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Photonic Transitions (1.4 eV-2.8 e¢V) 1n Silicon
pTnp™T Injection-Avalanche CMOS LEDs as Function
of Depletion Layer Profiling and Defect Engineering

Lukas Willem Snyman, Member, IEEE, Monuko du Plessis, Senior Member, IEEE, and Enrico Bellotti

Abstract—pTnpT CMOS Si LED structures were modeled in
order to investigate the effect of various depletion layer profiles
and defect engineering on the photonic transitions in the 1.4-2.8 eV,
450-750 nm regime. Modeling shows that by utilizing a short linear
increasing E-field in the ptn reverse-biased junction with a gra-
dient of approximately 5 X 10° V em~!. um~—1, and injecting
carriers from an adjacent pn junction, increased localized op-
tical yield by a factor 50-100. A number of device designs were
realized using CMOS 0.35 pm technology. The device design in-
volves normal CMOS design and processing procedures with no
excessive microdimensioning. The current devices operated in the
6-8 V, 1 1 A-2 mA regime, and yield emission intensities of up to
100 nW pm~—2. The current emission levels are about three or-
ders higher than the low-frequency detectability limit of Si CMOS
p-n detectors of corresponding area, which make diverse electro-
optical applications such as MOEMS devices, and diverse optical
signal processing and wave-guiding and the development of ‘“‘smart
chips” feasible in standard CMOS integrated circuitry.

Index Terms—CMOS integrated circuitry, electroluminescence,
light-emitting diodes (LEDs), physical modeling, silicon, silicon
photonics.

I. INTRODUCTION

ARIOUS researchers [1]-[5] have highlighted the need
V for small-dimension, efficient light emitters which are
compatible with mainstream silicon CMOS integrated circuit
technology. The realization of sufficiently efficient light emit-
ters are currently a major technological challenge and will
considerably boost opto-electronic applications and integration
at the integrated circuit level. Although longer wavelength
light emitters have application in integrating data-telecom-
munication systems on the chip level, shorter wavelength
Si light emitters can find wide-scale applications as on chip
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Fig. 1. The 60-pm diameter Si avalanche-based LED and optical interface as
realized in 1.2-um Si CMOS technology with no alterations to the design and
processing procedures.

opto-couplers, short-range wave-guiding-based systems, and
on-chip mechanical-optical sensor (MOEMS) applications [6].
Wada et al. [7] have proposed the utilization of 450-nm-based
LEDs for clock-pulsing in large diameter, next-generation
silicon microprocessor circuits. The main advantages of the
avalanche Si LED technology are its ease of integration into
standard CMOS technology with no variation to design and
processing procedures as well as its very high modulation speed
possibilities (>10 GHz) [8].

Light emission from silicon devices has been realized
in reverse-biased p-n avalanche structures [9]-[14]. Various
theories have been put forward in order to explain the phe-
nomenon. These include phonon-assisted intraband relaxation
phenomena [14], [15], as well as phonon interband recom-
bination processes [15]. In-depth theoretical modeling and
experimental evidence indicated that the dominant photonic
generation processes may be from intraband phonon-assisted
relaxation processes, mainly in the conduction band [11].

However, this technology seemed not very viable because
of the low external power and quantum conversion efficiencies
which were reported for the early devices (1078 to 10~7) [12].

Snyman, du Plessis, and Aharoni have over some time real-
ized a series of practical and utilizable light-emitting devices (Si
LEDs) in standard CMOS technology using the avalanche light-
emitting phenomenon (see Fig. 1) [16]-[25]. This was mainly
achieved by using novel surface engineering, current density
modeling and dynamic carrier density engineering techniques.
The developed devices showed about three orders of increase
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in optical output as compared with previous similar work [21],
[25]. Particularly promising results have recently been obtained
regarding further increasing the efficiency, as well as the emitted
intensity with what we call the InSiAva (Injection-enhanced Sil-
icon in Avalanche) technology [26], [27]. This technology uti-
lizes the hypothesis that the light emission in these structures
can be increased due to interaction of high-energy (hot) elec-
trons, as excited in the avalanching junction, with low-energy
(cool) energy holes injected into the avalanching junction by a
nearby forward-biased pn junction.

In this paper, we report on advances made with regard to
understanding the mechanisms involved with light emission
from pTnp™T injection-avalanche structures, as well as with
regard to progresses made with increasing the electrical-to-op-
tical conversion efficiencies as associated with these structures.
Specifically, we introduce dedicated modeling, depletion layer
profiling, and defect engineering investigation techniques. We
also make important derivations with regard to the internal
optical yield as derived from these devices.

II. STIMULATING HIGHER THAN BANDGAP
OPTICAL TRANSITIONS IN SILICON

Fig. 2 illustrates some of the conceptual design aspects of
our ptnp™ injection-avalanche technology, referring to specific
device zones, electric field distribution, and possible photonic
transitions in the silicon energy bandgap. Fig. 2(a) shows the
main three operating regions of the device: a high field excita-
tion zone generating energetic carriers, a relaxation and recom-
bination zone for excited electrons as they traverse the depletion
region of the first junction and a so-called injection zone where
low-energy carriers is injected into the depletion region of the
first junction by forward-biased second junction. The following
section describes more in detail the device operation.

1) Upon reverse voltage biasing the device, a high linearly
increasing electric field is created with its maximum at the
one pTn interface [Fig. 2(b)]. At some bias voltage, the
E-field at the interface region attains high enough values
such that charge multiplication (avalanche) processes
occur in a narrow zone surrounding the interface. Ener-
getic (“hot”) electrons are transferred toward the n-side of
the junction and energetic holes are transferred toward the
pT side of the junction.

