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Silicon-based light sources, including light-emitting diodes (LEDs) and laser diodes (LDs) for information trans-
mission, are urgently needed for developing monolithic integrated silicon photonics. Silicon with erbium ions
(Er3�) doped by ion implantation is considered a promising approach, but it suffers from an extremely low
quantum efficiency. Here we report an electrically pumped superlinear emission at 1.54 μm from Er/O-doped
silicon planar LEDs, which are produced by applying a new deep cooling process. Stimulated emission at room
temperature is realized with a low threshold current of ∼6 mA (∼0.8 A∕cm2). Time-resolved photoluminescence
and photocurrent results have revealed the complex carrier transfer dynamics by relaxing electrons from the Si
conduction band to the Er3� ion. This picture differs from the frequently assumed energy transfer via electron–
hole pair recombination of the silicon host. Moreover, the amplified emission from the LEDs is likely due to a
quasi-continuous Er/O-related donor band created by the deep cooling technique. This work paves the way for
fabricating superluminescent diodes or efficient LEDs at communication wavelengths based on rare-earth-doped
silicon. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.417090

1. INTRODUCTION

Silicon/Si-based light sources, including lasers at telecommuni-
cation wavelengths, are the bottleneck for the heterogeneous
integration of photonics with complementary metal-oxide-
semiconductor circuits [1–6]. Ion implantation of erbium
(Er) (often with oxygen) into Si is believed to be one of the most
promising approaches to create Si-based light-emitting devices
(LEDs) at 1.54 μm [7–15]. However, the reported quantum ef-
ficiencies are extremely low (≈0.01 %) at room temperature,
mainly due to strong nonradiative recombination caused by
the comparably large Er-related precipitates formed during the
cooling process in the standard rapid thermal annealing
(RTA) [3,15–17]. Recently, the efficiency has been substantially
improved by introducing a deep cooling (DC) technique [11]
that can effectively mitigate the Er precipitation created during
the RTA process. LEDs with a perpendicular emission structure
based on the obtained material achieved a record external quan-
tum efficiency of ∼0.8% at room temperature [11].

Here, by optimizing the implantation of Er and O, the DC
procedure, and the Si-based LED structure with a planar emis-
sion geometry, a near-unity quantum yield (or ∼100% slope ef-
ficiency) of the photoluminescence (PL) in Er-doped Si is
reached.Moreover, a superlinearly growing electroluminescence
(EL) is obtained with a slope efficiency beyond 2 even at room
temperature. The low threshold of ∼6 mA (∼0.8 A∕cm2)
[18,19], the superlinear EL integral intensity [20–22], the nar-
rowing full width at half-maximum (FWHM) [23,24], and the
Gaussian-like spatial emission distribution [25–29] confirm the
presence of stimulated emission involving transitions related to
theEr3� [30–33]. Time-resolved PL (TR-PL) and photocurrent
(PC) measurements reveal the relaxation dynamics of the non-
equilibrium carriers from the Si host to the Er3� precipitates.
The hot nonequilibrium carriers in Si first cross the intravalley
barrier (e.g., Γ or L point in k-space if the laser energy is high
enough) with a time constant of ∼110 ps to the bottom of the
indirect conduction band (CB) (or the Δ1c point) [34,35].
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The excess carriers further decay from the CB bottom to the
evenly distributed Er/O-related complexes that act as a quasi-
continuous donor band with a decay time of ∼30 ps. Within
this donor band, the carriers resonantly excite (i.e., transfer
the energy of carriers by nonradiative recombination to) the
Er3�-4f electrons to emit at ∼1.54 μm (4I13∕2 → 4I15∕2).

