectra of Device 1 at room temperature with injection currents of 10, 15, and 20mA,
respectively. These spectra are composed of a high-intensity, narrow-band emission
component in the ultraviolet region close to a wavelength of 382 nm and a low-
intensity, wide-band emission component in the visible region above 490 nm. The
former is attributed to the band edge transition in ZnO, and the latter is attributed to
emission from defect levels [25]. The emission from the defect levels is not related
to the DPP-assisted annealing in the case of Device 2, described below, and depends
on the crystal quality. In other words, from these spectra, the emission fromDevice 1
was confirmed to be mainly due to the band edge transition. The V − I characteristic
of this device showed the same rectifying properties as an ordinary diode, confirming
that a suitable p–n homojunction was formed by the annealing.

Next, light emission spectra of Device 2 at room temperature are shown by the
three curves A, B, and C in Fig. 7.13a. Curves A, B, and C show the results obtained
with injection currents of 10, 15, and 20 mA, respectively. The emission peak wave-
length of curve Awas 393 nm, which is attributed to the band edge transition, similar
to the case of Device 1 (Fig. 7.12). Comparing curves B and Cwith curve A, the spec-
tral centroid of the emission spectrum exhibits a red-shift as the injection current was
increased. However, this shift was not attributed to a change in Eg induced by Joule-
heat [26], because the emission peak attributed to the band edge transition in Device
1 did not show this kind of shift. Furthermore, as shown in the inset of this figure,
the weak emission (arrow C1), attributed to the band edge transition, was also found
in curve C. Therefore, the red-shift of the emission spectra, which is attributed to
Joule-heat at injection currents in the range of 10–20 mA, can be neglected. The
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Fig. 7.12 Light emission
spectra of Device 1. The
curves A–C show the results
obtained with injection
currents of 10, 15, and 20
mA, respectively

reason why this red-shift is attributed to stimulated emission driven by DPPs, not
Joule-heat, is as follows.

Light emission during LED operation, like the stimulated emission process during
DPP-assisted annealing, is attributed to a two-step transition, as was described in
Sect. 1.3.2. This transition is illustrated in Fig. 7.13b in the present case, i.e., from
|Eex ; el〉 ⊗ |Eex ; phonon〉 to

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 (the pink arrow at 2© in
Fig. 7.13b) and from

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉 to
∣
∣Eg; el

〉 ⊗ |Eex ′ ; phonon〉 (the
green arrow at 2© in Fig. 7.13b). Because the second-step transition is an electric
dipole-forbidden transition, only DPPs are emitted, and these DPPs are scattered by
the inhomogeneously distributed N dopant and are converted to propagating light.
The photon energy of the emitted light is determined by the photon energy hνanneal of
the light radiated during annealing, i.e., photon breeding takes place. This is because
the N dopant concentration distribution is formed in a self-organized manner by the
DPP-assisted annealing, with the result that a transition via the intermediate phonon
level corresponding to hνanneal easily occurs in Device 2. Therefore, in curve B in
Fig. 7.13a, the peak photon energy of 3.03 eV (409 nm wavelength, arrow B1) is
almost equal to hνanneal .

On the other hand, the photon energy of light generated in the first-step tran-
sition is given by the energy difference between |Eex ; el〉 ⊗ |Eex ; phonon〉 and
∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉. Comparing the blue arrow at 1© and the green arrow at
2© in Fig. 7.13b, this difference is 0.20 eV. (The blue arrow at 1© represents the band
edge transition of ZnO, whose energy is 3.25 eV (382 nm wavelength) according to
Fig. 7.12.) This first-step transition is an electric dipole-allowed transition. However,
because the occupation probability of such high-energy phonons is low, propagating
light is not emitted, and only DPPs are generated. In addition, when the stimulated
emission driven by the DPPs emitted in the first-step transition is repeated one or
two more times, new intermediate phonon levels

∣
∣Eg; el

〉 ⊗ |Eex ′′ ; phonon〉 and
∣
∣Eg; el

〉 ⊗ |Eex ′′′ ; phonon〉 whose energies are lower by amounts corresponding to

http://dx.doi.org/10.1007/978-3-319-42014-1_1


7.2 Using a Zinc Oxide Crystal 117

0.20 eV

0.20 eV

0.20 eV

0.20 eV

3.25 eV
3.05 eV

2.85 eV
2.65 eV

|Eex;el> |Eex;phonon> 

|Eg;el> |Eex;phonon> 

|Eg;el> |Eex’;phonon> 

|Eg;el> |Eex’’’;phonon> 

|Eg;el> |Eex’’;phonon> 

’

(a)

(b)

Fig. 7.13 Light emission characteristics of Device 2. a Light emission spectra at room temper-
ature. The curves A–C show the spectra measured with injection currents of 10, 15, and 20 mA,
respectively. b Schematic explanation of the two-step light emission during LED operation

the energy of theDPPs are formed. Thus, the energies of the photons emitted via these
new intermediate phonon levels are lower by amounts corresponding to the energy
of the DPPs emitted in the first-step transition (0.20 eV). In the case of 3© and 4© in
Fig. 7.13b, these energies are 2.85 eV (435 nm) and 2.65 eV (468 nm), respectively,
as shown by the yellow arrow and the red arrow. These are similar to the emission
peaks measured in the conventional optical transition of bulk ZnO crystal, which are
an integer multiple of the LO-mode phonon energy (72 meV) [25]. However, unlike
the conventional electric dipole-allowed transition, in the transition driven by DPPs,
the exchanged energy is an integermultiple of the energy determined byDPPs among
the multiple phonon modes involved, rather than a material-specific phonon mode.
The slope of curve B in Fig. 7.13a shows two bumps (arrows B2 and B3), whose
positions were found to be 2.84 eV (436 nm) and 2.64 eV (470 nm), respectively,
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Fig. 7.14 The dependency
of the output optical power
of the two devices on the
injection current. The curves
A and B are for Devices 1
and 2, respectively

Current (mA)

O
pt

ic
al

 p
ow

er
 (

µW
)

10 15 20
0

2

4

6

B

A

by the curve fitting based on the second-derivative spectroscopy method [27]. These
agree well with the photon energies indicated by the yellow and red arrows at 3© and
4© in Fig. 7.13b. In addition, curve C also shows a peak (arrow C2) and one bump
(arrow C3) at 2.84 eV (436 nm) and 2.63 eV (471 nm), respectively. These also agree
well with the photon energies indicated by the yellow and red arrows at 3© and 4©
in Fig. 7.13b.

Light emission via the intermediate phonon levels occurs not only due to two-step
stimulated emission of 3© and 4© in Fig. 7.13b but also due to stimulated emission
involving three or more steps. Therefore, when the injection current is increased,
the emitted light intensity at the low-energy side also increases, which explains the
red-shift in Fig. 7.13a. Note that the emitted light intensity due to the interband tran-
sition in curve B is small; this is attributed to the fact that the transition 2© involving
stimulated emission is faster than the transition 1© involving only spontaneous emis-
sion, because electrons in the conduction band for stimulated emission relax to the
intermediate phonon level.

To compare the performance of Devices 1 and 2, curves A and B in Fig. 7.14
respectively show the dependency of the output optical power of the two devices on
the injection current. These output optical powers were obtained by integrating the
curves in Figs. 7.12 and 7.13 in the wavelength range 350–600 nm. For curve B, at
the injection current of 20mA (current density 0.22 A/cm2), the optical output power
from Device 2 was 6.2 µW, which was about 15-times higher than that from Device
1, shown in curve A.
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Chapter 8
Other Devices

This chapter reviews applications in which DPs and DPPs can be used not only
for LEDs and lasers but also for other optical devices. First example is an optical
and electrical relaxation oscillator, the second one is an infrared photodetector with
optical amplification, and the last one is a polarization rotator.

8.1 Optical and Electrical Relaxation Oscillator

Optical pulse oscillators have been widely used in the fields of optical communica-
tion, optical data storage, optical fabrication, spectroscopy, and so on. Mode-locked
lasers and semiconductor lasers driven by pulsed current are popular examples of
such devices [1]. The former are large in size and have high power consumption
because they consist of numerous electronic parts and optical elements. Although
the latter are compact, they need to be driven by an electrical trigger and thus require
complicated electrical driving circuits.

This section reviews a novel optical and electrical relaxation oscillator by using
the Si-LED described in Chap. 3 [2]. Because the device is operated by connecting
it only to a DC power supply, and no optical elements are required, it is expected to
solve the problems described above. For this purpose, two Si-LEDs were fabricated
by the DPP-assisted annealing described in Sect. 3.1. They are:

Si-LED1 Fabricated by applying a voltage of about 10V and an injection current
of about 420mA for 30min under laser light irradiation (power: 500mW).

Si-LED2 Fabricated by applying a voltage of about 7.2V and an injection current
of about 700mA for 30min under laser light irradiation (power: 200mW).

Si-LED1 was mainly used for simulation and measurement of the spontaneous
emission lifetime, whereas Si-LED2was used for quantitative characterization of the
oscillation. These Si-LEDs emit infrared light whose emission spectrum has a peak
that corresponds to the photon energy hνanneal (=0.95eV, 1.30µm wavelength) of
the irradiated laser light, which is evidence of photon breeding. In addition, because
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of the considerably inhomogeneous spatial distribution of the B concentration in the
Si-LED, the current density also becomes inhomogeneous when the device has a
size as large as 9mm2 in area and 650µm in thickness. As a result, the V−I char-
acteristic curve is S-shaped, showing a breakover voltage Vb, as was the case with
Fig. 3.2a. In the following, the S-shaped characteristic is expressed as I = f (V ). This
S-shaped characteristic, i.e., a negative resistance characteristic, was utilized to real-
ize an optical and electrical relaxation oscillator.

The curves A and B in Fig. 8.1 show the measured results of the temporal profiles
of the optical power and the voltage of the Si-LED2, acquired at room temperature.
Comparing the two curves, they varied synchronously, and the oscillation frequency
was 10kHz. The amplitudes of the curves A and B were 2.5mWp−p and 47Vp−p,
respectively. The optical energy integrated over one period of oscillationwas 0.14µJ.

The S-shaped V−I characteristic is shown in Fig. 8.2a. The Si-LED can be treated
as an electrical circuit in which the Si-LED is connected in parallel with a capacitor
and a constant-current source, as shown in Fig. 8.2b, where the capacitor can be
regarded as the stray capacitance of the Si-LED and/or the circuit wiring. Here, C
is the capacitance of the capacitor, I1 and I2 are the currents that flow through the
Si-LED and the capacitor, respectively, V1 and V2 are the voltages applied to them,
and I0 is the current from the constant-current source. By setting I0 > f (Vb) and
V1 = V2 = 0 as the initial conditions, it is expected that the optical power and voltage
will exhibit periodic and oscillatory temporal behaviors due to sequential processes
1–4 described below and schematically explained in Fig. 8.2a.

Fig. 8.1 Measured temporal
profiles of the output signals
from the Si-LED2. The
curves A and B are the
optical power and the
voltage, respectively
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1. V1 increases as electric charges flow intoC , and the current flows into the Si-LED
simultaneously.

2. At the moment V1 reaches Vb, V2 increases because the current I0 − f (Vb) flows
into C . However, because V1 cannot exceed Vb, the difference between V1 and
V2 increases.

3. I1 increases and, as a result, V1 decreases because the electric charge is released
from C due to the voltage difference between V1 and V2. This accelerates the
release of the charge and, as a result, the optical output power increases rapidly.

4. The values of V1 and V2 return to the initial state due to the decrease of the electric
charge in C . Then, process 1 starts again.

The temporal behavior of the optical power exhibits a pulse-like profile due to the
rapid increase of I1 occurring right after the electric discharge. On the other hand,
that of V1 exhibits a sawtooth-like profile due to the instantaneous electric discharge.
Because of a slight time difference between the electric discharge and the increase
of I1, there is a phase delay in the periodic pulse profile of the optical power with
respect to the peak value of the voltage V1. Since these temporal profiles are due to
optical and electrical power dissipation based on the difference between V1 and V2,
this circuit is regarded as a nonequilibrium open system. Thus, the temporal behavior
of the voltage and optical power described above is called relaxation oscillation [3].

Figure8.3 shows a simplified equivalent circuit of a Si-LED [4, 5], which is
composed of a p-type layer, an n-type layer, and a depletion layer. For simplicity,
carriers are assumed to recombine only in the depletion layer. Ce is the equivalent
capacitance representing the capability of storing electric charge Q in the Si-LED,
Re is the resistance at the p-type layer, I0 is the current from the constant-current
source, I is the current injected into the depletion layer, Vv is the difference in the
voltage between the anode-side and the cathode-side of the depletion layer, and Vt

is the total voltage applied to the Si-LED.
The temporal variations in the number of carriers n in the Si-LED and the number

of photons p in the depletion layer are represented by the following rate equations
[6]:

Fig. 8.3 Simplified
equivalent circuit of a
Si-LED

Vt

I
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dn

dt
= f (V )

q
− n

τ
− G (n − nth) p, (8.1)

and

dp

dt
= n

τ
+ BG (n − nth) p − Ap. (8.2)

The first, second, and third terms on the right side of (8.1) represent electron
injection, spontaneous emission, and stimulated emission, respectively. Those in
(8.2) represent spontaneous emission, stimulated emission, and light emission from
the Si-LED, respectively. Here, e is the electron charge, τ is the spontaneous emission
lifetime, G is the stimulated emission coefficient, nth is the transparency carrier
number in the depletion layer, B is the coefficient of electron confinement, and A is
the rate of photon dissipation from the depletion layer to the outside. For simplicity,
the carrier injection efficiency is assumed to be unity.

The simulation was performed using (8.1), (8.2), and circuit equations for the
equivalent circuit shown in Fig. 8.3. The values of n and p were derived iteratively
with the time increment dt by the following steps:

1. Process that is rate-limited by charging of Ce: In the processes 1 and 2 shown
in Fig. 8.2a, the charge Q at time t + dt was derived using Q(t + dt) =
Q(t) + (I0 − I )dt . Then, Vt , Vv , and I were derived by Vt = Q/Ce,
Vv = Vt − Re I , I = f (Vt ). After substituting f (Vt ) into (7.1), (7.1) and
(7.2) were approximated as difference equations to derive the values of n and
p at time t + dt .

2. Process that is rate-limited by discharging of Ce:
2-1. If V1 > Vb in process 1, the capacitor Ce started discharging. Thus, Vt , Vv , and

I were set to Vt = Vv = Vb and I = I0. Then, n and p at time t + dt were
derived using (7.1) and (7.2).

2-2. If the discharging of Ce continued, Vt and Vv were derived using Vt = f −1 (I )
andVν = Q/Ce. Then, Q(t+dt) and I (t+dt)were derived using Q (t + dt) =
Q (t) (Vt − Vν) dt/Re and I (t + dt) = I0 (Vt − Vν) /Re. This calculation con-
tinued until V2 > Vb or I < 0 was satisfied.

The values of physical quantities Re, Ce, f (V ), τ , G, nth , B, and A have to be
determined to perform the simulation. Among them, known values were employed
for Re, Ce, nth , B, and A, as will be shown later. The curve in Fig. 3.2a was used
for f (V ). However, the spontaneous emission lifetime τ must be found through
measurements because electroluminescence from an indirect transition-type semi-
conductor has never been observed, and hence the value of τ for a bulk Si crystal is
unknown.

The Si-LED1 was used for the direct measurement of τ , and the non-annealed
Si wafer was also used as a reference specimen. As an excitation light source, the
second-harmonic pulsed light from a Ti-sapphire mode-locked laser (2 ps pulse
width, 80MHz pulse repetition rate, 454nm wavelength, 30mW power) was used.
The light passed through a longpass filter with a cut-off wavelength of 850nm or

http://dx.doi.org/10.1007/978-3-319-42014-1_7
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Fig. 8.4 Measured photoluminescence spectral profiles of the Si-LED (a) and temporal decreases
in intensity (b). Curves A and B are for the Si-LED1 and the non-annealed Si wafer, respectively

1000nm before reaching the Si-LED and the non-annealed Si wafer. The specimens
were placed in a vacuum chamber and cooled down to about 6K.

CurvesA andB in Fig. 8.4a represent the acquired spectral profiles of the Si-LED1
and the non-annealed Si wafer, respectively. Neither curve clearly shows band-edge
emission at wavelengths around 1.11µm, which corresponds to Eg of Si. On the
contrary, the spectra were broadened and extended to the longer-wavelength region,
due to a multi-step de-excitation inherent to the DPP-assisted process. Temporal
decreases in the photoluminescence intensity were measured for the Si-LED1 and
the non-annealed Si wafer after optical pulse irradiation, as shown by the curves A
and B in Fig. 8.4b. An exponential function was used for least squares fitting to the
measured values:

y(t) = y0 + y1 exp (−t/τ ) . (8.3)

As a result, the value τ = 0.90 ± 0.02ns was obtained from the curve A. This
value was used for the simulation. In the case of curve B, on the other hand, the
spontaneous emission probability was very low since the non-annealed Si wafer
remained an indirect transition-type semiconductor. As a result, the values of curve
B were very small, which made it difficult to estimate the value of τ . Comparing
the curves A and B, the remarkable increase in the spontaneous emission probability
enabled the first successful estimation of τ by this method. The value of τ derived
above is as short as that of direct transition-type semiconductors [7–9].

