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Abstract

This paper reviews basic research and technical developments on silicon (Si) light-emitting diodes (Si-LEDSs) fabricated
by using a novel dressed-photon—phonon (DPP)-assisted annealing method. These devices exhibit unique light emission
spectral profiles in the wavelength range 900-2500 nm, including novel photon breeding features. The highest optical
output power demonstrated was as high as 2.0 W. It is pointed out that boron (B) atoms, serving as p-type dopants, formed
pairs whose length was three-times the lattice constant of the host Si crystal. These B atom pairs are the origin of the
photon breeding. It is pointed out that photon breeding took place with respect to photon spin. Furthermore, recent
measurements show that the B atom pairs tend to form a chain-like configuration. Copyright © VBRI Press.
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Introduction

Crystalline silicon (Si) has long been a key material
supporting the development of electronics engineering
for more than half a century. However, because Si is an
indirect-transition type semiconductor, it has been
considered to be unsuitable for light-emitting devices.
Because 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 low.

Nevertheless, Si has been the subject of extensive
research on the fabrication of Si light-emitting devices.
These include, for example, research using porous Si [1],
a super-lattice structure of Si and SiO; [2], and Si
nanoprecipitates in SiO, [3]. However, the devices
fabricated in these research studies have some
limitations, such as low efficiency, the need to operate at
low temperature, complicated fabrication processes, and
the difficulty of current injection. Experimental works on
novel technology, named silicon photonics, have
recently progressed [4, 5]. Although they intensively
develop passive optical devices such as optical
waveguides and optical switches, they do not treat light-
emitting devices.

To solve these problems, a novel method that
exploits the dressed photon (DP) has been invented [6,
7]. The DP is a quantum field created when a photon
couples with an electron—hole pair in a nanometric space.
Theoretical studies have shown that a DP could excite
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multi-mode coherent phonons and couple with them to
create a novel state called a dressed-photon—phonon
(DPP) [6, 8]. To realize a light-emitting diode (LED) by
using crystalline Si, DPPs are used two times: first for
device fabrication, and second for device operation.
Importance of the DP is that it autonomously controls the
spatial distribution of the p-type dopant atoms by a novel
DPP-assisted annealing method. As a result, the form of
the Si crystal is modified to be used as an efficient light-
emitting diode. For device operation, the DPP drastically
increases the efficiency of light emission by the
momentum exchange between a phonon in the DPP and
an electron in the conduction band.

In the present paper, first, the fabrication and
operation of a Si-LED are described in Sections 2 and 3,
respectively. Second, Sections 4 reviews a technique for
controlling the spatial distribution of boron (B) atoms by
using a novel DPP-assisted annealing method. A
summary is given in Section 5. Note that this paper
discusses the principle and method of realizing infrared
Si-LEDs. Refer to ref. [9] for details of visible light
Si-LEDs, Si-lasers, and LEDs fabricated using other
indirect-transition-type semiconductors (SiC and GaP),
and related devices, which have been developed by using
DPP-assisted annealing.

Fabrication

For device fabrication, first, the surface of an n-type Si
crystal is doped with B atoms to transform it to a p-type
material for forming a p-n homojunction structure.
Second, the Si crystal is annealed via Joule heat
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generated by current injection. During the annealing, the

Si crystal surface is irradiated with light to create DPPs

at the B atoms. This novel annealing has been called

DPP-assisted annealing [9].

In early work on fabrication, an n-type Si crystal
with low arsenic (As) concentration was used [7].
Recently, however, As atoms have been replaced by
antimony (Sb) atoms (density, 1x10% /cm?) because Sh
atoms, which are heavier than As and Si atoms, are more
advantageous for localizing the created phonons, which
can couple with a DP for creating a DPP more
efficiently. The thickness and the electrical resistivity of
the n-type Si crystal were 625um and 5.0Qcm,
respectively.

Two-step ion implantation was carried out to dope
the Si with B atoms:

(1) First step: B atoms were implanted with an energy
of 700 keV at a dose of 2.7x10%%/cm?. The peak
concentration of B atoms was 1x10%cm? at a depth
of 1400 nm from the Si crystal surface.

