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Abstract—We report on the dependency of the
optical power efficiency » on the breakdown voltage
Vgr of avalanche-mode (AM) light-emitting diodes (LEDs)
in silicon. Lateral pT-n-nT™ LEDs have been designed
in a 65-nm bulk CMOS technology, where VgR is varied
between 2 and 9 V. This tunes both the magnitude and
the spatial distribution of the reverse electric field, which
governs AM electroluminescence. Experiments show that
a maximum 7 of ~1.7 x 1078 is obtained for Vgg ~ 6 V.
For Vgr < 6 V, non-local avalanche results in a lower
n, while for Vgg > 6 V, a gradual reduction in n with
increasing VgR is obtained. This trend is compared with
two recently proposed opto-electronic models. A maximum
in  at relatively low voltages is attractive for monolithic
opto-electronic integration in silicon.

Index Terms— Avalanche breakdown, silicon, electro-
luminescence, LED, power efficiency, internal quantum effi-
ciency.

I. INTRODUCTION

HE avalanche-mode light-emitting diode (AMLED) is a

potential candidate as a silicon (Si) based light source
for monolithic opto-electronic integration in standard CMOS
technology, e.g. optical links [1]-[8], primarily due to the
significant overlap between its electroluminescent (EL) spectra
and the spectral responsivity of Si photodiodes (PDs) [1], [8].
Avalanche-mode electroluminescence (AM-EL) is governed
by impact ionization [9] and hence by the electric field F [10].
The relatively low internal quantum efficiency (IQE) of
AMLEDs (~1079) [3] combined with the typical p-n junction
breakdown voltages Vpr render AM-EL to be significantly
power-hungry. Thus, maximizing the optical power efficiency
7, defined as the ratio of the optical power Pop to the electrical
power PLgp, is highly desired. The existence of an optimum
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Schematic (a) top-view and (b) cross-section of the p*-n-nt
LED. The spacing d between the p™ and nT regions has been varied in
steps of 20 nm.

Fig. 1.

VBr ~ 5 V at which 7 is maximum was reported earlier [11],
based on devices in a BiCMOS process, where measured
values of # were fitted with an empirical model. However, the
underlying physical mechanism was not explained. Recently,
a physics-based opto-electronic model [10] was derived for
an abrupt optimized 1-D p™-n junction (i.e. for a single-sided
triangular electric field profile). Here the optical intensity was
related to the field-dependent electron temperature (7) profile,
where an optimal Vgr ~ 5 V was also theoretically predicted,
using a non-local avalanche model [10], [12]-[14]. In addition,
there was a lack of enough experimental variation in VpR,
especially at low voltages, to verify both models proposed
in [10] and [11].

In this work, we report on an experimentally obtained
relation between z and Vpr using lateral nanometer-scale
pT-n-n junction diodes designed in a standard 65 nm bulk
CMOS technology. We vary Vpr by geometric scaling of the
LED, resulting in a trapezoidal field-profile F(x) for a fixed
doping level N determined by the technology. Results are
compared with the models of [10] and [11]. We show that our
model [10] is in a good agreement with our new experimental
data.

Il. DESIGN OF THE LED
Fig. 1(a) shows the device top-view and (b) shows the
vertical cross-section of the designed p™-n-n™ LEDs. Each
LED has a fixed total length L =~ 6.5 um along the
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Fig. 2. Measured dc |-V characteristics (in dark) of the LEDs D1 to D8,

D8, D10, and D12 at T = 25 °C and 75 °C. Measurements were done
using a Keithley 4200 Semiconductor Characterization System (SCS).

x-axis, and a fixed width W = 47.6 um along the y-axis. The
designed spacing d between the n™ and p™ region is varied
from d = 0 in LED DI till d = 280 nm in LED D135, in steps
of 20 nm. D1 is a special case of a pT-n™ junction. The silicide
layer is avoided along the active region except at the electrode
contacts, to enable vertical emergence and detection of light,
and to prevent shorting of the junction. Avalanche breakdown,
important for AM-EL, initiates via impact ionization that
generates electron-hole pairs. Those pairs are swept apart by
the high reverse electric field close to the junction and are
accelerated to energies in excess of the band-gap. A certain
fraction of these high energy electrons recombine with holes
leading to isotropic AM-EL [9], [10].

