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We fabricated a high-efficiency infrared light emitting diode (LED) via dressed-photon-phonon (DPP) assisted annealing of a p-n
homojunctioned bulk Si crystal. The center wavelength in the electroluminescence (EL) spectrum of this LED was determined by
the wavelength of a CW laser used in the DPP-assisted annealing. We have proposed a novel method of controlling the EL spectral
shape by additionally using a pulsed light source in order to control the number of phonons for the DPP-assisted annealing. In this
method, the Si crystal is irradiated with a pair of pulses having an arrival time difference between them. The number of coherent
phonons created is increased (reduced) by tuning (detuning) this time difference. A Si-LEDwas subjected toDPP-assisted annealing
using a 1.3𝜇m (ℎ] = 0.94 eV) CW laser and a mode-locked pulsed laser with a pulse width of 17 fs. When the number of phonons
was increased, the EL emission spectrum broadened toward the high-energy side by 200meV or more. The broadening towards
the low-energy side was reduced to 120meV.

1. Introduction

Direct transition type semiconductors are mainly used in
semiconductor light emitting diodes (LEDs) [1, 2].The reason
for this is that the probability of electric dipole transitions,
in other words, the radiative recombination probability, is
high. Also, the emission wavelength is determined by the
bandgap energy, 𝐸𝑔, of the material used. Therefore, for
example, InGaAsP epitaxially grown on an InP substrate is
mainly used as the active layer for near-infrared LEDs with
emission wavelengths of 1.00–1.70 𝜇m (0.73–1.24 eV), which
includes the optical fiber communication wavelength band.
Shortcomings with this approach are that InP is highly toxic
[3], and In is a rare resource. Silicon (Si), on the other hand, is
a semiconductor having low toxicity and no concerns about
depletion of resources; however, its emission efficiency is
low since it is an indirect transition type semiconductor.

Therefore, Si is usually not suitable as a material for use in
LEDs. Nevertheless, there is a great demand for the use of
Si in light emitting devices, and there has been extensive
research into improving its emission efficiency. For example,
there has been research into making Si emit light in the
visible region by utilizing the quantum size effect of Si and
by using porous Si [4], a Si/SiO2 superlattice structure [5, 6],
and Si nanoprecipitates in SiO2 [7], as well as research into
making Si emit light in the near-infrared region by doping
it with light-emitting materials, such as erbium (Er)-doped
Si [8] and silicon-germanium (Si-Ge) [9]. However, the
reported external quantum efficiencies and power conversion
efficiencies of LEDs using these materials have been low, at
0.5% and 0.8%, respectively [10].

On the other hand, using a homojunction-structured Si
bulk crystal, we realized a high-efficiency, wideband LED
in which the spatial distribution of the dopant density in

Hindawi Publishing Corporation
Advances in Optical Technologies
Volume 2014, Article ID 958327, 8 pages
http://dx.doi.org/10.1155/2014/958327

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/192719533?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2 Advances in Optical Technologies

the Si was modified via a novel process of dressed-photon-
phonon assisted annealing (DPP-assisted annealing) [11], and
we achieved an external quantum efficiency of 40% and a
power conversion efficiency of 50% [12]. A dressed photon
(DP) is a quasi-particle created when a photon couples with
an electron-hole pair in a nanometric region. Similarly, a
dressed-photon-phonon (DPP) is a quasi-particle created
when aDP couples with a phonon in a nanometric region.We
have also succeeded in developing a Si laser [13], an infrared
Si photodetector [14], and a Si relaxation oscillator [15], by
using DPP-assisted annealing. These devices operate based
on transitions mediated by DPPs, and the center wavelength
of the electroluminescence (EL) spectrum is determined by
the wavelength of the light source used for creating the
DPPs. Since a DPP is a state in which a DP is coupled
with a phonon in the material, the EL spectrum of the Si-
LED described above has a large number of sidebands that
are regularly arranged with 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 typical light emitting devices, such sidebands
originating from phonons (phonon sidebands) are observed
in the photoluminescence spectrum, but are not observed in
the EL spectrum. The observation of such sidebands in the
EL spectrum, as described above, is a phenomenon unique to
LEDs fabricated using DPPs. By using this phenomenon, it
is possible to control the shape of the EL spectrum of a Si-
LED by controlling the number of CPs created during the
DPP-assisted annealing. In this paper, we report the results
of our experiments in which we succeeded in controlling the
generation of CPs by using a pair of pulses during the DPP-
assisted annealing, allowing us to control the shape of the
emission spectrum of a Si-LED.

