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Abstract: First, this paper reviews the history of studies on the dressed photon (DP) by
classifying them into older and modern times, between which there exists a great difference
in the concepts, principles, and methods involved. Quantum field theories, developed more
recently, have succeeded in solving three problems originating from the intrinsic features of
the light—matter interactions occurring in nanometric spaces. First, a variety of applications
of these theoretical studies, which have resulted in the development of generic technology,
are introduced. Second, the present status of experimental studies is reviewed. Among them,
the fabrication and operation of novel light emitting devices using crystalline silicon (Si) are
demonstrated. In these devices, the DP enabled high-power light emission even though Si is
an indirect-transition-type semiconductor. Furthermore, it is shown that these devices
exhibit a unique feature, named photon breeding. Third, a future outlook of DP research is
presented, where it is pointed out that novel theoretical studies are required in order to
support the rapid progress made in recent experimental studies and to develop further novel
application technologies. As a route to such novel theoretical studies, three steps are
presented, and several results derived from these steps are reviewed. Furthermore, a theory
of micro—macro duality in the quantum field is presented as a powerful tool that will enable
future progress in theoretical studies. Finally, a variety of phenomena in nano-systems,
macro-systems, inorganic materials, and organic materials, which have similar features to
those of the DP, are introduced. By referring to this similarity, it is pointed out that studies
on the DP are connected to a more generic and broader science that is expected to produce a

novel generic science, named off-shell science, in the near future.
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1 Introduction

The dressed photon (DP), a novel form of photon created in a
nanometer-sized space, has been referred to as an optical near field, and the
science for dealing with this type of photon has been called near field optics.
The history of near field optics is long and can be classified into older and
modern times, based on the great differences in the concepts, principles, and
methods of studying the DP. The older time started with a simple proposal to
use light falling on a sub-wavelength sized aperture for high-resolution
microscopy [1]. After a long time during which this proposal was ignored,
theoretical analyses were carried out on the diffraction and radiation of
electromagnetic waves through a small aperture [2,3]. Afterward, these
analyses were experimentally demonstrated by using microwaves [4].

Demonstrations using light were finally carried out using a novel
methodology, named near-field optical microscopy, by several scientists in
several countries, including Japan (M.0.), almost simultaneously [5]. Among
them, this author (M.O.) developed high-quality optical fiber probes for
generating and detecting optical near fields with high resolution and high
sensitivity (Fig. 1) [6]. These fiber probes have been used to assemble novel
spectrometers, and microscopic and spectroscopic images of specimens, e.g.,
a single strand of DNA, were successfully acquired with a high resolution
beyond the diffraction limit [7]. They have since become commercially
available and have been exported to many countries around the world [8].

Based on the successful experimental demonstrations above, the
Near-Field Optics Workshop has held in order to promote basic studies and
applications of optical near fields [5]. In this workshop, a physical picture of
the optical near field was drawn using a conventional optical method, i.e., by
using the dispersion relation between the momentum and energy of the
photon. After this workshop, the International Near-Field Optics Conference
was organized, and the most recent 14th conference was held in 2016 [9]. In
order to promote near field optics in the Asia-Pacific area, the author
organized the Asia-Pacific Workshop on Near-Field Optics in 1996 [10]. After
this workshop, the Asia-Pacific Near-Field Optics Conference was also
organized, and the most recent 11th conference was held in 2017 [11].

It should be pointed out that the older time mentioned above has
already ended. The reason for this is that conventional optical microscopy is



based on the methodology of nondestructive measurement of the specimen’s
conformation and/or structure, which i1s described by conventional optics.
Unlike this conventional microscopy, near-field optical microscopy is based
on destructive measurement because it acquires an image of the specimen
through optical near field interactions between the probe tip and the
specimen. Even though a high resolution beyond the diffraction limit of light
could be realized by this microscopy, a fatal problem was that electronic
energy levels in the specimen were disturbed as a result of these interactions,
which resulted in the acquired image profile being different from and

uncorrelated with the conventional optical microscope images.
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Fig. 1 High-quality fiber probes.

Noting this difference, the application of the optical near field to
microscopy ended, and the modern time started. In the modern time,
enormous efforts were devoted to studying the above-mentioned optical near
field interactions, i.e., light—matter interactions that take place via the
optical near field.

This paper reviews a brief history of the modern time and describes
the present status of studies on the DP [12]. A future outlook on theoretical



studies 1s also presented, followed by some concluding remarks.
2 History of the modern time

As was pointed out in the previous section, there were great differences
between studies on the DP in the older and modern times in terms of their
concepts, principles, and methods. That is, the studies promoted in the
modern time are essentially incompatible with those in the older time. They
are called off-shell and on-shell sciences, respectively, as will be reviewed in
Section 4. In the modern time, extensive experimental studies were carried
out by using two kinds of materials. The first kind was metals, in which
plasmonic oscillation of the free electrons was utilized. Although the ease of
fabricating nanometer-sized metallic particles or metallic thin films was
high, these materials had two intrinsic features; a short conversion time
from the optical energy to the plasmonic oscillation energy of the electrons,
and a short phase-relaxation time of the electrons. Due to these short time
constants, the quantum nature of the incident light was not maintained in
the metal. Therefore, quantum field theory was not required for describing
the light—-matter interactions in the metal,; instead, the conventional optical
theory was sufficient, and conventional parameters, including the optical
refractive index, the wave-number, and the mode, were used. This means
that the dispersion relation was valid for describing the interactions, as has
been used since the Near-Field Optics Workshop a quarter of a century ago.
This situation means that studies using the first kind of material were left
behind by the modern time.

