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The temperature dependence of electroluminescence from silicon p-i-n light-emitting diodes with a
layer of 3-FeSi, particles inserted in intrinsic silicon was investigated. Anomalous blueshift of the
peak energy and enhanced electroluminescence intensity of the silicon band-edge emission were
observed at temperatures from 50 to 200 K. The electroluminescence intensity was enhanced due to
longer diffusion paths of the injected electrons at elevated temperature, as well as thermal escape of
the electrons from the 3-FeSi, particles. The low peak energy compared to that from bulk silicon at
low temperature is due to the bound electron-hole pairs induced by the strain potential at the
interface between silicon and S-FeSi, particles. The blueshift of the peak is ascribed to the transition
of bound electron-hole pairs into free excitons at elevated temperature. Room temperature
electroluminescence from such a silicon light-emitting diode can be obtained at a low current
density of 0.3 A/cm?. © 2006 American Institute of Physics. [DOI: 10.1063/1.2217107]

I. INTRODUCTION

The production of silicon light-emitting diodes for fully
silicon-compatible integrated optoelectronic circuits is a big
challenge due to the indirect energy band gap of silicon.
Because of its importance in technology, numerous efforts
have been devoted to get an efficient light emission in the
wavelength range from visible to infrared regions of the
spectrum from Si-based materials, such as porous Si, Si
nanocrystal, dislocation engineered Si, erbium doped Si,
SiGe, as well as ,B-FeSiz.k6 Recently, light emission from
bulk silicon diodes with dislocation loops7 or silicon diodes
fabricated on silicon-on-insulator substrate and with textured
surface®™® was demonstrated. The enhancement of light emis-
sion at higher temperature was observed in the samples with
dislocation loops, which was attributed to the spatial local-
ization of the radiative carrier population decoupled from
nonradiative recombination,7 or to the binding of electron-
hole pairs to the boron doping spikes.10 The enhancement of
light emission from other samples was attributed to the re-
duction of silicon self—absorption.8‘9 In our case, electrolumi-
nescence (EL) from the silicon p-i-n light-emitting diodes
was demonstrated and the anomalous blueshift of the peak
energy was observed from 50 to 200 K, which cannot be ex-
plained with the above mechanisms.

In this paper, we report on the temperature dependence
of luminescence from a silicon p-i-n light-emitting diode
with a layer of B-FeSi, particles inserted in the unintention-
ally doped silicon. In addition to the enhancement of EL
intensity, the blueshift of silicon near band-edge emission
was observed from 50 to 200 K, which is attributed to the
formation of bound electron-hole pairs caused by the local
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strain in the silicon. Longer diffusion paths of injected elec-
trons and thermal electrons escaping from [B-FeSi, particles
at higher temperature were proposed to be responsible for the
enhancement of EL intensity.

Il. EXPERIMENT

The starting material in our study was 20 um thick
n-type epitaxial silicon (resistivity of 0.02 ) cm)/
Czochralski n*-silicon (001) wafers. After thermal cleaning,
250 nm unintentionally doped silicon (lightly p type, ~5
X 10'® cm™) was grown on the n-type epitaxial silicon by
molecular beam epitaxy (MBE) at 850 °C. An epitaxial layer
of B-FeSi, 15 nm thick was deposited by reactive deposition
epitaxy followed by an approximately 0.4 um thick, uninten-
tionally doped Si layer and a 0.8 um thick, boron-doped (5
X 10" cm™) silicon cap layer. Finally, samples were an-
nealed at 900 °C in an Ar atmosphere for 14 h, which results
in B-FeSi, particles embedded in Si matrix. Details of the
growth procedure have been described elsewhere.'! For com-
parison, the other sample with only 250 nm of unintention-
ally doped silicon was grown on the same type of substrate
and annealed under the same conditions.

The device was designed as a mesa structure and 1.5
X 1.5 mm? mesa was made by wet chemical etching, as
shown in the inset of Fig. 1. The plan view transmission
electron micrograph is also shown in the figure. A finger-type
Al contact was made on the p-silicon mesa area by standard
photolithography and sintered at 450 °C for 20 min. The
other contact was AuSb deposited on the backside of silicon
substrate.