(2) Second step: B atoms were implanted with an
energy of 10 keV at a dose of 5.3x10%/cm?. The
peak concentration of B atoms was 1x10%/cm? at a
depth of 45 nm from the Si crystal surface. This
second doping step was advantageous for
decreasing the resistivity at the crystal surface.
Mesh-electrode type and flip-chip type devices were
fabricated to achieve higher current injection and
efficient heat dissipation. These devices are
described in the following subsections.

Mesh-electrode type LED

Fig. 1 shows a photographic profile of the fabricated
mesh-electrode type device [10, 11]. A homogeneous
flat film composed of Cr/Al/Au layers (thicknesses:
30/200/300 nm) was coated on the n-type surface of the
Si crystal described above to serve as a cathode. A mesh
film of Cr/Au (thicknesses: 30/300 nm) was coated on
the p-type surface to serve as an anode. The crystal was
diced to form devices with areal sizes of 1 mm x 1 mm,
and these devices were bonded on a PCB substrate made
of high-thermal-conductivity AIN. The diameters of the
electric wires bonded to the devices were increased from
the previously employed 25 um [12] to 45 um to avoid
damage to the wires and electrodes during high current
injection.

The conditions for the DPP-assisted annealing
were: (1) A substrate temperature of 285 K; (2)
irradiation light with a wavelength of 1342 nm (photon
energy hvannear = 0.925 eV) and a power of 2.0 W; (3)
injected current having a triangular waveform (50s
period) and a peak current of 1.3 A (current density
1.3 A/mm?); and (4) an annealing time of 2 hours.

Since hVannear is lower than the bandgap energy Eq4 of
the Si crystal, the irradiated light is not absorbed by the
Si crystal. Therefore, in the regions where DPPs are
hardly created, B atoms diffuse simply due to the Joule
heat generated by the applied electrical energy.
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However, in the regions where DPPs are easily created,
the thermal diffusion rate of the B atoms becomes
smaller via the following processes:

(1) Since the energy of the electrons driven by the
forward-bias voltage is higher than Eg, the energy
difference Erc-Ery between the quasi Fermi energies
in the conduction band Er. and the valence band Egy
is larger than Eg. Therefore, the Benard—Duraffourg
inversion condition is satisfied. Furthermore, since
hvameal < Eg, the irradiated light propagates through
the Si crystal without absorption and reaches the
p—n homojunction. As a result, it creates DPPs
efficiently at the B atoms. Since stimulated emission
takes place via DPPs, the electrons create photons
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
created, the B atoms become more difficult to
diffuse.

(3) Spontaneous emission occurs efficiently at the
regions in which the DPPs are easily created
because the probability of spontaneous emission is
proportional to that of stimulated emission.
Furthermore, with the 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
autonomously throughout the entire volume of the
Si crystal.

—
0.5mm

Fig. 1. Photographic profile of the fabricated mesh-electrode type
LED.

It is expected that this DPP-assisted annealing will
form the optimum spatial distribution of the B atoms for
efficient creation of DPPs, resulting in efficient LED
operation. In a previous experimental study, temporal
evolution of the temperature of the Si crystal surface was
measured as annealing progressed [7]. After the
temperature rapidly rose to 427 K, it fell and
asymptotically approached a constant value (413 K) after
6 min, at which time the temperature inside the Si crystal
was estimated to be about 573 K. The features of this
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temporal evolution are consistent with those of the
principle of the DPP-assisted annealing under light
irradiation described above: The temperature rises due to
the Joule heat generated by the applied electrical energy.
However, the temperature gradually falls because
stimulated emission is induced by the DPPs created at
the B atoms. Finally, the system reaches the stationary
state. This temporal decrease in the device temperature,
and 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 DPPs [13].

Flip-chip type LED

To achieve higher injected current density than that of
the mesh-electrode type device, a flip-chip type LED
was fabricated [10, 11]. First, its areal size was
decreased. Second, larger-diameter electric wire was
used. Third, a flip-chip structure was employed, in which
the p-type layer was contacted to a PCB substrate for
efficient heat dissipation.