2) Since the E-field decays linearly with distance away from
the pTn interface [Fig. 2(b)], the transferred electrons soon
reach regions where the E-field is not high enough to sus-
tain impact ionization and consequently carrier multiplica-
tion, and they are transferred away from the junction in the
linearly decreasing E-field. This region is referred to the
depletion zone or drift zone of the device.

3) Ifasecond np™ junction is placed near the depletion or drift
zone [Fig. 2(b)], and this junction is forward-biased, low-
energy holes may be injected into the drift zone. They will
drift in a opposite direction and interact with the excited
energetic electrons as well as with defect centers in the
depletion region.

Early investigations into the origin of light emission pro-
cesses in avalanching np silicon junction suggested that the
main light production processes are related to host silicon
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Fig. 2. Schematic representations of the design concepts for a pTnp* injec-
tion-avalanche CMOS Si LED. (a) Structure of the device. (b) Electric field
profile through the device. (c) Possible photonic energy transitions for the de-
vice in the Si band diagram.

atom ionization processes in the high field avalanching
conditions, followed by subsequent intraband relaxation
processes and phonon-assisted indirect band-to-band tran-
sitions [10], [11], [15].

4) In the light-emitting structure presented in this work, some
high-energy interband optical transitions in the silicon
band structure are exploited by utilizing the recombination
behavior between excited carriers and lower energy car-
riers, and by utilizing some novel device designs. Fig. 2(c)
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demonstrates some of the photonic transition processes
that may be stimulated in the above scenario. During the
avalanche process the carriers are accelerated in the high
electric field region of the depletion layer but lose most
of their energy through phonon scattering. As the electric
field in a particular zone increases, carriers eventually
reach enough energy to impact ionize. The threshold for
such processes has been reported to be of the order of
1.8 eV for electrons and 2.4 eV for holes, respectively
[28]. It can, therefore, be expected that the highest pos-
sible energy levels for the excited electrons and holes
will follow a distribution function around these values.
Subsequent intraband relaxation processes may occur, for
example relaxation of energetic electrons to lower energy
levels in the conduction band, e.g., transitions of Type A
in Fig. 2(c); and relaxation of energetic holes to lower
energy levels in the valence band ptransitions of Type B
in Fig. 2(c)].
Energetic electrons may also recombine directly with hot
holes inside as well as outside the excitation zone and cause
direct interband transitions of Type C, of approximately
2.8 to 3.2 eV, as demonstrated in Fig. 2(c).
6) Low-energy holes that are injected into the avalanching
junction at the top of the valance ban from a nearby junc-
tion [G in Fig. 2(c)] may interact with energetic (hot) elec-
trons generated in the avalanching (excitation) region of
the junction through phonon-assisted recombination pro-
cesses [F in Fig. 2(c)], resulting in transitions of Type D
as illustrated in Fig. 2(c). The energy of these transitions is
calculated as approximately 2.8 eV.
If a large number of mid-bandgap defects states are present
in the depletion region, phonon-assisted transitions of Type
E may also be stimulated, resulting in transitions of respec-
tively 2.3 and 0.5 eV. Slight variations of the above may
occur, since the transitions are greatly dependent on the
position of the defect energy states within the energy gap.

A further hypothesis is that the respective transition probabili-
ties may be enhanced by means of engineering carrier densities
to populate specific regions in the energy band diagram, e.g.,
stimulating high-energy populations of F and G in the energy
band diagram depicted in Fig. 2(c); increasing the dynamic car-
rier densities through the junction; and by introducing midband
gap defect state densities in the junction.

The respective optical emission rates can be related by the fol-
lowing quantitative relationships: For the relaxation of excited
electrons in the conduction band (intraband transitions)

5

~

7

~

Ly, = an'N, (1)

where L, is the relaxation rate leading to photon emissions, n’
is the density of excited electrons, N.. is the density of available
states at lower energy levels, and « is a relaxation probability
which is dependent on various secondary parameters. A similar
process holds for excited holes in the valence band.

For direct interband transitions, the relationship may be de-
fined as

R, = pu'p/ )
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where R, is the so-called photonic recombination rate, n’ and
p’ is the densities of energetic electrons and holes and (3 is a
recombination probability constant.

For injection of secondary holes into the main avalanching
junction

R, =Tn'Ap )

where Ap is the density of additionally injected holes from the
second junction, and 7y is a corresponding recombination proba-
bility constant. The recombination probability constant depends
on various secondary parameters such as density of available
states, phonon energies available, and defect energy states.

Equation (3) clearly shows that much higher photon emis-
sion rates consequently an increase of orders of magnitude in
light emission from the device may potentially be achieved if
the injected hole density, Ap, could be increased several orders
of magnitude. This will greatly enhance the recombination pro-
cesses corresponding to transitions of Type C and D and E. Such
conditions can potentially be attained by means of the two junc-
tion device design as illustrated in Fig. 2. In avalanching junc-
tions the current density through the excitation zone can reach
10* A cm~2 at 1 mA, with corresponding average dynamic car-
rier density of 10'® cm™3 to 10 cm~3 for electrons exiting
the junction [21]. The availability of minority carrier holes on
the electron-emitting side of an avalanching p*n junction for
this scenario is normally very low and of the order of 10! to
103 cm~3. It follows that if the dynamic cool hole concentration
in the neutral regions of the depletion region, or in the regions
adjacently to the depletion layer, could be raised by five to six
orders of magnitude, the recombination rate leading to optical
emissions may correspondingly be raised by about six to seven
orders of magnitude.

