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Abstract— The emission spectra of avalanching n*p junctions
manufactured in a standard 350-nm CMOS technology with no
process modifications are measured over a broad spectral range
and at different current levels. In contrast to the narrow-band
forward-biased pn junction emission spectrum, the reverse biased
avalanching emission spectrum extends from the ultraviolet
350 nm (3.6 eV) to the near infrared 1.7 pm (0.7 eV), covering the
visual range. The photon emission energy spectrum is compared
to the hot electron energy distribution within the conduction
band, as determined from a full band Monte Carlo simula-
tion. This allows the identification of phonon assisted indirect
intraband (c-¢) hot electron transitions as the dominant physical
light emission processes within the high electric field avalanching
junction. Device simulations are utilized to identify the device
drift region as the source of the near infrared emissions.

Index  Terms— Avalanche, electroluminescence,
emission, spectrum.
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[. INTRODUCTION

HE quest for an efficient light source in silicon has

been described in the past as looking for the Holy
Grail of the silicon integrated circuit technology [1]. This
quest is still ongoing and several approaches are followed to
generate photons in the indirect band gap silicon material.
These techniques include [2] dislocation-based silicon after
boron implantation, silicon nanocrystals embedded in oxide,
porous silicon structures, Er doping of silicon, Si/Ge quantum
dots and ion implanted Si in SiO;. The possibility of realizing
a silicon laser has been proposed previously [1]. Since then
significant progress has been made towards this aim using a
variety of approaches (e.g. an optically pumped Raman silicon-
based laser) for creating lasers on silicon [3]. A very interest-
ing approach was to combine silicon nanocrystals incorporated
in a silica matrix with Er>" doping to generate light emission
around 1500 nm in silicon, since Er-doped Si-ncs behave as
electron-hole pair traps [4].
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Fig. 1. (a) Layout design of CMOS n™p point source, and (b) cross section
of n"p point source. Light generation takes place along the sidewall of the
LOCOS (local oxidation) structure.

However, the key to successful commercialization of any
silicon-based light source technology will be to develop a
high-volume manufacturing process where light sources can
be processed in a CMOS fabrication facility alongside existing
CMOS wafers in order to amortize their costs [5]. CMOS
compatibility is of the utmost performance in order to take
advantage of the vast investment in current CMOS fabrication
facilities. All of the above-mentioned technological approaches
to manufacture silicon-based light sources necessitate modifi-
cations to existing CMOS processes.

Our approach is quite different, namely investigating the
silicon light source devices already present in state-of-the-art
CMOS technologies, thus eliminating the CMOS compatible
issue completely since our devices are 100 % CMOS with no
process modifications [6]. Specifically, we are investigating
the electroluminescence of hot electrons under high electric
field conditions. CMOS based light sources may find a wide
range of applications if adequate levels of internal quantum
efficiency and external power efficiency can be reached. Appli-
cations already proposed and demonstrated include micro
displays [7]. [8] short haul optical data links [9]. [10] and
lab-on-chip systems [11], [12]. Although the phenomenon
of light emission from a silicon avalanching junction has
been known for more than 57 years [13]. the physical light
generation mechanisms have been studied in more detail only
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Fig. 2. (a) Calculated transmission of radiation through the 5 xm thick

silicon dioxide layer, and (b) the calculated critical angle for total internal
reflection in the silicon.

during the last two decades. Even today, the dominant physical
mechanisms responsible for photon generation in avalanching
indirect band gap semiconductor junctions are not well known
and/or generally accepted. In this paper we will use wideband
spectral measurements, combined with Monte Carlo device
simulations and one dimensional device simulations to identify
the dominant radiative processes.