2. Si-LED Fabrication and Principle of
Sideband Creation

First, for fabricating a Si-LED, ion implantation is used to
form an inhomogeneous spatial distribution of the dopant
(boron: B) in a Si p-n homojunction substrate. Although
the inhomogeneously concentrated B serves as the origin
of the created DPPs, the created DPPs are not converted to
propagating light that is detected outside the LED. However,
if DPP-assisted annealing is used, it is possible to modify
the spatial distribution of the B concentration so that the
DPPs are converted to propagating light with high efficiency
[12]. In the DPP-assisted annealing, a Si p-n homojunction
substrate is irradiated with CW laser light while applying a
forward-bias current, to control the thermal diffusion rate of
the B. With this method, it has been demonstrated that the
emission wavelength of a Si-LED does not depend on the
bandgap energy, 𝐸𝑔, of the material used, but is determined
by the photon energy, ℎ]anneal, of the radiated light [16]. In
the present work, we performed DPP-assisted annealing by
radiating CW laser light having a photon energy (ℎ]anneal =
0.94 eV) lower than 𝐸𝑔 of silicon (= 1.14 eV). The principle
will be described below. For more details, refer to [12].

During DPP-assisted annealing, the radiated light is not
absorbed by the Si crystal at positions in the B distribution
where DPPs are not created under irradiation. Thus, the
energy of the electrons injected from the forward bias current
is converted to thermal energy and is subsequently dissi-
pated via intraband relaxation or nonradiative relaxation.
Therefore, the B distribution randomly varies due to thermal
diffusion. On the other hand, at positions where DPPs are
readily created, the radiated light interacts with electron-hole
pairs and phonons, whereby DPPs are created. In this case,
the injected electrons emit propagating light via stimulated
emission driven by localized DPPs. In other words, since
part of the energy of the injected electrons is dissipated not
in the form of thermal energy but in the form of optical
energy, thermal diffusion becomes more difficult. In the two
processes described above, the B concentration distribution
in the Si crystal is modified, in a self-organized manner,
to a structure suitable for the creation of DPPs and their
subsequent conversion to propagating light, and then reaches
an equilibrium state.TheB distribution in this state is suitable
for stimulated emission with the photon energy of the light
irradiation, ℎ]anneal, and since the spontaneous emission
probability is proportional to the stimulated emission proba-
bility, this p-n homojunction functions as a Si-LED that emits
propagating light.

Next, the mechanism of sideband creation will be
explained. Figure 1(a) is an energy level diagram showing
electronic states in a Si-LED fabricated by DPP-assisted
annealing, and Figure 1(b) is a diagram in which an inter-
mediate DPP level has been added to the band structure.
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 [11]. When this is illustrated in the
electronic band structure, it is a localized state in which
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 Figure 1(b), due to
wavenumber uncertainty. Although an adequate explanation
of the conventional light emission process in Si-LEDs has
been possible until now with only Figure 1(a), Figure 1(b)
is also presented in the present paper 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⟩⊗ |𝐸exthermal

; phonon⟩
in the light emission process exists close to the X point in the
conduction band in Figure 1(b). Here, |𝐸exthermal

; phonon⟩ is
the thermally excited state of the phonon. Similarly, since the
final state |𝐸𝑔; el⟩ ⊗ |𝐸exthermal

; phonon⟩, reached after the light
emission, corresponds to the energy state of holes created
by the injected current, the state |𝐸𝑔; el⟩ concentrates in the
vicinity of the Γ point at the top of the valence band. The
state |𝐸exthermal

; phonon⟩ is limited to phonons that can exist
at room temperature, according to Bose statistics. In other
words, the states |𝐸ex; el⟩ ⊗ |𝐸exthermal

; phonon⟩ and |𝐸𝑔; el⟩ ⊗
|𝐸exthermal
; phonon⟩ are the initial state and the final state in the

usual indirect transition.
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Figure 1: Diagram for explaining DPP-mediated transitions, showing (a) energy levels and (b) levels that can be reached via DPP-mediated
transitions in electronic band structure of Si crystal.

Next, the processes (0), (0󸀠), (1), and (1†) in Figure 1 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⟩ ⊗ |𝐸exthermal

; phonon⟩ of electrons injected near the
X point by the current to the intermediate 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⟩ (in this paper, 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 emission of about 10 phonons
is required at room temperature (thermal energy 25meV).
On the other hand, in the transition via infrared light
emission, since the electronic 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
wavenumber space, as shown in Figure 1(b). Therefore, the
probability of this transition is higher than the probability of
a transition via phonon emission. In real space, this process is
a transition from the state |𝐸ex; el⟩⊗|𝐸exthermal

; 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⟩ ⊗
|𝐸exthermal
; phonon⟩. The photon energy emitted during this

process is equal to ℎ]anneal. 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 ℎ]anneal.

