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Abstract −−−− In this paper, we describe the fabrication,
using standard silicon processing techniques, of silicon
light-emitting diodes (LED) that efficiently emit photons
with energy around the silicon bandgap. The improved
efficiency had been explained by the spatial confinement of
charge carriers due to a local strain field that is formed by
dislocation loop arrays. The dependence of device
electroluminescent properties on the annealing conditions
is carefully examined as a high temperature process has
profound influence on these dislocations. Increased
luminescent intensity at higher device temperature,
together with pure diffusion current conduction
mechanism evidently shows the influence of the dislocation
loops. The electrical properties of the diode are reasonable
with low leakage reverse current.
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 I. INTRODUCTION
Photodetectors, waveguides, modulators and

wavelength demultiplexers have all been fabricated in
silicon-based technology [1][2]. The capability of
making efficient silicon-based light emitters would
greatly expand the use of silicon as an optoelectronic
material. Direct integration of optoelectronic devices into
microelectronic circuitry with single CMOS processing
would effectively reduce the manufacturing costs and
increase yields. That is because of the avoidance of
expensive and exotic compound semiconductor
technologies. Furthermore, “If an all-silicon laser could
be created it would revolutionize the design of
supercomputers and lead to new types of optoelectronic
devices…” [3]

The general requirements in Si-based light sources are
efficient light emitting diodes, lasers, and optical
amplifiers for use in optical communication technologies
such as fibre optics or displays. Operating wavelengths
in the range of 0.45 - 1.6 µm (2.8 - 0.7 eV) are needed to

cover both full colour displays and fibre optics operating
wavelengths of 1.3 and 1.55 µm.

For near future intra- and inter- chip optoelectronic
interconnections, there is an urgent requirement for an
optical emitter that is compatible with standard silicon
integrated circuits (IC) technology. Many efforts have
thus been directed, with varying degrees of success, to
engineering silicon-based materials that are efficient light
emitters. Bulk silicon has an indirect energy bandgap and
is therefore highly inefficient as a light source.
Nevertheless, when appropriately engineered, crystalline
silicon is capable of supporting efficient light
emission[5][6].

Ion implantation has been the primary source of
introducing impurity atoms into silicon substrate.
Unfortunately, the ion implantation process causes large
amount of crystal damage and creates point defects. This
damage is repaired during subsequent annealing. If the
implant doses are high enough, extended defects such as
dislocation loops and {311}’s [7][8] can form during the
annealing step. Dislocation loops will increase the
leakage current and affect the final properties of devices
when they are located at or near the device junction-
especially in the depletion layer of a junction. Increased
leakage current will cause device degradation and
increased power consumption in logic and memory
circuits. If the dislocations are located outside the space
charge regions, the device operation is not affected.

In this paper, the fabrication, characterization, and
explanation of a silicon LED with efficiency
(optical/electrical power density) of 0.025-0.1% will be
reported. The device features the introduction of
dislocation loops in the region close to the junction as
means of promoting radiative recombination due to the
formation of local spatial strain field that effectively
confine the free carriers [5].
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 II. EXPERIMENTAL
A simple diagram of the device is shown in Figure 1.

The device reported here was made by implantation of
boron at a dose of 1.5×1015 cm-2 and at an energy of 40
keV. In this research, the samples were subsequently
annealed in a nitrogen atmosphere for 20 minutes at 850,
900, 950, 1000, and 1050°C respectively to form the
dislocation loop array and activate the boron atoms. The
implants were made into device grade epitaxial n-type
silicon substrates of resistivity 2.55−2.95Ωcm with the
epi-thickness of 16−18µm. The annealing temperatures
vary the diffused boron profiles as well as the evolution
of the dislocation loops and other defects. Front side
metalization for electrical contacts was made by
aluminium sputtering and sintering in wet nitrogen
ambient at 400°C for 5 min.

For electrical measurements and supply, a HP 4156B
precision parameter analyzer was used. The emitted
photons are collected from the front side window of the
device with a fiber optical probe. Light emission spectra
are measured from the output of the optical probe with an
Instrument Systems Spectro−320 universal spectrometer
and/or an Avantes AVS-SD2000 spectrometer. A
calibrated halogen lamp HL-2000 has been used as
reference for absolute measurements. Figure 2 shows a
comparison between the spectrum of the halogen lamp
and the spectrum of device W5 (1050°C, 20min)
operated at 100mA emitting current. The ratio of peak
intensity gives 10 times for the 7W electrical power
halogen lamp (5V, 1.4 A).

 III. RESULTS & DISCUSSION
Current voltage characteristics of the devices plotted in

semi-log scale are shown in Figure 3. The reverse biased
region indicates very low leakage current, which is the
standard rectifying property of semiconductor junction,
and a proof of no dislocation loops present at the junction
space charge region. In contrast to reference [5], the
current voltage curve shows a leakage current of 0.5mA
at the reverse biased voltage of −2V.