III. MODELING OF INTERBAND PHOTONIC TRANSITIONS
BY MEANS OF DEPLETION LAYER PROFING
AND DEFECT ENGINEERING

Further analysis of the design concepts presented in Fig. 2,
leads to different possibilities with regard to the choice of the
dimension of the excitation zone, depletion layer thickness and
size of the drift zone. On the other hand, the high doping density
associated with the p*n junction, both the excitation zone and
hot electron mean free path length (approximately 0.1 pm) [29]
are very narrow, and are not really variable.

Fig. 3 gives a few common scenarios each of which favor in-
terband photonic transitions. Intraband transitions are assumed
to be also present but are not shown.

In Configuration I, a long depletion layer (typically 2-3 pm)
and subsequent low gradient profile of the E-field are chosen. In-
jected holes travel subsequently long distances and are heated to
high energy levels as they traverse through the depletion layer.
This results in both the holes and emitted electrons being high
in energy when they interact near the excitation zone, with sub-
sequent little chance of direct interband recombination.

In Configuration II, the depletion layer is designed much
shorter, resulting in a much “higher” heating of injected holes,
before interacting with the emitted energetic electrons. If the
heating profile is roughly of the same dimension of the 0.15 ym
free path length of exiting high-energy electrons, electrons, and
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Fig. 3. Schematic presentation of projected dominant higher-than-bandgap photonic transitions in silicon band structure for different depletion layer profiling
configurations in a pTnpt CMOS LED. (I) Long depletion layer design, (II) medium-range depletion layer design, and (III) very short depletion layer design.

holes can interact with each other over a much wider energy
range.

Energetic (hot) electrons are losing their energy rapidly in
the depletion layer, while the injected holes are gaining energy
rapidly. It is therefore proposed that interband direct transitions
may be the dominant transition processes if both the emitted
carrier densities as well as the injected carrier densities are high.

The maximum transitions will occur at the minimum band-to-
band edge of approximately 2.8 to 3.2 eV.

In Configuration III, Fig. 3, the depletion layer width is
approximately of the same length as the mean free path of
the emitted excited (hot) electrons of 0.1 pm, and the electric
field profile is very steep. Injected holes will therefore still
be in a very low-energy state when reaching the emitted hot
carrier front. Both carrier densities may be high. Because of
this specific energy distribution, inter band recombination may
dominate, i.e., transitions from the maximum of the hot electron
carriers (1.8 eV) to the minimum of hole energies (~0 eV),
stimulating mainly defect-assisted interband transitions of
approximately 2.8 eV [transitions of Type E in Fig. 2(c)].

Monte Carlo carrier transport simulations can provide infor-
mation both on the carrier k-space and energy distribution as
a function of the applied electric field strength in silicon. This
information can be useful to better understand how the electric

A—Non-equilibrium Distribution f(E)
09 B— Number Desity Function g(Ef(E)

300KViem

Energy [eV]

Fig. 4. Electron distribution in k-space and energy in silicon for an applied
field of 300 kV cm~! obtained from a Monte Carlo simulation. (a) K-space
distribution in the first Brillouin Zone. (b) Energy distribution in the conduction
band.

field changes the equilibrium distribution functions and as a pos-
sible way of confirming the above modeling. In Fig. 4(a), the
electron distribution in k-space was evaluated in the presence of
a high electric field of 300 kV cm ™. The carrier distribution in
the first Brillouin Zone (FBZ) clearly indicate that the carriers
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Fig. 5. Hole distributions in k-space in silicon for applied field strengths of
(a) 10kV cm~*! and (b) 300 kV cm ™1, obtained from a Monte Carlo simulation.

assume a wide variety of momentum states, quite evenly spread
out over the whole FBZ.

Fig. 4(b) presents the calculated nonequilibrium probability
distribution function (curve-A) and the nonequilibrium number
density function (curve-B, defined as the product of the density
of states and the nonequilibrium probability distribution func-
tion). As it can be clearly seen the number density function
presents a broad maximum around a value of the carrier energy
of 1.8 eV above the conduction band edge. Fig. 5 presents the
calculated hole distribution in the FBZ for and applied electric
field 10 kV cm™! [Fig. 5(a)] and 300 kV cm~! [Fig. 5(b)] ap-
plied along the (100) direction.

As it can be seen, at low electric field strength the majority of
holes are located around the I" point, near the top of the heavy
and light hole valence bands. As the field strength is increased,
holes tend to move away from the center of the FBZ toward
higher energy states. predominantly in the heavy hole valence
band.

This initial results seems to indicated that direct band-to-band
transitions may indeed be possible under injection-avalanche
conditions as explained above [transition Type C in Fig. 2(c)].
Furthermore, the considerable spread in momentum space, ob-
served for both electrons and holes, may also be beneficial for
the indirect transitions of Type E as in Fig. 2(c).

Fig. 6 attempts to couple some quantitative relationships to
the above modeling. Fig. 6(a) gives the projected values for the
respective carrier densities in the device under dynamic cur-
rent carrying conditions as a function of distance in the de-
vice. The majority of electrons is generated in the excitation
zone through multiplication processes. Since the ionization rate
for electrons in the prevailing electric field at the ntp inter-
face during avalanche conditions is roughly twice that of holes
[29], the excited electron density exiting the p™n junction inter-
face toward the n-side of the interface, is expected to be twice
that of holes, resulting in mainly electrons being populated in
the drift zone. If holes are injected into the drift zone from
the forward-biased p*n junction, it is expected that interaction
between the respective carriers may occur through both energy
relaxation and recombination processes in a so-called recombi-
nation zone as indicated, resulting in an eventual dynamic car-
rier density profile through the device as indicated. The esti-
mated hot electron mean path length and profile are also indi-
cated, which is of the order of 150 nm (0.15 pm) [29].
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Fig. 6. Schematic presentation of the projected (a) carrier density versus dis-
tance in p*np* injection-avalanche Si LED for a medium-range depletion layer
and (b) the associated energy versus distance profiles for the carriers for short,
medium, and long depletion layer designs, respectively.