Process (1) is the second-step transition from the interme-
diate state |𝐸𝑔; el⟩ ⊗ |𝐸ex; phonon⟩ to the final state |𝐸𝑔; el⟩ ⊗
|𝐸exthermal
; 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
process. If the electrons in the state |𝐸𝑔; el⟩ ⊗ |𝐸ex; phonon⟩
are scattered to the Γ point by absorbing optical phonons, the
second step transition from the state |𝐸𝑔; el⟩ ⊗ |𝐸ex󸀠 ; phonon⟩
to the state |𝐸𝑔; el⟩ ⊗ |𝐸exthermal

; phonon⟩ becomes possible,
resulting in photon emission, as in the case of a direct
transition-type semiconductor. This is process (1) shown
in Figure 1(b). 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 pho-
tons is ℎ]anneal + ℎ]𝑝, where ℎ]𝑝 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
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Figure 2: Illustration of DPP-assisted annealing using (a) CW light (conventional process); (b) CW light and a light pulse; and (c) CW light
and two light pulses.

|𝐸𝑔; el⟩ ⊗ |𝐸exthermal
; phonon⟩, which occurs via emission of an

optical phonon. Thus, it is conjugate to process (1). In this
process, |𝐸ex󸀠󸀠 ; phonon⟩ in Figure 1 shows the phonon excited
state after the emission of the optical phonon. The emitted
photon energy is ℎ]anneal − ℎ]𝑝.

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 simultaneously, sidebands
with photon energies ℎ]anneal−𝑛ℎ]𝑝 and ℎ]anneal+𝑛ℎ]𝑝 appear
in the emission spectrum. The relationship between the 𝑛th
order sideband energy and the photon energy ℎ]anneal 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 [17]. 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.

3. Principle of Controlling the Number
of Phonons

The number of created phonons can be controlled by
a method involving multiphoton absorption or coherent
phonon (CP) excitation using pulsed light. Since the Si crystal
is heated by DPP-assisted annealing in the present work,
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 dose not change only the phonon structures
but also DP state. Therefore, we decided to selectively create
phonons 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,
which is a kind of stimulated Raman scattering [18]. The
duration and the repletion rate of the used pulsed light were
17 fs and 80MHz, respectively. Therefore, its duty ratio was
1.3 × 10

−6. The Raman process is based on the third order
optical nonlinearity. Therefore, the enough laser power for
the control of CP generation using the ultrashort pulsed light
is 2.3 × 10−18 times lower than that using the CW laser.

Thus, in the experiment, 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 compo-
nents ] and ] − ]𝑝 with sufficiently high intensity, where
]𝑝 is the phonon vibration frequency. Therefore, when the
crystal is irradiated with pulsed light, the electrons absorb
light with energy ℎ] and exhibit stimulated emission of light
with energy ℎ] − ℎ]𝑝. At this time, it is possible to create
CPs having an energy ℎ]𝑝. Since these CPs are coherent, it
is possible to control the creation of CPs by a single pulse
or multiple pulses of light and causing them to interfere. In
other words, unlike conventional DPP-assisted annealing in
which the Si crystal is irradiated with 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 EL spectrum. In the
following, we describe the case where the Si-LED is irradiated
with a single pulse of light during the DPP-assisted annealing
and the case where the Si-LED is irradiatedwith a pair of light
pulses.

(1) Irradiation with a Single Light Pulse. In the conventional
DPP-assisted annealing, as shown in Figure 2(a), the CW
light plays the role of decreasing the thermal diffusion rate by
means of stimulated emission. In our approach, as shown in
Figure 2(b), 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 ℎ]anneal + 𝑛ℎ]𝑝 increases, and the intensity
of sidebands having energy ℎ]anneal − 𝑛ℎ]𝑝 decreases. Thus,
compared with an Si-LED fabricated by irradiation with only
CW light, it is expected that the EL spectral shape of the Si-
LED will show a higher light emission intensity at energies
higher than ℎ]anneal and conversely a lower light emission
intensity at energies lower than ℎ]anneal.