II. METHODOLOGY
A. Device Design

The pn junctions under investigation were designed and
manufactured in the standard ams 0.35 pm CMOS foundry
process without any post-processing. The n™ to p-substrate
junction was chosen as the junction of interest, and the layout
was performed with the aim to achieve as high an electric
field as possible, as will be discussed later. The layout and
cross section of a single point source test device are shown
in Fig. 1. The n™ in p-substrate junction forms a sharp tip,
pointing towards a pT substrate contact, to increase both the
electric field and current density when avalanching takes place.
Care was taken with the layout to prevent light being reflected
from or shielded by any metal layers in close proximity. To
achieve higher levels of optical power being emitted, 400
identical point sources were connected in parallel to form an
array. The nominal test current was 140 mA, with 350 pA
flowing in each point source at 10.5 V reverse bias. An
important design consideration when designing pn junctions
in avalanche breakdown is the current density in the device.
At 140 mA, and with the junction depth of 0.2 pm, the
maximum current density in the pn junction is determined as
500 kA/cm?. This sounds quite high, but when compared to
the current densities in the NMOS transistors, it is still within
limits. The maximum saturated “on drive current” density
measured in the NMOS transistors with 3.3 V bias on gate and
drain is 600 pA/um width as specified by the manufacturing
foundry, which corresponds to a maximum “on” drain current
of 210 pA/0.35 pm width. This shows that the maximum
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Fig. 3. (a) Measured and calculated radiation pattern, and (b) the fraction

of total light being generated that will leave the front surface of the device.

reverse bias current of 350 pA per point source is only
67 % higher than that experienced in the NMOS transistor
drain/source region under normal operating conditions.

B. Spectral Measurements

The output spectra of the array of 400 point sources were
measured using two different spectrometers, namely 1) a
Si UV-Vis-NIR spectrometer (Avantes AvaSpec 2048TEC)
covering the range 250 nm to 1100 nm, and 2) an InGaAs NIR
spectrometer (B&WTEK SOL 1.7) covering the wavelength
range 900 nm to 1700 nm. From the known relative responses
of the two spectrometers, as well as their overlapping spectral
ranges, the two spectra could be merged into one exter-
nally observed spectrum. From these measured spectra, as
well optical power measurements from an International Light
Radiometer (IL1700) power meter using a silicon detector
SED100 covering the range 250 nm to 1100 nm, and a InGaAs
detector SED0O7 covering the range 800 nm tot 1600 nm, the
photon emission rates at the light generation site within the
silicon bulk could be determined. Aspects to consider were
the transmission through the thick oxide layer, as well as the
effect of the critical angle for total internal reflection within
the silicon. The calculated spectral characteristics of the oxide
transmission and the silicon critical angle are illustrated in
Fig. 2.

In Fig. 2 the effect of the increase of the silicon refractive
index at shorter wavelengths can be seen. Also very evident is
the interference patterns of transmission through a relatively
thick oxide layer. It is important to note that a smaller critical
angle at shorter wavelengths will lead to less radiation leaving
the front surface of the device. Fig. 3 shows the calculated
and measured radiation pattern, as well as the fraction of light
leaving the front surface as a function of wavelength.

The measured radiation pattern was slightly narrower than
the calculated one, and the peak radiation at an angle of 28°
from the vertical corresponds to a 45° angle of the LOCOS
sidewall. Taking all of the effects into account it follows from
Fig. 3(b) that at 400 nm only 0.8 % of the generated light will
leave the front surface. This value increases to about 2 % at
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Fig. 4. Monte Carlo simulated density of states (DOS) function derived from
the silicon band structure, showing two peaks near 1.7 eV and 2.9 eV.

longer wavelengths. With these simulation results the relative
spectrum of the generated light within the silicon could be
determined.

C. Monte Carlo Simulations

Key characteristics of our full band Monte Carlo (FBMC)
model are the material electronic structure and the carrier
phonon scattering rates [14]. The electronic structure is
obtained by means of a nonlocal empirical pseudo potential
method and the phonon-carrier scattering rates are determined
from Fermi’s golden rule, accounting for the band structure
and the lattice dynamics. This model is material-independent,
and provides great flexibility in the ability to characterize many
different semiconductor materials. This fully numerical model
leads to reliable transport-related results for bulk material, as
well as for device structures. The density of states (DOS)
for both valence and conduction bands is computed before
analyzing the carrier transport properties. The first Brillouin
zone is discretized in a number of cubes in k-space and
the energy at each corner is evaluated. These values are
subsequently used to interpolate the energy values at any
arbitrary k-points within each cube. The DOS is computed
using a dense mesh of k-points within each cube and for each
of this point the energy values are binned and the number of
states per-bin is used to obtain the total DOS for each band.