Productive experimental studies in the modern time were promoted
by using the second kind of materials, including semiconductors, organic
materials, and gaseous molecules, in which their discrete electronic energy
levels were utilized. Although fabrication of nanometer-sized particles or
thin films was not straightforward in the beginning, technological advances
enabled fabrication of suitable devices, which promoted further studies. As a
result, a variety of applications were developed to establish a generic
technology, as illustrated in Fig. 2 [13]. They include: lithography [14] and
information storage [15] at densities beyond the diffraction limit, polishing of
material surfaces to atomic-level flatness [16], photon breeding devices [17],
logic gate devices [18], optical router systems [19], optical pulse shape



measurement systems [20], optical security systems [21], energy conversion

systems [22,23], and so on.
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Fig. 2 A variety of applications.

To promote experimental studies in the modern time, three
theoretical problems had to be solved:
[1] Problem 1: Quantum field theory for photons and electron—hole pairs was
required to describe the light—-matter interactions taking place in a
nanometric space. However, the problem was that a virtual cavity, for
deriving the Hamiltonian operator, could not be defined because the
sub-wavelength-sized optical near field existed in a nanometric space. In
other words, the electromagnetic mode could not be defined. It should be
noted that the optical near field was regarded neither as a collection of
corpuscles nor as a free photon, proposed by Newton and Einstein,
respectively.

To solve this problem, a novel physical picture of the optical near field

was drawn by representing the Hamiltonian operator H under
illumination with propagating light having photon energy aw,:

H= Zhwka&au+ > (E.—E, )b, +H,,. (1)

a>F,p<F

The first term represents the photon energy created in the nanometric space,



which 1s given by the sum of an infinite number of photon modes with

angular frequency W,, polarization state J, and energy %o, . Here, the

subscript k represents the wave-vector, and 8,, and é; are annihilation

and creation operators, respectively. They satisfy the commutation relation

[ém By | =64 (2)

where J,,. and J,,. 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 levels,

identified by the subscripts & and 6. The energy difference E,-FE,

represents the bandgap energy in the case of a semiconductor, and ¥

represents the Fermi energy level. The operators Baﬁ and leﬁ respectively

represent the simultaneous annihilation and creation of the electron and
hole, 1.e., the annihilation and creation operators of the electron—hole pair.

They satisfy the commutation relation
(6,550 | = 6. (3)

The third term represents the energy of the interaction between the photon
and the electron—hole pair, which is given by

Hie ==[ " (r) p(r)y(r)-D*(r)dv, (4)
where p(r) is an electric dipole moment, ¥ (r) and ¥'(r) are respectively

annihilation and creation operators for the field of the electron—hole pair,

and D (r) is the transverse component of the electric displacement

operator of the incident propagating light, which is perpendicular to the

wave-vector K. This operator D-* (r) is expressed as

f)i(r)zi;gNkeM(k){éu(k)e‘k'r ~a), (K)e"r), (5)



where plane waves are used for the mode functions. Here, N, and e, (k)

are a proportionality constant and the unit vector along the direction of
polarization, respectively.

By diagonalizing the Hamiltonian operator of eq. (1), annihilation
and creation operators (& and &', respectively) of the novel quasi-particle
were derived, which represented the quantum state of the coupled photon
and electron—hole pairs as a result of their interaction in the nanometric

space:

a:Z{ém_iNk z (pZﬂi(k)6aﬁ+p;al(k)bZ )}7 (6)

kA a>F,B<F

and

éT:Z{é;HNk > (pam(k)tﬁgﬂ+pM(k)baﬁ)}, (7)

kA a>F,p<F

where paﬂl(k) is the spatial Fourier transform of the electric dipole

moment. These operators are represented by the sum of the operators for the
photons of the infinite number of modes and for the electron—hole pairs of the
infinite number of energy levels. Because of this summation, this
quasi-particle was named the dressed photon (DP), i.e., a photon dressed by
the material excitation energy (Fig. 3)[24].

Photon Material excitation energy Dressed photon

Fig.3 Illustrative explanation of the dressed photon.