(2) Irradiation with Two Light Pulses (Light Pulse Pair). Since
the CPs created by ISRS are coherent and thus have the ability
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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/]𝑝, of the
phonons (𝑛/2]𝑝; 𝑛 = 1, 3, 5, . . .), as shown in Figure 2(c), it
is known that the excited CPs destructively interfere [19]. On
the other hand, they constructively interfere when Δ𝑡 is an
integer multiple of the vibration period (𝑛/]𝑝; 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 of Δ𝑡 = 1/2]𝑝, we will
explain how the CP creation is controlled and how, as a
result of this, the EL spectrum is controlled. The value Δ𝑡 =
1/2]𝑝 corresponds to one period of vibration of a phonon
with frequency 2]𝑝. Therefore, by radiating a pair of pulses
having this value Δ𝑡, the number of phonons of frequency
]𝑝 decreases, whereas the number of phonons of frequency
2]𝑝 increases. Thus, the probability of process (1†) increases,
by which electrons emit phonons of frequency ]𝑝 and emit
light, resulting in a higher probability of electrons absorbing
phonons of frequency 2]𝑝 and emitting light. In other words,
as a result of the reduction in the number of phonons with
frequency ]𝑝, the intensity of the sideband at energy ℎ]anneal−
ℎ]𝑝 becomes higher than that of the sideband at energy
ℎ]anneal + ℎ]𝑝. At the same time, as a result of the increase in
the number of phonons with frequency 2]𝑝, the intensity of
the sideband at energy ℎ]anneal−2ℎ]𝑝 becomes lower than that
of the sideband at energy ℎ]anneal+2ℎ]𝑝.The above discussion
can also be extended to an explanation of the case where the
sideband intensity at energy ℎ]anneal − (2𝑛 − 1)]𝑝 increases,
and that at energy ℎ]anneal+(2𝑛−1)]𝑝 decreases. It can be also
extended to the case where the sideband intensity at energy
ℎ]anneal − 2𝑛]𝑝 decreases, and that at energy ℎ]anneal + 2𝑛]𝑝
increases. For controlling the number of phonons during the
DPP-assisted annealing, we irradiate two light pulses with
delay times of Δ𝑡 = 1/]𝑝,exp (= 64.1 fs), 1/2]𝑝,exp (= 32.1 fs),
and 1/4]𝑝,exp (= 16.0 fs).

4. Fabrication of Si-LED and Evaluation of
EL Spectrum

To fabricate a Si-LED, we doped a 625𝜇m-thick 𝑛-type Si
(100) substrate with arsenic (As) at a concentration of about
1015 cm−3. The resulting resistivity was 10Ωcm. Next, we
formed a p-n homojunction by ion implantation of boron
(B) with a dose of 5 × 1013 cm−2 and an acceleration energy
of 700 keV. Then, we deposited a transparent ITO film with
a thickness of 150 nm on the surface of the 𝑝 layer and a
Cr/Al film with a thickness of 80 nm on the surface of the
𝑛 layer, both by RF sputtering, to form an anode and a
cathode, respectively. The device fabrication conditions up
to this point were the same as those reported in [12]. In
DPP-assisted annealing, we used CW laser light with energy
ℎ]anneal = 0.94 eV (wavelength 1.3 𝜇m) as the light source
for creating DPs. As the pulsed light source for creating CPs,

Irradiated area by the pulse laser
(150𝜇m in diameter)

Si-LED

Positional markers

Irradiated area by the CW laser
(3mm in diameter)

Figure 3: Irradiation spots of CW light and pulsed light on sample
surface during DPP-assisted annealing.

we used a mode-locked laser with a photon energy of 1.55 eV
(wavelength 0.8 𝜇m), a pulse width of 17 fs, and a repetition
frequency of 80MHz. To verify the DPP-assisted annealing
method, we employed the following four samples.

(a) Sample 1. Sample 1 was irradiated with pulsed light
(average power 100mW, spot diameter 150 𝜇m) and CW light
(ℎ]anneal = 0.94 eV, power 1W, spot diameter 3mm). It was
annealed with a voltage of 20V and a current of 145mA for 1
hour (Figure 2(b)).

(b) Samples 2–4. Of the CPs created by pulsed light irradia-
tion, we selected optical phonons with the highest creation
probability [20] (ℎ]𝑝 = 65meV (]𝑝 = 15.6THz); indicated as
ℎ]𝑝,exp below) as the phonons to be controlled. The samples
were irradiated with CW light and a pair of light pulses
with Δ𝑡 = 1/]𝑝,exp (= 64.1 fs), 1/2]𝑝,exp (= 32.1 fs), and
1/4]𝑝,exp (= 16.0 fs).Theywere annealedwith a voltage of 25V
and a current of 120mA for 1 hour (Figure 2(c)). The other
experimental conditions were the same as those used for
Sample 1 above. In the following, samples for Δ𝑡 = 1/]𝑝,exp,
1/2]𝑝,exp, and 1/4]𝑝,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 exper-
imental results, the CW light was radiated onto the entire
surface of the sample, and the pulsed light was radiated
only at the center of the region irradiated with the CW
light, as shown by the red and yellow circles, respectively,
in Figure 3. With the samples prepared with this method,
the EL spectral shapes in these two circles were different.
By taking this difference between the intensities of these
EL spectra, it was possible to eliminate the contributions
above and to examine the details of the changes in the EL
spectra depending on the presence/absence of the pulsed
light irradiation. Experimental results are shown below.
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Figure 4: (a) EL spectra of Sample 1 after DPP-assisted annealing
with themethod in Figure 2(b). Red solid curve: area irradiated with
CW light and pulsed light. Blue broken curve: area irradiated only
with CW light. (b) Differential EL spectrum.