2. MATERIALS AND METHODS

A. Sample Fabrication
Float zone intrinsic Si (100) wafers (resistivity: ≥10 kΩ · cm;
thickness: 500� 20 μm; Suzhou Resemi Semiconductor
Co., Ltd, China) were used. Er and O ions were implanted with
an injection energy and dose of 200 keV and 4 × 1015 cm−2, and
32 keV and 1016 cm−2, respectively, at the Institute of
Semiconductors, Chinese Academy of Sciences, China. After
that, the Er/O-implanted Si samples were cleaned with ethanol
and deionized water, and then they were immersed in a piranha
solution (sulfuric acid:30% hydrogen peroxide � 3:1) for
30 min at 90°C, followed by drying with a high-purity nitrogen
(99.99%) stream. To form a planar p–n junction, we further
implanted boron (B) and phosphorus (P) dopants into these
Si samples (B: 30 keV and 2.2 × 1014 cm−2; P: 80 keV and
2.2 × 1014 cm−2). They have a similar peak concentration lo-
cated∼80 nm below the surface, which matches the peak depth
of the Er in Si. Then 200 nm thick SiO2 films were deposited on
the Er/O-implanted Si samples by reactive magnetron sput-
tering (Delton multitarget magnetic control sputtering system,
AEMD, SJTU). ADC process was performed to activate the Er/
O, B, and P dopants at the same time via an upgraded dilatom-
eter (DIL 805A, TA Instruments) [11], where the samples were
annealed at 950°C for 5 min by means of copper-coil-based
electromagnetic heating and followed by a flush of high-purity
He (99.999%) gas cooled in liquidN2 (77 K). Detailed descrip-
tions can be found in our previous work in Ref. [11].

A pair of coaxial electrodes was prepared by UV photoli-
thography (MDA-400M, MIDAS) and metal film deposition
(Nexdep, Angstrom Engineering Inc.). The internal electrode is
in contact with the p-type boron doping region, and the exter-
nal electrode in contact with the n-type P region. The sche-
matic representations of the fabrication procedure to form
Er/O-doped Si samples and LEDs are shown in Fig. 6 in
Appendix A. All the microfabrication processes were performed
with home-built devices at the Center for Advanced Electronic
Materials and Devices, Shanghai Jiao Tong University. After
the Al metal wire bonding (7476D, West Bond), the devices
were integrated on a printed circuit board. The I − V curves
were taken using a digital sourcemeter (Keithley 2400) con-
trolled by a LabVIEW script.

B. Optical Characterizations
A Fourier transform infrared (FTIR) spectrometer (Vertex 80v,
Bruker) was employed to measure transmission, reflectance,
steady-state PL and EL, and PC spectra. The focused 405 nm
emission from a continuous-wave (cw) laser diode (MLL-III-
405, CNI, Changchun, China) with a maximum excitation
power of ∼160 mW was employed as the excitation source.
The effective excitation power on the sample surface was cali-
brated by referring to the 405 nm transmission and reflectance

of the samples at different temperatures. Different optical filters
including notch filters, neutral density filters, and long-pass fil-
ters were utilized for avoiding the influence of the excitation
during the excitation-power-dependent PL measurements. For
EL measurements, cw and pulsed [with a nanosecond (ns) to
microsecond (μs) pulse duration and a repetition rate of
∼104 Hz] currents were injected into the structures. For PC
measurements, a low-noise current preamplifier (SRS SR570)
was employed for recording the defect-related PC signal below
the band gap of Si.

TR-PL was carried out in order to determine the nonequi-
librium carrier lifetime related to Er3�. This was implemented
by milliwatt (mW) excitation with a 405 nm emitting diode
laser being operated at 3 kHz as the excitation source, a fast
InGaAs photodiode, and a gigahertz (GHz) sampling oscillo-
scope (Agilent MSO9404A) for data accumulation and read-
out. Simultaneously, the PL decay curve was cross-checked
by a luminescence spectrometer. TR-PL at an 80 MHz repeti-
tion rate was implemented by using a Tsunami Ti:sapphire la-
ser (760 or 380 nm by using second harmonic, spot size
∼100 μm) with 80 fs excitation pulses. The maximum energy
density per pulse amounts to 57 and 3.4 μJ=cm2 at 780 and
390 nm, respectively. Detection was made by a Hamamatsu
C5680 streak camera with S1 photocathode operated in
synchro-scan mode. The overall temporal resolution of the
setup (1/e decay of an 80 fs pulse) is better than 10 ps. In
all setups the samples were mounted on the cold head of a he-
lium closed-cycle cooler. This allows for temperature adjust-
ment from 4 K to ambient.

Near infrared EL imaging from the Er/O-Si LEDs was ob-
tained at room temperature under an optical microscope
(BX53M, Olympus) equipped with a near-infrared camera
(C12471-03, Hamamatsu). The recorded video is provided
in Appendix B (see Visualization 1).