The values of the other physical quantities used for the simulations were: Re =
5�, Ce = 1.5 × 10−10 F, nth = 7.0 × 1013, and B = 0.1. For A, an equation
A = 1− r1/t0 s−1 was used, where r = 2 × 10−4 is the Fresnel reflection coefficient
at the boundary of the depletion layer and the p-type/n-type layer, and t0 = 31 fs is
the time for the light to traverse the depletion layer. The value of G was used as a
fitting parameter for the simulation.

The results of the simulation are shown by curves A and B in Fig. 8.5a. The
photon number and voltage varied synchronously, and the temporal behavior of the
photon number (curve A) exhibited a pulse-like profile, whereas that of the voltage
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Fig. 8.5 Results of the simulation. a Curves A and B represent the photon number and voltage,
respectively. b The relation between the injection current and oscillation frequency

(curve B) was sawtooth-like. The pulse width of curve A for the optical power
depended on the spontaneous emission lifetime τ . The amplitude of the curve A
decreased and exhibited relaxation oscillation with increasing G. As shown by
Fig. 8.5b, the oscillation frequency increased with increasing injection current I0,
and the rate of increase was 80MHz/A.

When the current was injected into Si-LED1 without connecting any external
capacitor, the oscillation was caused by stray parasitic capacitance in the circuit
and/or the Si-LED. The maximum oscillation frequency was 34kHz. Comparing the
two curves in Fig. 8.5a, the optical power and voltage oscillated synchronously, and
the optical power took the maximum value at a time slightly after the voltage took
the maximum value. This agrees with the measured result shown in Fig. 8.1. The
reason why the two curves in Fig. 8.1 change more slowly than those of Fig. 8.5a is
due to stray capacitance, stray inductance, and parasitic resistance of the circuit.

8.2 Infrared Photodetector with Optical Amplification

Si photodetectors (Si-PDs) are widely used photoelectric conversion devices. How-
ever, the long-wavelength cut-off (1.11 µm) of their photosensitivity is limited by
Eg of Si [10]. Because of this, materials such as Ge [11], InGaAsP [12], and InGaAs
[13] that have a smaller Eg than Si have been used in optical fiber communications.
However, Ge photodetectors have a large dark current, and cooling is required in
many cases. In addition, InGaAs photodetectors suffer from problems such as the
use of highly toxic metal-organic materials in their fabrication, high cost, and so
forth. Recently, depletion of resources, such as In, has also been a problem. If the
photosensitivity limit of Si-PDs could be extended into the infrared region at 1.3µm
and above, these problems could be solved. An additional benefit of Si-PDs is their
high compatibility with electronic devices. For this reason, photoelectric conversion
devices exploiting effects such as mid-bandgap absorption [14–16], surface-state
absorption [17, 18], internal photoemission absorption [19, 20], and two-photon
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absorption [21, 22] in Si have been reported. However, in the case of mid-bandgap
absorption, for example, the photosensitivity at a wavelength of 1.3 µm is limited to
only 50mA/W [14].

This section reviews a novel Si-PD with increased photosensitivity with optical
amplification [23]. Specifically, the DPP-assisted annealing is performed to control
the spatial distribution of the B concentration in a Si crystal in a self-organized
manner to efficiently generate DPPs. The photocurrent of the novel Si-PD fabricated
by this method is varied by a stimulated emission process driven by the incident
light. Because this stimulated emission process causes optical amplification, the
photosensitivity of this Si-PD remarkably increases.

The operating principle of the fabricatedSi-PD is based on aDPP-assisted process.
By using DPPs, it is possible to create an electron via a two-step excitation even with
photons having an energy smaller than Eg of Si. Therefore, the Si-PD can exhibit
photosensitivity even for infrared light with a photon energy smaller than Eg .

Electrons in the Si-PD experience a two-step excitation described below.

First step The electron is excited from the initial ground state
∣
∣Eg; el

〉⊗|Ethermal;
phonon〉 to intermediate state

∣
∣Eg; el

〉 ⊗ |Eex ; phonon〉. Here, ∣
∣Eg; el

〉

repre-
sents the ground state (valence band) of the electron, and |Ethermal; phonon〉 and
|Eex ; phonon〉 respectively represent the thermal equilibrium state of the phonon
determined by the crystal lattice temperature and the excited state of the phonon.
Because this is an electric dipole-forbidden transition, a DPP is essential for the
excitation.

Second step The electron is excited from the intermediate state
∣
∣Eg; el

〉 ⊗ |Eex ;
phonon〉 to the final state |Eex ; el〉 ⊗ |Eex ; phonon〉. Here, |Eex ; el〉 represents
the excited state (conduction band) of the electron, and |Eex ; phonon〉 repre-
sents the excited state of the phonon. Because this is an electric dipole-allowed
transition, the electron is excited not only by the DPP but also by propagat-
ing light. After this excitation, the phonon in the excited state relaxes to a ther-
mal equilibrium state having an occupation probability determined by the crys-
tal lattice temperature, which completes excitation to the electron excited state
|Eex ; el〉 ⊗ |Ethermal; phonon〉.
When light having a photon energy smaller than Eg is incident on the Si-PD,

electrons are excited by the two-step excitation described above, generating a pho-
tocurrent. Photosensitivity to this incident light is manifested by means of the above
process. Note that injecting a forward current to the Si-PD causes the two-step stim-
ulated emission described in Sect. 1.3.2. Here, if the electron number densities occu-
pying the state |Eex ; el〉⊗|Ethermal; phonon〉 and the state ∣

∣Eg; el
〉⊗|Eex ; phonon〉,

satisfy the Bernard–Duraffourg inversion condition, the number of photons created
by stimulated emission exceeds the number of photons annihilated by absorption. In
other words, optical amplification occurs. Because the amplified light brings about
the two-step stimulated emission again via DPPs, the photosensitivity of the Si-PD
far exceeds the photosensitivity based on only the two-step excitation process.

To realize the optical amplification described above, it is essential to efficiently
generateDPPs in the p–n homojunction of the Si-PD. To do so, the fabricationmethod

http://dx.doi.org/10.1007/978-3-319-42014-1_1
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of Sect. 3.1 was adopted. First, an n-type Si crystal with an electrical resistivity of
10Ω cm and a thickness of 625µm, dopedwith As atoms, was used. This crystal was
doped with B atoms via ion implantation to form a p-type layer. For the B doping,
the implantation energy was 700keV, and the ion dose density was 5 × 1013 cm−2.
After forming a p–n homojunction in this way, an ITO film and a Cr/Al film were
deposited for use as electrodes. Then, the Si crystal was diced to form a device.

Second, DPP-assisted annealing was performed by injecting a forward current to
the Si-PD to generate Joule-heat, causing the B atom to diffuse and changing the
spatial distribution of the B atoms. During annealing, the device was irradiated, from
the ITO electrode side, with laser light having a photon energy hνanneal (=0.94eV,
1.32µm wavelength) smaller than Eg of Si.

This method is the same as the method in Sect. 3.1. Here, however, in order to
make use of the stimulated emission process for the Si-PD to be fabricated, it is
necessary to make the probability of stimulated emission larger than the probabil-
ity of spontaneous emission. To do so, the forward current density for annealing
was kept smaller than that of the two-step stimulated emission, namely, 1.3A/cm2.
As a result, the number of injected electrons per unit time and per unit area was
determined to be 8.1 × 1018 s−1 · cm−2, which corresponds to the probability of
spontaneous emission. On the other hand, the probability of stimulated emission
corresponds to the number of photons per unit time and per unit area, which is 3.9 ×
1019 s−1 · cm−2 in the case of the laser power of 120mW used here. Comparing
this with the number of injected electrons confirms that the probability of stimulated
emission is sufficiently large.

The fabricated Si-PD was evaluated by analyzing its optical and electrical prop-
erties, which are described as follows.

(1) The spectral photosensitivity was measured without injecting a forward current
to the device. The results are shown by curves A–C in Fig. 8.6.
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Fig. 8.6 Measured spectral photosensitivities. Curves A and B show the values obtained with a
Si-PD fabricated with and without the DPP-assisted annealing, respectively. Curve C shows the
values obtained with a Si-PIN photodiode (Hamamatsu Photonics, S3590) used as a reference. The
closed circle and the closed triangle are the measured values for cases where the forward current
densities of the fabricated Si-PD are 60mA/cm2 and 9A/cm2, respectively

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Curve A shows the values obtained with a Si-PD fabricated by the DPP-assisted
annealing. For comparison, curve B shows values obtained with a Si-PD fab-
ricated without annealing. Curve C shows the values obtained with a Si-PIN
photodiode (Hamamatsu Photonics, S3590) used as a reference. In the wave-
length region longer than the cut-off wavelength (1.11µm), curve A shows
more gentle reduction of the photosensitivity, and its value is about three-
times higher than that of curve C at wavelengths above 1.16µm. In addi-
tion, the photosensitivity for curve A is larger than that for curve B. This
is due to the spatial distribution of the B atoms being controlled in a self-
organized manner by the DPP-assisted annealing so that DPPs are efficiently
generated. Also, higher photosensitivity for curve B compared with that for
curve C indicates that DPPs are readily generated inside the Si-PD compared
with the case of curve C, as a result of implantation of a high concentration of B
atoms. BecauseDPP-assisted annealingwas performedwhile radiating 1.32µm-
wavelength light, it is expected that the photosensitivity will be selectively
increased when light having the same wavelength (1.32µm) is incident on the
device. This wavelength-selective photosensitivity increase corresponds to pho-
ton breeding in the case of the LED and laser in the previous chapters. For refer-
ence, this increase has already been observed in the case of organic photovoltaic
devices that have been developed using the DPP-assisted process [24]. In the
following, the photosensitivity of the Si-PD for incident light with a wavelength
of 1.32µm in particular is discussed: A constant forward current was injected
into the device, and the photosensitivity was evaluated when the wavelength of
the incident light was 1.32µm. Photoelectric conversion in this case involves not
only the two-step excitation, but also the two-step stimulated emission process.
Here, the contribution of the latter is sufficiently large.A semiconductor laserwas
used as the light source, and the output beamwasmade incident on theSi-PDafter
being intensity-modulated with a chopper. The current variationΔI = V/R was
obtained by the measured voltage variation V due to this incident light, where
R is the resistance of the Si-PD. Then, it was divided by the incident light power
P to obtain the photosensitivity ΔI/P . The results are indicated by the closed
circle and the closed triangle in Fig. 8.6. They are the measured values for cases
where the forward current densities of the fabricated Si-PD are 60mA/cm2 and
9A/cm2, respectively. The photosensitivity for the current density of 9A/cm2 is
0.10A/W. This is as much as two-times higher than the case using mid-bandgap
absorption described above, demonstrating the increased photosensitivity. This
value is about 300-times higher than the 60mA/cm2 case, and is as large as
the value of curve C at a wavelength of 1.09µm. This photosensitivity is suffi-
ciently high for use in long-distance optical fiber communication systems [25].
The increase in photosensitivity with increasing forward current at a wavelength
of 1.32µm is due to the higher stimulated emission gain, as well as the higher
number of recombining electrons.

(2) The V –I characteristics were evaluated for cases where the Si-PD was irradi-
ated and not irradiatedwith 1.32µm-wavelength, 120mW-power laser light. The
measurement results are shown by curves A and B in Fig. 8.7. Both curves show
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Fig. 8.7 Measured V –I
characteristics. The curves A
and B are for cases where the
Si-PD was irradiated and not
irradiated with light,
respectively

A

B

0 10 20 30 40

100

0

200

400

Voltage (V)

C
ur

re
nt

 (
m

A
)

negative-resistance characteristics at forward currents of 80mA and higher, sim-
ilarly to the case of the large-area infrared Si-LED used for the optical and elec-
trical relaxation oscillator reviewed in the previous section (see Fig. 3.2a). Also,
curve A was shifted toward lower voltages compared with curve B. This shift
was particularly remarkable when the forward current was 30mA and higher.
The reason for this is that the electron number density in the conduction band
is reduced because a population inversion occurs around a forward current of
30mA, and electrons are consumed for stimulated emission. As a result, the
voltage required for injecting the same number of electrons is decreased. On the
other hand, when the forward current is increased further, the amount of shift is
reduced. This is because the probability of stimulated emission recombination
driven by spontaneous emission is increased as the forward current increases, and
as a result, the voltage drop due to stimulated emission recombination becomes
relatively small.

(3) For evaluating optical amplification characteristics, the relationship between
the incident light power P and the current variation ΔI was measured. In a
conventional Si-PD, only light absorption is used for photoelectric conversion.
In the present Si-PD, however, because stimulated emission is also used, the
current variation ΔI depends on the number of electron–hole pairs and varies
due to stimulated emission, which is expressed as

ΔI = (eP/hν) (G − 1) . (8.4)

Here, e is the electron charge, hν is the photon energy, and G is the stimulated
emission gain. Figure8.8 shows the relationship between the incident light power
at 1.32µm-wavelength and the current variation ΔI . Similarly to Fig. 8.6, the
closed circles and closed triangles show the measurement results for forward
current densities of 60mA/cm2 and 9A/cm2, respectively. For the forward cur-
rent density of 60mA/cm2, ΔI saturates as the incident light power increases;
whereas for the forward current density of 9A/cm2, ΔI does not saturate but
increases linearly. The curves A and B show calculation results fitted to the

http://dx.doi.org/10.1007/978-3-319-42014-1_3
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Fig. 8.8 Relationship
between the incident light
power at a wavelength of
1.32µm and the current
variation. The closed circles
and closed triangles are for
forward current densities of
60mA/cm2 and 9A/cm2,
respectively. The curves A
and B show calculated
curves fitted to the
experimental values
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experimental results using (8.4). The stimulated emission gain G depends on
the incident light power as exp [g/ (1 + P/Ps)] [26], where g is the small-signal
gain coefficient, and Ps is the saturation power. For the fitted results, these values
are g = 3.2 × 10−4 and Ps = 17mW in the case of curve A, and g = 2.2 × 10−2

and Ps= 7.1 × 102 mW in the case of curve B. The increases in g and Ps as the
forward current increases are due to the increasing number of electrons recom-
bining with holes. The experimental values and calculated values show good
agreement, confirming that the remarkable increase in photosensitivity shown
by the closed circle and closed triangle in Fig. 8.6 is due to optical amplification
as a result of stimulated emission.

(4) The photosensitivity was measured when a reverse-bias voltage Vr was applied,
while keeping the incident light power fixed. The purpose of this measurement
was to verify that the remarkable increases in photosensitivity were due to opti-
cal amplification based on stimulated emission under forward current injection.
From the measurement results of the relationship between the reverse-bias volt-
age and the photosensitivity, the maximum photosensitivity was found to be
about 3 × 10−4 A/W, which is about 1/300 of the value (0.10A/W) indicated by
the closed triangle in Fig. 8.6. When Vr = 0, the photosensitivity was too low
to be measured. When Vr was low, for example, Vr = –1 V, the photosensitivity
was about 2.5 × 10−5 A/W, and therefore, the value of 0.10A/W above shows
that the photosensitivity at Vr = 0 was amplified by a factor of at least 4000.
Because the photosensitivity saturated as Vr increased, no electron avalanche
effect [27] occurred. This means that there is no contribution from an avalanche
effect in the remarkable increase in photosensitivity observed when a forward
current was injected. Therefore, it was confirmed that the remarkable increase in
photosensitivity in the fabricated Si-PD was due to optical amplification based
on stimulated emission.
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8.3 Polarization Rotator

This section reviews novel polarization rotators fabricated by using ZnO and SiC
crystals. They can achieve a gigantic polarization rotation of the incident light due
to the interactions among the electrons, the DPs, and the magnetic field generated
by current injection.

8.3.1 Devices Using ZnO Crystal

Figure8.9a and b show the cross-sectional structure of the reflection-type polarization
rotator and a photograph taken from above, respectively. Although the structure of
this device is almost the same as that of the ZnO-LED fabricated by DPP-assisted
annealing, described in Sect. 7.2, Cr/Ni/Au films with a thickness of 200nm were
deposited on a transparent ITO film on the top surface in order to serve as electrodes
for injecting an in-plane current for device operation [28]. As shown in Fig. 8.10,
the current was injected into the ITO film via the electrodes. Linearly-polarized
405nm-wavelength light was normally incident on the top surface of the device and
was reflected at the Cr/Al film on the rear surface. During propagation through the
device, the polarization of the incident lightwas rotated, and the resulting polarization
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Fig. 8.9 Cross-sectional profile (a) and photograph (b) of reflection-type polarization rotator using
ZnO crystal

Fig. 8.10 Device operation
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rotationwas observed as an intensity variation of the reflected light after transmission
through a Glan-Thompson prism.