Fig. 2 shows a photographic profile of the fabricated
device: A homogeneous flat film formed of Cr/Au/Ti/
Pt/Au layers (thicknesses: 3/300/100/300/500 nm) was
coated on the p-type surface of the Si crystal to serve as
an anode. A patterned film of Cr/Au (thicknesses: 10/500
nm) was coated on the n-type surface as a cathode. The
crystal was diced to form devices with areal sizes of 0.35
mm X 0.35 mm, which was smaller than that of the
mesh-electrode type described in Subsection 2.1. This is
equivalent to the size of commercially available devices
made by using a conventional direct-transition type
semiconductor. The diced device was bonded on a PCB
substrate made of AIN. A single electric wire with a
diameter as large as 60 um was used to realize high-
density current injection without any electrical damage.

0.35mm
Fig. 2. Photographic profile of the fabricated flip-chip type LED.

The conditions for the DPP-assisted annealing
were: (1) A substrate temperature of 289 K; (2)
irradiation light with a wavelength of 1342 nm (photon
energy hVamea =0.925 eV) and a power of 0.24 W (areal
power density: 1.9 W/mm?); (3) injected current with a
triangular waveform (10 s period) and a peak current of
0.16 A (current density: 1.3 A/mm?); and (4) an
annealing time of 7.2 hours.
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Operation

The operating principle of the fabricated Si-LED
involves electron-hole pairs receiving enough
momentum from coupled coherent phonons if the spatial
distribution of B atoms in the p—n homojunction can be
optimized for creating DPPs. Therefore, the light
emission efficiency would be drastically increased by
obeying the momentum conservation law.

For this operation, the light irradiation is no longer
required; it is used only during the DPP-assisted
annealing. Only forward current is injected, as in the case
of conventional LED operation. This forward current
causes an electron to be injected into the conduction
band at the p—n homojunction, creating a photon by
spontaneous emission even though its probability is very
low. However, once this photon is created, it
subsequently creates a DPP at the B atom in the p-n
homojunction, and this DPP interacts with another
electron in the conduction band to exchange momentum
so that a secondary photon is created. 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
sufficiently high-power light is emitted from the p-n
homojunction.

It should be noted that photon breeding occurs
during device operation [9]: The photon energy of the
emitted light is equal to the photon energy hVannea Of the
light irradiated during the annealing. (This is in contrast
to a conventional device, where the photon energy of the
emitted light is determined by Eg). This is because the
difference between hvanea and Eg is compensated for by
the energy of the created phonons. This compensation is
possible because the spatial distribution of the B atoms
has been controlled by the light irradiated during the
DPP-assisted annealing, enabling the most efficient
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 hvamea. This is the reason why
this novel phenomenon is named photon breeding with
respect to photon energy.

Photon breeding has been observed not only for the
photon energy but also for photon spin [14]. For
example, linearly polarized light is emitted from the
LED if it was fabricated by irradiating the LED with
linearly polarized light during the annealing step.
(Remember that the light emitted from a conventional
LED is not polarized.)

The relationship between the forward-bias voltage
(V) applied to the Si-LED and the injection current (1)
indicated negative resistance [15]. This was due to the
spatially inhomogeneous current density and the
generation of filament currents. 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 created there. That is, the negative
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resistance is consistent with the principle of the device
fabrication described in Section 2.

Mesh-electrode type LED

Fig. 3 shows the relations between the injected current
() and the optical output power (P) of the upward-
emitted light from the upper surface of the Si-LED,
acquired at several substrate temperatures [10, 11].
The figure shows that P is proportional to 12 in the
lower current region, whereas it is proportional to I in
the higher current region. The origin of this 12
dependence has been attributed to the momentum
transfer between localized phonons and electrons caused
by electron—electron scattering [12]: In the case of a
conventional LED fabricated with a direct-transition-
type semiconductor, electron—electron  scattering
decreases the light emission efficiency. However, in the
present Si-LED, this scattering process plays a different
role. As will be explained in Section 4, the B atom pairs
in the p—n homojunction are apt to stretch in a plane
perpendicular to the [001] orientation of the Si crystal,
i.e., perpendicular to the propagation direction of the
light irradiated during the DPP-assisted annealing.
Here, not only phonons but also electrons can be
captured by these B atom pairs because they serve as
cavity resonators for creating localized phonons. In other
words, electrons can appear due to DPP-assisted
annealing even in the area of the energy band structure
where electrons cannot exist originally. Thus, two
electrons could couple with localized phonons,
leading to light emission by electron—electron scattering
and the observed 12 -dependence of the emitted light
power P.