3. RESULTS AND DISCUSSION

A. Precharacterization by PL Measurements
Room-temperature PL spectra of Er/O-doped Si at different
excitation powers (λ � 405 nm; 3.06 eV) are shown in
Fig. 1(a). Er3� emission at ∼1.54 μm (∼0.81 eV; marked with
A) is observed and becomes more pronounced when the exci-
tation power increases. Besides the main emission peak A, there
is a side shoulder and a broad tail at the high-energy side de-
noted as B (at ∼0.82 eV) and C (even beyond the band gap of
Si), respectively (see inset). The shoulder B is ascribed to the
Er3�-related states [12], and the tail C is related to the
Er/O-doping induced defect centers in the band gap of Si.
No shape change of the emission occurs when the excitation
power is higher than ∼5 mW. The integral intensity of the
three specified emission bands A, B, and C shows a slope effi-
ciency of near unity (S ≈ 0.93) within 2 orders of magnitude of
excitation power [Fig. 1(b) in a log–log scale]. It characterizes
the quasi-free carrier recombination and the high internal
quantum yield of Er3� without efficient (Auger or thermally
related) nonradiative recombination, even at room tempera-
ture. At low temperature, the PL efficiency is enhanced as ex-
pected by suppressing the Shockley–Read–Hall recombination
[11,15]. What is interesting is that the shoulder B and tail C are
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evident and can be strengthened in comparison with the main
peak A as the excitation power increases; see the PL spectra
(4 K) at 10 mW and 100 mW in Fig. 1(c). It is clear by com-
paring the curve at 4 Kwith that at 300 K that elevated temper-
atures have strong influence on the emission processes in B and
C. Figure 1(d) (normalized to peak A) demonstrates that the
long tail C is substantially narrowed by shifting the edge emis-
sion toward the long-wavelength side upon increase of temper-
ature; also see the two-colored areas in Fig. 1(c). The narrowing
of the tail C unlikely originates from the temperature-
dependent absorptivity of excitation light (λ � 405 nm), as
this effect has been taken into account in our measurements
(see Fig. 8 in Appendix C). Instead, it likely comes from
the temperature-driven redistribution of excess carriers from
the high-energy states in the Si CB to those within the Si band
gap (see more discussions later). This narrowing results in a
relatively stronger emission for both shoulder B and tail C
as shown in Fig. 1(d).

To have a deeper insight into the above process, the integral
intensities of the main peak A, the side shoulder B, and the tail
C are normalized to their integral intensity at 4 K. The nor-
malized integral intensities are shown in the Arrhenius plot
in Fig. 1(e). While the main peak A quenches monotonously
with increase of temperature, emissions of B and C first increase
and then decrease at a critical temperature point of ∼180 K
(∼15.5 meV). Moreover, the total integral PL intensity also
shows a monotonous decrease but with a relatively low temper-
ature-quenching rate at 300 K (still ∼50% of 4 K, i.e., with a
decrease of 3 dB). This means that excitons transfer between
the states, which are involved in the generation of the emission
bands A, B, and C, without being affected by strong
temperature-dependent nonradiative recombination. Based
on the evolutions in Fig. 1(e), an activation energy of

∼14.9 meV can be extracted for the main peak A (rather close
to the phonon energy of ∼15.5 meV ) [15] and one of
∼40.0 meV for the total emission. Figure 1(f ) shows the PL
decay of the 1.54 μm emission at 300 K and 77 K for an ex-
citation power of ∼20 W∕cm2. The transient PL decays fol-
lowing a biexponential function with a slow (0.5msj77K ,
0.3 msj300K) and a fast (88 μsj77K , 71 μsj300K) component.
The slow one is the lifetime of Er3� spontaneous emission,
slightly shorter than the ∼millisecond (ms) lifetime of the
Er3� in Refs. [11,36]. The fast one could be attributed to
the carrier relaxation between the sublevels of 4I13∕2, which
will be further discussed later.

B. Electrically Pumped Stimulated Emission
A lateral LED structure based on the DC-processed Er/
O-doped Si structure is fabricated with a planar emission geom-
etry (in contrast to our previous perpendicular structure) [11]
[Fig. 2(a)]. We separately implanted boron and phosphorus
into the Er/O-Si samples both with a peak concentration of
1019 cm−3, forming a coaxial p–n junction diode on the Si sur-
face [see Figs. 7(a) and 7(b) in Appendix A]. The DC process
was then applied to activate the Er/O, B, and P dopants (see
Section 2.A). A rectifying current versus voltage (I − V ) curve
was observed [see Fig. 7(c) in Appendix A]. Figure 2(b) shows
the EL spectra of the LED at different injection currents (at
300 K). Notice that the EL is similar in spectral shape to
the PL from the Er/O-activated Si except that the tail C is
weaker and cut off at the Si band gap; see the curves at the
bottom of Fig. 2(c). With the injection current increase, the
emission signal at ∼0.81 eV becomes clearer with the feature
of the Er3� emission at ∼1.54 μm, and it simultaneously nar-
rowed first and then broadened. The EL cutoff at the Si band
gap (see the blue vertical line) is due to the fact that electrons