Fig. 6(a) gives projected energy gain and energy loss profiles
for the respective charge carriers as a function of distance in
the device. Profiles for the energy of electrons (solid lines) and
for the energy of holes (dotted lines) are indicated for the three
different depletion layer scenarios

From this analysis, it can be concluded that a medium-sized
depletion layer of approximately 0.4 pum (Configuration II in
Fig. 4) with its associated projected energies of the carriers
during diffusion is the most favorable device configuration for
stimulating direct interband photonic transitions in the injec-
tion-avalanche device of Type C [Fig. 2(c)]. Both the energy
values for the exited electrons and holes in the conduction and
valance bands have moderate values of approximately 0.8 eV,
respectively [Curves B and B’ in Fig. 6(b)], leading to possible
direct interband transition of approximately 2.8-3.2 eV.

Secondly, it can be concluded from these profiles that a short
depletion layer configuration will result in electron and hole en-
ergy profiles as indicated by Curves C and C’ respectively. This
energy profile is the most favorable for stimulating transitions
of Type D and E in Fig. 2(c), since it favors recombination of
high densities of high-energy electrons with high densities of
low-energy holes, as in Configuration III, Fig. 3. The optimum
depletion layer thickness for this scenario is projected to be in
the order of 0.3 pm. The current densities for both electrons and
holes at this distance are also both high [see Fig. 6(a)], and there-
fore favors a very high recombination probability according to
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(3). The E-field gradient for this configuration is calculated as
5x 10° Vem tum™1!.

The presence of midband defects states may enhance indirect
recombination processes, [transitions of Type D in Fig. 2(c)] and
in Configurations II and III, Fig. 3), since both the energy values
and high densities of carriers present may favor these transitions
according to (3). A variety of methods are currently available in
order to introduce specific type of defects at specific locations
and depths in silicon devices. These include: implantation of
specific atom species followed by postannealing procedures in
order achieve specific defect levels and active defect sate densi-
ties [30]-[32], direct wafer bonding in inert atmospheres [33],
as well as current density stressing techniques [31], [34].

IV. PROTOTYPE DEVICE DESIGN

We have tested some of the above modeling by designing and
realizing some prototype test structures.

Fig. 7(a) demonstrates a five bodied test structure (TS1), viz.
a pt needle shaped body at terminal T1, facing a pentagon
shaped pT body at terminal T3, and, diagonally opposite, two
n™T bodies, all embedded in a n-well substrate. If T2 is made the

common (grounding) element and a negative bias voltage is ap-
plied to T1, a p™n abrupt avalanching junction is formed at the
needle-like tip with its depletion layer extending away toward
the diagonal bodies at T2. If appropriate positive bias voltage is
simultaneously placed on T3 relative to T1, the p™n body at T3
(J2) is forward-biased and injects holes toward T1. The extend
of the avalanche process in the main p*n junction, as well as
the extent of forward bias by T3, was controlled by means of an
external bias resistor, R. Conditions were chosen such that for
bias between T3 and T1, at low currents, the main current pre-
dominantly flowed between the diagonal n* (avalanche control)
bodies, while at higher currents the main current flows between
the injection body T3 and T1. The cross-section through the de-
vice along the dotted curve in Fig. 7(a) is shown adjacently.
The distance from the injection point to the p*n interface was
2.0 pm, therefore creating a medium heating profile for injected
holes in a projected E-field gradient of 2 x 107* V ecm~1m~1.

Fig. 7(b) shows a test structure (TS2), comprising a small
p* pointed body embedded in a n-well and again embedded in
a larger p-well. The p™n junction (J1) was reverse-biased by
voltage biasing between T1 and T2.
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By voltage biasing between T1 and diagonal terminals T3,
the larger n-well p-well junction J2 was slightly forward-bi-
ased and hole carriers were injected into the depletion region
at J1. By choosing the dimension and position of the n-well
tub accurately, the extension of the depletion layer toward the
T3 terminals was limited and a punch-through condition was
reached. This created a medium-sized depletion layer of about
1 pm into which hole carriers were injected. Thus a device was
created of which the depletion region width could be dimen-
sioned to be in accordance with Configuration II or Configura-
tion Il in Fig. 3. A trapezium-shaped poly-Si layer and CMOS
gate oxide layer was also placed on the structure (T4). This
enabled a slight overlap of oxide over the reversed-biased junc-
tion J1 for specific investigation purposes, and allowing mod-
ification of the depletion region to only 0.5 pm, also corre-
sponding to a punch-through condition and a heating profile of
5x 10° Vem™! pm™'.

A further test structure, TS3, is demonstrated in Fig. 7(c). The
pt body was again placed in a n-tub well. Biasing between T1
and T2 enables an elongation of the depletion layer toward T3.
The width of the depletion region could again be varied in order
to limit the depletion region width by choosing the dimensions
and positioning of the larger n-well carefully. The main device
current eventually flows predominantly between terminals T1
and T3, and creates a reverse-biased p™n junction in series with
a forward pn junction. The extent of the avalanche process at
J1 was controlled by the voltage bias between T1 and T2. By
stressing the junction at J2 beforehand according to a predeter-
mined current density vs lattice stress calibration curve, some
densities of defects could be introduced at the p™n interface be-
fore operating the device. Hence the optical yield at J1 could be
investigated when defect centers were present at J1.

All the above devices were realized using 0.35 pm state-
of-the-art CMOS technology design and processing procedures
[36].

