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Abstract. This work provides a novel approach for enhanced radiative transitions in silicon microelectronics
devices. A process based on hot carrier injection is monitored for the creation of a low dimensions defect
layer near the emitter-base interface of bipolar transistors. New energy levels are induced together with a
potential barrier. Carrier confinement is correlated with the potential barrier height. The increase of light
emission is related to high injection effects in the junction. Results present an advance toward Si-based
optoelectronic devices.

1 Introduction

Silicon is the constituent of more than 95% of microelec-
tronics systems. It is cheap, abundant in nature and has
the necessary mechanical properties to be processed into
high-quality electronic devices. The performance of silicon
devices results from very low size for large-scale integrated
circuits with high reliability.

New applications in telecommunications, audio-visual
practices and in the field of game machines drive the mar-
ket and require further increase of speed for transmis-
sion, higher qualities of information and image resolution.
A laser light source built from silicon would provide the
ideal improvement for these applications for future high-
speed electronics. Silicon has an indirect band gap struc-
ture [1] which limits its efficiency as a light emitter. At
present, laser diodes made with III–V compounds [2] are
used to convert signals [3] for the purpose of communi-
cation systems with optical fibers, but the incorporation
of such compounds in silicon layers leads to distortions
of the signals, degradation of sensitivity and limits the
reliability.

Since the beginning of this century, silicon has been
considered as a material option for photonics. Pavesi
et al. [4] realized light amplification with silicon dots im-
planted into silicon dioxide layer on Si substrates and dis-
cussed a model of laser structure with optical pumping
between Si/SiO2 interface states. Many published works
have since been considered for silicon optoelectronic appli-
cations. The significant advancements can be classified as
follows: (I) increasing the silicon radiative recombination
rate, (II) developing photonic silicon waveguides or (III)
laser cavities’ structure. Each is discussed in turn:

(I) Introduction into silicon layers of selected doping
material together with realization of quantum confinement
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has been considered [5–7] in order to increase the radia-
tive recombination rate. Light-emitting molecules or ions
have been injected in nano-structures in order to mod-
ify the emission properties of the photonic crystal; Liu
et al. [8] obtained a high-speed silicon modulator. Reed [9]
introduced the idea of “optical circuits” as light emit-
ters, modulators, amplifiers, detectors, to realize photonic
devices.

(II) Technology for the development of photonic de-
vices [10,11] led to the emergence of waveguides obtained
as a periodic crystalline structure. Photonic crystal struc-
tures for integrated optics [12] and applications with
silicon-on-insulator technology for waveguide photonic
were reviewed in reference [13]. Krauss [14] discussed ap-
plications of photonic crystal slow light waveguides. Point
defects have been observed [5] to modify the electromag-
netic properties of the waveguide introducing photonic mi-
crocavities. The selective transmission of heterostructures,
consisting of multiple photonic waveguides, in photonic
crystals [15] is related to properties of high-quality nano-
cavities. These works show that the properties of silicon
are sensitive to its structure and new photonic devices [5]
are expected from exploitation of observed silicon crystal
properties at the nanometer scale, such as quantum size
effects, light guidance and nonlinear optical properties.

(III) Significant results for application to produce laser
action have been published using Raman amplification
in silicon [16] with an external laser pump, and confine-
ment within a waveguide has been considered to be im-
planted within a silicon device. El Tahchi et al. present
in [17] an advance in optoelectronic silicon-based appli-
cations: a nano-defect structure has been created which
boosts the radiative recombination processes and leads
to a localized silicon-emitting process, in the infrared re-
gion, with the junction polarized for high injection opera-
tions. A light amplification is observed when increasing the
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junction forward current. An interesting work [18] from
O’Brien et al. reports on photonic crystal microcavities
with membrane devices on sapphire for laser applications
giving an advance in understanding layers’ properties.

These works open the access to a future single-photon
technology [19,20].