Samples were set up in a cryostat for EL and photolumi-
nescence (PL) measurements from 8 to 300 K. PL measure-
ments were conducted by exciting the samples with a
442 nm He-Cd laser, while EL spectra were measured by

© 2006 American Institute of Physics

Downloaded 06 Jan 2010 to 130.158.56.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2217107
http://dx.doi.org/10.1063/1.2217107
http://dx.doi.org/10.1063/1.2217107

023506-2 Li et al.
2.0 T r T r
Al electrode
AL ELAIELLEL LS
1.5 B-FeB
<
E 10p
=]
g 0 5 (AR SSESSNSSSSSSS
5 . AuSb electrode 500nm
0.0

2.0 -1.5 -1.0 -0.5 00 05 1.0
Voltage (V)

FIG. 1. Current-voltage characteristics of a silicon p-i-n light-emitting di-
ode. In the inset is the cross sectional schematic of the device and the image
of plan view transmission electron microscopy.

using a pulsed current source at 200 Hz frequency and about
1/2 duty cycle. Luminescence was analyzed by a 25-cm-
focal-length grating monochromator, detected with a liquid
nitrogen cooled InP/InGaAs photomultiplier (Hamamatsu
Photonics R5509-72) and amplified by the standard lock-in
technique.

lll. RESULTS AND DISCUSSION

Current-voltage characteristics of the p-i-n diode are
shown in Fig. 1. Good rectification and low leakage current
indicate that the layer of -FeSi, particles inserted in the
unintentionally doped silicon causes only slight degeneration
of the p-i-n diode performance. The current-voltage charac-
teristics are typical of p-i-n silicon junctions.

The EL spectra of the diode at a forward bias of 50 mA
are shown in Fig. 2 from 50 to 300 K. The obvious peak
energy shift is indicated with the dashed line in the figure. To
demonstrate the unusual evolution of EL and PL spectra, we
plotted the EL and PL peak positions as a function of tem-
perature in Fig. 3. For comparison, we also drew the PL peak
positions from the annealed samples with only one epitaxial
silicon layer in the same figure. For the annealed epitaxial
silicon sample, the PL peak energy shifts to low energy with
increasing temperature, rigorously following Varshni’s law
with the parameters for bulk silicon.'” However, the energy
peak positions of the EL and PL for the light-emitting diode
are nearly the same, showing clear blueshift from
50 to 200 K. When the temperature is less than 160 K, the
peak energy of EL and PL for the light-emitting diode is
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FIG. 2. Temperature dependence of EL spectra of the diode under 50 mA
from 50 to 300 K, the dashed line shows the peak energy shift.
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FIG. 3. Temperature dependence of peak energy of EL and PL from the
light-emitting diode and PL from an epitaxial silicon sample annealed at the
same conditions. The obvious blueshift was observed for both EL and PL
from the light-emitting diode.

smaller than those of the annealed silicon samples. When the
temperature is higher than 160 K, however, the peak energy
is larger than those of the annealed silicon samples. The en-
ergy difference is about —18 meV at 50 K and 14 meV at
200 K.

Figure 4 shows the temperature dependence of EL and
PL integrated intensities. With increasing temperature, the
EL integrated intensity increases until 160 K and then starts
to quench slightly, while the PL integrated intensity always
quenches in the whole temperature range. In order to clarify
the mechanism, the EL and PL intensities at the peak energy
near 0.81 eV from g-FeSi, particles versus temperature is
plotted in Fig. 5. The EL intensity from S-FeSi, increases
with increasing temperature until 100 K, while the PL inten-
sity from -FeSi, always decreases with increasing tempera-
ture. These results indicate that the EL and PL spectra are
related to the carrier injection mechanism. For EL, when the
temperature increases, the injected electrons diffuse farther
in the unintentionally doped silicon and more electrons reach
the B-FeSi, area, which enhances the EL intensity both from
the B-FeSi, and silicon. This indicates that it is the silicon
near the B-FeSi, particles that causes the silicon band-edge
luminescence. On the other hand, for PL, the input optical
intensity is almost absorbed in the p* silicon layer and the
carriers are generated mainly in this area. With the increase
of temperature, the nonradiative recombination in this area
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FIG. 4. Temperature dependence of EL and PL integrated intensities. The
enhancement was observed for EL, while quenching for PL.
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FIG. 5. Temperature dependence of EL and PL integrated intensities from
the B-FeSi, particles (peak energy at about 0.81 eV). The enhancement of
EL intensity was also observed with increasing temperature.