[2] Problem 2: Since the DP is non-propagating and localized on a
nanomaterial, another nanomaterial was required for its detection; in other
words, another material had to be placed in close proximity to convert the DP
to propagating light via multiple scattering of the DP. Here, the problem was



how to describe this scattering, because the two nanomaterials, i.e., the
source and detector for the DP, are not independent of each other but are
coupled via the DP. However, this problem was solved by using the solution
to problem 1. That is, scattering was described by using the annihilation and
creation operators of DPs on the two nanomaterials.

[3] Problem 3: Since the actual nanomaterials and DP are always
surrounded by a macroscopic system composed of macroscopic materials and
macroscopic optical fields, the problem was how to take into account the
contribution from the macroscopic energy in order to derive the magnitude of
the DP interaction energy between nanomaterials. To solve this problem, the
contributions from the macroscopic system were renormalized by the
projection operator method. As a result, the magnitude of the DP interaction

energy was derived and represented by a Yukawa function:

Y(r):M’ (8)

r

where r 1s the distance from the center of the nanomaterial, and a
represents the extent of localization, which is equivalent to the size of the
nanomaterial [25].

In the solution to problem 3 above, it should be noted that a is
independent of the wavelength 1 of the incident propagating light.
Furthermore, the DP is strongly localized in the sub-wavelength-sized space
because a<A. Due to this localization, the following two novel phenomena
were found: The first one is with respect to the electronic transition. For
explaining this transition, an atom with a simple two-energy level electron is
considered by assuming that the state functions of these levels have the
same parity. In this case, the electric dipole transition is forbidden under
irradiation with propagating light incident on the atom. This is because the
state functions have the same parity and, more essentially, the
long-wavelength approximation 1is valid. However, this electric
dipole-forbidden transition turns out be allowed in the case where the DP is
involved. This is because the long-wavelength approximation is not valid any
more since a<A. The second phenomenon was named size-dependent
resonance; in this phenomenon, the magnitude of the DP energy transferred

between the two nanomaterials takes a maximum when the sizes of these



nanomaterials are equal [26]. This corresponds to the momentum
conservation law for the DP. It is different from diffraction, which is a typical
phenomenon in classical optics, where the cross-sectional size of the light
beam on a screen after being transmitted through an aperture is inversely
proportional to the aperture size. By utilizing these two phenomena, a
variety of applications were developed, some of which are shown in Fig. 2. To

realize more developments, further theoretical studies were carried out.

Nanomaterial tip

-«(@{}««»\Q««@-Q««@Q«(&O:«-\Q«:«LQ ------- «(( () O
L% \ ~
Atom \
Spring Impurity Atom
(a)
L 04r
o] G.
g r |
s B N
& )
S 02f \,* M &
© ] /
o & {
= - . i
o ’ § 4
o . 4
O 0 - ...A...A._.A._.L..4_..::.2:.:t.:,1::.1-.;::,:&:':—_._..,_
| | | 1
5 10 15 20
Site number
(b)

Fig. 4 Occupation probability of the dressed photon.
(a) One-dimensional model for calculation. The number of atoms is 20. The impurity atoms
are at sites 4, 6, 13, and 19. (b) Calculated results. The mass of the impurity atoms is

0.2-times that of the other atoms. 7@ =1.81 eV and AJ =0.5 eV. Curves A, B, and C
represent the results for y =0, 40.0, and 54.0 fs'nm, respectively.

One successful result of these studies was the further possibility of
dressing, i.e., the possibility of coupling DPs and phonons [27]. In order to
describe this coupling, for simplicity a nanomaterial tip is assumed, in which
a one-dimensional crystal lattice is provided (Fig. 4(a)). When the tip is
illuminated with light, a DP can be created on a lattice site and hops to an
adjacent site. During the hopping, the DP can excite lattice vibrations to
create phonons, and then the DP couples with these phonons.

For a theoretical formulation of this coupling, the Hamiltonian



operator H is given by

H :ihwg;gi +ihgpe;cp+iimpaf@ (€5 +¢,)+ Zm (aa, +a,a ).

i=1 p=1 i=1 p=1

9

In the first term, & and & respectively denote the annihilation and
creation operators of a DP with energy AW at site i in the lattice. In the

second term, C, and ég are respectively the annihilation and creation

operators of the phonon of mode p, which satisfies the boson commutation

relation:

[€,.6) |= 6,61 —CIE, =5, (10)
The phonon energy is represented by 7€ . The third and fourth terms stand

for the DP—phonon interaction with the interaction energy h;(ip and DP

hopping with hopping energy #J, respectively.
By diagonalizing H of eq. (9), annihilation and creation operators of
the novel quasi-particle are derived and expressed as

& =4 exp{iﬁ(é; —ép)}, (11)
o1 2

&' =4 exp{—i%(é; —ép)}, 12)

which is the product of the DP operator of eqs. (6) and (7) and the
displacement operator function for the phonon. It should be noted that this
function creates a multi-mode phonon with a coherent state. In other words,
the DP excites a multi-mode coherent phonon, and they coupled to form a
novel quasi-particle named a dressed-photon—phonon (DPP). Further
theoretical studies found that the created DPP localized on an impurity atom
in a lattice site or on the edge of the nanomaterial tip when the DP—phonon

10



interaction energy was sufficiently high (curve B or C in Fig. 4(b),

respectively).
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Fig. 5 Energy levels of electron and phonon.
(a) Assumed two electronic energy levels, between which the electric dipole transition is
allowed. (b) Energy levels, represented by the direct product of electron and phonon energy
levels. Two arrows at the left and right represent two-step excitation and de-excitation,

respectively.