All results coalesce to point out that localized defects
in small structures enhance silicon emission efficiency and
that the radiative recombination rate is increased by car-
riers’ confinement. All the interpretations of these results
are concerned by quantum effects and strong interactions
either between carriers or with the neighborhood. Integra-
tion of a photonic circuit into a standard microelectronic
process has so far failed to create a silicon laser diode.
At the end of the last decade, the challenge is still electri-
cally to stimulate nanocrystals and photonic structures in
order to manage/produce a beam of laser light.

This paper presents an advance in optoelectronic sil-
icon devices since it introduces and formulates a process
for the creation of an optical active layer inside silicon de-
vices. The emitter-base n-p junction of a microelectronic
device is operated in high injection conditions. A degrada-
tion of the structure is induced by hot carriers’ injection.
The model is based on a population inversion associated
with a defect layer for carrier confinement and an electri-
cal stimulation of light is demonstrated.

2 Generation and description of defect layers

In this work, defect layers have been created by manag-
ing the injection of energetic carriers through a silicon n-p
junction. Commercial npn transistors were used. Hot car-
riers were produced by the application of a reverse bias
to the emitter-base junction. Both the intensity of the re-
verse current and the duration of the applied bias were
controlled by using a source-measurement unit (Keithley
2400).

Interactions of hot carriers with the silicon layer pro-
duce degradation processes near the junction [21,22],
which result in a generation of defects near the space
charge region. When the emitter-base junction is reverse-
biased, the electric field in the space charge region is high
enough to heat the mobile carriers, charge. These hot car-
riers can acquire sufficient energy to break weak bonds
in the bulk of the junction and at interface layers giving
rise to the insertion of defects in the base near the space
charge region. The defects disturb the lattice periodicity
by creating energy states situated in the band gap of the
semiconductor, and engender a defect layer in the base
characterized by localized traps and a density of recombi-
nation centers. An evolution of the current-voltage I(V )
characteristic of the junction is induced and could then
be measured for the purpose of monitoring the injection
process.

The injection process was monitored by the analysis of
the I(V ) curve with the classical exponential model [1,23].

The junction parameters’ determination permits us
to follow the variations of the reverse junction recom-
bination current and of the junction ideality factor (n).

Fig. 1. The junction ideality factor, n, vs. duration of the hot
carrier injection. The increase of n saturates for the value n = 2
which indicates high injection effects in the junction.

The increase of n is an indication [22] of recombination
process through the generated defects, which induces
degradation of the junction properties.

Figure 1 shows the increase of the junction ideality
factor as a function of the duration of the hot carrier in-
jection performed with a reversed constant polarization of
7.5 V applied to the emitter-base junction of a commercial
2N2222 transistor. This increase of n means degradation
of the junction. This degradation effect saturates since the
ideality factor stabilizes at the value n = 2. It is indicating
that high injection effects appear [23] at high voltage op-
erations with minority carrier concentration of the order
of majority carrier concentration.

The defect layer assimilated to the degraded region
of the p bulk [24,25] can be characterized [25] by a dop-
ing level Nd

A lower than the base doping NA, typically of
the order of 1014 cm−3. The interface with the silicon p
type forms a potential barrier which leads, in operating
conditions, to confine carriers in the defect layer. When
a current flows through the device, the minority carrier
density in the bulk is increased. Since the doping level
(Nd

A) in the defect layer is rather low, this carrier density
variation modifies the local potential in the defect region,
and the free carriers partially compensate the charge in
the defect layer. Under operating conditions, when the ap-
plied potential increases, the carrier density increases and
a confinement effect appears which compensates the ion-
ization charge inside the defect space-charge region. Then,
the potential barriers at the bulk-defect interface decrease
and high injection effects are generated.