The electron distribution function is computed for a given
electric field strength using the following approach. An ensem-
ble of 40 000 particles (either electrons or holes) is simulated
for a period of 5 ps. During this period of time, the statistics of
a number of variables, namely velocity, energy and position,
are collected. At the end of the Monte-Carlo run the statistic
on the energy distribution is used to compute the electron num-
ber distribution function and the non-equilibrium probability
density function. We perform this calculation for a number of
electric filed strengths between 200 kV/cm and 600 kV/cm.

In Fig. 4 is shown the Monte Carlo simulation of the
DOS (density of states) function for the silicon band struc-
ture. The first maximum near 1.7 eV and the second
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Fig. 5. Electron energy density EED as a function of electric field. The high
energy electron density values increases rapidly with increasing electric field.
The second maximum in the DOS function at energy of 2.9 eV also becomes
apparent at high electric fields.

maximum near 2.9 eV are known characteristics of the DOS
function [15], [16].

IIT1. HOT ELECTRON ENERGY DISTRIBUTION

In an avalanching pn junction depletion region the electric
field is relatively high and electrons drifting through the
depletion region will be excited to higher energies. These hot
electrons will generate additional electron/hole pairs through
impact ionization. It is important to know the EED (electron
energy distribution) function within the conduction band as a
function of electric field. The EED function can be derived
from the DOS function and the probability distribution func-
tion of electrons.

Monte Carlo simulations were performed at four values
of electric field, namely at 200, 300, 400 and 600 kV/cm.
The simulation results are shown in Fig. 5. These results
correlate well with other high electric field hot electron energy
distributions [15], [17].

The main features from Fig. 5 are;

1) A broad spectral peak centered around 1.6 eV and a
second, more narrow peak near 2.9 eV. These peaks are
due to the DOS function shown in Fig. 2.

2) The energy density of electrons at lower energy levels
increases with a decrease in electric field.

3) The energy density of electrons at higher energy levels
increases with an increase in electric field.

4) The broad peak around 1.6 eV shifts to lower energies
when the electric field is reduced.

From the EED graphs in Fig. 5 it can be reasoned that if the
photon generation rate within the pn junction depletion region
scales with the electron energy density, then the photon gener-
ation as a result of the electrons at an electron energy level of
2.9 eV will be quite small, especially at lower electric fields. In
order to experimentally observe the photons being generated
by the 2.9 eV hot electrons, the electric field should be quite
high and in excess of 400 kV/cm. Earlier efforts to measure
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Fig. 6. The four radiative processes in our devices to be considered, namely
direct and indirect interband (c-v) recombination, and direct and indirect
intraband hot electron (c-c) transitions.

the avalanche electroluminescent emission spectrum almost
always resulted in a very smooth, continuously decreasing
emission spectrum without any observable peaks, except for
some silicon-oxide-air interference patterns. We ascribe this
to not enough carriers at high electric fields in those devices
[18], [19]. It also follows from this that without the presence
of a “signature” energy peak in the emission spectrum almost
any theoretical photon generation method could be fitted to the
smoothly decreasing emission spectrum. In fact, three separate
mechanisms could easily be fitted to the emission spectrum
with no discernable transition region from one mechanism to
another [20].

IV. PHOTON GENERATION THEORIES
A. Early Observations

One of the very first reports on the phenomenon of
avalanche electroluminescence observed a smooth photon
emission spectrum [18], continuously decreasing from a pho-
ton energy of 1.0 eV to 3.15 eV. It was postulated that the high
photon energy light generation was due to indirect radiative
conduction to valence interband (c-v) recombination between
either 1) energetic (hot) electrons with holes in equilibrium
with the lattice, or 2) hot holes with electrons in equilibrium
with the lattice, or 3) hot electrons with hot holes. The
ionization energy of electrons and holes was assumed to be
2.3 eV, and that meant that the photon energy emitted should
vary from a 1.1 eV minimum to a maximum photon energy
of 3.4 eV. This maximum was in agreement with the observa-
tion. Significant near infrared photon emission below 1.1 eV
photon energy was also observed [18]. This was attributed to
radiative intraband transitions by either energetic electrons (c-c
transitions) or energetic holes (v-v transitions). It was reasoned
that for such intraband transitions, there should not be a lower
energy limit, but a maximum energy limit of about 2.3 eV.
This was a first attempt to describe avalanche photon emission
by two mechanisms, although the emission spectrum was a
smooth deceasing function with no apparent transition region
where one mechanism became more dominant than the other.
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Fig. 7. Expected photon emission spectra for a) direct and indirect interband
c-v recombination of electrons and holes, and b) direct and indirect intraband
c-v hot electron transitions under high electric field conditions. Indirect
processes are shown as dashed lines and the direct processes as solid lines.