Figure8.11a shows images of the temporally varying reflected light spot. The
brightness difference between the upper and lower images in this figure corresponds
to a variation of π/2 radians in the polarization rotation angle. Curve A in Fig. 8.11b
shows the measured temporal variation of the light intensity. Curve B shows that the
frequency and amplitude of the sinusoidal voltage, applied to the device for current
injection, were 0.1Hz and 18V, respectively. This figure shows that the polarization
was rotated by more than 6 π radians by increasing the applied voltage to 18V.

Themeasured relation between the injection current I and the polarization rotation
angle θrot is shown in Fig. 8.12, which shows that the value of θrot was as large as
20 π radians at I = 100mA. Such a gigantic polarization rotation is induced by the
magnetic field generated by the current injected to the ITO film, and thus, it did
not require any external strong magnetic field, unlike the polarization rotation using
the conventional magneto-optical effect. Also, it did not require a long propagation
length of the incident light. The effective propagation length for the modulation was
less than 5µm.

A transmission-type device has been also developed [29]. Its cross-sectional struc-
ture is shown in Fig. 8.13a. Although the structure is basically the same as that of
the reflection-type device, an aperture was formed at the center of the Cr/Al film
on the rear surface to allow the light transmission through the device. Figure8.13b
is a photograph of a two-dimensional array in which four devices are arranged.
The closed circles in Fig. 8.14 show the measured temporal variation of the light

Fig. 8.11 Experimental
results. a Images of the
reflected light, projected on a
screen after passing through
a Glan-Thompson prism. θrot
represents the polarization
rotation angle. b Temporal
variation of the output light
intensity (curve A) and
applied voltage (curve B)
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Fig. 8.12 Measured relation
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Fig. 8.13 Cross-sectional profile (a) and photograph (b) of the transmission-type polarization
rotator formed of a two-dimensional array of four devices

Fig. 8.14 Temporal
variation of the transmitted
light intensity (closed
circles) and applied voltage
(line A)
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intensity transmitted through one of the devices in the array and subsequently through
the Glan-Thompson prism. Here, as shown by line A, the frequency and amplitude
of the applied sawtooth voltage were 1Hz and 10V, respectively. This figure shows
that the value of θrot was changed by as much as 4 π radians by varying the applied
voltage from −10 to +10V.

An additional novel phenomenon is shown in Fig. 8.15a; here, a noticeable vari-
ation was observed in the light spot patterns during application of a voltage with
a frequency of 5Hz. This was due to the induced modulation of the focal position
of the transmitted light. The equivalent refractive index change of the ZnO crystal
for this modulation was evaluated and is shown in Fig. 8.15b. The refractive index
change, as evaluated from this figure, was as large as 15% by applying a voltage of
20V. This novel refractive index change has been used for high-speed reduction of
laser-speckle noise for application to laser displays and related systems [29].
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Fig. 8.15 Refractive index change. a Transmitted light spot patterns. The upper and lower patterns
were obtained at applied voltages of 0V and 20V, respectively. b Relation between the applied
voltage and the refractive index change
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Fig. 8.16 Cross-sectional profile (a) and photograph (b) of the reflection-type polarization rotator
using SiC crystal. The red circle in (b) represents a spot of normally incident light

8.3.2 Devices Using SiC Crystal

Figure8.16a and b show the cross-sectional structure of a reflection-type polarization
rotator using SiC crystal [30] and photograph of the device taken from above, respec-
tively. Although the structure is almost the same as that of the SiC-LED described
in Sect. 6.2, it is inverted, resulting in the SiC substrate being the top layer. Further-
more, an H-shaped electrode formed of a Cr/Pt/Au stripe film was deposited on the
top surface, as shown in Fig. 8.16b. The ITO film was not used here, unlike the ZnO
device in Sect. 8.3.1. By irradiating the device with light having a wavelength of
405nm and a power of 20mW, DPP-assisted annealing was carried out to fabricate
the device.

For the device operation, a current was injected to the H-shaped electrode to inject
electrons and generate a magnetic field. The spatial distribution of the magnetic flux
density B⊥ (the upward blue arrow in Fig. 8.17a) normal to the top surface, was
evaluated by numerical simulation. Figure8.17b shows the result, where the injection
current was 30mA.

http://dx.doi.org/10.1007/978-3-319-42014-1_6
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Fig. 8.17 Magnetic flux density generated by the current injected into the H-shaped electrode. a
Schematic illustration of the profile of the H-shaped electrode formed of a Cr/Pt/Au stripe film on
the top surface. The upward arrow represents the normal component B⊥ of the generated magnetic
flux density. b Calculated spatial distribution of B⊥, where the injection current was 30mA. The
red circle represents a spot of normally incident light
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Fig. 8.18 Measured temporal variation of the light intensity and the estimated values of the polariza-
tion rotation angle θrot . a Closed circles represent the measured reflected light intensity transmitted
through the Glan-Thompson prism. The line A is the waveform of the triangular current injected
into the device. Its frequency and amplitude were 166Hz and 30mA, respectively. b The relation
between B⊥ and θrot

In order to measure the polarization rotation angle θrot , linearly polarized 405nm-
wavelength light was made normally incident on the top surface of this device. The
red circles in Figs. 8.16b and 8.17b represent the incident light beam spot. The value
of B⊥ at this spot was evaluated to be 1.8 mT from Fig. 8.17b. The light reflected
from theCr/Ni/Aufilmon the rear surfacewas transmitted through aGlan-Thompson
prism in order to measure the temporal variation of the light intensity. Closed circles
in Fig. 8.18a represent the results of these measurements. Here, as shown by line
A, the frequency and amplitude of the triangular current injected into the device
were 166Hz and 30mA, respectively. The measured relation between B⊥ and θrot is
derived from this variation and is represented by the closed circles in Fig. 8.18b. The
solid line A in this figure was fitted to these circles. From the slope of the line A, the
change of the polarization rotation angle per unit change of the injection current was
evaluated to be 600 deg/A, which is 105–106 times larger than the Verdet constants
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Fig. 8.19 Magnetization
curve, measured at 27 ◦C
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of conventional paramagnetic materials that are transparent in the visible region
[31, 32].

The right-pointing arrow inFig. 8.18b indicates that θrot saturated as B⊥ increased,
as has been widely observed in conventional ferromagnetic materials. The saturated
value corresponds to the Faraday rotation angle, which is as large as 7800deg/cm.
Furthermore, the downward arrow indicates the threshold value of B⊥, which is 0.36
mT. This threshold corresponds to the remanent magnetization in the conventional
ferromagnetic material. As was the case in Sect. 8.3.1, it is also possible to fabricate
a transmission-type device.

The magnetic properties of the device in Fig. 8.16 were evaluated in order to find
the origin of the novel ferromagnetic properties. Figure8.19 shows themagnetization
curvemeasured at 27 ◦C [30]. Here, the appliedmagnetic field H (Oe) is proportional
to the current injected to the device. The solid squares represent the measured values
of the inducedmagnetization per unit volume,M (emu/cm2), whichwere acquired by
the SQUID at room temperature. The solid curves were fitted to them. These results
clearly exhibit a hysteresis characteristic which is inherent to the ferromagnetic
materials.

The existence of this characteristic proves that the semiconductor SiC crystal
behaves as a ferromagnetic material as a result of the DPP-assisted annealing. This
behavior originates from the formation of the Al atom pairs (Al dimers), as was the
case in forming the B atom pairs in a Si crystal described in Sect. 3.3. This origin
can be understood by referring to the following two research findings: (1) It has been
found that the triplet state of the electron orbital in the Al atom pair is more stable
than the singlet state [33]; and (2) two electrons with parallel spins in the triplet state
induce the ferromagnetic characteristic [34].

References

1. O. Svelto, Principles of Lasers, 2nd edn. (Plenum Press, New York, 1982)
2. N. Wada, T. Kawazoe, M. Ohtsu, Appl. Phys. B 108, 25 (2012)
3. E. Shl, Nonequilibrium Phase Transitions in Semiconductors (Springer, Berlin, 1987)
4. M. Meier, S. Karg, W. Riess, J. Appl. Phys. 82, 1961 (1997)

http://dx.doi.org/10.1007/978-3-319-42014-1_3


138 8 Other Devices

5. J. Katz, S. Margalit, C. Harder, D. Wilt, A. Yariv, J. Quantum Electron. 17, 4 (1981)
6. G. Bjork, Yamamoto. J. Quantum Electron. 27, 2386 (1991)
7. E. Finkman, M.D. Sturge, R. Bhat, J. Lumin. 35, 235 (1986)
8. V. Zwiller, T. Aichele, W. Seifert, J. Persson, O. Benson, Appl. Phys. Lett. 82, 1509 (2003)
9. K. Okamoto, I. Niki, A. Scherer, Y. Narukawa, T. Mukai, Y. Kawakami, Appl. Phys. Lett. 87,

071102 (2005)
10. M.E. Levinshtein, S.L. Rumyantsev, M. Shur, Handbook Series on Semiconductor Parameters

1 (World Scientific Publishing, Singapore, 1996)
11. A. Loudon, P.A. Hiskett, G.S. Buller, Opt. Lett. 27, 219 (2002)
12. C. Cremer, N. Emeis, M. Schier, G. Heise, G. Ebbinghaus, L. Stoll, I.E.E.E. Photon, Tech.

Lett. 4, 108 (1992)
13. A.F. Phillips, S.J. Sweeney, A.R. Adams, P.J.A. Thijs, I.E.E.E.J. Sel, Top. Quantum Electron

5, 401 (1999)
14. J.E. Carey, C.H. Crouch, M. Shen, E. Mazur, Opt. Lett. 30, 1773 (2005)
15. M.W. Geis, S.J. Spector, M.E. Grein, R.T. Schulein, J.U. Yoon, D.M. Lennon, C.M. Wynn,

S.T. Palmacci, F. Gan, F.X. Kartner, T.M. Lyszczarz, Opt. Express 15, 16886 (2007)
16. M.W. Geis, S.J. Spector, M.E. Grein, R.T. Schulein, J.U. Yoon, D.M. Lennon, F. Gan, F.X.

Kartner, T.M. Lyszczarz, I, IEEE Photon. Technol. Lett. 19, 152 (2007)
17. T. Baehr-Jones, M. Hochberg, A. Scherer, Opt. Express 16, 1659 (2008)
18. H. Chen, X. Luo, A.W. Poon, Appl. Phys. Lett. 95, 171111 (2009)
19. M. Lee, C. Chu, Y. Wang, Opt. Lett. 26, 160 (2001)
20. M. Cassalino, L. Sirleto, L. Moretti, M. Gioffre, G. Coppola, Appl. Phys. Lett. 92, 251104

(2008)
21. T. Tanabe, K. Nishiguchi, E. Kuramochi, M. Notomi, Appl. Lett. 96, 101103 (2010)
22. B. Shi, X. Liu, Z. Chen, G. Jia, K. Cao, Y. Zhang, S. WWang, C. Ren. J. Zhao Appl. Phys. B

93, 873 (2008)
23. H. Tanaka, T. Kawazoe, M. Ohtsu, Appl. Phys. B 108, 51 (2012)
24. S. Yukutake, T. Kawazoe, T. Yatsui, W. Nomura, K. Kitamura, M. Ohtsu, Appl. Phys. B 99,

415 (2010)
25. J.D. Schaub, J. Lightwave Technol. 19, 272 (2001)
26. T. Saitoh, T. Mukai, IEEE J. Quantum Electron. 23, 1010 (1987)
27. R.J. McIntyre, I.E.E.E. Trans, Electron Devices 13, 164 (1966)
28. N. Tate, T. Kawazoe, W. Nomura, M. Ohtsu, Sci. Reports 5, 12762 (2015)
29. N. Tate, T. Kawazoe, S. Nakashima, W. Nomura, M. Ohtsu, IDW 15, Otsu, Japan, December

9-11, (2015)
30. T. Kawazoe, N. Tate, and M. Ohtsu, IDW 15, Otsu, Japan, December 9-11 (2015)
31. Ed. by National Astronomical Observatory, Chronological Scientific Tables 2005 (Maruzen

Co., Tokyo, 2005) p.447
32. B.E.A. Saleh, M.C. Teich, Fundamentals of Photonics (Wiley, New York, 1991)
33. T.H. Upton, J. Phys. Chem. 90, 754 (1986)
34. A. Pajca, Chem. Rev. 94, 871 (1994)



Appendix A
Physical Picture of Dressed Photons

In order to understand the properties of dressed photons (DPs), this appendix investi-
gates the interactions between photons and electrons in a nanometric space by taking
the properties of photons reviewed in Sect. 1.2 into account. For this investigation,
multiple nanomaterials, arranged in close proximity to each other and illuminated
by a real photon, are considered. By considering the case of two nanomaterials for
simplicity, the energy transfer between them and detection of this energy transfer are
formulated. The present discussion deals with the case where the separation between
the two nanomaterials is much shorter than the optical wavelength but sufficiently
long to prevent electron tunneling. Therefore, the energy is transferred not by elec-
tron tunneling but by the electromagnetic interaction. This appendix describes the
physical picture of photons that mediate this interaction and energy transfer [1].

It should be noted that the two nanomaterials and the light cannot be treated
independently. This is because the nanomaterials emit or absorb virtual photons
driven by fluctuations in the electromagnetic field, e.g., zero-point fluctuations of the
vacuum. These absorption and emission processes, which have been called virtual
processes, violate the energy conservation law; however, they are consistent with the
Heisenberg uncertainty principle.As a result of these virtual processes, nanomaterials
are covered with a cloud of virtual photons, and the clouds of virtual photons on the
two nanomaterials spatially overlap each other.

When the nanomaterials are in excited states, conventional theories such as per-
turbation theories cannot be employed for describing the interaction because real
photons (propagating light) are emitted in addition to the virtual photons. Although
several theoretical attempts have been made to describe this interaction, no suffi-
ciently accurate theory, including a proper description of the relaxation process, has
been established. This appendix presents a novel theory for virtual photons around
nanomaterials, even in the excited states.An advantage of this theory is that the energy
transfer between the nanomaterials can be described by the emission or absorption
of DPs, as will be described later.

In the following parts of this appendix, several properties of photons created
around nanomaterials will be discussed by analyzing the interactions between pho-
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tons, electrons, and positive holes in the nanomaterials. A serious problem, however,
is that a cavity cannot be defined in a sub-wavelength sized nanometric space, unlike
the conventional quantum theory of light. In order to solve this problem, an infinite
number of electromagnetic modes, with infinite frequencies, polarization states, and
energies, must be assumed. Due to this assumption, an infinite number of energy
states must be also assumed for the electrons and holes.