Current density (A/mm?)

0.1 1.0
104 | |

10°% |-

102 |-
10" |-
100 |-
101
102

Optical power (mW)

103 | /' |
100 1,=580 mA 1000

Current (mA)

Fig. 3. Relations between the injection current and the optical output
power.

The I* -dependence originated in amplification
by stimulated emission. By defining the current at
the boundary between the region of the 12 - and I* -
dependences as the threshold I, it is found that
its value was lower at lower substrate temperatures.
For example, it was 580 mA at 77 K. This means that the
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threshold current density was 0.58 A/mm?, which is
close to the threshold current density (0.20 - 0.35A/mm?)
of a Si-laser fabricated by the DPP-assisted annealing
[16]. The highest optical output power in Fig. 3 was 2.0
W with an injection current of 2.0 A and a substrate
temperature of 77 K. This value is as high as 103-times
that of a commercially available LED. (For example,
the optical output power of a Hamamatsu Photonics
device L12509-0155K, which is made of a direct-
transition type semiconductor (InGaAs), is 2mW. The
peak emission wavelength is 1.55 um.)

Fig. 4 shows the spectral profile of the emitted light,
which was acquired by cooling the substrate to 77 K and
injecting a current of 2.0 A. In this figure, E4 represents
the bandgap energy of the Si crystal at 77 K. This figure
shows that the spectral profile has several peaks at
Eg — NE phonan, Where n is an integer and E phonan IS the
phonon energy. The spectral peak at Eq — 3E phonan
corresponds to the photon energy hvannea Of the light
irradiated during the DPP-assisted annealing [14]. This
correspondence is the photon breeding described in
Subsection 2.1 [9]. Three phonons contribute to the light
emission at Eq—3Ephonan, because the length of the B atom
pair is three-times the crystal lattice constant of Si. This
figure also shows the higher harmonics of the phonon
contributions, i.e., Eq — 6E phonan and Eg — 9E phonan.

Wavelength (um)

2.0 1.5 1.0
Eg'gElphonon I

6.0

Eg'GEphonon
4.0

Eg'3Ephonon
2.0

Power spectral density (W/eV)

0.6 0.8 1.0 1.2
Photon energy (eV)

Fig. 4. Spectral profile of the emitted light at substrate temperature of
77 K.

Flip-chip type LED

Fig. 5 shows the relations between I and P of the upward-
emitted light from the upper surface of the Si-LED,
acquired at several substrate temperatures. The highest
optical output power in this figure was as high as 2.0 W
at an injection current of 3.0 A and a substrate
temperature of 77 K. This demonstrates that an
extremely high optical output power density was
achieved, as high as eight-times that of the mesh-
electrode type LED described in Subsection 3.1.
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Fig. 5. Relations between the injection current and the optical output
power of the upward-emitted light from the surface of the Si-LED.
Substrate temperatures were 77 K (A), 195 K (B), 255 K (C), and 283
K (D).

The relations between 1 and P exhibited more
complicated profiles than those in Fig. 3: In the low-
current region [a], P increased slowly with increasing I,
whereas it increased rapidly in the high-current region
[c]. The unique feature is that P decreased with
increasing | in the intermediate region [b]. Figs. 6(a)-
(c) show photographs of the upward-emitted light spots
in the regions [a]-[c], respectively. Among them,
Fig. 6(b) shows that the light was emitted not only in the
upward direction but also toward the side of the device.
This side emission was attributed to the decrease in the
observed value of P in region [b]. It should be noted
that this side emission was due to stimulated emission,
which suggests the possibility of super-luminescence or
lasing operation.