Four years later [21] it was postulated that the low energy
photons might be a result of dominant intra valence band
transitions (c-c¢) of hot holes.

Subsequent work [22] with devices where a high electric
field could be obtained, as well as using punch through devices
not in avalanche, indicated that the high energy emission spec-
trum is electron dominated, thus favoring indirect interband
hot electron and hole (c-v) recombination or hot electron
intraband transitions (c-c¢) as the dominant processes for the
higher photon energies.

The four radiative processes relevant to our experimental
devices to be considered are shown in Fig. 6, in the silicon
band structure.

B. Interband Recombination

It has generally been accepted that the dominant interband
radiative recombination process is the indirect, phonon assisted
(PA) interband c-v recombination process between hot elec-
trons in the conduction band, and holes in the valence band
in equilibrium with the lattice. This should give rise to an
emission spectrum ranging from about 1.1 eV (band gap of
Si) to higher energies as determined by the EED function.
The photon emission spectrum as a result of this process
should have the general shape shown in Fig. 7(a), which is
basically the EED function in Fig. 5 shifted more positive
by 1.1 eV.

In Fig. 7(a) the spectral “signature” at 4 eV, due to the
second maximum of the DOS function at 2.9 eV, will only be
experimentally observed if there are sufficient hot electrons
present at that energy level, which will only occur at high
electric fields and high current densities. Furthermore, any
direct interband (c-v) recombination in silicon should result in
a fairly narrowband photon emission spectrum around 3.4 eV
(the T - T" direct band gap of silicon shown in Fig. 6), as
depicted in Fig. 7(a).
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Fig. 8. The measured room temperature emission spectrum of the n™p diode
under reverse avalanche conditions and 140 mA reverse current. Two maxima
are shown, a broad peak at 1.45 eV and a second narrower peak at 2.9 eV,
similar in shape to the high electric field EED curves in Fig. 5. A transition
region occurs at 1.15 eV.

C. Intraband Transitions

The intraband transitions can be direct or indirect, with
the indirect transitions either phonon assisted (PA) or ion-
ized impurity assisted (IA). The IA transitions are also
referred to as Bremsstrahlung. Furthermore, the intraband
transitions can be either that of hot electrons (c-c) or hot
holes (v-v). Since our test structure is an n*-p diode, we
would expect the electron density to be substantially higher
than the hole density in the high electric field region of the
junction, thus the c-c transitions should dominate at higher
energies.

The Bremsstrahlung origin of the hot-carrier-induced light
emission was critically reviewed [19] with the eventual conclu-
sion that Bremsstrahlung cannot be considered an acceptable
quantitative description of the light generation mechanism. It
was further concluded that electron energy relaxations between
states of the conduction bands (c-c) are the most likely
processes responsible for the hot-carrier-induced luminescence
in silicon. Using an innovative double gate MOS transistor
structure [23], new insight was obtained on the contribution of
Bremsstrahlung to the emitted light intensity. It was concluded
from this study that direct and indirect phonon assisted (PA)
intraband transitions appear to be the dominant emission
mechanisms in silicon.

Direct intraband transitions can only occur between conduc-
tion bands as shown in Fig. 6. As a result of this, there will be
a relationship between the photon energy emitted from such
direct c-c transitions and the electron energy distribution in
the conduction band [24]. The direct intraband c-c transitions
should exhibit an emission spectrum shown in Fig. 7(b), with a
“signature” spectral peak near 2 eV. The indirect PA intraband
hot electron c-c transition process should emit a spectrum
following the general shape of the EED function of Fig. 7(b),
also with a “signature” peak near 2.9 eV, the second maximum
of the DOS function.
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Fig. 9. The measured photon emission rates at photon energies of 0.9 eV and
1.45 eV as a function of reverse current. The low energy photon emission at
0.9 eV is very small at low currents, but above 20 mA it reaches values similar
to that of the 1.45 eV emission. The 20 mA reverse current corresponds to a
current density of about 70 x 103 Alem?.