Under illumination with a real photon having photon energy �ω0, the interaction
between a photon and an electron-hole pair in nanometric space can be described by
a multipolar Hamiltonian

Ĥ =
∑

kλ

�ωkâ
†
kλâkλ +

∑

α>F,β<F

(
Eα − Eβ

)
b̂†αβ b̂αβ + Ĥint. (A.1)

The first term represents the photon energy generated in the nanometric space, which
is given by the sum of the infinite number of photon modes with angular frequency
ωk, polarization state λ, and energy �ωk. Here, the subscript k represents the wave-
vector, and âkλ and â†kλ are its annihilation and creation operators, respectively, which
satisfy a commutation relation

[
âkλ, â

†
k′λ′

]
= δkk′δλλ′ , (A.2)

where δkk′ and δλλ′ are Kronecker deltas.
The second term represents the energy of the electron–hole pair, which is also

given by the sum of the energies of the electron–hole pairs of the infinite number of
energy states, identified by the subscripts α and β. The energy difference Eα − Eβ

represents the bandgap energy in the case of a semiconductor, and F represents the
Fermi energy level. The operators

b̂αβ = Sêαĥβ (A.3a)

b̂†αβ = S∗ê†αĥ
†
β (A.3b)

respectively represent the simultaneous annihilation and creation of the electron and
hole; i.e., they represent the annihilation and creation operators of the electron–
hole pair. Here, S and S∗ are complex numbers for representing the time inversion
symmetry and its complex conjugate, respectively. Their absolute values are unity.
êα and ê†α are the annihilation and creation operators of the electron in the energy
levelα. ĥβ and ĥ

†
β , on the other hand, are those of the hole in the energy level β. Since

the electron–hole pair is a boson, its operators b̂αβ and b̂†αβ satisfy the commutation
relation

[
b̂αβ, b̂†α′β′

]
= δαα′δββ′ (A.3c)
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The third term of (A.1) represents the energy of the interaction between the photon
and the electron–hole pair, which is given by

Ĥint = −
∫

ψ̂† (r) p (r) ψ̂ (r) · D̂⊥ (r) dv, (A.4)

where p (r) is an electric dipole moment. ψ̂ (r) is an annihilation operator for the
field of the electron–hole pair, which is expressed as

ψ̂ (r) =
∑

α>F

ϕeα (r) êα +
∑

β<F

ϕhβ (r) ĥβ, (A.5)

by using the state functionsϕeα (r) andϕhβ (r) of the electron and hole. The field cre-
ation operator ψ̂† (r) is the Hermitian conjugate of (A.5). When these field operators
are inserted into (A.4), only the operators of simultaneous annihilation, êαĥβ , or cre-
ation, ê†αĥ

†
β , of the electron and hole are retained, and (A.3a)–(A.3c) are used. D̂⊥ (r)

is the transverse component of the electric displacement operator of the incident real
photon, which is perpendicular to the wave-vector k. This operator is expressed as

D̂⊥ (r) = i
∑

k

2∑

λ=1

Nkekλ (k)
{
âkλ (k) eik·r − â†kλ (k) e−ik·r

}
, (A.6)

where plane waves were used for the mode functions. Here, Nk and ekλ (k) are
a proportionality constant and the unit vector along the direction of polarization,
respectively. Inserting (A.5) and (A.6) into (A.4) yields the interaction Hamiltonian

Ĥint = −i
∑

kλ

Nk

∑

α>F,β<F

∫
(ϕ∗

hβϕeα ( p · ekλ (k)) b̂αβ

+ϕ∗
eαϕhβ ( p · ekλ (k)) b̂†αβ)

[
âkλe

ik·r − â†kλe
−ik·r

]
dv

= −i
∑

kλ

Nk

∑

α>F,β<F

{∫
ϕ∗

hβϕeαe
ik·r ( p · ekλ (k)) b̂αβ âkλ

+
∫

ϕ∗
eαϕhβe

ik·r ( p · ekλ (k)) b̂†αβ âkλ

−
∫

ϕ∗
hβϕeαe

−ik·r ( p · ekλ (k)) b̂αβ â
†
kλ

−
∫

ϕ∗
eαϕhβe

−ik·r ( p · ekλ (k)) b̂†αβ â
†
kλ

}
dv. (A.7)

By representing the spatial Fourier transform of the electric dipole moment as
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ρβαλ (k) =
∫

ϕ∗
hβ (r)ϕ

eα
(r) ( p (r) · ekλ (k)) eik·rdv, (A.8)

ραβλ (k) =
∫

ϕ∗
eα (r)ϕ

hβ

(r) ( p (r) · ekλ (r)) eik·rdv, (A.9)

(A.7) is transformed to

Ĥint = −i
∑

kλ

Nk

∑

α>F.β<F

{ρβαγ (k)b̂αβ âkλ + ραβλ (k) b̂†αβ âkλ

−ρ∗
αβλ (k) b̂αβ â

†
kλ − ρ∗

βαλ (k) b̂†αβ â
†
kλ}

= −i
∑

kλ

Nk

∑

α>F,β<F

{ [
ρβαγ (k) b̂αβ + ραβλ (k) b̂†αβ

†
]
âkλ

−
[
ρ∗

αβλ (k) b̂αβ + ρ∗
βαλ (k) b̂†αβ

†
]
â†kλ

}
. (A.10)

Furthermore, by using

γ̂αβλ (k) = ρ∗
αβλ (k) b̂αβ + ρ∗

βαλ (k) b̂†αβ, (A.11)

γ̂†
αβλ (k) = ραβλ (k) b̂†αβ + ρβαλ (k) b̂αβ, (A.12)

(A.10) is simply expressed as

Ĥint = −i
∑

kλ

Nk

∑

α>F,β<F

(
γ̂†

αβλ(k)âkλ − γ̂αβλ(k)â
†
kλ

)
. (A.13)

After inserting (A.13) into (A.1), a unitary transform operator

Û = eŜ (A.14a)

is used for diagonalizing the total Hamiltonian Ĥ . Here, the relation

Û † = Û−1 (A.14b)

holds, and Ŝ is an anti-Hermitian operator, which is defined by

Ŝ = −i
∑

kλ

Nk

∑

α>F,β<F

(
γ̂†

αβλ (k) âkλ + γ̂αβλ (k) â†kλ
)

(A.15)

satisfying the relation Ŝ = −Ŝ†. Applying (A.14a) to Ĥ in (A.1) yields the diago-
nalized Hamiltonian
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H̃ = Û−1 ĤÛ =
∑

kλ

∑

α>F,β<F

[
�ω

′
kã

†
kλãkλ +

(
E

′
α − E

′
β

)
b̃†αβ b̃αβ

]
. (A.16)

This equation means that new normal vibrations with angular frequencies ω
′
k and(

E
′
α − E

′
β

)
/� are created as a result of the coupling of the two harmonic oscillators

in (A.1), which have the angular frequencies ωk and
(
Eα − Eβ

)
/�. In the first term

of (A.16), �ω
′
k, ãkλ, and ã†kλ represent the eigenenergy, annihilation operator, and

creation operator of a new quantum, respectively. In the second term, E
′
α − E

′
β , b̃αβ ,

and b̃†αβ represent those of another new quantum. The annihilation operator ãkλ in
the first term can be derived by using the formula

ãkλ = Û−1âkλÛ = âkλ +
[
âkλ, Ŝ

]
+ 1

2!
[[
âkλ, Ŝ

]
, Ŝ

]
+ · · ·. (A.17)

Since the relation

[
âkλ, Ŝ

]
=

⎡

⎣âkλ,−i
∑

kλ

Nk

∑

α>F,β<F

(
γ̂αβλ (k) â†kλ

)
⎤

⎦

= −i Nk

∑

α>F,β<F

γ̂αβγ (k)

= −i Nk

∑

α>F,β<F

(
ρ∗

αβλ (k) b̂αβ + ρ∗
βαλ (k) b̂†αβ

)
(A.18)

is derived by using the commutation relation of (A.2), inserting (A.18) into (A.17)
and retaining the term of the lowest order of Ŝ gives

ãkλ = âkλ − i Nk

∑

α>F,β<F

(
ρ∗

αβλ (k) b̂αβ + ρ∗
βαλ (k) b̂†αβ

)
. (A.19)

Similarly,

ã†kλ = Û−1â†kλÛ = â†kλ +
[
â†kλ, Ŝ

]
+ 1

2!
[[
â†kλ, Ŝ

]
, Ŝ

]
+ · · ·, (A.20)

giving

ã†kλ = â†kλ + i Nk

∑

α>F,β<F

(
ραβλ (k) b̂†αβ + ρβαλ (k) b̂αβ

)
. (A.21)

The right-hand side of (A.19) indicates that the operator b̂αβ of the electron–hole
pair is added to the photon operator âkλ. This means that the field represented by the
operator ãkλ on the left-hand side is not the real photon but the photon dressing the
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material energy, i.e., the energy of the electron–hole pair. Finally, annihilation and
creation operators of the dressed photon (DP) are obtained by summing ãkλ and ã†kλ
with respect to k and λ, i.e.,

ã =
∑

kλ

ãkλ (A.22a)

and

ã† =
∑

kλ

ã†kλ. (A.22b)

The quantitiesραβλ (k),ρ∗
αβλ (k),ρβαλ (k),ρ∗

βαλ (k), andρ∗
βαλ (k) in the second

and third terms of (A.19) and (A.21) indicate that the DP is created as a result of
the interaction between the photon and the electron–hole pair. Also, the extent of
the interaction range is given by the spatial distributions of ϕ∗

eα (r)ϕhβ (r) and
ϕ∗

hβ (r) ϕeα (r) inραβλ (k) andρβαλ (k)of (A.8) and (A.9).However, amoredetailed
estimation of the interaction range is required becauseϕeα (r) andϕhβ (r) are nothing
more than the state functions of the electron and hole, respectively, whose penetration
length outside the nanomaterial surface is very short. A detailed discussion of the
interaction range will be given in Appendix B, in which the interaction range is
shown to be equivalent to the size of the nanomaterial. That is, the effect of the
DP spreads throughout a nanometric space whose volume is equivalent to that of
the nanomaterial. In the process of this derivation, a physical picture of the virtual
photons will be given in relation to the energy conservation law.

By using the DP annihilation and creation operators, the interaction between the
two nanomaterials can be represented by the energy transfer, i.e., the annihilation
of a DP from the first nanomaterial and its creation on the second nanomaterial,
or in other words, emission and absorption of the DP. Here, since the range of
interaction mediated by the DP is equivalent to the size of the nanomaterial, emission
and absorption of the DP is realized by keeping the separation between the two
nanomaterials as short as their sizes. This energy transfer can be regarded as tunneling
of the DP.

Annihilation and creation operators b̃αβ and b̃†αβ in (A.16) are also derived in a
similar way and are expressed as

b̃αβ = Û−1b̂αβÛ = b̂αβ − i
∑

kλ

(
ραβλ (k) âkλ + ρ∗

βαλ (k) â†kλ
)
, (A.23a)

b̃†αβ = Û−1b̂†αβÛ = b̂†αβ − i
∑

kλ

(
ρβαλ (k) âkλ + ρ∗

αβλ (k) â†kλ
)
. (A.23b)
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By summing with respect to α and β, the operators
∑

α>F,β<F
b̃αβ and

∑
α>F,β<F

b̃†αβ

represent the electron–hole pair dressing the photon energy. However, since the sepa-
ration between the two nanomaterials is sufficiently long to avoid electron tunneling,
the interaction between the two nanomaterials is described by the absorption and
emission of the DP, and, thus, the operators ã and ã† are used in the following
discussions.

Unlike an exciton-polariton in a macroscopic material, since the wave-number,
momentum, and resulting phase are not conserved in the nanometric space, anni-
hilation (ã) and creation (ã†) of the DP do not occur temporally or spatially in
an anti-correlated manner to the annihilation and creation of the electron–hole pair
(

∑
α>F,β<F

b̃αβ and
∑

α>F,β<F
b̃†αβ). That is, their wave amplitudes in the classical picture

are represented not by simple sinusoidal functions but by temporally and spatially
modulated function. The angular frequencies ω

′
k in the first term of (A.16) are for

such a modulation sideband component of the photon. As a dual relation, in the
second term, the eigenenergy E

′
α − E

′
β is also for the modulation sideband of the

electron–hole pair.

Reference

1. M. Ohtsu, Dressed Photons (Springer, Berlin, 2013), pp. 11–18



Appendix B
Range of Interaction Mediated by Dressed
Photons

The end of Appendix A described the sidebands of the eigenenergy, generated as a
result of the temporal modulation feature of the DP field. As the next step, this appen-
dix describes the spatial modulation feature. Although, for simplicity, the nanomate-
rials are assumed to be isolated from the outside in Appendix A, actual nanomaterials
are surrounded by, for example, a macroscopic substrate on which they are fixed or
a macroscopic host crystal in which they are buried. Furthermore, the incident real
photon is also treated as a macroscopic electromagnetic field. In short, since actual
nanomaterials are always surrounded by a macroscopic system composed of macro-
scopic materials and electromagnetic fields, the contribution from the macroscopic
system must be considered in analyzing the interaction between the nanomaterials
and the resultant energy transfer. This appendix discusses the electromagnetic inter-
action between such nanomaterials surrounded by a macroscopic system. It should
be noted that it is also difficult to define a cavity for quantization because the nano-
materials are in a nanometric system, and, more complicatedly, they couple with
the surrounding macroscopic material. This appendix describes in detail the spatial
modulation feature of DPs by solving these complicated problems [1].

In order to derive the effective interaction energy between the two nanomaterials
surrounded by the macroscopic system, the effects originated from the macroscopic
system are renormalized by using the projection operator method. This effective
interaction is called a near-field optical interaction [2, 3]. As a result of renormaliza-
tion, the energy of the near-field optical interaction between the two nanomaterials
as a function of their separation r will be given by (B.44); i.e., it is expressed by a
Yukawa function

Vef f = e−r/a

r
, (B.1)

where a represents the interaction range. This range is equivalent to the size of
the nanomaterial and does not depend on the wavelength of the applied incident
light. This means that the DP is localized on the surface of the nanomaterial, and
therefore, the electromagnetic interaction between the nanomaterials is interpreted
as originating from the DP energy transfer between them [4–6]. In the following
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sections, an equation representing the near-field optical interaction is derived by
using an effective interaction operator V̂e f f based on the projection operator method
[2, 7].

The light–matter interaction system under consideration here is composed of two
subsystems. One is a nanometric subsystem composed of two nanomaterials. The
other is a macroscopic subsystem including the incident real photon, whose size
is much larger than the wavelength of the incident light. They interact with each
other. Here, the nanometric subsystem is called a relevant subsystem n, and the
macroscopic subsystem an irrelevant subsystem M . Since the interaction induced in
subsystem n is to be analyzed, it is essential to renormalize the effects originating
from subsystem M in a consistent and systematic way. The following description
reviews a formulation based on the projection operator method.

B.1 Bare Interaction and Effective Interaction

The operator V̂ of the interaction between nanomaterials s and p surrounded by
subsystem M is expressed in the multipolar formalism under the electric dipole
approximation as

V̂ = − 1

ε0

{
p̂s · D̂⊥ (rs) + p̂p · D̂⊥ (

rp
)}

, (B.2)

Here, p̂α (α = s, p) is an electric dipole operator. The positions of the nanomaterials
s and p are denoted by rs and rp, respectively. The transverse component of the
electric displacement operator of the incident real photon is expressed as D̂⊥ (r),
which has been given in (A.6).

Exciton-polariton states are employed as a basis to describe subsystemM because
the incident light reaches and excites the nanomaterials s and p after propagating
through themacroscopicmaterial. For this purpose, after the annihilation and creation
operators in (A.6) are rewritten using the exciton-polariton operators ξ̂ (k) and ξ̂† (k),
they are inserted into (B.2). Using the electric dipole operator defined by

p̂α =
{
b̂ (rα) + b̂† (rα)

}
pα, (B.3)

with the annihilation and creation operators b̂ (rα) and b̂† (rα) of the electron–hole
pair (exciton) in subsystem n and the transition dipole moments pα yields the bare
interaction operator in the exciton-polariton picture:

V̂ = −i
p∑

α=s

∑

k

√
�

2ε0V

(
b̂ (rα) + b̂† (rα)

) (
Kα (k) ξ̂ (k) − K ∗

α (k) ξ̂† (k)
)

.

(B.4)
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Here, ε0 is the dielectric constant in vacuum, and V is the volume of the cavity
in subsystem M for describing the exciton-polariton. Kα (k) and K ∗

α (k) are the
coupling coefficients between subsystem n and the exciton-polariton in subsystem
M , given by

Kα (k) =
2∑

λ=1

( pα · eλ (k)) f (k) eik·rα , (B.5)

where eλ (k) is a unit vector along the direction of polarization of light. The wave-
number dependence of f (k) will be rewritten as (B.38).

In order to derive the effective interaction energy, it is preferable to express the
state |ψ〉 of the total system in terms of a basis whose degree of freedom is as low
as possible. For this purpose, the total system is divided into two functional spaces.
One is called the relevant P space. The other is the complementary space to the P
space, which is called Q space. The next step is to evaluate the energy of the effective
interaction exerted in the P space after tracing out the exciton-polariton degree of
freedom:

Vef f = 〈
φP f

∣∣ V̂e f f |φPi 〉 . (B.6)

The two states 〈φPi | and
∣∣φP f

〉
on the right-hand side of this equation are the initial

and final states in the P space before and after the interaction, respectively, both
of which are eigenstates of the unperturbed Hamiltonian. The effective interaction
operator V̂e f f on the right-hand side of this equation is expressed by using the bare
interaction operator V̂ of (B.4):

V̂e f f =
∑

j

p̂V̂ Q̂
∣∣φQ j

〉 〈
φQ j

∣∣ Q̂V̂ P̂

(
1

E0
Pi − E0

Q j

+ 1

E0
P f − E0

Q j

)
. (B.7)

Using this expression, (B.6) is given by

Vef f =
∑

j

〈
φP f

∣∣ P̂ V̂ Q̂
∣∣φQ j

〉 〈
φQ j

∣∣ Q̂V̂ P̂ |φPi 〉
(

1

E0
Pi − E0

Q j

+ 1

E0
P f − E0

Q j

)
.

(B.8)

Here, P̂ is the projection operator, which is defined by using the basis
{∣∣φP j

〉}
in the

P space as
P̂ =

∑

j

∣∣φP j
〉 〈

φP j

∣∣. (B.9)

This projection operator transforms the arbitrary state |ψ〉 into the P space spanned
by the basis

{∣∣φP j
〉}
. The complimentary operator Q̂ is defined by using the basis{∣∣φQ j

〉}
in the Q space as
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Q̂ =
∑

j

∣∣φQ j
〉 〈

φQ j

∣∣. (B.10)

The eigenenergies of the initial and final states in the P space are denoted by E0
Pi and

E0
P f , respectively. The eigenenergy of the intermediate state in the Q space is E0

Q j .