The interface between the implanted defect and the
bulk may be described as a space charge region. Then, us-
ing the usual model [1] of an abrupt potential barrier, it is
easy to compute the barrier height (VDL). Values of VDL

have been obtained (NA = 1017 cm−3, Nd
A = 1014 cm−3),

VDL = 179 mV without any external applied potential,
VDL = 67 mV with 0.7 V applied potential and VDL = 0 V
in high injection process. These values may also be
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Fig. 2. Light emission along the base-emitter junction, (a)
before and (b) after a 20 s electrical stress.

computed using PC1D software [26]. They show that in
normal operating conditions (applied potential higher
than 0.7 V), the minority carrier transport is not affected
by the defect layer which introduces a carrier confinement
in the implanted layer.

3 Light amplification by electrical stimulation

For experimental measurements, the silicon device was a
commercial bipolar transistor 2N2222. An electrical stress-
ing at constant reverse voltage, 7.5 V, was performed on
the emitter-base junction. A defect layer was created by
injection of hot carriers. The light emission at the de-
vice surface was observed during the stress. The current-
voltage characteristics were measured using the Keithley
487 digital picoammeter and a power supply HP 6114A
was used to drive the junction into avalanche region.
A CCD camera with 500 × 582 pixels was used to an-
alyze the emitted light intensity. For imagery, the exper-
imental setup included an optical microscope. A digital
thermometer (NiCr-Ni thermocouple) was used to moni-
tor the temperature of the device.

A light emission was observed along the emitter-base
junction. The images of the active region taken by the
CCD camera have been analyzed and Figure 2 shows the
light emission, before stress Figure 2a and after 20 s of
stress Figure 2b. The width of the emissive surface in-
creases and the spatial distribution of illuminating sur-
faces changes during the stress, high intensity appears in
some local areas and the light intensity decreases on other
parts of the junction surface. This effect has been pre-
viously described [27,28]. No significant modification of
the total light intensity for the whole junction surface was
measured.

We have examined the emission of light in the area
where high intensity sites appear; the measured light in-
tensity per unit area is displayed in Figure 3 against the
duration of the stress experiment.

An increase of the emitted light intensity is measured
when increasing the duration of the applied reversed po-
larization and the emission stabilizes after 90 s of stress.
The light intensity per unit area increases by a factor of
1.7 after 70 s of stress, compared to the value before stress.
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Fig. 3. Light intensity per unit area of the emitter-base junc-
tion as a function of the duration of the applied electrical stress
(2N2222 bipolar transistor). Measurements were performed on
the parts where the width of the emitted surface is increasing
along the stress.

The intensity of the reverse current decreases from 80 mA
to 30 mA after 90 s of stress.

These results lead us to infer that the emission process
is related to the modification of the crystal structure com-
ing from the polarization of the junction into avalanche
region. The stabilization of the light emission is corre-
lated with the degradation process since it corresponds to
saturation effects of the increase (Fig. 1) of the junction
ideality factor to value n = 2.

Then, the light amplification in the microelectronic sil-
icon devices could be attributed to both local modifica-
tions of energy level structure and confinement of carriers.
New energy levels for electrons appear in the defect layer,
they are related to point defects and confined processes
that modify the energy band states compared to classi-
cal structures in the bulk silicon crystal. It disturbs mi-
nority carrier transport properties and induces [5] new
transition probabilities between the bands and individual
atomic states.

4 Conclusion

This groundwork introduces practical ways for improving
the optical properties of silicon devices for optoelectronic
applications. Hot carriers’ injection has been performed
with an applied reverse bias to the emitter-base junction
of bipolar transistors in order to create a defect layer in the
p-type silicon base, located at the emitter-base junction.
The process has been controlled by the analysis of the
junction I(V ) characteristic at each step of the stress. The
observed increase of light emission intensity in local area
close to the emitter-base junction is related to a carrier
confinement, and the defect layer appears as an optical
cavity.
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Improvements for integration of optoelectronic appli-
cations in silicon microelectronic devices need hard
engineering works in the realization of a better optical
cavity by controlling the defect generation rate, localiza-
tion and passivation effects, then stabilization of the layer
properties. The energy levels can be calculated using quan-
tum theory for spectral analysis.

These results present an advanced process for implan-
tation of optical functionalities in silicon electronic
devices.
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