(a) (b) (€)

Fig. 6. Photographs of the upward-emitted light spots.(a), (b), (c) are
images obtained in regions [a], [b], and [c] in Fig. 5, respectively.

As was the case in Fig. 3, the threshold Iy, can be
defined as the current at the boundary between regions
[b] and [c]. Fig. 7 shows its dependence on the substrate
temperature T. The solid line, fitted to the experimental
results indicated by the closed circles, was expressed as.
lin = lo exp (T / To). The characteristic temperature To in
this expression was 63 K, which corresponded to the
energy of three phonons, 3Epnenon, in the DPP. This
means that the electron—hole pair was confined in the
potential well formed by three phonons. This value of T
was as high as that of a conventional laser fabricated by
a direct-transition type semiconductor (InGaAsP), lasing
at a wavelength of 1.3 um [17], which suggests that
future progress in this work will realize highly reliable
light-emitting devices using crystalline Si.
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Fig. 7. Relation between the substrate temperature and the threshold
current.

Fig. 8(a) shows the spectral profile of the light
emitted from the flip-chip type LED, which was acquired
by cooling the substrate to 77 K and injecting a current
of 3.21 A. Fig. 8(b) shows the profile at a substrate
temperature of 283 K and an injection current of 2.45 A.
These figures also clearly demonstrate spectral peaks at
Eg — 3Ephonon, Eg — 6Ephonon, and Egq — 9Epnonon, as was the
case in Fig. 4.

(a) Wavelength (um)
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Fig. 8. Spectral profiles of the light emitted from the flip-chip type
LED at substrate temperatures of 77 K (a) and 283 K (b).
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Irradiation light

v

p-type Si
-type Si

Fig. 9. Profile of the Si-LED under irradiation for the DPP-assisted
annealing.

Spatial distribution of boron

This section reviews the three-dimensional spatial
distribution profile of the doped B atoms formed as a
result of the DPP-assisted annealing [14]. Atom probe
field ion microscopy was used to acquire this distribution
with sub-nanometer resolution [18]. It should be noted
that the Si crystal is composed of multiple cubic lattices
with a lattice constant @ of 0.54 nm [19], and its top
surface lies in the xy-plane (Fig. 9). 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.

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 B atoms for creating DPPs 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 [20]. Since the doped B atom concentration is
sufficiently low, making it difficult for more than three
B atoms to aggregate, the following discussion considers
two closely located adjacent B atoms (a B atom pair), at
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.

Figs. 10(a) and (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
measurement results. 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). In the un-annealed Si crystal
(Fig. 10(a)), the measured number of B atom pairs
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deviates from the solid curve in the range d > 4.5 nm.
The deviation depends on the characteristics of the ion
implantation.

(@) S 30
9
» 25
‘©
Q20
g
= 15
D 10
)
)
0
e
=
=
(b)

Number of B atom pairs (a.u.)

d (nm)

Fig. 10. 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 Si crystal subjected to DPP-assisted annealing.

In contrast, in the Si crystal after the DPP-assisted
annealing (Fig. 10(b)), the deviation is much less than
that in Fig. 10(a), 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 [100],
[010], or [001] orientation because the Si crystal is
composed of multiple cubic lattices. As a result, the
momentum of the localized phonon points in this
direction, which corresponds to the 77— X direction in
reciprocal space. Thus, a photon is efficiently created
because this 77— X direction is the same as the direction
of the momentum 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 7 -point. Here, it should be noted
that the absolute 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,
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among the phonons localized at the B atom pair with
separation d (= na), the absolute value of the momentum
of the lowest mode is h / 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. 10(b) 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 localization
centers for the phonons.

n=6
@ |
—~g80f n=3 "
s |
\(_ﬂ; ]
£ 60 3
g .\
£ - l
§ 40 [ = -
m
Y— - [
(@] - = -
5 20+
o) [ ]
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Fig. 11. (a) Number of B atom pairs, acquired by improving the
measurement accuracy, and (b) the energy band structure of Si for
schematically explaining light emission.