On the right-hand side of (B.7), the bare interaction operator V̂ is placed between
the projection operators P̂ and Q̂, which represents the screening effect by the P and
Q spaces. Furthermore, the right-hand side of (B.8) represents the virtual transition
from the initial state |φPi 〉 in the P space to the intermediate state

∣∣φQ j
〉
in the Q

space, and the successive virtual transition from this intermediate state
∣∣φQ j

〉
to the

final state
∣∣φP f

〉
in the P space.

B.2 Magnitude of Effective Interaction Energy

As the initial state |φPi 〉 in the P space, it is assumed that the electron–hole pairs
(excitons) in the nanomaterials s and p in subsystem n are in their excited and ground
states |sex 〉 and

∣∣pg

〉
, respectively. In addition, the exciton-polariton states, which are

used as bases to describe subsystem M , are in their vacuum state
∣∣0(M)

〉
. Therefore,

the initial state in the P space is expressed as

|φPi 〉 = |sex 〉
∣∣pg

〉 ⊗ ∣∣0(M)

〉
, (B.11)

where the symbol ⊗ represents the direct product. By the energy transfer from
the nanomaterial s to nanomaterial p as a result of the interaction, the electron–
hole pairs (excitons) in the nanomaterials s and p transition to the ground and
excited states

∣∣sg
〉
and |pex 〉, respectively. The exciton-polariton in subsystem M

is also in the vacuum state
∣∣0(M)

〉
. Therefore, the final state

∣∣φP f
〉
in the P space is

expressed as ∣∣φP f
〉 = ∣∣sg

〉 |pex 〉 ⊗ ∣∣0(M)

〉
. (B.12)

The basis
{∣∣φP j

〉}
in the P space is spanned by the two states given by (B.11) and

(B.12). Other states cannot be employed for the basis because they violate the energy
conservation law in subsystem n in the process of interaction.

On the other hand, the complimentaryQ space is composed ofmany states, includ-
ing states that violate the energy conservation law in subsystem n, and therefore, they
are not employed for the basis of the P space. That is, the basis

{∣∣φQ j
〉}

of the Q
space is spanned by

∣∣φQ1n
〉 = ∣∣sg

〉 ∣∣pg

〉 ⊗ ∣∣n(M)

〉
(B.13a)

and
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∣∣φQ2n
〉 = |sex 〉 |pex 〉 ⊗ ∣∣n(M)

〉
. (B.13b)

Here,
∣∣n(M)

〉
represents the state in which n(M) quanta of exciton-polaritons exist in

subsystem M . However, as will be described immediately after presenting (B.20),
since only the state

∣∣1(M)

〉
gives a nonzero value of the effective interaction energy,

the states with
∣∣1(M)

〉
are extracted from (B.13a) and (B.13b) and expressed as

∣∣φQ11
〉

and
∣∣φQ21

〉
. Furthermore, for consistency of expression with (B.7),

∣∣φQ11
〉
and

∣∣φQ21
〉

are written as

∣∣φQ1
〉 = ∣∣sg

〉 ∣∣pg

〉 ⊗ ∣∣1(M)

〉
(B.14a)

and

∣∣φQ2
〉 = |sex 〉 |pex 〉 ⊗ ∣∣1(M)

〉
. (B.14b)

By noting that the relations

P̂
∣∣φP j

〉 = ∣∣φP j
〉

(B.15)

and
Q̂

∣∣φQ jn
〉 = ∣∣φQ jn

〉
( j = 1, 2) (B.16)

hold due to (B.9) and (B.10), one can derive

〈
φQ jn

∣∣ Q̂V̂ P̂ |φPi 〉 = 〈
φQ jn

∣∣ V̂ |φPi 〉 (B.17)

and 〈
φP f

∣∣ P̂ V̂ Q̂
∣∣φQ jn

〉 = 〈
φP f

∣∣ V̂
∣∣φQ jn

〉
. (B.18)

When the bare interaction operator V̂ of (B.4) is inserted into these equations, the
annihilation and creation operators b̂ (rα) and b̂† (rα) of the electron–hole pair (exci-
ton) apply only to

∣∣n(M)

〉
(n(M) = 0, 1, 2, . . .), and those of the exciton-polariton,

ξ̂ (k) and ξ̂† (k) apply only to
∣∣sg

〉
, |sex 〉,

∣∣pg

〉
, and |pex 〉. From (B.11)–(B.14) one can

derive

〈
φQ1n

∣∣ V̂ |φPi 〉 = −i
p∑

α=s

∑

k

√
�

2ε0V

〈
sg

∣∣ 〈pg

∣∣ ⊗ 〈
n(M)

∣∣
(
b̂ (rα) + b̂† (rα)

)

×
(
Kα (k) ξ̂ (k) − K ∗

α (k) ξ̂† (k)
)

|sex 〉
∣∣pg

〉 ⊗ ∣∣0(M)

〉

= −i
∑

k

√
�

2ε0V
Ks (k) (B.19)

and
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〈
φP f

∣∣ V̂
∣∣φQ1n

〉 = −i
p∑

α=s

∑

k

√
�

2ε0V

〈
sg

∣∣ 〈pex | ⊗ 〈
0(M)

∣∣
(
b̂ (rα) + b̂† (rα)

)

×
(
Kα (k) ξ̂ (k) − K ∗

α (k) ξ̂† (k)
) ∣∣sg

〉 ∣∣pg

〉 ⊗ ∣∣n(M)

〉

= i
∑

k

√
�

2ε0V
K ∗

p (k) . (B.20)

Here, only the term n(M) = 1 gives a nonzero value in the second rows of (B.19)

and (B.20) because
〈
0(M)

∣∣
(
b̂ (rα) + b̂† (rα)

) ∣∣n(M)

〉 = 0 (n(M) �= 1), which leads

to the third rows. Therefore, the ( j = 1)th term on the right-hand side of (B.8) is
expressed as

〈
φP f

∣∣ P̂ V̂ Q̂
∣∣φQ1

〉 〈
φQ1

∣∣ Q̂V̂ P̂ |φPi 〉
(

1

E0
Pi − E0

Q1

+ 1

E0
P f − E0

Q1

)

=
∑

k

�

2ε0V
Ks (k) K ∗

p (k)

(
1

E0
Pi − E0

Q1

+ 1

E0
P f − E0

Q1

)
. (B.21)

In order to similarly express the ( j = 2)th term on the right-hand side of (B.8),
the relations

〈
φQ2n

∣∣ V̂ |φPi 〉 = −i
p∑

α=s

∑

k

√
�

2ε0V
〈sex | 〈pex | ⊗ 〈

n(M)

∣∣
(
b̂ (rα) + b̂† (rα)

)

×
(
Kα (k) ξ̂ (k) − K ∗

α (k) ξ̂† (k)
)

|sex 〉
∣∣pg

〉 ⊗ ∣∣0(M)

〉

= i
∑

k

√
�

2ε0V
K ∗

p (k) (B.22)

and

〈
φP f

∣∣ V̂
∣∣φQ2n

〉 = −i
p∑

α=s

∑

k

√
�

2ε0V

〈
sg

∣∣ 〈pex | ⊗ 〈
0(M)

∣∣
(
b̂ (rα) + b̂† (rα)

)

×
(
Kα (k) ξ̂ (k) − K ∗

α (k) ξ̂† (k)
)

|sex 〉 |pex 〉 ⊗ ∣∣n(M)

〉

= −i
∑

k

√
�

2ε0V
Ks (k) (B.23)
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are used, which are similar to (B.19) and (B.20), respectively. Then, the ( j = 2)th
term is expressed as

〈
φP f

∣∣ P̂ V̂ Q̂
∣∣φQ2

〉 〈
φQ2

∣∣ Q̂V̂ P̂ |φPi 〉
(

1

E0
Pi − E0

Q2

+ 1

E0
P f − E0

Q2

)

=
∑

k

�

2ε0V
Ks (k) K ∗

p (k)

(
1

E0
Pi − E0

Q2

+ 1

E0
P f − E0

Q2

)
. (B.24)

By summing (B.21) and (B.24), (B.8) is rewritten as

Vef f (s → p) =
∑

k

�

2ε0V
Ks (k) K ∗

p (k)

(
1

E0
Pi − E0

Q1

+ 1

E0
P f − E0

Q1

+ 1

E0
Pi − E0

Q2

+ 1

E0
P f − E0

Q2

)
. (B.25)

Here Vef f on the left-hand side of (B.8) was rewritten as Vef f (s → p) in order to
represent that energy is transferred from the nanomaterial s to the nanomaterial p.
By replacing the sum for the wave-vector k by the integral V

(2π)3

∫ ∞
0 dk, the symbol

V is eliminated from this equation, yielding

Vef f (s → p) = �
2

(2π)3ε0

∫ ∞

0
dkKs (k) K ∗

p (k)

(
1

E0
Pi − E0

Q1

+ 1

E0
P f − E0

Q1

+ 1

E0
Pi − E0

Q2

+ 1

E0
P f − E0

Q2

)
. (B.26)

By denoting the eigenenergies of the states
∣∣sg

〉
, |sex 〉,

∣∣pg

〉
, and |pex 〉 in the nanoma-

terials s and p by Es,g , Es,ex , Ep,g , and Ep,ex , and by denoting the eigenenergy of
the state

∣∣1(M)

〉
in the exciton-polariton by E (k), one obtains

E0
Pi − E0

Q1 = (
Es.ex + Ep,g

) − (
Es,g + Ep,g + E (k)

)

= (
Es.ex − Es,g

) − E (k) = − (E (k) − Es) , (B.27a)

E0
Pi − E0

Q2 = (
Es.ex + Ep,g

) − (
Es,ex + Ep,ex + E (k)

)

= − (
Ep.ex − Ep,g

) − E (k) = − (
E (k) + Ep

)
, (B.27b)

E0
P f − E0

Q1 = (
Es.g + Ep,ex

) − (
Es,g + Ep,g + E (k)

)

= (
Ep.ex − Ep,g

) − E (k) = − (
E (k) − Ep

)
, (B.27c)
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E0
P f − E0

Q2 = (
Es.g + Ep,ex

) − (
Es,ex + Ep,ex + E (k)

)

= − (
Es.ex − Es,g

) − E (k) = − (E (k) + Es) . (B.27d)

Here, the difference Eα,ex − Eα,g between the eigenenergies of the excited state
(Eα,ex ) and ground state (Eα,g)was replacedwith the transition energy Eα(α = s, p).
Inserting these into (B.26) yields

Vef f (s → p) = − �
2

(2π)3ε0

∫ ∞

0
dkKs (k) K ∗

p (k)
(

1

E (k) − Es
+ 1

E (k) − Ep

+ 1

E (k) + Ep
+ 1

E (k) + Es

)
. (B.28)

By exchanging the subscripts of the nanomaterials s and p in order to assume the
initial and final states

|φPi 〉 = ∣∣sg
〉 |pex 〉 ⊗ ∣∣0(M)

〉
(B.29)

and ∣∣φP f
〉 = |sex 〉

∣∣pg

〉 ⊗ ∣∣0(M)

〉
, (B.30)

the energy Vef f (p → s) transferred from the nanomaterial p to the nanomaterial s
can be derived in the same manner as above, and is given by

Vef f (p → s) = − �
2

(2π)3ε0

∫ ∞

0
dkKp (k) K ∗

s (k)
(

1

E (k) − Ep
+ 1

E (k) − Es

+ 1

E (k) + Es
+ 1

E (k) + Ep

)
. (B.31)

Furthermore, inserting (B.5) into (B.28) and (B.31) and summing them gives

Vef f (r) = − �
2

(2π)3ε0

2∑

λ=1

∫ ∞

0
f 2 (k) dk ( ps · eλ (k)) eik·(rs−rp)

(
pp · eλ (k)

)

×
(

1

E (k) − Es
+ 1

E (k) − Ep
+ 1

E (k) + Ep
+ 1

E (k) + Es

)

= − �
2

(2π)3ε0

2∑

λ=1

p∑

α=s

∫ ∞

0
( ps · eλ (k))

(
pp · eλ (k)

)
f 2 (k)

×
(

1

E (k) + Eα
+ 1

E (k) − Eα

)
eik·rdk, (B.32)

where r = rs − rp.
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B.3 Summation and Integration for Deriving a Yukawa
Function

First, as a result of summation with respect to polarization state λ and the integral
with respect to the azimuth angles ϑ and φ of k, the effective interaction energy is
expressed as

Vef f (r) = − �
2

(2π)2ε0

∫ ∞

−∞
k2dk f 2 (k)

p∑

α=s

(
1

E (k) + Eα
+ 1

E (k) − Eα

)

×
{(

ps · pp
)
eik·r

(
1

ikr
+ 1

k2r2
− 1

ik3r3

)

− ( ps · ur )
(
pp · ur

)
eik·r

(
1

ikr
+ 3

k2r2
− 3

ik3r3

)}
, (B.33)

where ur = r/r .
Second, as a result of averaging over the azimuth angle of the electric dipole

moment, the effective interaction energy is expressed as

Vef f (r) = − 2�
2 ps pp

3(2π)2ε0

∫ ∞

−∞
k2dk f 2 (k)

×
p∑

α=s

(
1

E (k) + Eα
+ 1

E (k) − Eα

)
eik·r

ikr
. (B.34)

The eigenenergy Eα of the nanomaterial α (= s, p) is expressed as Eα =
p2α/2mα, where pα and mα are the momentum and effective mass of the exciton,
respectively. Inserting pα = h/aα into this expression yields

Eα = 1

2mα

(
h

aα

)2

, (B.35)

where aα is the size of the nanomaterial. On the other hand, the energy E (k) is
assumed to follow the dispersion relation

E (k) = Em + (�k)2

2mpol
, (B.36)
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where mpol and Em are the effective mass of the exciton-polariton and the eigenen-
ergy of the exciton of subsystem M , respectively. In the case of a semiconduc-
tor, for example, Em corresponds to the bandgap energy Eg . The nanomaterials in
subsystem n are excited by a real photon whose photon energy is adjusted to be
lower than Em in order to avoid absorption by the macroscopic subsystem M . By
adjusting the photon energy in this way, the light propagates through subsystem
M without attenuating its power and successfully reaches subsystem n. Under this
transparent situation, Em can be excluded from (B.36), and the energy of the exciton-
polariton of subsystem M , contributing the effective interaction energy, is simply
expressed as

E (k) = (�k)2

2mpol
. (B.37)

By using this equation, the term f (k) in (B.5) is given by

f (k) =
ck

√
�

2mpol√
�2

2m2
pol
k2 − c2

, (B.38)

where c is the speed of light in vacuum. By using (B.37), (B.34) is expressed as

Vef f (r) = − 2�
2 ps pp

3(2π)2ε0

∫ ∞

−∞
k2dk f 2 (k)

p∑

α=s

2mpol

�2

×
{

1

(k + iΔα+) (k − iΔα+)

1

(k + iΔα−) (k − iΔα−)

}
eik·r

ikr

≡
p∑

α=s

[
Vef f,α+ (r) + Vef f,α− (r)

]
(B.39)

where

Δα± ≡ 1

�

√
2mpol (±Eα). (B.40)

Finally, after taking the complex integral over k, by noting the pole of the first order
k = iΔα± and by rewriting f (k) in (B.39) as f (iΔα±), Vef f,α+ (r) and Vef f,α− (r)
in the third row of (B.39) are expressed as

Vef f,α± (r) = ∓ ps pp

3 (2π) ε0
Wα±(Δα±)2

e−Δα±r

r
, (B.41)

where

Wα± ≡ mpolc2(
mpolc2 ± Eα

) . (B.42)
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Inserting (B.41) and (B.42) into (B.39) yields

Vef f (r) = − ps pp

3 (2π) ε0

p∑

α=s

[
Wα+(Δα+)2

e−Δα+r

r
− Wα−(Δα−)2

e−Δα−r

r

]
, (B.43)

which is the expression for the effective interaction energy, representing the spa-
tial modulation feature of the DP. As a result of this interaction, the exciton in the
nanomaterial emits a real photon after time γ−1

rad , which is the inverse of the radiative
relaxation rate γrad , depending on the structure and size of the nanomaterial. Then,
the emitted real photon, i.e., the scattered light, can be detected in the far field.