(a) Sample 1. Figure 4(a) shows, for Sample 1, the EL spectrum
of the part irradiated with only the CW light (blue broken
curve: ELCW) and the EL spectrum of the part irradiated
with the CW light and the pulsed light (red solid curve:
ELCW+pulse). Figure 4(b) shows the difference between their
intensities (ELCW+pulse − ELCW; differential EL spectrum). By
irradiating the sample with the pulsed light, the EL intensity
at higher energies increased, and the intensity of the +1 and
+2 order sidebands of the optical phonons (energy ℎ]𝑝,exp
= 65meV) increased. In the differential EL spectrum, we
also confirmed band-edge light emission and an increase
in the intensity of the +3 order sideband. However, since
we did not perform mode selection 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 Section 3. 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.
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Figure 5: Differential EL spectra. (a) Sample 2 with Δ𝑡 = 1/]
𝑝,exp.

(b) Sample 3 with Δ𝑡 = 1/2]
𝑝,exp. (a) Sample 4 with Δ𝑡 = 1/4]

𝑝,exp.

On the other hand, in the sideband corresponding to the
−1 order optical phonons, the EL 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) Sample 2. Figure 5(a) shows the differential EL 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 (ℎ]𝑝,exp = 65meV). They are due to the
selective creation of optical phonons 𝑛ℎ]𝑝,exp (𝑛 = 1, 2, 3, . . .),
which were mode-selected by irradiating this sample with a
pair of pulses with Δ𝑡 = 1/]𝑝,exp. On the other hand, a region
with reduced light emission, like that seen in Figure 4(b), was
not observed in the regionwhose energy is lower than ℎ]anneal
(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
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suppression of process (1†), in which light emission occurs
while phonons are emitted.

(c) Sample 3. Figure 5(b) shows the differential EL spectrum
for Sample 3. In this sample, the intensity of the −1 order
sideband increased (arrow A). The reason for this is that,
with Δ𝑡 = 1/2]𝑝,exp, the number of odd-numbered har-
monic components was decreased, and the number of even-
numbered harmonic components was increased. In other
words, since the electrons had an increased probability of
emitting the +1 order phonons, process (1†) was dominant,
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 suppressed. Therefore, since the
high-order modes are also suppressed, a region exhibiting
reduced optical phonon sidebands is observed at energies
higher than ℎ]anneal, which is the opposite to what is shown
in Figure 4(b).

(d) Sample 4. Figure 5(c) shows the differential EL spectrum
for Sample 4. The intensities of the +1 order and +2 order
sidebands were decreased, and those of the +4 order and +5
order sidebands were increased. A reason for this is that, with
Δ𝑡 = 1/4]𝑝,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 1/4]𝑝,exp and 1/5]𝑝,exp are close. As a
result, the intensity 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 Figure 4(b). As a result, a
region with reduced light emission, similar to that seen in
Figure 4(b), is observed in the region at energy ℎ]anneal −
𝑛ℎ]𝑝,exp.

Figure 6 shows EL spectra of the regions irradiated with
the light pulses for Samples 2 and 3. In Sample 2, the numbers
of phonons of the fundamental (ℎ]𝑝,exp) and the harmonics
(𝑛ℎ]𝑝,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 har-
monic 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 EL 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
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Figure 6: EL spectra after annealing for Samples 2 and 3.

higher than ℎ]anneal is increased, and that at lower energies is
decreased. Furthermore, conversely, the intensity at energies
lower than ℎ]anneal is increased, and that at higher energies is
decreased.

In DPP-assisted annealing without using a pulsed light
source, the broadening (half width at half maximum,
HWHM) towards lower energies was 250meV or greater,
and the broadening (HWHM) towards higher energies
was 50meV. In contrast, in the EL spectrum of the Si-
LED fabricated using a pulsed light source for creating
phonons, the EL spectrum was broadened towards higher
energies by 200meV or greater (HWHM), and the broad-
ening towards lower energies was reduced to 120meV
(HWHM).

5. Conclusion

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