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 8 demonstrates some of the most important results
observed. Fig. 8(a)—(c) shows bright field optical micrographs
of the test structures TS1 to TS3 as seen through an optical
microscope with visible light and at very high magnification.
Adjacently, in Fig. 8(d)—(h), corresponding optical emission
performances are shown as taken under dark field conditions
with a CoolPix Model 4500 Nikon charge-coupled device
(CCD) digital camera with recording facilities.

Fig. 8(d) shows the TS1 version of the device under operation
for pure avalanching conditions at J1 with no current injected
into the junction J1. The extent of avalanching and light emis-
sion around the peripheries of the pTn junction are clearly ob-
served. At the tip of the body a much brighter zone can clearly
be identified. This phenomenon is attributed to higher optical
emission intensity as a result of current density confinement ac-
cording to previous interpretations [21].

Quantitative analyses of the optical emission versus electrical
power input to the device as in Fig. 8(a) reveal an interesting two
sloped curve which clearly indicate that a mechanism change
occurred for the device at about 10 mW. This mechanism is at-
tributed to a partial collapse of the depletion layer as it occurred
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Fig. 8. Bright field and dark field photomicrographs for Si injection-avalanche
CMOS Si LEDs. (a) Test Structure 1 (TS1) (b) TS2 with poly-Si layer added.
(c) TS3 structure (d) TS1 for pure avalanche operating conditions for 15 V and
1 mA. (d) TS2 for 8 V and 2 mA operation. (f) TS2 plus poly-Si test structure
at 15V and 1 mA operation. (g) TS3 for 8 V and 1 mA operation under mixed
avalanche-injection operation (80-20%). (h) TS3 for 8 V and 3 mA operation
under full injection conditions.

in three-terminal transistor devices for injection conditions in
traditional emitter to base configurations [37]. The optical yield
for only avalanche operation at low current levels is about two
photomultiplier units (PMUs) per milliwatt of electrical input
power, while at higher current levels (injection conditions), the
slope is higher and is of the order of about 4 PMUs per milliwatt.

Fig. 8(e) shows the characteristics for the TS2 version device
for roughly similar operating conditions as in TS1. In this case
the total p*'n junction length and pn™ junction area were much
larger [see dimensions in Fig. 8(b)]. Particularly noticeable, is
the much higher brightness along the right-hand side periphery
of the device, where, according to our analyses, much higher
injection current of holes occurred into the junction, as com-
pared to peripheries on the left-hand side which is closer to the
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avalanche control terminal T2 and which represents light emis-
sion corresponding to pure avalanching conditions.

Quantitative analyses as in Fig. 9(b) show a clear changeover
in mechanism with a generated higher optical yield of approxi-
mately 20 PMUs per milliwatt of input electrical power for this
device at an estimated 50% hole injection conditions. It is im-
portant to note that because of the larger dimension of the p™
layer in this device, a large injection current component was in-
jected toward the bottom part of the p* layer embedded in the
n-well cross-section layout [Fig. 7(b)] and did not contribute to-
ward light emission at the p™n peripheries. Considering these
conditions, as well as the fact that the current density at the
p*n peripheries was much lower during injection conditions
than during pure avalanche, the inherent optical yield during
injection-avalanche for smaller depletion layer configuration is
derived to be much higher. From the data curves as derived in
Fig. 9(b), the projected internal optical yield for the 1-pm lim-
ited depletion layer conditions as in TS2, Fig. 8(b), is anticipated
to be of the order of 400 PMUs per milliwatt of input electrical
power (dotted curve C, higher end). This curve was derived by
means of the following approximated expression:

APMU(O) A,

N,, = 2t
PP TVAAId A,

“)
where Ny, is the projected internal power conversion efficiency;
APMU(O) is the incremental optical power output in PMU
units; V; is the bias voltage for the device at the change in slope;
Aly is the incremental current change at change in slope; A, is
the total depletion layer cross-section area that absorbs injected
current; and A, is the depletion layer area that contributes to-
ward light emission.

Furthermore, experiments were conducted with the same de-
vice structure but with a poly-Si gate overlapping the n-well
as in Fig. 8(b). When a leakage path was set up through the
oxide layer, current could be injected into the depletion layer
only 0.5 um from the p*n junction interface. Particularly no-
ticeable was a very bright (whitish in color) but very small spot
[Fig. 8(f)]. Also noticeable is a fainter (more reddish in color)
second spot at the right-hand edge, a very short distance away.
The magnitude of brightness of the first spot is at least one order
of magnitude higher than the periphery emissions when the in-
tensity profiles are considered. It is our opinion that the spot
emission originates from the interaction of exciting high-energy
electrons at the p™n interface with injected holes into the deple-
tion region only 0.5 um away from a large sea of electrons as
generated by the avalanching junction at the pTn interface. The
curves in Fig. 10(a) as well as the observation of the formation of
secondary light spots with increase in bias voltage, indicate that
some of the light emission processes in this device was much
more efficient than in previous devices. The projected contribu-
tion of the brightest spot to the total emitted power is indicated
by the dotted curve. Investigation of the total emitted intensi-
ties versus area revealed that there was a high leakage current
present in the device due to avalanche conditions in the rest of
the p*'n periphery.
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Fig. 9. (a) Optical power versus electrical input power performance for TS1

in injection avalanche mode of operation and depletion layer width 2 pm.
(b) Optical power versus electrical input power performance for TS2 with
depletion layer width, 1 gm. The projected internal optical yield without losses
due to electron-hole interaction in the device is indicated by means of the
dotted curve.