Equation (B.43) is composed of two terms. By noting (B.40), it is found that the
first term is merely the Yukawa function

Y (Δα+) =
exp

(
−2π

√
mpol

mα

r
aα

)

r
, (B.44)

as has been shown in (B.1), which was derived becauseΔα+ takes a real number. The
value of this function decreases rapidlywith increasing r . The interaction range, i.e.,a
in (B.1), is found to be (aα/2π)

√
mα/mpol from this equation, which is proportional

to the size aα of the nanomaterial α. Thus, (B.44) means that the electromagnetic
field exists on the surface of the nanomaterial α within a range that depends on
the material size. In other words, the nanomaterial α is covered with a localized
electromagnetic field cloud. The effective interaction energy mediated by the DP is
represented by this function Y (Δα+).

The second term is given by the function

Y (Δα−) =
exp

(
−i2π

√
mpol

mα

r
aα

)

r
, (B.45)

which was derived because Δα− takes an imaginary number. The numerator of this
equation sinusoidally oscillates with period λα = aα

√
mα/mpol by varying r . This

means that (B.45) represents a spherical wave with wavelength λα. However, this is
not the real photon to be detected in the far field, and furthermore, the wavelength λα

is not correlated with the wavelength of the real photon incident on the nanomaterial
α. Equation (B.45) originates from the fact that no boundary conditions are set on
the nanomaterial. That is, the spatial distribution of the electromagnetic field is,
in general, determined by the boundary conditions if the wavelength is sufficiently
short. However, because no boundary conditions are set in the present case, (B.45)
means that an oscillatory electromagnetic field leaks out from the surface of the
nanomaterial. It is expected that this leaking field can be eliminated by using a more
detailed theoretical model with accurate boundary conditions in the future.
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Now, (B.44) and (B.45) are compared from the viewpoint of the energy transfer
between the subsystems n and M . Equation (B.28) means that (B.44) originates
from the transition from the initial state |φPi 〉 of (B.11) to the final state

∣∣φP f
〉
of

(B.12) via the intermediate state
∣∣φQ2

〉
of (B.14b). Here, in the initial state |φPi 〉, the

nanomaterial p is in the ground state
∣∣pg

〉
, and the exciton-polariton in subsystem

M is in the vacuum state
∣∣0(M)

〉
. First, by the transition from the initial state |φPi 〉

to the intermediate state
∣∣φQ2

〉
, the nanomaterial p is excited to the excited state

|pex 〉, and one exciton-polariton is generated in subsystem M ; i.e., it is excited to the
state

∣∣1(M)

〉
. Therefore, this transition violates the energy conservation law because

the two subsystems increase their energies simultaneously. Next, by the transition
from the intermediate state

∣∣φQ2
〉
to the final state

∣∣φP f
〉
, the nanomaterial s is de-

excited from the excited state |sex 〉 to the ground state
∣∣sg

〉
, and the exciton-polariton

in subsystem M is also de-excited from the state
∣∣1(M)

〉
to the vacuum state

∣∣0(M)

〉
.

Therefore, this transition also violates the energy conservation law because the two
subsystems decrease their energies simultaneously.

On the other hand, (B.28) also means that (B.45) originates from the transition
from the initial state |φPi 〉 of (B.11) to the final state

∣∣φP f
〉
of (B.12) via the inter-

mediate state
∣∣φQ1

〉
of (B.14a). Here, in the initial state |φPi 〉, the nanomaterial s is

in the excited state |sex 〉, and the exciton-polariton in subsystem M is in the vacuum
state

∣∣0(M)

〉
. First, by the transition from the initial state |φPi 〉 to the intermediate

state
∣∣φQ1

〉
, the nanomaterial s is de-excited to the ground state

∣∣sg
〉
. Since the sin-

gle exciton-polariton is simultaneously generated in subsystem M , i.e., is excited
to the state

∣∣1(M)

〉
, this transition follows the energy conservation law. Next, by the

transition from the intermediate state
∣∣φQ1

〉
to the final state

∣∣φP f
〉
, the nanomaterial

p is excited from the ground state
∣∣pg

〉
to the excited state |pex 〉, and the exciton-

polariton in subsystem M is de-excited from the state
∣∣1(M)

〉
to the vacuum state∣∣0(M)

〉
. Therefore, this transition also follows the energy conservation law.

Because the two successive transitions of (B.44) violate the energy conservation
law, these transition processes are called virtual processes. This violation is allowed
within a very short durationΔt . In other words, the Heisenberg uncertainty principle
ΔEΔt ≥ � allows a large energy uncertainty ΔE if Δt is small. Therefore, within a
sufficiently short duration, the vacuum fluctuations can trigger the successive tran-
sitions from the initial state to the intermediate state, and then to the final state, even
though they violate the energy conservation law. Since the DP energy is transferred
by these transitions, the DP is also called a virtual photon.

The second term in the third row in (B.32) corresponds to (B.45). It is easily found
that it becomes infinity if E (k) = Eα because its denominator is E (k) − Eα. The
transition process represented by this term is called a resonant process. On the other
hand, the first term corresponds to (B.44). The relevant transition process is called
a non-resonant process because the denominator of this term is E (k) + Eα, which
takes a finite value at E (k) = Eα.
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B.4 Size-Dependent Resonance and Hierarchy

The terms Y (Δs+) and Y
(
Δp+

)
are picked up from (B.43) and used in order to

discuss the spatial properties of DPs. In the future, it is expected that a more-detailed
theoreticalmodelwill be able to eliminate the leaking electromagnetic field of (B.45),
and therefore, the terms Y (Δs−) and Y

(
Δp−

)
are excluded in the discussion. The

effective interaction energy is thus expressed as

Vef f (r) = − ps pp

3 (2π) ε0
W+

⎧
⎪⎨

⎪⎩

exp
(
− r

a′
s

)

a ′2
s r

+
exp

(
− r

a′
p

)

a ′2
p r

⎫
⎪⎬

⎪⎭
, (B.46a)

where

a
′
α = aα

2π
√
mpol/mα

(α = s, p) . (B.46b)

Here, W+α in (B.43) was rewritten as W+ by removing the subscript α because
it does not strongly depend on the size of the nanomaterial aα. Furthermore, the
relation Δα+ = 1/a

′
α was used based on (B.35) and (B.40). In the case where the

center-to-center separation between the nanomaterials s and p is rsp, the magnitude
of the detectable real photon energy, generated as a result of the interaction, is given
by the volume integral of the spatial derivative ∇r Vef f

(
rp − rs

)
of (B.46a), which

is given by

I
(
rsp

) =
∣∣∣∣
∫∫

∇rp Vef f
(
rp − rs

)
d3rsd

3rp

∣∣∣∣
2

=
(

ps pp
3 (2π) ε0

W+
)2

[
8π

p∑

α=s

a
′2
α

{
as
a′
α

cosh

(
as
a′
α

)
− sinh

(
as
a′
α

)}

×
{
ap
a′
α

cosh

(
ap
a′
α

)
− sinh

(
ap
a′
α

)}(
a

′
α

rsp
+ a

′2
α

r2sp

)
exp

(
− rsp

a′
α

)]2

. (B.47)

In order to convert this to the real photon intensity, the right-hand side is divided by(
a3s + a3p

)2
so that the resultant quantity has dimensions of optical power per unit

area and is expressed a

Id
(
rsp

) = 1
(
a3s + a3p

)2

[ p∑

α=s

a
′2
α

{
as
a′
α

cosh

(
as
a′
α

)
− sinh

(
as
a′
α

)}

×
{
ap
a′
α

cosh

(
ap
a′
α

)
− sinh

(
ap
a′
α

)}(
a

′
α

rsp
+ a

′2
α

r2sp

)
exp

(
− rsp
a′
α

)]2

, (B.48)
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where, for simplicity, all the constants appearing on the left of the symbol
∑p

α=s in
(B.47) have been removed.

Now, the value of 2π
√
mpol/mα in the denominator of (B.46b) must be estimated.

The effective mass mα of the exciton in the nanomaterial α can be assumed to be
0.5m0 in the case of a semiconductor [8], where m0 is the mass of the electron
in vacuum. On the other hand, the effective mass mpol of the exciton-polariton in
subsystem M can be assumed to be (0.004–0.03)m0 based on experimental and
theoretical considerations by taking polariton–polariton scattering into account [9,
10]. Using the values ofmα andmpol assumed above, the value of 2π

√
mpol/mα can

be estimated to be 0.56–1.54, which is close to unity. Based on this estimation, (B.48)
represents that the light intensity takes the maximum if ap is close to as , a feature
called size-dependent resonance, which means that the interaction energy takes the
maximum when the sizes of the nanomaterials s and p are equal.

Size-dependent resonance means that the magnitude of the energy transfer medi-
ated by the DP takes the maximum when the sizes of the nanomaterials s and p are
equal. On the other hand, it has been pointed out that the separation between the
nanomaterials s and p must be as short as their sizes because the interaction range
mediated by the DP is equivalent to the sizes of the nanomaterials. For these reasons,
one finds that the energy transfer mediated by a DP gains a unique feature, named
hierarchy.

That is to say, if there is a material s with a complicated shape (its size may not
necessarily be nanometric) in the proximity of the nanomaterial p of size ap, and
if their separation is as short as ap, the energy is preferably transferred from the
nanomaterial p to the part of the material s whose size is equal to ap. On the other
hand, if there exists another nanomaterial p′ of size a ′

p in proximity to the material
s, and if their separation is as short as a

′
p, the energy is preferably transferred to

the other part of the material s whose size is equal to a
′
p. Furthermore, these two

channels of the preferable energy transfers do not interfere with each other. Thus, it
is found that the energy transfer between small materials located in close proximity
is independent of the energy transfer between larger materials located farther away.
This feature is called the hierarchy, which means that different energy transfer occurs
independently for different material sizes and separations.
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Appendix C
Coupling Dressed Photons and Phonons

C.1 Novel Molecular Dissociation and the Need
for a Theoretical Model

It has been pointed out that a novel molecular dissociation is possible when the
molecules are excited by DPs. When DPs are created at the apex of a tapered glass
fiber probe by injecting light from the tail of the probe, gaseous molecules jumping
into the DP field are dissociated even though the photon energy of the injected light
is lower than both the excitation energy Eex and the dissociation energy Edis .

Although themolecule is not dissociated bypropagating lightwith a photon energy
lower than Edis , it will be found from the theoretical model described below that the
molecule, when jumping into the DP field at the probe apex, absorbs not only the DP
energy but also phonon energy [1, 2]. That is, the molecule can receive energy from
phonons, exciting molecular vibrations, while the electrons remain in the ground
state. As a result, the molecule gains vibrational energy by phonon absorption, and
the excitation exceeds the potential barrier even though low-photon-energy light is
injected into the tail of the probe.

However, it should be noted that the phonon energy is several tens ofmeV,which is
about 1/100th of Edis . Accordingly, multiple phonons need to be absorbed for disso-
ciating the molecule. Here, if only one phonon is exchanged per interaction between
the molecule and the probe apex, the probability of absorbing multiple phonons is
very low because it is a multi-step process. Therefore, for theoretically explaining the
unique experimental results based on the absorption of multiple phonons, it should
be assumed that multiple phonons cohere with each other, and thus, multiple phonons
are exchanged per interaction between the molecule and the probe apex.

Based on the assumptions above, it can be considered that the molecule interacts
not only with the DP but also with phonons. This means that a quasi-particle, that is,
a coupled state of the DP and phonons, is created at the probe apex, and the energy
of this quasi-particle is exchanged between the molecule and the probe apex. This
appendix gives theoretical formulations for describing this quasi-particle.
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In order to study the interaction between the molecule and the probe apex, the
probe apex is approximated as a one-dimensional material, and its one-dimensional
lattice vibration is analyzed. Here, it should be noted that the size of this material
is finite because this approximation is applied only to the probe apex. Since the
representative size of the probe is the radius of curvature a of the apex (corresponding
to the constant a in the Yukawa function of (B.1) in Appendix B), the probe is coarse-
grained with this size.

Constituent elements of the probe apex, assumed as a result of coarse-graining,
are called “atoms” for convenience, and they are connected by springs. The number
of atoms is finite and is denoted by N . The mechanical motions of these atoms
correspond to the lattice vibrations, whose system Hamiltonian is expressed as

H =
N∑

i=1

p2i
2mi

+
N−1∑

i=1

k

2
(xi+1 − xi )2 +

∑

i=1,N

k

2
x2i , (C.1)

where xi , pi , and mi are the displacement from an equilibrium point, its conjugate
momentum, and the mass of an atom at site i , respectively, and k is the spring
constant. Both ends (i = 1 and i = N ) of the spring are assumed to be fixed, and
one-dimensional longitudinal motions are considered in the following. Therefore,
these lattice vibrations correspond to longitudinal acoustic and optical phonons. In
the case of a three-dimensional material, two transverse acoustic phonons and two
transverse optical phonons have to be also taken into account.

By rewriting the Hamiltonian in terms of the normal coordinate yp, which is
given by

xi = 1√
mi

N∑

p=1

Pip yp, (C.2)

and the conjugate momentum π p = (d/dt) yp, and moreover, by replacing them
with the corresponding operators ŷp and π̂ p for quantization, one has

Ĥ
(
ŷ, π̂

) =
N∑

p=1

π̂2
p

2
+

N∑

p=1

Ω2
p

ŷ2p
2

. (C.3)

Here, the commutation relation

[
ŷp, π̂q

] = ŷpπ̂q − π̂q ŷp = i�δpq (C.4)

is imposed. When the operators ĉp and ĉ†p are defined as

ĉp = 1√
2�Ωp

(
Ωp ŷp + iπ̂ p

)
, (C.5)
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ĉ†p = 1√
2�Ωp

(
Ωp ŷp − iπ̂ p

)
, (C.6)

they satisfy the boson commutation relation

[
ĉp, ĉ

†
q

] ≡ ĉpĉ
†
q − ĉ†q ĉp = δpq . (C.7)

The operators ĉp and ĉ†p respectively represent annihilation and creation operators
for a phonon with eigenenergy �Ωp. By using them, (C.3) is rewritten as

Ĥphonon =
N∑

p=1

�Ωp

(
ĉ†pĉp + 1

2

)
. (C.8)

When all the atoms are identical, that is, mi = m, the Hamiltonian of (C.1) is
diagonalized by the orthonormal matrix P with elements

Pip =
√

2

N + 1
sin

(
i p

N + 1
π

)
(1 ≤ i, p ≤ N ) , (C.9)

yielding the eigen angular frequency

Ωp = 2

√
k

m
sin

[
p

2 (N + 1)
π

]
. (C.10)

In this case, all the vibration modes are delocalized; that is, they spread over the
whole probe apex. In contrast, if there are some doped impurity atoms or defects
in the probe apex, the modes cannot be simply expressed by using the sinusoidal
functions of (C.9) and (C.10). If the masses of the impurity atoms are assumed to
be different from the other atoms, and the spring constant remains unchanged, the
behaviors of the vibration modes strongly depend on the positions of the impurity
atoms and their masses.

In particular, if the masses of the impurity atoms are smaller than those of other
atoms, special vibration modes, called localized modes, manifest themselves [3–6].
FigureC.1 shows the vibration amplitude as a function of the site number of atoms,
where the total number of sites is 30. Squares and circles represent two localized
modes with the highest and the second-highest energies of phonons, respectively,
while the triangles are for the delocalized mode with the lowest energy. In the local-
ized modes, the vibration amplitudes are large around the sites of impurity atoms,
whereas that of the delocalized mode spreads over the whole probe apex. When the
mass of the impurity atom is smaller than that of the other atoms, the phonon energies
of the localized modes are higher than those of the delocalized modes.

Since the glass fiber typically used for an actual probe is not a perfect crystal but
an amorphous material, it always contains lattice defects, as well as doped impurity
atoms. In addition, since the probe apex has a tapered profile, the effective masses of
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Fig. C.1 Vibration amplitudes of vibration modes. The number N of the mode is 30. The impu-
rity atoms are at the sites 5, 9, 18, 25, 26, and 27. Their masses are 0.5 times that of the other
atoms. �

√
k/m = 22.4meV. Squares and circles represent the first and second localized modes,

respectively. Triangles represent the delocalized mode

the atoms depend on the position in the probe apex. Therefore, high-energy localized
modes whose vibration amplitudes are spatially inhomogeneous can be created in
the probe.

C.2 Transformation of the Hamiltonian

This section discusses the interaction between the DP and phonons. That is, as a
result of the interaction with the DP, many phonons can cohere with each other, thus
enabling a unique interaction that is different from the interaction between photons
and phonons in a macroscopic material. This originates from the fact that the probe
apex is a finite system and nanometric in size.