Fig. 1. PL spectra. (a) Room-temperature PL spectra from the Er/O-doped Si at different excitation powers (P). PL curves are tentatively divided
into three parts, marked by A, B and C, as shown in the inset. (b) Excitation power dependence of PL integral intensity (II) at 300 K. (c) PL spectra at
P � 10 mW (blue curve) and 100 mW (red curve) at 4 K. The room-temperature PL result at P � 100 mW (gray curve) is also given for com-
parison. (d) PL spectra at different temperatures (P � 10 mW). (e) Arrhenius plot of normalized PL integral intensity versus inversed temperature.
(f ) PL decay curves at 77 and 300 K together with the fitting results.
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can be continuously electrically pumped to the CB bottom. In
PL, electrons can be excited to high-energy states in the CB,
resulting in a long emission tail well beyond the Si band gap.

To further clarify the energetic structure in the LEDs, we
recorded the short-circuit PC spectra at 300 K under light il-
lumination from 0.6 to 1.3 eV in photon energy as shown in
Fig. 2(c). The third-order derivative of the curve sets the cutoff
at ∼1.1 eV, which corresponds to the Si band gap Eg . It is
necessary to point out that around 0.1 eV below the Si band
gap, the PC reaches a plateau after an exponential decline by
2 orders of magnitude, which extends to ∼0.6 eV before it
drops below the background noise. This PC plateau roughly
lies in the same spectral range of the broad EL band, and it
should come from the Er-related defect (including Er3�-4f de-
generated) states [37]. Taking into account the PC and EL
bands from 0.7 to 1.1 eV, this implies that a quasi-continuous
band from 0.7 eV above the valence band (VB) to the bottom
of (or even above) the CB is formed.

Figures 2(d) and 2(e) show the main peak positions and
FWHMs as functions of the injection current at 300 and
7 K. It can be observed that the main emission peak at
1.54 μm is almost independent of the injection current,
whereas the FWHM gives a visible reduction until the current
approaches ∼10 mA. After a saturation region, the FWHM
starts to broaden again when the injection current is higher
than ∼30 mA. Moreover, in Figs. 2(f ) and 2(g), as the injection
current ramps up, the peak intensity and integral intensity

distinctively show a sublinear increase followed by superlinear
ramp with a slope of S ≈ 2.7 at 300 K (∼3.6 at 7 K)
and S ≈ 1.5 at 300 K (almost the same at 7 K), respectively.
A well-pronounced threshold is observed at ∼6 mA or
0.8 A∕cm2 [refer to the integral intensity in Fig. 2(g)].
These features, along with the visible reduction of FWHM,
suggest that amplified spontaneous [20,22,23] (or stimulated
[32,33]) emission occurs in our Si LEDs. Clearly, the LED
device operates in three different modes and transits sequen-
tially from Mode I to II and to III as the current increases
[see Figs. 2(d)–2(g)], in which Mode I represents the transition
from spontaneous to amplified spontaneous emission; Mode II
is the typical stimulated radiation with a distinctive superlinear-
ity of the peak and integral intensity; and Mode III is the one in
which the radiation recombination starts to be suppressed by
the thermal effect of high injection current (≥30 mA).

The emission cross section can be thus estimated by the fol-
lowing equation [29,38]:

σem �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

�
2

π

�s
�λ4∕4πcn2τw�, (1)

where c is the light speed, n is the refractive index (3.47), τ is
lifetime (∼70 μs), w is the FWHM (∼0.10 μm), and λ is the
emission wavelength (1.54 μm). Its maximum is approximately
σem � 1.4 × 10−19 cm2, which is almost double the value for
the Er3� in nanocrystal-Si sensitized silica (8.0 × 10−20 cm2)
[15,21].