After calculations, the inherent optical yield for the bright
spot was projected to be of the order of 1000 PMUs per milli-
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Fig. 10. (a) Optical power versus electrical input power performance for TS2-Poly Si Injection Test Structure with depletion layer width of 0.5 gm. (b) Optical
power versus electrical input power performance for TS3 for injection-avalanche mode of operation and with defect densities introduced into the depletion layer.
The localized optical yield as emitted due to electron-hole interaction and defect interaction is indicated.

watt of input electrical power, if it is assumed that only about
50 pA contributed to the spot emission. The following approx-
imated expression was used in this calculation:

APMU(0) A,

N, (Local) =
p( Oca) V(IALI X A(S])Ot)

®)

where Nj(Local) is the local power conversion efficiency;
APMU(O) is the incremental optical power output in PMU
units; V; is the bias voltage for the device at the change in
slope; Al; is the incremental current at change in slope; A; is
the total area that contributes to light emission; and A(Spot) is
the light-emitting area for the spot causing the change in light
emission.

Fig. 8(g) and Fig. 10(b) show emission phenomena that was
observed for Test Structure 3, Fig. 7(c), into which defect densi-
ties have been introduced near the pTn interface. Again the pres-
ence of a bright spot is observed which is much brighter than the
areas which are in pure avalanche light emission mode of oper-
ation (seen toward the left and right along the p*n periphery).
Particularly noticeable was the growth of the spot intensity (al-
most as a flare explosion) as current was increased. This again
indicated a further change of light producing mechanism as the
net increase in detected optical power now comes from only a
very small area in the device of approximately 0.1 gm x 0.1 pm.
Quantitative investigations of optical yield as a function of in-

cremental electrical power increase and as a function of con-
tributing area to total light-emitting area yields an optical yield
of approximately 50 PMUs per milliwatt external and a pro-
jected 10002000 PMUs per milliwatt of electrical input power
inherently per defect generating area if losses are ignored (sev-
eral cases were investigated). In this particular case the partic-
ular injection conditions into the depletion layer has not been
optimized which implies that the eventual emission could still
be much improved if the device is further optimized.

An interesting observation is the decrease in emission in the
curve in Fig. 10(b) as the current is increased further. This is
currently attributed to energy differences in the injected car-
riers that occur at higher injection current conditions that lead
to nonoptimized recombination effects for transitions of Type D
in Fig. 2(c). The effect is currently further researched.

Fig. 8(h) shows an optimized version of the operation of
the TS3 device with the p™n junction, needle tip device in
strong avalanche and with very high hole current injected
(approximately 2 mA) into the avalanching junction, which
we attribute to a culmination and a combination of all the
effects that contribute toward higher optical emission in the
injection-avalanche structures as observed so far, i.e., optimum
depletion profile, carrier density balance and defect densities
introduced. The clear higher intensity at the needle tip region is
apparent, as well as the definitely much more blue-whitish color
of emission as compared with pure avalanching light-emitting
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junctions. The particular operating conditions is 8 V, 2 mA, and
with approximately 1.6 mA of the current measured as injected
current through the injector contact, T3, as in Fig. 7(a). The
depletion layer thickness (injection distance) in this device was
of the order of 1 um and this parameter can hence be further
optimized.

The optical emission per area (intensity) of the light emis-
sion as emitted is very promising, and is of approximately
10 nW pum~2.

A progressive increase in total optical emission as well as in
localized intensities are demonstrated in Fig. 8(d)—(h) at roughly
similar operating voltages and currents.

VI. SOME SPECTROGRAPHIC OBSERVATIONS

Fig. 11 shows typical spectrographic information as mea-
sured for our injection-avalanche devices. Fig. 11(a) shows the
wavelength spectrum of the emitted light as observed for a pure
avalanching junction of type TS1, while Fig. 11(b) shows the
change observed in the spectra as a function of increase in in-
jection current for structures of type TS2. The spectra has been
corrected for absorption effects as they occur in the silicon sub-
surface as a function of wavelength. The scales are representa-
tive of the relative intensities as observed.

Spectroscopic measurements of the emitted light reveals clear
emission peaks at 1.8, 2.2, 2.4, and 2.8 eV in the 450-885 nm
wavelength region. A similarity of the avalanche-based curves
is observed (1-mA curve in (a) and 0.07 mA in (b) while very
prominent changes are observed for the higher current curves
[3 and 10 mA in Fig. 11(b)] when the injection current compo-
nent was present. Very significant, is the growth of the 2.3 and
2.8 eV peaks. High injection current losses to nonavalanching
areas (as outlined earlier) should however be appreciated.

In overall, the following conclusions were derived from spec-
troscopic information.

1) The observed 1.8 eV photonic emissions as observed in the
spectra may correspond with intraband relaxation mech-
anisms within the conduction band [Transition Type A,
Fig. 2(c)] as a result with interaction of host Si atoms. The
value of 1.8 eV corresponds with energy required for ion-
ization of host silicon atoms by electrons [28].

2) The observed 2.4-2.5 eV photonic emissions as observed
in the spectra may correspond with intraband relaxation
mechanisms [Transition Type B, Fig. 2(c)] within the con-
duction band as a result of interaction with host Si atoms.

3) The observed increase in the 2.8 eV energy peak in
Fig. 11(b) as a function of injection current may indicate
that band-to-band transitions of Type C and Type D s
described in Fig. 2(c) and Fig. 3 Configuration III may
indeed be present. Since the interband transition proba-
bility is proportional to the both the carrier densities n’ and
Ap, as predicted by (3), the 2.8 eV peak should definitely
grow with increase in hole injection current. This is indeed
observed.