On the other hand, the DP localizes at one site of the lattice in the probe apex,
where the extent of localization corresponds to the size of the atoms. TheHamiltonian
for this model is given by

Ĥ =
N∑

i=1

�ωã†i ãi +
{

N∑

i=1

p̂2i
2mi

+
N−1∑

i=1

k

2

(
x̂i+1 − x̂i

)2 +
∑

i=1,N

k

2
x̂2i

}

+
N∑

i=1

�χã†i ãi x̂i +
N−1∑

i=1

�J
(
ã†i ãi+1 + ã†i+1ãi

)
, (C.11)

where ãi and ã†i respectively denote the annihilation and creation operators of a
DP with energy �ω at site i in the lattice, and x̂i and p̂i respectively represent the
displacement and conjugate momentum operators of the vibration. The mass of the
atom at the site i is designated by mi , and the atoms are assumed to be connected
by springs with a spring constant k. The third and fourth terms stand for the DP–
vibration interaction with the interaction energy �χ and DP hopping with hopping
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energy �J , respectively. The quantities χ and J are called the coupling constant and
hopping constant, respectively.

After the vibration field is quantized in terms of phonon operators of mode p and
eigenenergy (ĉ†p, ĉp, �Ωp), (C.11) can be rewritten as

Ĥ =
N∑

i=1

�ωã†i ãi +
N∑

p=1

�Ωpĉ
†
pĉp +

N∑

i=1

N∑

p=1

�χi pã
†
i ãi

(
ĉ†p + ĉp

)

+
N−1∑

i=1

�J
(
ã†i ãi+1 + ã†i+1ãi

)
, (C.12)

with the coupling constant χi p at the site i for the phonon of mode p. The site-
dependent coupling constant χi p is expressed by the original coupling constant χ of
(C.11):

χi p = χPip

√
�

2miΩp
. (C.13)

In addition to (C.7), annihilation and creation operators for a DP and a phonon satisfy
the boson commutation relations as follows:

[
ãi , ã

†
j

]
= δi j ,

[
ãi , ĉp

] = [
ãi , ĉ

†
p

] =
[
ã†i , ĉp

]
=

[
ã†i , ĉ

†
q

]
= 0,

[
ãi , ã j

] =
[
ã†i , ã

†
j

]
= [

ĉp, ĉq
] = [

ĉ†p, ĉ
†
q

] = 0. (C.14)

Based on the discussions in Sect.C.1, in the probe apex, there are localized
phonons, which govern the spatial features of the DP. However, (C.12) is not easily
handled because of the third power of the operators in the third term. To overcome
this difficulty, this termwill be eliminated by diagonalizing a part of the Hamiltonian
using a unitary transformation [7–9].

For this diagonalization, an anti-Hermitian operator Ŝ is used which is defined as

Ŝ =
N∑

i=1

N∑

p=1

χi p

Ωp
ã†i ãi

(
ĉ†p − ĉp

)
(C.15)

Unitary operators Û for the unitary transformation are given by

Û = eŜ. (C.16)
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These operators lead us to the exact transformation of the annihilation and creation
operators for the DP and phonons:

α̂†
i ≡ Û †ã†i Û = ã†i exp

⎧
⎨

⎩−
N∑

p=1

χi p

Ωp

(
ĉ†p − ĉp

)
⎫
⎬

⎭ , (C.17a)

α̂i ≡ Û †ãi Û = ãi exp

⎧
⎨

⎩

N∑

p=1

χi p

Ωp

(
ĉ†p − ĉp

)
⎫
⎬

⎭ , (C.17b)

β̂†
p ≡ Û †ĉ†pÛ = ĉ†p +

N∑

p=1

χi p

Ωp
ã†i ãi , (C.18a)

β̂p ≡ Û †ĉpÛ = ĉp +
N∑

p=1

χi p

Ωp
ã†i ãi . (C.18b)

These transformed operators can be regarded as the creation and annihilation oper-
ators of a new quasi-particle, which represents the coupled state of the DP and
phonons. Since they are derived by a unitary transformation, they satisfy the same
boson commutation relations as those of the DP and phonons:

[
α̂i , α̂

†
j

]
= Û †ãi Û Û †ã†j Û − Û †ã†j Û Û †ãi Û = Û †

[
ãi , ã

†
j

]
Û = δi j , (C.19)

[
β̂p, β̂

†
q

]
= δpq , (C.20)

[
α̃i , β̃p

]
=

[
α̃i , β̃

†
p

]
=

[
α̃†
i , β̃p

]
=

[
α̃†
i , β̃

†
p

]
= 0, (C.21a)

[
α̃i , α̃ j

] =
[
α̃†
i , α̃

†
j

]
=

[
β̃p, β̃q

]
=

[
β̃†
p, β̃

†
q

]
= 0. (C.21b)

Using these creation and annihilation operators, the Hamiltonian of (C.12) can be
rewritten as

Ĥ =
N∑

i=1

�ωα̂†
i α̂i +

N∑

p=1

�Ωpβ̂
†
pβ̂p −

N∑

i=1

N∑

j=1

N∑

p=1

�χi pχ j p

Ωp
α̂†
i α̂i α̂

†
j α̂ j

+
N−1∑

i=1

�

(
Ĵi α̂

†
i α̂i+1 + Ĵ †

i α̂†
i+1α̂i

)
, (C.22)

with
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Ĵi = J exp

⎧
⎨

⎩

N∑

p=1

(
χi p − χi+1p

)

Ωp

(
β̂†
p − β̂p

)
⎫
⎬

⎭ . (C.23)

In order to create a physical picture of the new quasi-particle, the creation operator
α̂†
i is applied to the vacuum state |0〉. Then, from (C.17a) one derives

α̂†
i |0〉 = ã†i exp

⎧
⎨

⎩−
N∑

p=1

χi p

Ωp

(
ĉ†p − ĉp

)
⎫
⎬

⎭ |0〉

= ã†i

N∏

p=1

exp

{
−χi p

Ωp

(
ĉ†p − ĉp

)} |0〉

= ã†i

N∏

p=1

exp

{
−1

2

(
χi p

Ωp

)2
}
exp

(
−χi p

Ωp
ĉ†p

)
|0〉 . (C.24)

The third row of this equation represents that the state of the DP at site i is associated
with multimode coherent phonons. In other words, it means that the DP is dressed
by the energies of an infinite number of phonons. When β̂†

p is applied to the vacuum
state |0〉, one has

β̂†
p |0〉 = ĉ†p |0〉 (C.25)

which is expressed only by the bare phonon operator ĉ†p (before the transformation)
of the same mode p. That is, the phonon is not affected by the DP. Therefore, in the
following discussions, it is possible to focus on the quasi-particle expressed by α̂†

i
and α̂i .

The coherent state means that an infinite number of quasi-particles cohere with
each other. Since it is not an eigenstate of the Hamiltonian, the number of quasi-
particles fluctuates. When the light is injected into the probe apex, the phonons are
excited by this fluctuation. If the phonons are in the vacuum state and theDP is created
at site i in the one-dimensional lattice by the injected light, the initial condition of
the system at time t = 0 is expressed as |ψ〉 = ã†i |0〉 ≡ α̂†

i |γ〉. Under this condition,
the probability that the phonons still stay in the vacuum state at time t is given by

P ′ (t) =
∣∣∣∣〈ψ| exp

(
− i H ′t

�

)
|ψ〉

∣∣∣∣
2

, (C.26a)

fromwhich the probability of exciting the phonons of the mode p is given by P (t) =
1 − P ′ (t), i.e.,
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P (t) = 1 − exp

{
2

(
χi p

Ωp

)2 [
cos

(
Ωpt

) − 1
]
}

. (C.26b)

Here, the hopping term was neglected for simplicity. This means that the Ĥ ′ in
(C.26a) corresponds to the Hamiltonian of (C.22), from which the fourth term was
excluded.

The probability expressed by (C.26b) oscillates with the period 2π/Ωp and takes
the maximum at time t = π/Ωp. Since the frequencies of the localized modes are
larger than those of the delocalizedmodes, the delocalizedmodes are excited after the
excitation probability of the localized modes reaches the maximum. The excitation
probability pp0 (t) for the localized and delocalizedmodes, respectively, is calculated
from

pp0 (t) = P (t : p = p0) P ′ (t : p �= p0)

=
[
1 − exp

{
2

(
χi p0

Ω p0

)2 [
cos

(
Ω p0 t

) − 1
]
}]

× exp

⎧
⎨

⎩
∑

p �= p0

2

(
χi p

Ωp

)2 [
cos

(
Ωpt

) − 1
]
⎫
⎬

⎭ , (C.27)

where a specific phonon mode p0 is excited, and other modes remain in the vacuum
state. It is found that the localized mode is excited soon after the light is injected,
and then the excitation probability of the delocalized mode gradually increases.
Furthermore, the localizedmode is not excited if the DP is not created at the localized
site, i.e., at the impurity site. The excitation probabilities of other modes gradually
increase triggered by the fluctuations. In summary, the localizedmodes can be excited
by the fluctuations in the number of phonons if the phonons are in the coherent state.

C.3 Localization Mechanism of Dressed Photons

The expectation value
〈
x̂ j

〉
i of the displacement x̂ j of site j is derived when the DP

is localized at site i (state α̂†
i |0〉). Here, the state α̂†

i |0〉 is expressed, using (C.24),
as

α̂†
i |0〉 = ã†i A exp

⎛

⎝
N∑

p=1

γi pĉ
†
p

⎞

⎠ |0〉 (C.28)

with

γi p = −χi p

Ωp
, (C.29a)
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A = exp

⎧
⎨

⎩−1

2

N∑

p=1

γ2
i p

⎫
⎬

⎭ . (C.29b)

By noting that the coherent state is the eigenstate of the annihilation operator and
is normalized, the expectation value

〈
x̂ j

〉
i
is

〈
x̂ j

〉
i = 〈0| α̂i x̂ j α̂

†
i |0〉

= 〈0| ãi A exp

⎛

⎝
N∑

p′=1

γi p′ ĉp′

⎞

⎠
N∑

p=1

Pjp
�

2m jΩp

×(
ĉ†p + ĉp

)
A exp

⎛

⎝
N∑

p′′=1

γi p′′ ĉ†p′′

⎞

⎠ ã†i |0〉

=
N∑

p=1

2γi p Pip
�

2m jΩp

= −
N∑

p=1

�χPip Pjp√
mim jΩ2

p

= − 2

χ

N∑

p=1

χi pχ j p

Ωp

. (C.30)

By inserting this into the third term of (C.22), the Hamiltonian is rewritten as

Ĥ =
N∑

i=1

�ωα̂†
i α̂i +

N∑

p=1

�Ωpβ̂
†
pβ̂p +

N∑

i=1

N∑

j=1

�χ

2

〈
x j

〉
i α̂

†
i α̂i α̂

†
j α̂ j

+
N−1∑

i=1

�

(
Ĵi α̂

†
i α̂i+1 + Ĵ †

i α̂†
i+1α̂i

)
. (C.31)

The third term of this equation represents the DP–phonon interaction.
By the DP-phonon interaction, the spatial behavior of the DP is drastically mod-

ified due to the localized modes of phonons. This behavior can be analyzed by
diagonalizing the first, third, and fourth terms of (C.31), which contain the opera-
tors for the DP. For this diagonalization, the mean field approximation is employed
for the third term. That is, the average value of the number of DPs is inserted into

the operator N̂i

(
= α̂†

i α̂i

)
or N̂ j

(
= α̂†

j α̂ j

)
in this term. This average value can be

assumed to be 1/N in the case when the number of DPs is unity and its field is
homogeneously distributed over the whole one-dimensional lattice. Thus, the third
term is approximated as

N∑

i=1

N∑

j=1

�χ

2

〈
x j

〉
i
α̂†
i α̂i α̂

†
j α̂ j �

N∑

i=1

N∑

j=1

�χ

2

〈
x j

〉
i

1

N
α̂†
i α̂i ≡ −

N∑

i=1

�ωi α̂
†
i α̂i . (C.32)
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The angular frequency ωi on the right-hand side is expressed as

ωi = −
N∑

j=1

χ
〈
x j

〉
i

2N
≡

N∑

j=1

N∑

p=1

�χ2Pip Pjp

2N
√
mim jΩ2

p

, (C.33)

where (C.30) was used to replace the middle part with the right-hand side.
Furthermore, for simplicity, by replacing theoperator Ĵi of (C.23)with the hopping

constant J
Ĵi = J, (C.34)

i.e., neglecting the site-dependence of the hopping, the first, third, and fourth terms
of (C.31) are expressed in a quadratic form

ĤDP =
N∑

i=1

� (ω − ωi )α̂
†
i α̂i +

N−1∑

i=1

�J
(
α̂†
i α̂i+1 + α̂†

i+1α̂i

)
, (C.35)

or in the matrix form

ĤDP = �α̂†

⎛

⎜⎜⎝

ω − ω1 J · 0
J ω − ω2 · ·
· · · J
0 · J ω − ωN

⎞

⎟⎟⎠ α̂, (C.36a)

where

α̂ =

⎛

⎜⎜⎝

α̂1

α̂2

·
α̂N

⎞

⎟⎟⎠ . (C.36b)

The effect from the phonons is involved in ωi in the diagonal elements of this matrix.
Denoting an orthonormal matrix to diagonalize the Hamiltonian of (C.36) by Q,

one has

ĤDP =
N∑

r=1

�Ωr Â
†
r Âr , (C.37)

where �Ωr is the r th eigenvalue, and the relations

Âr =
N∑

i=1

(
Q−1

)

ri

α̂i =
N∑

i=1

Qir α̂i , (C.38)

[
Âr , Â

†
s

]
≡ Âr Â

†
s − Â†

s Âr = δrs (C.39)
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hold. Using these relations, the time evolution of the number operator for the DP at
site i is derived by using

N̂i = α̂†
i α̂i =

(
N∑

r=1

Qir Â
†
r

)(
N∑

s=1

Qis Âs

)
(C.40)

and (C.39). The result is expressed in the Heisenberg representation as

N̂i (t) = exp

(
i
ĤDP

�
t

)
N̂i exp

(
−i

ĤDP

�
t

)

=
N∑

r=1

N∑

s=1

Qir Qis Â
†
r Âs exp {i (Ωr − Ωs) t}

=
N∑

r=1

N∑

s=1

Qir Qis Â
†
r Âs cos {(Ωr − Ωs) t} . (C.41)

Since N̂i (t) is a Hermitian operator, the exponential function in the second row was
replaced with the cosinusoidal function in the third row. Since one can express the
state

∣∣ψ j
〉
of the DP localized at site j at time t = 0 as

∣∣ψ j
〉 = α̂†

j |0〉 =
N∑

r=1

Q jr Â
†
r |0〉, (C.42)

the expectation value of the number ofDPs at site i at time t under the initial condition
of (C.42) is given by

〈Ni (t)〉 j = 〈
ψ j

∣∣ N̂i (t)
∣∣ψ j

〉 =
N∑

r=1

N∑

s=1

Qir Q jr Qis Q js cos {(Ωr − Ωs) t} , (C.43)

The value of 〈Ni (t)〉 j given by this equation can be regarded as the observation
probability of a DP at an arbitrary site i and time t , initially located at site j . In the
case of noDP–phonon interaction (ωi = 0) and an infinite number of sites (N → ∞),
this function is analytically expressed in terms of a Bessel function Jn(x) of the first
kind as
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〈Ni (t)〉 j = {
Jj−i (2J t) − (−1)i J j+i (2J t)

}2
. (C.44)

Here, the argument J in the Bessel function is the hopping constant. Equation (C.44)
means that the expectation value is small at sites distant from the site j at which the
DP is generated at time t = 0, and furthermore, it decreases with time. This decrease
suggests diffusion of the DP from the initial site j .

The temporal evolution of the observation probability 〈Ni (t)〉 j of a DP at each
site can be derived by summing up only the localizedmodes.Without theDP–phonon
coupling (χ = 0), the DP spreads over the whole lattice as a result of hopping, which
can be approximated by (C.44). That is, the DP is reflected at the end of the finite
lattice, and freely hops, meaning that the DP is not localized at any site. On the other
hand, with DP–phonon coupling (χ = 1.4 × 103 fs−1 nm−1), the DP slowly moves
from one impurity site to the other instead of freely hopping.

Since the effect of localization represented by χ is contained in the diagonal
elements in the Hamiltonian, whereas the hopping constant J is contained in the off-
diagonal elements, localization or hopping can be judged by comparing the values
of these constants. Since the DP is localized when ωi > J , one can derive

χ > N

√
k J

�
, (C.45)

which is the criterion for localization. Here, the relations ωi � �χ2P2
i p/NmiΩ

2
p

(obtained from (C.33)) and pi p/Ωp � √
mi/Nk (obtained from (C.9) and (C.10))

were inserted into ωi > J . It is found that the DP localizes only at the impurity sites
and its extent of localization is narrow.

