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Efficient 1.3-µm electroluminescence from high

concentration boron-diffused silicon p+-n junctions
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Electroluminescence peaking at 1.3 µm is observed from high concentration boron-diffused silicon p+-n
junctions. This emission is efficient at low temperature with a quantum efficiency 40 times higher than
that of the band-to-band emission around 1.1 µm, but disappears at room temperature. The 1.3-µm band
possibly originates from the dislocation networks lying near the junction region, which are introduced by
high concentration boron diffusion.
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Silicon-based light sources may revolutionize telecom-
munications, electronics, and computing in the future[1].
Silicon-based luminescence which is completely compati-
ble with standard Si ultra-large-scale integration (ULSI)
technology has been extensively researched. Recently,
researchers are more and more optimistic about sili-
con’s light-emitting abilities. Theoretical maximal inter-
nal quantum efficiency around 20% has been predicted
for silicon light-emitting diodes (LEDs)[2,3], and elec-
troluminescence (EL) efficiency of 0.1%−1% has been
achieved[4,5]. Both ion implantation[5−10]and thermal
diffusion[11−14] have been used to form the p-n junctions
in Si LEDs. For boron-implanted Si p-n junction, dislo-
cation loops[5,6] or doping spikes[7,8] are used to explain
the highly efficient EL and its temperature-dependent
behavior. Several authors found that using silicon im-
plantation followed by annealing to introduce dislocation
loops was detrimental to the EL efficiency, and boron-
diffused Si p-n junctions, which did not have those dense
dislocation loops or doping spikes, had comparable or
even higher EL efficiency[12−14].

The above mentioned investigations were most focused
on the band-to-band emission around 1.1 µm, which
would be reabsorbed easily by silicon and so was limited
for applications in silicon photonics. We find an EL band
around 1.3 µm from high concentration boron-diffused
silicon p+-n junctions. This emission is quite efficient at
low temperature and its intensity is 40 times higher than
that of the band-to-band emission. Through spectra
measurements, electron irradiation and atomic force mi-
croscopy (AFM) observations, we show that the 1.3-µm
band may originate from the dislocation networks near
the junction introduced by high concentration boron
diffusion.

We fabricated silicon p+-n junctions by forming shal-
low p+ region in 1 Ω·cm n-type (100) Cz-silicon wafers.
The p+ layer was formed by boron diffusion at 900 ◦C
for 30 min. A 100-nm AuSb film was thermally evapo-
rated onto the backside of the wafer, followed by rapid
thermal annealing at 420 ◦C for 2 min, to form the ca-

thodic ohmic contact. A semitransparent 20-nm-thick
Au film was thermally evaporated onto the front sur-
face with a mask to form 1-mm-diameter circular anode
contacts. Then mesas were fabricated to avoid cur-
rent leaking. A 450-nm-thick silicon layer was etched
by inductively coupled plasma (ICP) etching using the
front Au electrode itself as the mask. An illustration
of the p+-n junctions is shown in the inset of Fig. 1.
Some of the samples were subjected to electron irra-
diation. The electron irradiation energy was 4.5 MeV
and the irradiation doses were 1 × 1014, 1 × 1015, and
1 × 1016 cm−2. EL spectra were collected by a fluores-
cence spectrometer equipped with a Ge detector and a
lock-in amplifier. The silicon p+-n junctions were driven
by a pulse generator (duty cycle 50% and frequency
11 Hz). AFM samples were prepared by pre-etching
with Dash etchant to show the dislocation networks.

A typical current-voltage (I-V ) curve is shown in Fig.
1. The forward current reaches 20 mA with the voltage
of 1.1 V and the rectification ratio is higher than 106.
The I-V characteristic confirms that the p+-n junctions
are well formed.

Figure 2 shows the EL spectra of the silicon p+-n junc-
tions at low temperature of 23 K (solid line) and room

Fig. 1. Current-voltage plot for the Si p+-n junction mea-
sured at room temperature. Inset shows a schematic of the
Si p+-n junctions. The light is emitted through the top semi-
transparent Au contact.
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temperature of 295 K (dashed line). The forward current
is 5 mA. The spectrum at room temperature shows only
one band around 1154 nm (1.07 eV), while the spectrum
at low temperature shows two bands around 1130 nm
(1.10 eV) and 1295 nm (0.96 eV). The 1.07- and 1.10-eV
bands were reported in many references and concluded
to be the phonons assisted band-to-band emission of free
carriers or free exitons in silicon[2−14]. In our exper-
iment, the peak photon energy decreases continuously
from 1.10 eV at 23 K to 1.07 eV at 295 K. For bulk
crystalline Si, it is well known that the combination of
thermal expansion and electron-phonon interaction con-
tributes to the shrinkage of the band gap with increasing
temperature[15]. The 1.3-µm band weakens as tempera-
ture goes up and disappears at temperatures higher than
175 K. As far as we know, in boron-diffused silicon p-n
junctions, the 1.3-µm EL band is observed for the first
time.