Figure 3 shows the spatially resolved emission intensity of
the LED surface as taken by an InGaAs camera. At an injection
current lower than the threshold [Fig. 3(a)], the emission is
weak and uniformly distributed across the entire emitter surface
(300 μm in diameter) except for the region close to the center
electrode (see the two-dimensional image at the bottom), which
is heated up. When the injection current is higher than the
threshold, the emission is strongly enhanced with a maximum
in the LED surface center; see Fig. 3(b). In this case, the spatial
distribution of the emission follows a Gaussian distribution if
the loss caused by the center electrode is not considered [the
pixels are saturated in Fig. 3(b)]. The video in Appendix B
(Visualization 1) shows the evolution of the emission intensity
profile as the LED is electrically pumped across the threshold

Fig. 3. Spatially resolved intensity distribution at the emitting sur-
face of the LED at 1.54 μm (a) below and (b) above the threshold
current. The emission imaging of the surface is also shown at the bot-
tom for comparison. The imaging region of EL is the area between two
electrodes.

Fig. 2. EL spectra and analysis. (a) Schematic illustration of the
LED structure. (b) Current-dependent EL spectra at 300 K. (c) PC
spectrum at 300 K (upper panel). The star “*” marks the maximum of
the third-order derivative and the blue line Eg �Si� � 1.10 eV. The PC
shoulder at ∼0.81 eV is from the Er-related defects. The lower panel
shows the EL and PL spectra of the LED at 300 K. (d)–(g) Current
dependence of the EL peak energy, FWHM, intensity, and integrated
intensity, respectively, at 300 K (red) and 7 K (blue). The green lines
are guides to the eyes.

Research Article Vol. 9, No. 5 / May 2021 / Photonics Research 717

https://doi.org/10.6084/m9.figshare.13383338


current. Together with the above results, including the behav-
ior of the emission energy, FWHM, intensity, and integral in-
tensity, this observation confirms the presence of electrically
driven stimulated emission, although it lacks a suitable cavity
[31–33].

C. Carrier Relaxation Dynamics by Time-Resolved PL
We now address the electronic structure of the Er3�-doped Si
and the carrier relaxation and transfer dynamics. Figure 4(a)
shows the TR-PL results under a pulsed laser excitation (λ �
760 nm, 80 MHz) at 5 K. The recorded PL signals are between
1.1 and 1.2 eV. On the time scale, the PL amplitudes remain
nearly constant at a scale of ∼12 ns, indicating that the emis-
sion has a longer lifetime. The time-integrated PL spectrum can
be fitted with a Gaussian distribution with a peak centered at
∼1.15 eV, as shown in Fig. 4(b), which likely comes from the
band-to-band emission in Si [39]. The corresponding decay
profile shown in Fig. 4(c) suggests that the lifetime is much
longer than ∼12 ns, consistent with the picture presented in
Fig. 4(a). Notice that the streak camera used is not capable
of detecting light near ∼1.5 μm in wavelength and that the
time resolution is better than 10 ps; also see Fig. 4(c).

When the frequency-doubled wavelength (380 nm) excites
the sample, a similar but smaller emission band at ∼1.15 eV
was observed; see Fig. 4(d). In the time domain, the emission
has two striking features shown in Fig. 4(e). First, unlike the
long emission lifetime excited at the wavelength of 760 nm, the
emission has a short decay time of ∼30 ps. Second, the emis-
sion lags behind the excitation pulse by∼110 ps. These features
are likely caused by the fact that high-energy photons from the

380 nm laser can excite electrons from the VB to the L (or Γ 0)
point of the CB, which the 760 nm laser excitation cannot do.
With assistance of phonons, hot electrons from the L point will
first transit to the CB bottom (Δ1c point) and then emit pho-
tons at ∼1.15 eV via radiative recombination from band to
band. It should be emphasized that the time difference of
∼110 ps cannot be the coupling-related error of the test sys-
tem, since the drift of the system, i.e., the desynchronization,
is about 5 ps per hour in the synchro-scan regime. It could be
then attributed to the transfer time of the carriers across the
intravalley barrier. The relatively long transit time results in
a low concentration of excess carriers at the CB bottom because
the barrier temporally holds the carriers at the L point. As a
result, excess carriers do not generate strong spontaneous emis-
sion but rapidly (∼30 ps) relax to the Er/O-related quasi-
continuous levels below the indirect CB of Si [15,16]; see more
discussion later. This behavior is illustrated by the blue transi-
ents in Fig. 4(e). This fast relaxation process suggests a funda-
mental discrepancy with the existing model of energy transfer
from electron–hole pair recombination directly to the excita-
tion of the Er3�-4f electrons for the 1.54 μm emission [40].