Equation (C.45) represents the criterion for DP localization at a specific site by
analyzing the diagonal elements of theHamiltonian. The following part of this section
analyzes the off-diagonal elements,which are representedby the fourth termof (C.22)
with the site-dependent hopping operator as a result of the unitary transformation.
Since the site-dependence, represented by (C.23), contains the phonon operators and
thus cannot be readily treated, the mean field approximation is employed again. That
is, since the phonons are in the coherent state |γ〉, which is represented by the third

row of (C.24), the expectation value Ji
(
= 〈γ| Ĵi |γ〉

)
of the hopping operator Ĵi of

(C.23) is derived and inserted into the fourth-term of (C.22).
Since the coherent state |γ〉 of the phonons is the eigenstate of the annihilation

operator ĉp, it satisfies the relation

ĉp |γ〉 = γp |γ〉 , (C.46)

where γp is an eigenvalue. Thus, the relation

exp

(
−

∑

p

κpĉp

)
|γ〉 = exp

(
−

∑

p

κpγp

)
|γ〉 , (C.47)
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holds, where κp is a real number constant. Equations (C.46) and (C.47) lead us to
derive the expectation value Ji , which is expressed as

Ji = 〈γ| Ĵi |γ〉 = J exp

⎛

⎝−1

2

N∑

p=1

C2
i p

⎞

⎠ . (C.48a)

The constant Cip is defined by

Cip ≡ χi p − χi+1p

Ωp
. (C.48b)

Since (C.48a) does not contain the eigenvalue γp, it is found that the result of
the mean field approximation is independent of γp as long as the phonons are in the
coherent state. On the other hand, the argument in the exponential function represents
the summation of C2

i p over all the modes (p = 1 − N ) of the phonons, including
the localized modes. Therefore, all of the phonon modes will be summed up in the
following calculations. In this case, the expectation value Ji of (C.48a) corresponds
to the off-diagonal elements in the Hamiltonian of (C.36) and represents the effect
of the localized modes, i.e., the inhomogeneity of the phonon field. It is found that
the hopping constants are highly modified around the impurity sites.

It is not straightforward to grasp the possibility of localization at each site from
the time dependence of the spatial profile of the DP, and therefore, eigenstates of the
DP energy have to be investigated. The eigenstate |r〉 of the Hamiltonian with the
eigenvalue �Ωr is given by the superposition of the states α̂†

i |0〉 of the DP localized
at all sites i and expressed as

|r〉 =
N∑

i=1

Qir α̂
†
i |0〉. (C.49)

Here, the coefficient Qir is the (i, r)th element of the orthonormal matrix Q used
for diagonalizing the Hamiltonian of (C.36); i.e., this coefficient can be regarded
as the spatial coordinate representation of the eigenstate of the DP energy. Thus,
by considering the column vector of the matrix Q for representing the eigenstate
of the maximum energy, as an example, the values of the squares of this vector’s
elements, |Qir |2, are calculated and displayed in Fig.C.2. These values represent
the occupation probabilities of the DP at each site. In the absence of DP–phonon
coupling (curve A: χ = 0), the DP hops and, thus, its field is distributed over the
whole probe apex. In the case of the DP–phonon coupling (curve B: χ = 40.0 fs−1

nm−1), the DP can localize at an impurity site. Although this figure represents the
results for one mode only, there exist other modes in which the DP localizes at the
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other impurity sites. By increasing the coupling constant (curve C: χ = 54.0 fs−1

nm−1), the DP can localize at the end of the lattice (see the right end of the curve C).
This originates from the finite size of the lattice and is called the “finite-size effect”
[7–10]. In this case, besides the modes shown by the curve C, there exist several
other modes that localize at the left end or at the impurity sites. Further increases in
the coupling constant decrease the value of Ji , as is understood from (C.48a), which
suppresses the DP hopping. However, since the angular frequency ω − ωi of the DP
becomes negative if the value of χ becomes larger than a certain value, the present
theoretical model becomes invalid. The above discussions enable us to find the site
of the DP localization by analyzing the off-diagonal elements. It is found that the
curves B and C in Fig.C.2 have peaks at the impurity sites and the tails of the curves
extend to the sites that are adjacent to the relevant impurity sites. That is, the extent
of this localization is broader. Since the extent of localization is determined by the
competition between the effects of localization (χ) and hopping (J ), a larger value
of χ decreases this extent.

The “atoms” in the theoreticalmodel described above correspond to nanomaterials
whose sizes are equivalent to the radius of curvature of the probe apex, and Fig.C.2
shows that the DP field is as broad as several atomic sizes due to the coupling with the
localized modes of the phonons. The quasi-particle created by this coupling is called
a dressed-photon–phonon (DPP). When the DP is localized at the end of the lattice,
the DPP field penetrates the probe surface, and the penetration length is equivalent
to the radius of curvature at the top of the probe apex. If a gas molecule comes flying
into this penetration area, the DPP energy is transferred to the molecule and, as a
result, themolecule is excited to a vibrational excited state bymultiple phonons in the
DPP and, successively, to a higher electronic state. By these successive excitations,
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Fig. C.2 Occupation probability of the dressed photon at each site. Curves A, B, and C represent
the results for χ = 0, 40.0, and 54.0 fs−1 nm−1, respectively. The number of modes, N , is 20. The
impurity atoms are at the sites, 4, 6, 13, and 19. Their masses are 0.2-times that of the other atoms.
�ω = 1.81eV, �J = 0.5eV
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the molecule can be dissociated even though the photon energy of the light injected
into the probe is lower than the dissociation energy of the molecule. These energy
transfer and excitations are the origin of the novel dissociation phenomenon reviewed
in Sect.C.1.
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Appendix D
Photon Absorption and Emission Via Dressed
Photon–Phonons

Since the DP is a photon that is dressed by the energy of the electron–hole pair, its
eigenenergy has a large number of modulation sidebands. Among them, the eigenen-
ergy �ω

′
k of the upper sideband is larger than the photon energy �ω0 of the incident

real photon. Furthermore, since the DPP described in Appendix C is a photon that is
dressed not only by the energy of the electron–hole pair but also by the energies of the
multiple coherent phonons, it also has modulation sidebands whose number is larger
than that of the DP. Among these sidebands, the eigenenergy of the upper sideband
is larger than �ω0. Therefore, if the DPP energy is transferred from nanomaterial s to
nanomaterial p and if the electron–hole pair in nanomaterial p is resonant with one
of the upper sidebands of the DPP, the electron–hole pair is excited by absorbing the
eigenenergy. �ω

′′
k of this sideband. Since �ω

′′
k is larger than the photon energy �ωo of

the incident light, this excitation process can be regarded as energy up-conversion.
This appendix describes the fundamental processes of light absorption and emission
for this conversion. Since not only the electronic states but also the phonon states
are involved in the energy states of the nanomaterial, for simplicity, only one spe-
cific sideband component that is resonant with the phonon states is considered from
among the large number of sidebands in the following discussions.

In the operators for theDPPgiven by (C.17a) and (C.17b), the annihilation (ãi ) and
creation (ã†i ) operators for theDPare involved in the transition of the electron between
the ground state

∣∣Eg; el
〉
and the excited state |Eex ; el〉. Furthermore, the phonon

operators (ĉp, ĉ†p) in the exponential functions of (C.17a) and (C.17b) are involved
in the transition of the phonons between the thermal equilibrium state (ground state)
|Ethermal; phonon〉 and the excited state |Eex ; phonon〉. Therefore, in order to ana-
lyze the DPP-mediated interaction between nanomaterials, one has to consider the
states represented by the direct product ⊗ of the electronic state and phonon state
of the nanomaterials, e.g.,

∣∣Eg; el
〉⊗ |Ethermal; phonon〉, ∣∣Eg; el

〉⊗ |Eex ; phonon〉,
|Eex ; el〉 ⊗ |Ethermal; phonon〉, and |Eex ; el〉 ⊗ |Eex ; phonon〉. The origins of the
energy up-conversion can be analyzed in terms of these states.

For energy conversion, it is essential to excite or de-excite electrons or electron–
hole pairs. If the DPP is involved in this excitation or de-excitation, energy up-
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Conduction band
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Fig. D.1 Energy band structure of Si. Horizontal lines represent the phonon-coupled electronic
states

conversion becomes possible. This appendix discusses the two-step excitation andde-
excitation, i.e., the relation betweenDPPs and absorption, spontaneous emission, and
stimulated emission, in more detail than those reviewed in Sect. 1.3.2. In the case of
a semiconductor, for example, absorption or emission of a real photon is not possible
if its photon energy is lower than the bandgap energy Eg of the semiconductor
material, i.e., if its wavelength is longer than the cut-off wavelength λc = Eg/hc.
However, absorption or emission becomes possible if a DPP is involved, and as a
result, energy up-conversion is realized. In this case, since the real photon incident
on the material has a lower photon energy than Eg , excitation or de-excitation of
the electrons or electron–hole pairs takes place in multiple steps. Here, a two-step
process is considered for simplicity.

First, the photon absorption process is described. Since the energies of the incident
real photon and DP are lower than the bandgap energy Eg , the two-step process is
required for exciting an electron from the valence band to the conduction band, as is
shown in Fig.D.1. The steps are:

First step The initial state of the electron is the ground state
∣∣Eg; el

〉
, which corre-

sponds to the valence band in the semiconductor. On the other hand, the phonon is
in the thermal equilibrium state |Ethermal; phonon〉, which depends on the crystal
lattice temperature. Therefore, the initial state is expressed by the direct product of
these two states:

∣∣Eg; el
〉⊗|Ethermal; phonon〉. In the excitation by absorbing the

DPP, the electron is not excited to the conduction band but remains in the ground
state

∣∣Eg; el
〉
because the energies of the incident real photon and the DP are lower

than the bandgap energy Eg of the material. However, the phonon is excited to
one of the excited states |Eex ; phonon〉 depending on the DP energy, and thus,
the final state of the transition is expressed as

∣∣Eg; el
〉⊗|Eex ; phonon〉. It should

be noted that this transition is electric dipole-forbidden because the electron stays
in the ground state even after the transition. This state,

∣∣Eg; el
〉⊗ |Eex ; phonon〉,

is the intermediate state of the two-step excitation.

http://dx.doi.org/10.1007/978-3-319-42014-1_1
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Second step In the excitation from the above intermediate state to the final state,
the electron is excited to the excited state |Eex ; el〉, i.e., the conduction band.
This transition is electric dipole-allowed because it is a transition from the ground
state

∣∣Eg; el
〉
to the excited state |Eex ; el〉 of the electron. Therefore, this tran-

sition is possible not only due to the DPP but also the real photon. As a result
of this transition, the system reaches the state |Eex ; el〉 ⊗ |Eex ′ ; phonon〉, which
is represented by the direct product of the excited state |Eex ; el〉 of the electron
and the excited state |Eex ′ ; phonon〉 of the phonon. Since the phonon promptly
relaxes to the thermal equilibrium state |Ethermal; phonon〉 after this excitation,
the final state of this two-step excitation is expressed by the direct product of
the excited state of the electron and the thermal equilibrium state of the phonon:
|Eex ; el〉 ⊗ |Ethermal; phonon〉. TableD.1 summarizes the two-step absorption
process.

Second, the photon emission process is described. The two-step process is also
required in this case for the same reason as described above. Spontaneous emission
occurs by the following two steps, as is schematically explained by Fig. 1.3a and
summarized in TableD.2.

Table D.1 Two-step absorption

Table D.2 Two-step spontaneous emission

http://dx.doi.org/10.1007/978-3-319-42014-1_1
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First step The initial state is expressed by the direct product of the excited state
of the electron in the conduction band and the excited state of the phonon:
|Eex ; el〉 ⊗ |Eex ; phonon〉. De-excitation to the ground state ∣∣Eg; el

〉
of the elec-

tron, i.e., to the valence band, is an electric dipole-allowed transition because it cor-
responds to the opposite process of the second step of absorption described above.
Therefore, this emission process create not only a DPP but also a real photon. As a
result, the system reaches the intermediate state

∣∣Eg; el
〉 ⊗ |Eex ′ ; phonon〉. Here,

the excited state |Eex ′ ; phonon〉 of the phonon after DPP emission (route 1 in
TableD.2) has a much higher eigenenergy than that of the thermal equilibrium
state |Ethermal : phonon〉. This is because the DP couples with the phonon, result-
ing in phonon excitation. On the other hand, the excited state |Eex ′ ; phonon〉 of
the phonon after the real photon emission (route 2 in TableD.2) has an eigenen-
ergy as low as that of |Ethermal : phonon〉. This is because the real photon does
not couple with the phonon.

Second step This step is an electric dipole-forbidden transition because it corre-
sponds to the opposite process of the first step of absorption described above.
Thus, only the DPP is created by this emission process. As a result, the electron is
de-excited to the ground state

∣∣Eg; el
〉
, i.e., to the valence band, and the system is

expressed as
∣∣Eg; el

〉⊗ |Eex ′′ ; phonon〉.After this transition, the phononpromptly
relaxes to the thermal equilibrium state, and thus, the final state is expressed as∣∣Eg; el

〉 ⊗ |Ethermal; phonon〉.
Finally, the stimulated emission process is explained by Fig. 1.3b and summarized

in TableD.3, which are similar to Fig. 1.3a and TableD.2, respectively. The only
difference is that the DPP is incident on the electron in the conduction band to trigger
the stimulated emission for the transition from the initial state to the intermediate
state in the first step.

Table D.3 Two-step stimulated emission

http://dx.doi.org/10.1007/978-3-319-42014-1_1
http://dx.doi.org/10.1007/978-3-319-42014-1_1


Appendix E
Two-Level System Model

A two-level system model theoretically describes the transition between two states
in a complex material system, and has been popularly applied to analyze a variety
of phenomena, such as persistent hole burning (PHB) in organic glasses [1]. This
model is reviewed here and is used to describe temporal variation of the light intensity
emitted from a device fabricated by DPP–assisted annealing.

FigureE.1 shows the energy level diagram of the two-level system model used
for describing the DPP–assisted annealing process. The horizontal axis does not
represent any specific physical quantity, in contrast to that used in the PHB, which
is the configuration coordinate of the material [2]. The vertical axis represents the
electron energy. States A and B represent the electron state before and after the DPP–
assisted annealing, respectively. They are composed of two energy levels, i.e., the
ground state (

∣∣Eg A

〉
,
∣∣EgB

〉
) and excited state (|Eex A〉, |EexB〉), which respectively

correspond to the valence and conduction bands in a semiconductor. The DPP–
assisted annealing forces a transition from state A to state B. The initial |I 〉 and
final |F〉 states of this transition are

∣∣EgA
〉
and

∣∣EgB
〉
, respectively. The heights of

the potential barriers in the ground and excited states are represented by Vg and Vex ,
respectively.

As an example, the values of Vg and Vex for the SiC-LED in Sect. 6.3, have
been experimentally evaluated to be 0.53–0.63 eV and 0.10–0.11 eV, respectively
[3]. Since the potential barrier Vg is generally higher than Vex , as is represented by
this example, the transition takes place efficiently not through Vg but through the
lower potential barrier Vex after the excitation from |I 〉 (= ∣∣EgA

〉)
to |Eex A〉. The

de-excitation from |EexB〉 to |F〉 (= ∣∣EgA
〉)
takes place after the transition.

By this transition, the electron number NI (t) in |I 〉 decreases, as is expressed by

NI (t) = NI (t0) exp [−kt (t − t0)] , (E.1)

where t0 and kt are the initial time of transition and the transition rate, respectively.
The transition rate kt is expressed as

kt = k0t exp (−γ) . (E.2)
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Fig. E.1 Energy level
diagram of the two-level
system model
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In this expression, the rate-controlling parameter, γ, takes a range of values, depend-
ing on the inhomogeneous spatial distribution of the DPPs in the host crystal. This
dependency is represented by a Gaussian distribution function [1]:

P (γ) = 1√
2πσ

exp

(
− (γ − γ0)

2

2σ2

)
, (E.3)

where γ0 and σ represent the center and width of the distribution, respectively. From
(E.2) and (E.3), the total electron number NI,total (t) in |I 〉, normalized to that at the
initial time t0, is expressed as

NI,total (t) /NI,total
(
t0
)

= 1√
2πσ

∫ ∞
−∞

exp

(
− (γ − γ0)

2

2σ2

)
exp

[
−

{
k0t exp (−γ)

}
(t − t0)

]
dγ. (E.4)

Since the temporal decrease in the electron number given by this equation is pro-
portional to the temporal increase in the light intensity emitted as a result of the
DPP–assisted annealing, the normalized light intensity is expressed as

I (t) /I (t0)

= 1 − 1√
2πσ

∫ ∞

−∞
exp

(
− (γ − γ0)

2

2σ2

)
exp

[
−

{
k0t exp (−γ)

}
(t − t0)

]
dγ. (E.5)
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In the case where the width σ is sufficiently large, (E.4) is approximated as

NI,total (t) /NI,total (t0) = 1 − a ln (t/t0) , (E.6)

where a is a constant.
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Vacuum state, 150, 158, 169, 170
Valence band, 2, 7
Verdet constants, 136
Vibration modes, 165, 166
Vibrational energy, 163
Virtual photon, 3, 4, 139, 144
Virtual processes, 158
Virtual transition, 150

W
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