In the forward biased low injection regime, the current
voltage dependence can be described by the relationship
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represents the theoretical curve with m purely equal to 1.
This fact denotes that the diffusion current is the
dominant mechanism in the devices signifying the
recombination outside of the space charge region
throughout the low injection regime. We attribute this to

the efficient enhancement of carrier recombination at the
region of dislocation loops. Carriers are confined by the
spatial potential barrier that is heightened by the strain
field of the crystal lattice due to the presence of loops
(which are plane of two-dimensional precipitates inserted
between two consecutive {111} planes).

Figure 5 shows the dependence of light intensity
against the injection current. The integrated
electroluminescence power deduced from this
dependence is linear with the electrical current as well as
the dissipated power. From the power conversion point
of view, the device is more efficient at 50 mA than at
100mA.

The temperature dependence of the device annealed at
1050°C is displayed in Figure 6. The temperature was
varied from room temperature up to 200°C. A
distinguished increase in intensity is observed as the
temperature is raised. The temperature at which the
electroluminescence saturates has not been identified
(out of reach of our temperature system) but the trend
started above 423 K (150°C) as can be seen in Figure 7.
It is obliged to stress here an obvious evidence of the
unaffected peak of intensity at higher temperature and
the deformation of the spectra at temperature 423 K and
473 K (150°C and 200°C). The satisfactory explanation
for these abnormalities has not been resolved.
Nevertheless, the peak intensity is closely related to the
energy band gap of the silicon. The change of the energy
gap with temperature is a result of two different
processes. The first contribution originates in the
electron–phonon interaction. The second one arises from
the change in bond lengths with temperature and can be
related to the pressure coefficient of the energy gap
through the compressibility and the thermal expansion
coefficient. The former dominates at elevated
temperatures (T≈100 K), decreasing the band-gap energy
with temperature[10][11][12]. It is interesting to notice
that the latter process involves the bond length changes
with lattice pressure, which again relates to the presence
of dislocation loops.

In Figure 8, the emission spectra of devices annealed
at four temperatures are displayed. The respective
integrated electroluminescence intensities are shown
accordingly in Figure 9. The best efficiency is achieved
on devices annealed at 1050°C. The trend is still
increasing at 1050, however the device to be made at
1150°C and 20 min may show weakening luminescence
due to the complete dissolution of loops at this
temperature and time budget [13].

Much work has been devoted to the study of the
evolution of dislocation loops, which lead to the
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following arguments. The presence of dislocation loops
induces a strain field in the silicon lattice. The stress is
found to be strongly sensitive to the size and distribution
of the loops. It has been researched that the change in the
magnitude of this strain with time is negligible for the
low temperature anneals (<900°C). However, at higher
temperatures (1000°C) there is a sharp drop in magnitude
for long anneals. It appears that the magnitude of the
strain is sensitive only to the anneal temperature for
temperatures below 900°C. At elevated temperatures (>
900°C), it is a strong function of both the annealing time
and temperature [9]. According to reference [14], the
average loop radius, which is an indicator of how large
the loops are, could be important in relating the spread of
the strain in the lattice. The larger the loops, the larger
are the length of the strained lattice. We are presently
carrying out Transmission Electron Microscopy (TEM)
and High Resolution X-ray Diffraction (HRXRD)
experiments on our sample in order to reconfirm the
presence of the local strain field.

Taking into account the fact that the diffusion current
conduction mechanism is dominant Figure 4, the shift of
the junction position due to the higher diffusivity of
boron at high annealing temperature is supposed not to
play a role in the photon emission process. Furthermore,
the average minority carrier diffusion length is many
times of the position shift, which means the diffusion of
carrier (injected electrons) from the n-type region to the
most effective recombination layer has no obstruction.

 IV. CONCLUSIONS
It has been reported in this paper that the silicon LED

emits photons with energy around the silicon bandgap
with appreciably high efficiency (in the range of
0.025−0.1%). Two significant trends accompanying the
changes of annealing temperature and the substrate
temperatures has been revealed and discussed. We
believe that the most effective radiative recombination
occurs at the region of loops where the carriers are
supposedly confined, and the higher annealing
temperature is contributing to the more uniformly and
periodically arranged dislocation loops, in spite of the
reduced strain field due to the dissolution of loops. The

devices prove themselves as a potential candidate for
future on-chip optoelectronic interconnections.
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Figure 1 Schematic drawing of the fabricated device
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Figure 2 Irradiance intensity compared to calibrated
halogen lamp
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Figure 3 Current voltage characteristics of devices
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Figure 4 Dominating diffusion current mechanism
indicating recombination outside space charge region
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Figure 5 Emitting current dependence
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Figure 6 Substrate temperature dependence
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Figure 7 Integrated electroluminescence at different
substrate temperature
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Figure 8 Increased emission with increased device
annealing temperature
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Figure 9 Integrated electroluminescence of samples
annealed at different temperatures
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