Fig. 11(a) shows the spatial distribution of B atom
pairs after the DPP-assisted annealing, which was
recently acquired by improving the accuracy of atom
probe ion microscopy [21]. The thick downward arrow
in this figure clearly demonstrates 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. 11(b). As a
result, the emitted photon energy hven is expressed as
hvem = Eg — 3Epnonon. BY substituting the values of
Ey (= 1.12 eV) and the relevant optical mode phonon
energy Epnonon (= 65 meV [22]) into this equation, the
value of hven is derived to be 0.925 eV, which is identical
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to the photon energy hvVannea irradiated during the DPP-
assisted annealing. This numerical relation is consistent
with the experimental results in Figs. 4 and 8, which
confirms that photon breeding with respect to photon
energy occurs. The two thin downward arrows in
Fig. 11(a) represent the values at n = 6 and n = 9,
which correspond to Eg — 6Ephonon and Eg — 9Epnonon,
respectively, in Figs. 4 and 8.
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Fig. 12. Relation between the zenith angle ¢ and the number of B
atom pairs.

Figs. 10(b) and 11(a) indicate selective increases in
the number of B atom pairs with separation 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 6 = 0° or 90°).
Orientation along other directions in which N is not an
integer (@ # 0°, 90°) hardly occurs. Fig. 12 shows the
relation between the zenith angle #and the number of B
atom pairs. It can be seen that this number takes the
maximum value at 8 = 90°, which means that the B atom
pairs in the p—n homojunction are apt to stretch in the xy-
plane, which is perpendicular to the [001] orientation of
the Si crystal, i.e., perpendicular to the propagation
direction (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 at ¢ =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 are parallel to 8 = 90° [23].

It is expected that photon breeding takes place not
only with respect to photon energy, as described in
Section 3, but also with respect to photon spin. That is,
the light emitted from the LED can be polarized if the
LED is fabricated by irradiating the Si crystal with
polarized light during the DPP-assisted annealing. The
fabrication method is the same as that described in
Section 2, except that the irradiated light is linearly
polarized along the x-axis. 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 along the y-axis. It has been
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experimentally confirmed that the degree of linear

polarization increased with increasing DPP-assisted
annealing time [14].

(@)

40 nm

(b)

Fig. 13. Measured spatial distribution of B atom pairs, acquired before
(a) and after (b) the DPP-assisted annealing. The arrow in these figures
represents the B atom pair. Red curves represent the chain-like
configurations of the B atom pairs.

Recent experimental work has confirmed that B
atom pairs tend to form a chain-like configuration [21]:
Figs. 13(a) and (b) show these configurations before and
after the DPP-assisted annealing, respectively, which
were acquired by the atom probe field ion microscopy.
The short black arrows in these figures represent B atom
pairs. The probability of one B atom pair existing in
close proximity to the other pair in Fig. 13(a) was 0.743.
In contrast, the probability in Fig. 13(b) increased to
0.788. The increase indicates that the B atom pairs tend
to form a chain-like configuration. The red curves in
these figures represent such a configuration.

Summary

After reviewing fabrication of Si-LEDs using a novel
DPP-assisted annealing method, their unique light
emission spectral profiles were presented in the
wavelength range 900-2500 nm, including novel photon
breeding features. The highest optical output power
demonstrated was as high as 2.0 W, which was 103-times
that of a conventional LED.

It was experimentally found that the B atoms formed
pairs as a result of the DPP-assisted annealing, and the
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length of these pairs was three-times the lattice constant
of the Si crystal. The pairs extended in a plane
perpendicular to the propagation direction of the light
irradiated during the DPP-assisted annealing. These B
atom pairs were confirmed to be the origin of the photon
breeding. It was also found that photon breeding took
place with respect to photon spin. Recent measurements
confirmed that the B atom pairs tend to form a chain-like
configuration. For further progresses in the Si-LEDs,
technologies of crystal growth, ion implantation, and
bonding should be improved. Furthermore, theoretical
studies on the autonomous control of the spatial
distribution of B atoms should be carried out.
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