In boron-implanted silicon p-n junctions, Sun et al.
observed two EL bands around 1.3 and 1.2 µm, and at-
tributed them to the spatially indirect excitons bounded
to doping spikes in a strained environment and without
strain, respectively[7,8]. They successfully explained the
abnormal temperature behavior of band-to-band emis-
sion in ion-implanted Si p-n junctions. We fabricated
boron-implanted Si p-n junctions as the control samples
and found the results consistent with theirs. Sobolev
et al. also observed the 1.3-µm band in ion-implanted Si
p-n junctions and attributed it to defect-related centers
without further investigation of the origin[10].

To probe the origin of the 1.3-µm band, cross-sectional
transmission electron microscope (XTEM) samples of
boron-implanted and boron-diffused silicon p+-n junc-
tions were fabricated and measured. Figure 3 shows
the XTEM images. For boron-implanted samples, a lot
of doping spikes were observed, consistent with those
reported in Refs. [7,8]. But in boron-diffused samples,
although much effort was made, no similar structure was
found. So we believe that the 1.3-µm band of boron-
diffused silicon p+-n junctions, though with the same
wavelength as that of boron-implanted samples, does not
result from doping spikes. Another obvious difference
between the diffused p+-n junctions and the implanted
ones is that only the 1.3-µm band is observed in boron-
diffused silicon p+-n junctions rather than the two bands
in boron-implanted samples[7,8].

Furthermore, we used electron irradiation to intro-
duce defects into boron-diffused silicon p+-n junctions

Fig. 2. EL Spectra of our boron-diffused Si p+-n junction.
The current is 5 mA.

and measured their impact on the 1.1- and 1.3-µm EL
bands[16]. Figure 4 shows the EL spectra before and
after electron irradiation with different doses. The in-
set in Fig. 4 depicts the integrated EL intensity of the
two bands at different electron irradiation doses. The
measurement current is 20 mA and the measurement
temperature is 23 K. The intensity of the 1.1-µm band-
to-band emission decreases after electron irradiation, and
even decreases more than one order of magnitude after
1 × 1016 cm−2 electron irradiation. However, the inten-
sity of the 1.3-µm band does not change except a slight
shift of its peak wavelength.

The diffusion of high concentration substitutional im-
purities into shallow surface layers of silicon was found
to be able to produce dislocation networks[17−21]. The
reason is that the undersized substitutional impurity
atoms cause strain and stress in the lattice, and when
the concentration of the impurity atoms is high enough,
the stress in the lattice will be relieved by formation
of dislocations. Recently, several researchers used plas-
tic deforming and direct wafer bonding to introduce
dislocation networks in silicon, and observed the lumi-
nescence from dislocation networks[3,11,22]. Noticeably,
their samples do not contain boron, but their photolu-
minescence and cathodoluminescence spectra also show
1.3-µm bands with almost the same wavelength as ours.

We used AFM to observe the dislocation networks
in the high concentration boron-diffused silicon p+-n
junctions. Before AFM scan, Dash etchant was used to
show the dislocation networks. The etching time was
precisely controlled and the dislocation networks were
proven to exist only near the junction region. In the
XTEM measurement, we did not clearly observe the dis-
location networks because of the limited image contrast.
Figure 5 shows the AFM image of the dislocation net-
works in boron-diffused silicon p+-n junctions etched to
junction region. There are dense dislocation networks
along the (110) direction and their areal density is about
8×104 cm−1. It supports the conclusion that the 1.3-µm
band of boron-diffused silicon p+-n junctions originates
from the dislocation networks. The emission can be

Fig. 3. XTEM images of the Si p+-n junctions prepared by
(a) boron implantation and (b) boron diffusion. The darker
area is silicon.
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explained by the phonon replica of the transition between
the one-dimensional dislocation bands which are caused
by the elastic strain field around the dislocation[22]. Be-
cause the band-to-band emission is from a relatively
large region around the junction, it is easily affected
by the electron irradiation. Contrastively, the disloca-
tion networks are formed locally near the junction re-
gion, so only slight impact of electron irradiation on the
1.3-µm band can be realized. When the temperature
goes up, excitons localized in dislocation networks are
gradually deactivated, so the intensity of the 1.3-µm
band decreases and the 1.3-µm emission disappears at
room temperature[23].

In conclusion, in the high concentration boron-diffused
silicon p+-n junctions, an EL band around 1.3 µm
is observed below 175 K. The 1.3-µm band is quite
efficient at low temperature with a quantum efficiency
40 times higher than that of the band-to-band emis-
sion. It may originate from the dislocation networks

Fig. 4. EL spectra of the Si p+-n junction before and after
electron irradiation (with electron energy of 4.5 MeV and ir-
radiation dose rate of 8.5×1012 cm−2s−1) of different doses
(1 × 1014, 1 × 1015, and 1 × 1016 cm−2). Inset shows the in-
tegrated EL intensities of the 1.1- and 1.3-µm bands versus
electron irradiation dose. The current is 20 mA and the tem-
perature is 23 K.

Fig. 5. AFM image of the dislocation networks in the boron-
diffused silicon p+-n junctions. The samples etched with
Dash etchant show dislocation networks along (110) direction
with areal density of about 8×104 cm−1.

lying near the junction region introduced by high con-
centration boron diffusion.
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