The analysis of all these findings results in a comprehensive
picture, which is shown schematically in Fig. 5. High-energy
photons from the 380 nm laser first excite electrons from
the VB to the L point of the CB. Due to the intervalley barriers,
these carriers slowly transit to the bottom of the indirect CB
(Δ1c) with a time constant of ∼110 ps. Since the localized
states in the quasi-continuous Er/O-related donor band have
larger momentum, excess carriers at the indirect CB bottom
can be readily coupled and transferred to the Er/O-related do-
nor band with a relatively short lifetime of ∼30 ps. Finally, the
carriers relax to the VB via radiative and nonradiative recombi-
nation in the quasi-continuous Er/O-related donor band. The
radiative recombination broadens the emission band up to the
Si band gap, and the nonradiative recombination mainly trans-
fers energy to resonantly excite the Er3�. Thus, the quasi-
continuous band not only facilitates the rapid emission decay
of ∼30 ps (by 380 nm laser excitation) shown in Fig. 4(e) but

Fig. 5. Scheme of the carrier relaxation dynamics. The hot carriers
in the upper states at Γ 0 or L points excited by the 380 nm laser trans-
fer to the indirect CB minimum (Δ1c) of Si with a time constant of
∼110 ps. From here, a time constant of ∼30 ps characterizes the tran-
sition of carriers to the distributed band created by the Er/O-
related donor states.

Fig. 4. TR-PL spectral results. (a) TR-PL image from the Er/O-
doped Si at 5 K (left) with a 760 nm excitation laser. (b) Time-inte-
grated spectrum and Gaussian fit. (c) Decay curves of the sample and
the laser. (d) Time-integrated spectra at excitation wavelengths of 760
and 380 nm. (e) Decay curves at different excitation wavelengths.
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also serves as efficient nonradiation recombination centers to
resonantly excite the Er3� for the 1.54 μm emission. This could
be one of the reasons why the 1.54 μm emission in Er/O-doped
Si is usually not effectively excited by infrared photons but by
high-energy photons, e.g., ∼400 nm, which then produce the
amplified emission. Although the fast relaxation of carriers
within the quasi-continuous donor band cannot be directly de-
tected, the extremely long lifetime of the Er3� emission at
1.54 μm (∼ms) facilitates the achievement of inversion, result-
ing in amplified spontaneous (or stimulated) emission. The
main reason why it is complicated to obtain amplified emission
by optical excitation (i.e., PL) is the high reflectance loss of
visible light at the surface of the polished Si matrix.
Although the temperature shows no influence on the reflectiv-
ity, the loss of surface reflectivity is high (e.g., ∼40% for
405 nm) [41]; also see Fig. 8 in Appendix C.

Notice that the Er3� sublevels of excited and ground states
have an energy separation of about 10–15 meV between the
first-lying and second-lying crystal field split levels of the first
(4I13∕2) excited state [40]. Since the activation energy for
band A (1.54 μm) is 14.9 meV and the electrons in band A
are thermally excited to band B as shown in Fig. 1(e), the emis-
sion center of bands A and B is likely related to the first-lying
and the second-lying split levels of 4I13∕2 and to the sublevels of
(4I15∕2) the ground state, respectively. As for the activation en-
ergy of ∼40 meV for the entire emission signal in this material
system, it can be tentatively ascribed to the co-contributions of
the reversed transfer of the nonequilibrium carriers from the
impurity-related band C to the Si and the potential nonradia-
tive recombination of carriers of band C via electron-phonon
coupling.

What needs to be emphasized again is that the results
achieved are largely due to the use of the DC process in sample
preparation. The process offers advantages for the optically
pumped Er3�. These ions appear in high density in relatively
uniformly sized, Er-related clusters with a diameter of ∼1 nm,
which is much smaller than the 5 nm diameter achieved with
the standard RTA process [11]. Moreover, the spatial distribu-
tion of the small clusters is extremely even, which provides very
useful conditions for the Er/O cluster to act as a broad and
quasi-continuous donor band [42]. The decaying carriers from
the Si host into the Er-related states excite the 4f electron of
Er3�, which produces the emission at ∼1.54 μm. Details on
material characterizations by high-resolution transmission elec-
tron microscopy and X-ray photoelectron spectroscopy have
been described in Ref. [11], and the striking difference of
the defect-related PL signal between RTA and DC is shown
in Fig. 9 in Appendix C.