4) The presence of a clear emission peak at 2.2 eV indicate
that the phonon-assisted transitions from the 1.8 eV ener-
getic position for electrons, to defect states in the middle of
the band gap are highly feasible and it may indeed be stim-
ulated by interband acoustical phonon-assisted transitions
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Fig. 11. Intensity spectra for optical emissions for (a) CMOS LED for pure
avalanche mode of operation. (b) Intensity versus photon energy for operation
for a CMOS LED in the injection-avalanche mode of operation for various in-
jection current levels. The wavelength emissions have been corrected to present
optical yields at the generation sites.

of Type E, as in Fig. 2(c). According to (3), these transitions
will also be dependent on the product of the densities of
the excited electrons as well the density of injected low-en-
ergy holes. A nonlinear growth of this peak is therefore ex-
pected. From the results shown in Fig. 11(b), this seems to
be observed, considering the growth of the 2.2 and 2.8 eV
peak as a function of current. This observation also corre-
lates with the nonlinear increase in the optically emitted
power as function of current at the higher current levels
when predominantly injection current as observed in both
Fig. 9(a) and Fig. 10 further confirms this phenomenon.
Both the latter two physical trends thus support the 2.2 eV
defect- and phonon-dependent optical emissions.
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5) Since the detector had quite a broad and even detectivity in
the range 450-850 nm, the increase in the 2.3 and 2.8 eV
peaks were mainly responsible for the changes in total
emission intensity as observed in Fig. 9 and Fig. 10, and
the curves are therefore, reasonably representative of the
injection effects.

VII. SOME QUANTITATIVE DERIVATIONS

Using calibrated external illumination sources, both the CCD
camera as well as the photomultiplier could eventually be cal-
ibrated. This enabled conversion of the PMU photonic yields
units into more quantitative values. The photomultiplier tube
was calibrated as approximately 10 nW per 100 PMUs for the
particular measuring conditions used. Using photographic white
levels and objective acceptance angles as a measure, the opti-
cally emitted power per unit area on the devices (i.e., intensity)
could also be derived from the CCD camera photomicrographs.
Fig. 12 gives typical characteristics as derived. For example, an
intensity value of up to 100 nW gm~2 could be derived at 8 V
and 1 mA operation for a 0.1 zpm~2 emitting area for the TS2
polysilicon device.

Considering the optical power outputs per unit area as in
Section III with respect to current and voltage bias conditions
(1 nWum™2 at 1 mW for single junction mode of operation and
10 nWpum=2 at 1 mW for injection mode of operation), estima-
tions of the respective external and internal power conversion ef-
ficiencies could be made. This was achieved by taking the 2.2 eV
(650 nm) peak as main reference peak. Calculations using the
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refractive indices of n = 3.48 for Si, an absorption factor for
Si of 0.59 at 650 nm, and internal reflection considerations as
the light moves from higher refractive indices to lower refrac-
tive indices surface layers, reveals an emission factor of 0.21 for
emission from Si to SiO,. Calculations using the refractive in-
dices of n = 1.4 for SiOs, 2.5 for SizN,4 an absorption factor
of 0.3 for SizNy layer, and considering 1-pm thickness layers,
yield an emission factor of 0.25 for transmission through the
SiO4 and SizN, surface layer to ambient air. The SizN, layer
contributes to an absorption loss of about 0.3. The total emis-
sion factor from the subsurface n*p-avalanching junction to air
is therefore 1.5 x 1072,

This implies that the internal power conversion efficiency is
of the order of 10~° for a single avalanching junction; and of
the order 10~° to 10~* for two junction injection mode of op-
eration. However, the injection mode of operation suffers from
current contribution as well as current density reduction loss
through the active avalanche-injection light regions of part of
the device of the order of 10~2. The injection current does not
conduct only through the needle tip at J1 but through the whole
nTp reverse bias junction including the bottom surface area of
the n™p embedded region as well, Fig. 7(a). This implies that
the maximum achievable power conversion efficiency for injec-
tion mode of operation alone may be as high as 103 to 102,
This is much higher than the previous determined values of ap-
proximately 10~ for single junction avalanche only devices
[18], [19]. The authors are currently pursuing with realizations
of these devices on Silicon on Insulator (SOI) structures in order
to minimize the substrate-related injection losses.

In summary, the experimentally realized as well as the pro-
jected optical yield as a results of injection-avalanche mecha-
nisms are presented in Table 1. Particularly promising is the op-
tical yield that can be realized with a combination of depletion
layer and defect engineering with TS3 if the device designs.

VIII. COMMENTS ON SPEED OF SILICON CMOS AVALANCHE
LEDS AND FOR INJECTION-AVALANCHE CMOS LEDs

The avalanche impact ionization process in semiconductors
is generally considered to be inherently a very fast process.
The speed of operation of avalanche breakdown mode is de-
termined by the RC time constant of the device, as well as the
carrier transit time through the depletion region. With the dy-
namic on-resistance of the pn junction in avalanche in the tens
of kilo-ohms range and the reverse-biased junction capacitance
in the range of femto farads, the RC time constant will be in the
range of tens of psec. This will be sufficient to produce modu-
lation in excess of 10 GHz. Similarly, the transit time of excited
carriers drifting at approximately the carrier saturation velocity
of 107 cm/s through the length of the depletion region (0.4 ym in
our case) will also be in the range of 10 psec. Switching speeds
faster than 10 GHz have already been experimentally demon-
strated for silicon avalanche electroluminescence devices [8],
[35].