I1l. OPTO-ELECTRONIC BEHAVIOR

Fig. 2 shows the measured dc reverse /-V characteristics of
the LEDs D1 to D6, D8, D10, and D12 with an increasing d,
in dark conditions and at ambient temperatures 7 = 25 °C and
75 °C. For d < 60 nm (D1 to D4), the reverse current I} gp
has a negligible T-dependence, and a sub-unity ideality factor
indicating the presence of band-to-band tunneling (BTBT)
[15], [16]. This leads to a "soft" transition into breakdown. For
d>80 nm (D6 onwards), the -V curves show a progressively
sharper transition into breakdown, and a more pronounced
T-dependence, indicating impact ionization and avalanche
breakdown [17].

The Vgr of the LEDs is defined at a fixed current
Lep = 1 mA [18]. The trend in Vpr is explained by
the 2-D TCAD simulated [19] F(x) at V =~ VR, as
shown in Fig. 3(a). The inset of Fig. 3(a) shows a snap-
shot of the 2-D field profile for d = 40 nm. An effective
N ~ 10'7 cm™3 has been obtained by fitting the measured
Ver in TCAD. F(x) is trapezoidal for fully depleted short
diodes. With increasing d, the peak field Fy, rapidly reduces to
a value corresponding to that of an abrupt p*-n junction, while
the depletion width increases till its maximum, where F(x)
becomes roughly triangular. The AM-EL is dependent on the
electron temperature 7, [10], therefore the TCAD simulated
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Fig. 3. (a) TCAD simulated field profiles F(x) at breakdown for the
indicated LEDs along the white dashed cut-line (z = — 0.1 um) shown
in the inset. The red dashed line is a guide to the eye for the peak field
trend. (Inset): 2-D TCAD simulated electric field profile at breakdown, for
d = 40 nm. (b) Calculated electron temperature profiles Tg(x) following
Eq. (1) for the indicated LEDs. The arrows indicate the direction of the
electron and hole current flow.

F(x) is used to compute the latter according to:

29 F(u) exp [

L) =T + x U—x
X) = —_—
¢ Skg Jo

i|du, 0<x<d,
(h

where ¢ is the elementary charge, kg is the Boltzmann
constant, and e o ve - 7 is the mean energy relaxation length
for electrons with velocity v, as defined in [13] and [14], where
Ae = 65 nm was reported for Si. Here z. is the mean inter-
scattering time in Si, which depends on 7T and is governed
by acoustic deformation potential (ADP) scattering [20]. The
calculated T¢(x) is shown for the indicated LEDs in Fig. 3(b).
From D2 to D6 (d < 2 A.), the peak T first rapidly increases
due to non-local avalanche, and then for d > 2 1. it gradually
reduces from D7 onwards due to the gradual reduction in Fy,.

The peak 7. is used to evaluate the carrier probability
distribution functions, which are then used to calculate Pop
by integrating all the electron transitions to the valence band
edge [10], [21]. Next, we discuss the optical properties of the
LEDs.

Fig. 4(a) shows the AM-EL micrographs of the LEDs at
Ilep = 5 mA, captured vertically using a visible range
camera. Light emission appears along the line of the junction
oriented along the y-axis. The brightness is observed to
increase rapidly from D1 to D6, and then saturates from D7
onwards. Fig. 4(b) shows the measured spectral irradiance
of D6 (VB &~ 6 V) at various I gp. These EL-spectra
(observed in the spectral range of 400 nm < A < 900 nm)
have been corrected for the effect of Fabry-Perot interfer-
ence in the multi-layer back-end dielectric stack, which has
been characterized by its spectral transmittance, as shown in
Fig. 4(c) using a broad-spectrum halogen lamp from Bausch
and Lomb. The EL-spectra exhibit a broad peak centered at
A ~ 620 nm that can be attributed to phonon-assisted (indirect)
inter-band recombination. The emission at 2 = 700 nm can
also be contributed by intra-band electron transitions, while
emission at 2 < 480 nm can be partly contributed by direct
inter-band recombination [22]-[24]. It is worth mentioning
that our model [10] only caters to the dominant indirect
inter-band recombination; detailed modeling of the other types
of transitions requires further study.