V. EXPERIMENTAL RESULTS

In the design of the test structure (see Fig. 1) the aim
was to achieve as high an electric filed as possible, without
initiating field emission breakdown of the junction. Field
emission breakdown will significantly reduce the internal
quantum efficiency [25]. Under high electric field conditions,
the spectral “signatures” that may potentially be observed
as peaks in the emission spectrum for the different photon
generation mechanisms are:

1) Direct interband c-v recombination: 3.4 eV

2) Indirect interband c-v recombination: 4.0 eV

3) Direct intraband c-c electron transitions: 2.0 eV

4) Indirect intraband c-c electron transitions: 2.9 eV

The photon energies of these “signatures” will be helpful in
identifying the dominant light generation processes.

A typical measured room temperature photon emission
spectrum at 140 mA reverse current is shown in Fig. 8. The
relative flatness of the emission spectrum (at least up to 3 eV)
is indicative of quite a large electric field in the device, with
the 3 eV emissions only about 1 decade below the low energy
peak at 1.45 eV. In comparison, previous experimental results
[15], [20] showed at least two decades decrease in emission
from 1.5 eV to 3 eV.

The main features observed in Fig. 8§ are:

1) The broad low energy peak near 1.45 eV, which is
consistent with the electron energy distribution functions as
shown in Fig. 4.

2) The second high energy peak at 2.9 eV, which is a clear
indication that the indirect phonon assisted intraband c-c hot
electron transitions form the dominant radiative mechanism.

3) An apparent transition from one radiation mechanism to
another at 1.15 eV,

4) A very sharp cut-off above 3 eV photon energy. This may
also be due to the sharp cut-off of the measurement setup.

Radiometer measurements indicate that approximately
100 nW of optical power is being generated within the silicon
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Fig. 10. The simulated distribution of the electric field in the device at

different current densities as a function of distance from the n*p metallurgical
junction. The solid line is the classical triangular shaped electric field
distribution at low current densities. The acceptor doping in the p-type drift
region was simulated as NA = 1017 fem3.

bulk per 1 mA of drive current. The significant radiation
at lower energies will lead to increased internal quantum
efficiency. From the solid viewing angle of the radiometer,
coupled with the radiation leaving the front surface and the
radiation pattern of Fig. 3, the internal quantum efficiency
(photons/electron) is estimated to be 0.012 %.

From Fig. 8 the conclusion may be drawn that there are
two separate light generation mechanisms, one dominant at
higher energies (> 1.15 eV) and the other dominant at lower
energies (< 1.15 eV). The main mechanism responsible for
the broad band photon emission with photon energies in
excess of 1.15 eV has above been identified by us as being
indirect intraband hot electron c-c transitions. The broad band
low energy photon emission below 1.15 eV includes energies
smaller than the band gap of silicon; it can thus be concluded
that the low energy photon emission below 1.15 eV is also
due to intraband carrier transitions.

The discontinuity of photon emission around 1.15 eV is thus
not due to another physical mechanism, but maybe due to a
device characteristic. In order to investigate the near infrared
emission (< 1.15 eV), the effect of reverse current on photon
emission was measured. The measured photon emission rates
at 0.9 eV and 1.45 eV photon energies were measured as a
function of reverse current. The result is depicted in Fig. 9.

Fig. 9 indicates that below 20 mA current, the low energy
photon emission is at a very low value compared to the 1.45 eV
emission, but above 20 mA current the two emissions are
comparable. Taking the device feature size of 350 nm and
a junction depth of 200 nm into account, it is estimated that
the reverse current density at the threshold current level of
20 mA is in the order of 70 x 10° A/cm? near the junction.