Our two junction injection devices will exhibit the same
switching speed in the avalanching junction, but the for-
ward-biased junction injecting carriers toward the avalanching
junction will add an additional time delay to the speed response.
This is due to the relatively slow diffusion of the injected car-
riers toward the avalanching junction in the charge neutral
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TABLE I
OPTICAL YIELDS REALIZED, OPTICAL INTENSITIES REALIZED, AND INTERNALLY PROJECTED OPTICAL YIELDS
FOR THE VARIOUS Si CMOS LED TEST STRUCTURE DESIGNS UNDER SPECIFIC OPERATING CONDITIONS

DESIGN

TOTAL EXTERNAL
OPTICAL YIELD

(nWmw ")

PROJECTED LOCAL
INTERNAL OPTICAL YIELD
(INJECTION RELATED)

EMITTED OPTICAL INTENSITY

(Maximum as in 0.1 pmzareas)

( nWwmw 1) ( nW pm2)

TS1
p'np* injection-avalanche 0.2
Only avalanche mode of operation

TS1
p'np* injection-avalanche mode 0.4
(100 % injection current)

10 10

TS2
pnp* injection-avalanche mode 1
(100% injection current)

(depletion layer limitation = 1 pm)

40 15

TS2

p'np* injection-avalanche
(PolySi avalanche control) 0.4
(80% injection current)

(depletion layer limitation = 0.5 ym)

100 100

TS3

p'np* injection-avalanche
(100% injection current) 2
(depletion layer limitation = 2 pm) (defect
engineering introduced by means of current stressing
beforehand , 105 A.cm?2 1 minute)

200 100

region. If the distance between the forward-biased injection
junction and the reverse-biased avalanching junction depletion
region can be made short, this diffusion time can be minimized.
The transit time of diffusing carriers through a region of length
W is given by
W2
QN—k—T (6)
q

T =

under low injection level conditions, with £ the mobility of the
injected carriers.

In the case of electrons being injected, and a typical spacing
of W = 0.5 um, the transit time for the diffusing carriers is in
the order of 50 psec. Adding this to the 20 psec time constant
of the avalanching junction, a combined switching speed in the
range of 10 GHz may still attainable for the two junction carrier
injection light-emitting device.

IX. CONCLUSIONS

This paper has shown that the optical emissions for two junc-
tion injection-avalanche-based silicon light-emitting devices are

dependent on depletion layer profiling as well as on the intro-
duction of defect centers in the depletion layer.

In our opinion a much better understanding of the basic mech-
anisms that is responsible for higher than bandgap light emis-
sion mechanisms in silicon has been achieved.

The obtained experimental observations sufficiently supports
enhanced inter band photonic transitions according to the hy-
potheses that injected low-energy holes can interact with higher
energy electrons and stimulate enhanced optical emission tran-
sitions of mainly 2.2 and 2.8 eV. Modeling proposed that an
electric field gradient of approximately 4 x 10° V cm™!, as well
as preferred injection distance of low-energy holes directly into
the depletion region of 0.4 ym will optimize such transitions.

Furthermore, evidence had been obtained that defect cen-
ters introduced by current stressing can significantly enhance
the optical emission transitions. Our current device design and
understanding of the physical mechanisms involved also offers
tweaking of the emitted radiation to the 700-800 nm and even
to the infrared regime.

Indications have been obtained that the inherent and internal
yield of up to 100 nWum~2 were derived for the injection-
avalanche mode of operation. Therefore the future external op-



tical power yield as associated with these devices could be much
higher if further optimization is implemented with regard to de-
vice design. The absorption and emission losses from the sur-
face layers in the current structure still offer major challenges.

Particularly promising is the optoelectronic application
feasibilities, especially in CMOS integrated circuitry, as have
emanated from this work. The results presented in this paper re-
ports extraction of optical intensities to 1-10 nW pm™2, while
internal effeciencies of up to 100 nWum~—2 can be derived
with our injection-avalanche technology. Previous results using
single junction devices operating in the avalanche light-emit-
ting mode typically yielded externally detected intensities of
only 0.1-1 nW pum~2 [22] This implies that these optical
powers may be transferred to adjacent structures in CMOS
integrated circuitry for diverse on-chip signal processing and
for example wave guiding or electro-coupling applications.
Previous analyses showed that, although the threshold of small
dimension pn detectors in CMOS structures are of the order
of pico-Watts, a few nano-watt of transferred optical power,
either internally or to the external environment, is sufficient to
extract clean signals in the low-frequency regime [39], [40].
Further analyses show that progressive higher levels of incident
power are needed at higher in order to compensate for losses
which occur with transimpedance type amplifier for frequencies
ranging into the higher frequency regimes. Recent analyses
has shown that amplification of optically detected signals of
10-100 nW incident on 10 x 10 pm CMOS detector and
transimpedance amplifier configurations of up to 1 GHz [40].

It seems, therefore, that about 1 nW of optical intensities per
p m~2 are internally needed in order to make diverse electro-op-
tical applications possible in CMOS integrated circuitry. Our
demonstrated localized optical yields of 100 nW zm~2 and re-
alized external emitted intensities of I-10nW m~2, for normal
CMOS device operating conditions of a few volts and about
one mA, therefore, makes diverse electro-optical applications
already feasible. The current emission levels of our CMOS Si
injection-avalanche LEDs of 10-100 nW pm~2. is therefore
about three to four orders of magnitude higher than the min-
imum low-frequency detectivity of standard CMOS detectors
of comparable dimension as outlined above.

This implies that diverse electro-optical applications using
this technology, as outlined above, are indeed possible. Some of
the first novel applications of the technology may be in Micro
Optical Electromechanical Sensor (MOEMS) devices, which
will offer the realization of diverse sensor devices, from phys-
ical parameter sensing such as temperature, vibration, accelera-
tion, rotation, to more advance applications such as absorption,
reflection, spectrometric analysis of gases and fluids. This will
add considerable functionality to existing CMOS chip packages
which is a general trend in the current IC technology after the
limitations due to scaling have been reached.
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