(&
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Fig. 4. (a) AM-EL micrographs of the LEDs D1 to D15, each at
ILep = 5 mA (to the same scale and resolution). Light is captured
vertically (out of plane along the z-axis). The images are captured by a
visible range camera with a 20 s integration time. (b) Vertically measured
EL-spectra of D6 for various /| gp, measured using a multi-mode optical
fiber feeding an ADC-1000-USB spectrometer from Avantes, with an
integration time of 20 s. (c) Spectral transmittance of the back-end stack
obtained from reflectance measurement.
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Fig. 5. (a) Emitted optical power of the avalanche-mode LED D6
versus / gp. (b) Normalized optical power efficiency versus Vgr, where
the experimental trend is compared with those predicted using the 1-D
physics-based opto-electronic model [10] and the empirical model [11].

A linear variation in the total optical power Pop emitted
by the LEDs with increasing I gp is observed, as shown for
D6 in Fig. 5(a), with # = Popt/PLep ~ 1.7 x 107 and a
mean intensity of ~28 nW ,um_2 at Itgp = 10 mA. Pop
has been extracted using an ultra-sensitive, off-chip calibrated
photodiode (PD) [25], mounted vertically above of the die,
which is done by extracting the emission-specific responsivity
of the PD [8]. The external and internal quantum efficiencies
(EQE and IQE) of D6 have been estimated to be ~2.0 x 1078
and ~6.0 x 107, respectively, assuming isotropic light emis-
sion [9]. The obtained IQE and EQE values match well with
prior results [3], [22], [26].

The same linear variation in Pgp versus I gp has been
observed by integrating the measured EL-spectra over A.
In Fig. 5(b), n is plotted against Vgr of the LEDs, where
it is normalized w.r.t. its maximum value (for D6). The
normalization is done for comparison with the modeled trends.
The trends in # versus Vpr for the LEDs, as predicted by the
models [10], [11] are also shown in Fig. 5(b). Our model [10]
for Ac = 65 nm [13] is in better agreement with the measured
trend. A maximum # is obtained in our experiment for

Ver ~ 6 V. For Vgr < 6 V, non-local avalanche leads to
a rapid decrease in 7 with decreasing Vpr (thus decreasing d)
despite an increasing Fp(d). This can be understood as
follows: when d < A, the electrons do not have sufficient
space to be accelerated by the increasing local Fi, to high
energies. Hence, the peak T drops, leading to a drop in Popy.

For Vgr > 6 V (LEDs D7 to D15), a continuous reduction
in 7 with increasing Vpr is obtained. This is due to two
phenomena: (a) Fy reduces for increasing d, and (b) the
spatial width across which the high field (hence the EL-region)
extends along the x-axis becomes narrower as F(x) changes
from being trapezoidal to triangular. This is reflected in the
increase of VgRr, and hence PLgp.

The discrepancies between the modeled and measured
n — Var curves are likely due to the uncertainties in N, d,
and the assumption of a 1-D EL-region in the optical model.
Further, BTBT [15], [16], [27] has not been taken into account
in the model. BTBT is the most pronounced in D1 (explaining
its low Pop), being a p-n™ junction.

The LEDs were further put under an accelerated stress for
30 hours at a dc bias of I gp = 10 mA and 100 °C ambient.
No degradation in the total Pop; has been observed, in line with
previous reports of bulk CMOS AMLEDs [28]. However, one
can expect hot-carrier induced electrical degradation, due to
the high field near the Si-SiO; interface [29], [30].

As a final remark, # can be enhanced by adopting new LED
designs which improve the spatial uniformity of F(x) and
consequently Py, such as the recently reported superjunction
AMLEDs [31]. A maximum in # at relatively low voltages
is attractive for monolithic integration of Si-based optical
functions in standard CMOS.

IV. CONCLUSIONS

The dependency of optical power efficiency # on the break-
down voltage Vgr of avalanche-mode (AM) p™-n-n* junction
LEDs in silicon, designed in a standard 65 nm bulk CMOS
technology, has been shown experimentally and compared
with analytical models. Measurements show a maximum #
at Vg ~ 6 V. For Vgr < 6 V, a rapid decrease in z
is obtained for decreasing Vpr despite an increase in the
peak electric field. For Vgr > 6 V, a reduction in # with
increasing Vpr is obtained due to a gradual reduction in
both the magnitude and the spread of the electric field. The
measurements are explained with our opto-electronic model
that relates AM electroluminescence from Si LEDs to the
field-dependent electron temperature based on the non-local
avalanche effect.
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