As a result of the theoretical studies on the DPP above, a novel light—
matter interaction, named a DPP-assisted light—-matter interaction, was

found [28]: For simplicity, two electronic energy levels (|Eu> and |E,>) are

assumed in the two nanomaterials, and an electric dipole transition is
allowed between these levels (Fig. 5). It is also assumed that the photon

energy hv, of the incident light is lower than the energy difference

E, = E, —E between the energies of these two levels. Here, by irradiating a

nanomaterial 1 with incident light, the DPP is created. When another
nanomaterial 2 is installed in close proximity to nanomaterial 1, the DPP
energy is transferred to nanomaterial 2. Here, to describe the novel light—
matter interaction between the nanomaterials 1 and 2, not only the two
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electronic energy levels but also infinite numbers of phonon energy levels
have to be considered. This is because the DPP is a quasi-particle in which
the DP is accompanied by multi-mode coherent phonons. That is, for
describing the light—matter interaction induced in nanomaterial 2 by the
DPP energy transfer, the electronic energy levels in nanomaterial 2 are

accompanied by an infinite number of phonon energy levels. Thus, the

energy levels in nanomaterial 2 are represented by |E|>®| = phonon) and
|Eu>®|Ei; phonon) (1=12,3,---), where ® is the direct product. Thus, even
though hv, <E,, nanomaterial 2 can be excited to a high phonon energy level

| = > ®| E.; phonon) (i>1) by the first arriving incident photon. Here, it should
be noted that this 1s an electric dipole-forbidden transition because it is a

transition in the electronic energy state |E|>. In the case where hv, >E,/2,

nanomaterial 2 is subsequently excited from |E|>®| = phonon) (i>1) to one

of the phonon energy levels in the excited electronic energy level

|EU>®‘ = phon0n> by the second arriving incident photon. This transition is
an electric dipole-allowed transition because it is the transition from |E|> to

|Eu>. As a result of this two-step transition, a free electron is created in
nanomaterial 2. The opposite transition is possible; i.e., the electron in level
|Eu>®‘Ej; ph0n0n> is de-excited to |E)®|E;phonon) (i=01) by the

subsequent electric dipole-allowed and -forbidden transitions, and two
photons are emitted. This novel DPP-assisted light—matter interaction has
contributed considerably to the development of a variety of applications, as
shown in Fig. 2.

3. Present status of studies on dressed photons
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Recently, there have been a large number of extensive experimental studies
on DPs. This section reviews the principles and practices of photon breeding
(PB) devices in particular, and examples of the rapidly developing
applications of these studies.

Crystalline silicon (Si) has long been a key material supporting the
development of technology for more than half a century because of its
numerous advantages: Si1s an abundant material in the earth's crust, and is
the most widely used material for modern electronics. However, because Si is
an indirect-transition-type semiconductor, it has been considered to be
unsuitable for light-emitting devices: Since the bottom of the conduction
band and the top of the valence band in Si are at different positions in
reciprocal lattice space, the momentum conservation law requires an
interaction between an electron—hole pair and phonons for radiative
recombination. However, the probability of this interaction is very low.

This problem has been solved by using a DPP because the phonons in
the DPP can provide momentum to the conduction band electron to meet the
requirement for the momentum conservation law [29]. However, the
technical problem was how to fabricate such a light emitting device. To solve
this problem, a novel fabrication method named DPP-assisted annealing was
invented. For this annealing, an n-type Si substrate is used, in which As
atoms or Sb atoms are doped. By implanting B atoms, the substrate surface
is transformed to a p-type material, forming a p-n homojunction. After
metallic films are coated to serve as electrodes, a forward current is injected.
The principle of the DPP-assisted annealing is: By this current injection,
Joule heat is generated to diffuse the B atoms. During this Joule-annealing,
the substrate surface is irradiated with infrared light (for example, light

with a wavelength of 1.3 1 m). Because its photon energy hv,. .., (=0.95eV)

1s sufficiently lower than the bandgap energy Eg (=1.12eV) of Si, the light

can penetrate into the Si substrate without suffering absorption. Then, the
light reaches the p-n homojunction to create the DPP on the B atom. The
created DPP localizes at this impurity atom, as explained by curve B in Fig. 4.
Then, phonons in the created DPP can provide momenta to the electron
nearby to satisfy the momentum conservation law, resulting in emission of a
photon. This is stimulated emission triggered by the irradiated infrared light.