4. CONCLUSIONS

In conclusion, we observed amplified spontaneous (or stimu-
lated) emissions at room temperature with a low threshold of
∼0.8 A∕cm2 from Er/O-doped Si-based LEDs that were
treated with a DC process. In comparison with the standard
RTA process, the DC process can effectively suppress the pre-
cipitation of Er/O-related nanocrystals and form more uni-
formly distributed Er-O-Si compounds. The impact of the
DC process on Er/O formation can effectively reduce the

density of nonradiative defects in the Si band gap and facilitate
the formation of a quasi-continuous Er/O-related donor band
right below the Si CB. As a result, strong room-temperature PL
and amplified spontaneous (or stimulated) emissions were di-
rectly observed for them. In particular, the quasi-continuous
Er/O-related donor band not only facilitates the rapid emission
decay of excess carriers but also serves as efficient recombina-
tion centers to extend the emissions up to the Si band gap,
forming a broad tail in the spectrum in addition to the widely
observed Er3� emission at 1.54 μm. This work may pave the
way for fabricating superluminescent (or laser) diodes at com-
munication wavelengths based on rare-earth-doped silicon.

APPENDIX A: SCHEMATIC OF THE FABRICATION
PROCEDURE

APPENDIX B: NEAR-INFRARED EL IMAGING
FROM THE Er/O-Si LEDs

This video (Visualization 1) clearly shows the narrowing of the
intensity distribution of the EL with current increase as dis-
cussed in the text.

Fig. 6. Schematic representation of the fabrication procedure to
form (a) Er/O-doped Si samples and (b) LED devices.

Fig. 7. Concentration and electrical characterization of Er/O-doped
Si LEDs. (a) Erbium (green line) and oxygen (purple line) and
(b) boron (red line) and phosphorous (blue line) ion distribution pro-
files on their respective implantation region of Er/O-doped Si devices
by secondary ion mass spectroscopy (SIMS) measurement. (c) I − V
curves of the diode devices.
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APPENDIX C: COMPARISON OF
TRANSMISSION, REFLECTANCE, AND
NORMALIZED PL SPECTRA OF Er-DOPED Si
SAMPLES BY RTA AND DC PROCESSES

Figures 8(a) and 8(b) show that the surface polishing of Si has
almost no influence on the transmittance at room temperature.
The Er doping causes a ∼10% decrease of the transmittance
below the band gap of Si, but the DC technique does not affect
the transmission results of the Si host. Note that for Er doping,
the injection surface of the Si is always fine polished.

Figure 8(c) shows that the transmission of the Er-doped Si
samples obtained by the DC technique, e.g., at 405 nm, is
independent of temperature, which is cross-checked by the cor-
responding absorption coefficient spectra in the inset.

Figure 8(d) reveals that the fine polishing of the Si surface
can enhance the reflectivity of the Si by ∼13%. Notice that the
reflectivity of the fine-polished Si surface can increase due to
the Er doping, but the DC technique makes the reflectivity
of the Er-doped Si decrease substantially toward the short-
wavelength side, e.g., from ∼55% to ∼40% at 405 nm. It
should be pointed out that the loss of almost half of the inci-
dent photons of 405 nm (i.e., ∼40% reflectivity of the Er-
doped Si surface at 405 nm) shows the disadvantage with
respect to the quantum efficiency when short-wavelength ex-
citation is required. This may be the reason why the amplified
spontaneous (or stimulated) emission can be observed by EL
rather than by PL.

Figure 9 shows that, together with the Er-related PL feature
at ∼0.81 eV (∼1.54 μm), a shoulder at the high-energy side
can be observed in the DC processed sample. As a comparison,
the samples by the RTA process only show the Er-related
PL feature with the shoulder at the high-energy side at 5 K

[Fig. 9(a)], but it becomes extremely weakened when the tem-
perature increases to 300 K [Fig. 9(b)]. It is also clear that the
PL signal is extremely low and does not show the Er-related PL
feature. Note that broad quasi-continuous states act as an im-
portant channel for the transfer of carriers from the high-energy
states to the Er3�, although they simultaneously contribute to
radiative recombination.
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