consumes a large portion of the electron-hole pairs and only
a small number of them contributes to the radiative recom-
bination in and near the area of B-FeSi, particles.

In order to explain the blueshift of silicon peak energy
with increasing temperature, we notice that the 8-FeSi, and
surrounding silicon are under strain.'® The shrinkage of the
energy band gap of silicon under compressive strain provides
the interface potential for binding electron-hole pairs. This
results in the reduction of the peak energy of EL and PL at
low temperatures contrasting to that from the bulk silicon.
With increasing temperature, the reduction of binding energy
gives rise to the blueshift of the peak energy of silicon band-
edge luminescence until the start of the transition of bound
electron-hole pairs into free excitons.

From 100 to 160 K, the EL intensity at the peak energy
near 0.81 eV from [B-FeSi, starts to quench, while the EL
intensity of silicon band-edge luminescence continues to in-
crease. To understand the continuous enhancement of silicon
band-edge luminescence above 100 K, we plot the tempera-
ture dependence of the ratio of the EL radiation intensity
from the silicon to that from the -FeSi, in Fig. 6. The tem-
perature dependence of Lg;/Lg pesip indicates that the loss of
electron confinement in B-FeSi, is consistent with the model
of thermal excitation over the heterostructure barrier, which
can be fitted as Lg/Lgpesio®exp(=E,/ kT),""!* with E,
~(.2 eV. The contribution of electrons escaping from
B-FeSi, drives the continuous enhancement of silicon band-
edge emission to higher temperature.
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FIG. 6. EL intensity ratio Lgi/Lgpesi of the radiation from the intrinsic
silicon to the radiation from the [B-FeSi, particles. The carriers thermal
escaping from S-FeSi, was demonstrated.
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FIG. 7. EL spectra of a forward biased diode from 7 to 90 mA at room
temperature (a) and the integrated EL intensity as a function of current
density (b).

Figure 7(a) presents EL spectra of a forward-biased di-
ode at room temperature. In the range of current from
7 to 90 mA, the strong silicon band-edge luminescence is
observed with a full width at half maximum (FWHM) of
about 100 nm. The integrated EL intensity as a function of
the forward-bias current density is shown in Fig. 7(b). The
band-edge emission of the silicon increases linearly with cur-
rent density from 0.3 to 4 A/cm? and no saturation was ob-
served.

IV. SUMMARY

Temperature dependence of EL was measured for the
silicon p-i-n light-emitting diodes with a layer of S-FeSi,
particles inserted in the unintentionally doped silicon. In con-
trast to the EL from boron-doped silicon diodes,7’10 the blue-
shift of the peak energy in a large range of temperature was
observed. The enhancement of silicon band-edge emission
was demonstrated and attributed to the carriers that diffuse
farther and to the carriers escaping from -FeSi, at elevated
temperature. The blueshift of the peak energy was proposed
to be due to the reduction of the binding energy of electron-
hole pairs at the interface between silicon and B-FeSi, par-
ticles with increasing temperature. Strain at the interface be-
tween silicon and -FeSi, particles should play a major role
in this structure. Room temperature EL from such a silicon
light-emitting diode was realized at the low current density
of less than 0.3 A/cm?2. Finally, we would like to mention
that this device strategy was compatible with Si technology
and could be used for other Si-based material.
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