13



The emitted light propagates away from the crystal to the outside, which
means that part of the Joule energy to be used for diffusing B atoms is
dissipated in the form of optical energy, resulting in local cooling that
decreases the diffusion rate. As a result, by the balance between the heating
by the Joule energy and the cooling by the stimulated emission, the spatial
distribution of B atoms varies and reaches a stationary state autonomously.
It 1s expected that this DPP-assisted annealing will form the
optimum spatial distribution of B atoms for efficient generation of DPPs,
resulting in efficient device operation for light emission. Figure 6 shows the
temporal evolution of the temperature of the device surface as the
DPP-assisted annealing progressed. After the temperature rapidly rose, it
fell and asymptotically approached a constant value. The features of this
temporal evolution are consistent with those of the principle of the

DPP-assisted annealing described above.

150

140
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130
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Fig. 6 Temporal evolution of the temperature of the device surface as the DPP-assisted

annealing progressed.

Figure 7(a) shows a photograph of a prototype Si light emitting diode
(LED) fabricated by this DPP-assisted annealing. It had an area as large as
12 mm?2. By injecting a forward current, the device emitted infrared light
with a wavelength of 1.3 x m (Fig. 7(b)). The emitted optical power and the
external quantum efficiency were as high as 1 W and 15% (at wavelengths in
the range 1.32+£0.15 x4 m), respectively, at room temperature. Figures 7(c)
and (d) respectively show the configuration and a photograph of a recently
fabricated high-power device. Its area was as small as 1 mm? [30]. The
output power was as high 200 mW, which means that the areal power
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density was three times that of the device in Figs. 7(a) and (b).
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Fig. 7 Photograph of prototype Si-LED.
(a) External appearance of the fabricated device after packaging. (b) Emitted light profile. (c)
and (d) show the configuration and a photograph, respectively, of the high-power device.

Figure 8 shows the light emission spectra of the fabricated Si-LED.
Curves A—C are the spectra of devices fabricated by DPP-assisted annealing
for 1, 7, and 30 min., respectively. They clearly show that the emitted light
intensity increases with increasing DPP-assisted annealing time. The

essential feature of these curves is the differences in their profiles: Although

curve A has a peak around E_, curve B shows a new peak at around 0.83 eV.

In the case of curve C, no peaks were seen around E;. Instead, a new peak

appeared, identified by a downward thick arrow, at an energy that
corresponds to the photon energy hv,,., of the light radiated in the
DPP-assisted annealing process. This peak is evidence that DPPs were
created by the light irradiation, and that the B diffusion was controlled.

Other evidence is that the photon energy of the emitted light, hv, , was

em

identical to that of the irradiated light, hv,,., . That is, the irradiated light

served as a breeder that created a photon with energy hv,, =hv,, .. . For this

reason, this phenomenon is named photon breeding (PB) with respect to
photon energy.

Here, the separations between the energies identified by two
upward thin arrows (0.83 eV and 0.89 eV) on curve C, and by the downward
thick arrow (0.95 eV) were 0.06 eV, which is equal to the energy of an optical
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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 free photon after emitting
one and two optical phonons. This conversion process demonstrates that the
light emission described here used the phonon energy levels as an

intermediate state.
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Fig. 8 Light emission spectra.
Curves A—C are the spectra of the devices fabricated by DPP-assisted annealing for 1, 7, and

30 min, respectively.

Fig. 9 Light emitted from a variety of LEDs emitting visible light.
(a) (Left to right) Blue, green, and red light emitted from Si-LEDs.
(b) (Left to right) UV-violet, bluish-white, blue, and green light emitted from SiC-LEDs.
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By using the novel PB phenomenon, a variety of LEDs have been
fabricated by using crystalline Si. Specifically, blue, green, and red light
emitting LEDs were fabricated by radiating blue, green, and red light,
respectively, during the DPP-assisted annealing (Fig. 9(a))[31]. In order to
increase the efficiency of extracting this visible light, a lateral p-n
homojunction structure was developed [32]. Crystalline SiC is also a known
typical indirect transition-type semiconductor. A variety of visible LEDs have
been fabricated even using this material. They were fabricated by irradiating
them with UV-violet, bluish-white, blue, and green light during the
DPP-assisted annealing, and respectively emitted UV-violet, bluish-white,
blue, and green light (Fig. 9(b))[33-36].

PB was observed not only with respect to photon energy but also with
respect to photon spin. That is, the polarization of the emitted light was
equivalent to that of the light irradiated during the DPP-assisted annealing
(Fig. 10)[37].

0.10

A, 0.05

0 100 200
Time (min.)

Fig. 10 Relation between the DPP-assisted annealing time and the degree of polarization

P= ( I, - |L) / ( I+ |l) of the light emitted from the Si-LED. | and |, are the light

intensities emitted from the Si-LED whose polarizations are parallel and perpendicular to

that of the light irradiated during the DPP-assisted annealing, respectively.