VI. DEVICE SIMULATIONS

A one dimensional device simulation was performed using
the Sentaurus TCAD modeling software [26] in order to get
an indication of the electric field distribution and electron
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device. The electric field increases sharply at a current density of 100 x 103
Alem? in the drift region and then remains relatively constant at 200 kV/cm.
In the depletion region the high electric field condition extends to very low
current levels.

concentrations in the device. Although the device shown in
Fig. 1 has a rather complicated three dimensional structure,
we should be able to explain device behavior in terms of
the one dimensional simulation results. To analyze the device
behavior we employ a drift-diffusion model to describe the
transport of carriers in the device. This information is obtained
by solving self consistently the continuity equations for holes
and electrons and Poisson’s equation for the whole device,
including appropriate boundary conditions at the contacts. The
device operation is analyzed in the case of either a constant
voltage applied to the contacts or a constant current is forced
through the device.

In Fig. 10 is shown the electric field distribution in the
device as a function of current density. The electric field
distribution is the classical result (linear decrease of field with
distance) at low current densities, but quite different field
distributions are observed at higher current densities. Two
regions can be defined for the device, namely 1) the high
field depletion region where avalanche multiplication will take
place, and 2) the drift region with fairly constant, but lower
electric field. The longer the drift region, one can expect the
current density to decrease towards the ohmic p™ contact.

An interesting relationship that can be derived from Fig. 10
is the variation of electric field with current density at a
constant distance from the n™p interface. This result is shown
in Fig. 11 for distances 0.1 um (depletion region) and 1.1 ym
(drift region) from the interface.

It can be seen in Fig. 11 that in the depletion region the
electric field will decrease slightly with increasing current den-
sity, but on average the field will have a value approximately
600 kV/cm. In the drift region the electric field will be very
low for low current densities, but at a current density value of
100 x 10° A/em? it will increase sharply to a value of about
200 kV/cm, after which the field will remain almost constant
at this value for even higher current densities. The simulated
electron carrier density as a function of distance in the device
is also shown in Fig. 12.
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device at different current densities. At a current density of 100 x 103 A/em?

the electron concentration in the drift region falls to a very small value. The
correlation between this figure and the measured photon emission shown in
Fig. 9 is observed.

In Fig. 12 it is shown that in the drift region the elec-
tron carrier density is small for current densities less than
100 x 10° A/em?. For current densities higher than this value,
the electron carrier densities are basically the same in both
the depletion and drift region. Again the variation of electron
density with current density at a constant distance from the
np interface can be derived. This result is shown in Fig. 13
for distances 0.1 um (depletion region) and 1.1 gm (drift
region) from the interface. From Fig. 13 it can be seen that
the electron carrier density increases with increasing current
density, as expected. The electron density in the drift region
is very similar to that of the depletion region for current
densities above 100 x 10° A/cm?, but below this value of
current density the electron density drops suddenly to a very
low value.

VII. INTERPRETATION OF RESULTS

From the measured spectrum (Fig. 8) and the photon energy
“signature” of the second peak in the DOS function, we
identify indirect intraband hot electron c-c transitions as the
main light generating mechanism. This is in line with an
analysis performed recently on similar devices [27].

The photon emissions from the high electric field depletion
region of the device emits a spectrum (see Fig. 8) that
correlates well with the 600 kV/cm electron energy distribution
(see Fig. 5). Emission from the low electric field drift region
only becomes noticeable above a current density of about
100 x 10> A/cm? when the electric field increases rapidly to
a value of about 200 kV/cm (see Figs. 9, 11, and 13), where it
remains for larger current densities. This photon emission from
the drift region is also due to indirect intraband hot electron c-c
transitions, since the low photon energy drift region emission
spectrum correlates very well with the 200 kV/cm electron
energy distribution (see Fig. 5). It then follows that the photon
emission spectra of Fig. 8 at high current density constitutes
the combined effect of the 200 kV/cm and 600 kV/cm electron
energy distributions shown in Fig. 5. At low current densities
in the drift region, only the 600 kV/cm spectrum from the
depletion region will be observed. It can thus be concluded
that the two spectra (< 1.15 eV and > 1.15 eV) observed
in Fig. 8 emanate from two different regions in the device,
namely the high electric field depletion region (> 1.15 eV) and
the low electric field drift region (< 1.15 eV). Since the drift
region geometry and doping levels will be a strong function
of the device design and process technology, the threshold
level of reverse current to initiate low photon energy emissions
from the drift region may vary significantly from our observed
70-100 x 10° A/cm?.
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