The origin of the PB was attributed to the spatial distribution of B
atoms, which was controlled autonomously during the DPP-assisted
annealing. By analyzing the three-dimensional spatial distribution of B
atoms at the p-n homojunction, acquired by atom probe field ion microscopy
with sub-nanometer resolution, it was found that the B atoms were apt to
orient along a plane parallel to the top surface of the Si crystal and to form
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pairs with a length d =3a, where a (=0.54 nm) is the lattice constant of the
Si crystal.

As a preliminary discussion on this origin, Fig. 11 shows the
calculated vibration amplitudes of the crystal lattice of Si atoms, where a
one-dimensional lattice was assumed for simplicity [27]. The curve A shows
the amplitude of the lattice vibration in the case where the lattice is formed
only by the Si atoms, which corresponds to a non-localized phonon mode. On
the other hand, when some of the Si atoms are replaced by impurity B atoms,
the amplitude profile of the lattice vibration changes greatly. As represented
by curves B and C, the vibration amplitude is localized at the B atom-pair,
because the B atom-pair serves as a cavity resonator to confine the lattice
vibration. The confined lattice vibration corresponds to the localized phonon
mode. As a result, impurity B atom-pairs serve as phonon localization

centers, at which the DPPs can be created and localized efficiently.
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Fig. 11 Vibration amplitudes of the crystal lattice of Si atoms.
The number of lattice sites is 30. Curve A represents the non-localized mode. Curves B and
C represent the first and second localized modes, respectively, where impurity atoms were

assumed to be at sites 5, 9, 18, 25, 26, and 27.

The main discussion below follows from the preliminary discussion
above: If d is equal to the lattice constant a, the B atom-pair can orient in
a direction parallel to the [1,0,0], [0,1,0], or [0,0,1] orientation because the Si
crystal 1s composed of multiple cubic lattices. As a result, the momentum of
the localized phonon points in this direction, which corresponds to the
I"—X direction in reciprocal space (Fig. 12(a)). Thus, a photon is efficiently
emitted because this /'— X direction is the same as the direction of the
momentum of the phonon required for recombination between an electron at
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the bottom of the conduction band at the X -point and a hole at the top of
the valence band at the 7/ -point. Here, it should be noted that the value of
the momentum of the phonon has to be h/a for this electron—hole
recombination to take place. Furthermore, it should also be noted that the
value of the momentum of the mode localized at the B atom-pair with d =3a
is h/3a. By comparing these two values, it is found that the DPP at this B
atom-pair has to create three phonons for recombination. In the other words,
the B atom-pairs with d =3a most efficiently create three phonons for light

emission. As a result, as is schematically shown in Fig. 12(b), the emitted

photon energy hv,_ is expressed as hv,_= E,—3E . By substituting the

phonon

values of E, (= 1.12eV) and the relevant optical mode phonon energy

E (=65meV) into this equation, the value of hv_ is derived to be 0.93

phonon

eV, which 1s nearly equal to the photon energy hv, (=0.95eV) irradiated

nneal

during the DPP-assisted annealing. This numerical relation confirms that
PB with respect to photon energy occurs.

In the case where the Si crystal surface is irradiated with linearly
polarized light during the DPP-assisted annealing, analyses of the spatial
distribution of B atoms confirmed that B atom-pairs with d =3a were also
apt to be formed, and the direction of the B atom-pairs was normal to the
polarization direction of the irradiated light. A possible origin of the induced
polarization of the emitted light is as follows: First, when the Si-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
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.

In summary, the spatial distribution of B atoms was controlled
autonomously by the DPP-assisted annealing to satisfy the momentum
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conservation law and to realize PB with respect to photon energy and to

photon spin.
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Fig. 12 Energy band structure of Si.
(a) A unit cell of the Si crystal in reciprocal lattice space. (b) Energy band structure and
schematic illustration of light emission. Blue horizontal lines represent phonon energy

levels involved in the light emission.

Si-lasers were also fabricated by using the DPP-assisted annealing.
Figure 13(a) shows the device structure and a scanning electron microscopic
image of the fabricated device [38]. A simple ridge waveguide was
incorporated into the structure, and the cleaved facets were used as mirrors
of a Fabry-Perot cavity. DPP-assisted annealing was then carried out by
injecting 1.3 g m-wavelength light into the cavity through one of the end
facets. Figures 13(b) and (c) show the light emission spectra of the fabricated
Si-laser. Above the threshold, a sharp lasing spectrum was observed (Fig.
13(b)), which demonstrates single-mode oscillation at room temperature
even though the cavity length was as long as 550 g m. 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
[39,40]. The spectral profile below the threshold (Fig.13(c)) does not show
any ASE spectra, which i1s evidence of the gain depletion due to the mode
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competition above.
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Fig. 13 Structure of Si laser and the light emission spectra.
(a) Structure and a scanning electron microscopic image of the device. (b),(c) Spectral
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Fig. 14 Structure of a high-power Si laser and the output power.
(a) Structure and a photograph of the device. (b) Relation between the injected current

density and the output optical power.

By modifying the device structure in Fig. 13(a), a high-power infrared
laser device was successfully fabricated by utilizing the very low infrared
absorption of crystalline Si. Figure 14(a) shows a photograph of the device
[41]. A cross-sectional profile is also shown, in which the ridge waveguide
was not built-in because very efficient optical confinement was not expected
by this waveguide as long as the device had a p-n homojunction. Instead, the
cavity length was increased to 15 mm to realize high power. After the
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DPP-assisted annealing, the relation between the injected current density J

and the output power P,, of the fabricated laser device was measured. As

shown in Fig. 14(b), an output power as high as 13 W was obtained. This
value was more than 103-times that of a conventional double
heterojunction-structured InGaAsP/InP laser (10 mW at 1.3 4 m

wavelength: SLT1130 series manufactured by Sumitomo Electric). The

threshold current density J, was as low as 60 A/cm?2.

Since crystalline Si was used without a built-in waveguide, 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 [42,43]. Further similarities can be found by referring
to the magnitude of the absorption loss: In the case of solid-state and gas
lasers, electronic transitions in 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 optical output power can be obtained by increasing
the size of the laser medium even though the photon density of the lasing
light was low

Since the DPPs used in the present Si laser were electronically
isolated, as in the case of ions in the solid-state and gas lasers above, the
absorption loss per unit volume was maintained very low. Thus, the
threshold current density was very low. Furthermore, the optical output
power was greatly increased by increasing the size of the Si crystal even
though the photon density of the lasing light was low. An additional
advantage was that electrons could be easily supplied by direct electric
current injection, due to the low recombination loss in the crystalline Si.

For comparison, 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 was that the absorption loss per unit
volume was large, making it impossible to achieve high optical output power
and low threshold current density even though the photon density of the
lasing light was high.
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It has been believed for a long time that indirect transition-type
semiconductors are unsuitable for use as laser media. Instead, direct
transition-type semiconductors have been widely used until now [44].
However, thanks to the advent of DP science and technology, DPPs have
resulted in the manifestation of large optical amplification gain in indirect
transition-type semiconductors, which was the secret to the dramatically
high optical output power and low threshold current density realized by

using crystalline Si.
4. Future outlook

After extensive experimental and theoretical studies on DPs in the last three
decades, the main effort in recent years has focused on experimental studies,
and the development of generic technologies. To achieve further advances,
now is a good opportunity to promote novel theoretical studies.

It should be pointed out that the theoretical studies carried out so far
relied on nanomaterial structures, i.e., on the structures of electron energy
levels and phonon energy levels. In order to draw more generic physical
pictures, new routes to future theoretical studies should not strongly rely on
such detailed material structures. Such routes are expected to be developed
by the following three steps:

Step 1: To draw a more generic and basic physical picture of the DP.

Step 2: To draw a picture that allows us to treat multiple DPs created in a
macroscopic material.

Step 3: To draw a picture for demonstrating how to take out the DP from a
nano-system to a macro-system.

A hint to achieving step 1 can be found in the photon dispersion
relation, i.e., the relation between the momentum and energy of a photon, as
shown in Fig. 15. Since conventional optics deals with propagating light (free
photons with a definite electromagnetic mode), its dispersion relation is
represented by the black curve in this figure when the photon exists in a
macroscopic material. The three-dimensional profile of this curve is a shell.
The profile in vacuum 1is represented by the blue line, whose
three-dimensional profile is a so-called light cone, which is a special case of
the shell. That 1s, a free photon exists on the shell, and because of this,
conventional optics can be called on-shell science.
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In the case of a DP, on the contrary, it should be noted that its
electromagnetic mode cannot be defined because of its nanometric nature,
which makes the use of the dispersion relation invalid. This means that the
DP does not exist on the shell. Instead, it exists off the shell, a situation that
1s represented by the shaded green rectangle in this figure. Intrinsic features
of the off-shell photon are: Since the momentum uncertainty Ap ,
represented by the horizontal double-headed arrow in this figure, i1s large,
the size of the field AX is small, which is a consequence of the uncertainty
principle Ap-AX>7%. Because of this feature, the DP has been called an
optical near field. Furthermore, since the energy uncertainty AE ,
represented by the vertical double-headed arrow in this figure, is also large,
the duration of the created photon At is short, which is also a consequence
of the uncertainty principle AE-At>7. A photon with this feature has been
called a virtual photon. From these two intrinsic features, it is found that the
off-shell photon 1s an optical near field and a virtual photon, which is the

physical picture of the DP.

Off shell Ap

Energy

Momentum

Fig. 15 Dispersion relation.
Two black curves represent the relation of a photon in a macroscopic material. The blue line
is for a photon in free space. The green shaded rectangle represents that for the dressed
photon. The brown and green three-dimensional forms represent a shell and a light cone,

respectively.

With the help of this hint, realization of step 1 was promoted by novel
theoretical analysis of the Clebsch-dual electromagnetic field, for which a
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notion of a space-time vortex field was used [45,46]. The main results of this
analysis are: (1) It was found that the DP exists in a spacelike domain of the
Riemannian manifold. (2) The spatial profile of the DP is represented by the

Yukawa function, which is equivalent to eq. (8). Furthermore, it was found

that the effective mass m, of the DP field, being inversely proportional to

the size a of localization (a consequence of the Klein-Gordon’s equation), is

expressed as My = «/EZ - ;(2 . Here, E and y are the instantaneous energy

spent to create the DP and a characteristic scale of the nanomaterial,
respectively. It suggests that the DP can be transferred from the spacelike to
the timelike domain if E > y, and that the DP can be transformed to be
observable, however, within the very short duration At above. (3) It was
found that the energy-momentum tensor of the DP became isomorphic to
Einstein’s equation, which implies that the DP is closely related to the
vacuum energy.

The reasons why step 2 is indispensable are: As was reviewed in the
previous section describing the DPP-assisted annealing of crystalline Si,
there were too many Si atoms, electrons, B atoms, DPs, and DPPs in the
crystal. Since it is difficult to treat these multiple quasi-particles and
elementary particles by the conventional deterministic method of theoretical
analysis, a method of avoiding this difficulty was proposed by considering a
system composed of these mutually interacting particles as a complex system
[47].

Based on this consideration, computer simulations were carried out
by using a stochastic model. Here, an interactive random-walk process on a
crystal lattice and phenomenological coupled-Poisson process were assumed
to describe the diffusive motion of doped B atoms and electron—phonon
coupling, respectively. As a result, the main experimental results were
successfully reproduced, such as the temporal behaviors of the crystal
temperature and the emitted light intensity observed during the
DPP-assisted annealing.

Step 3 is indispensable, especially for connecting the theoretical and
experimental studies. In the experiment, it is essential to create or detect the
DP in the most efficient manner; that is to say, the most efficient micro—

macro conversion is required. To meet this requirement, high-quality fiber
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probe tips (Fig. 1) have been developed [6] in order to create or detect DPs
with high spatial resolution or high sensitivity. The concept of micro—macro
duality in the quantum field has been found to be a powerful and promising
theoretical tool for drawing a picture of the micro—macro conversion [48], and
detailed studies have commenced [49].

In order to support further progress in achieving steps 1-3 above,
another route to future theoretical studies is also under development, based
on the classical electromagnetic field theory [50,51]. These studies recently
found that the longitudinal electric field, which has been ignored in
conventional optics, induced a non-resonant light—matter interaction in a
nanometric space, as has been previously observed in several experiments
[52].

Figure 16 represents a variety of phenomena occurring in nature,
which have similar features to those of the DP. They have been found in
nano-systems and in macro-systems, as well as in organic materials and in
inorganic materials. In an inorganic nano-system, a representative example
1s a meson, which connects two nucleons. Some features of the meson are
similar to those of the DP, which connects nanomaterials by means of DP
energy exchange. It has been known that the potential profile of the meson is
expressed by the Yukawa function, shown in eq. (8).

In an organic nano-system, an example is a light-harvesting
photosynthetic system, whose light trapping operation is similar to the
operation of logic gate devices based on DP energy transfer [53]. In an
organic macro-system, an example is the natural computing observed in
single-celled amoeboid organisms [54], whose signal transmission features
are similar to those of DP energy transfer. Some features of this computing
have been demonstrated by using the logic gate devices described above [55].

Finally, one example of an inorganic macro-system is the
photochemical reaction in the weathering of rocks. Some features of this
reaction are similar to the photochemical reaction induced by a DP, which
has been used for polishing material surfaces to atomic-level flatness [56].
Another example is a binary pulsar [57]. Some of the features of the
gravitational wave radiation from a binary pulsar are similar to the
propagating light radiation from two nanomaterials as a result of DP energy
exchange and relaxation.

By referring to Fig. 16, it can be understood that the DP is not a
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special topic of a narrow field of science but is connected to more general and
broader scientific fields.
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Fig. 16 A variety of phenomena occurring in nature that have similar features to those of the

dressed photon.

5. Conclusion

The present paper reviewed some of the experimental and theoretical studies
on DPs carried out in the last three decades. It was pointed out that the main
effort in recent years has focused on experimental studies, resulting in the
development of generic technologies for supporting modern society. By
referring to these drastic experimental advances, it was also pointed out that
further effort should be devoted to finding new routes to theoretical studies
from now on, by which a more detailed and precise physical picture of the DP
can be drawn, and also to establish criteria for novel application systems.
That 1s, now comes a good opportunity to take a step toward a novel generic
science by promoting theoretical studies on DPs.

The routes to this novel science can be developed by following the
three steps reviewed in the last section. It 1s expected that a novel process for
creating or detecting DPs will be found by using these developed theories as
criteria for designing novel experimental systems, resulting in further
advances in DP science and establishing a generic off-shell science in the
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near future. Future advances in these studies are expected to be reported in
forthcoming papers to be published in this Off-shell archive in the near
future.
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