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ABSTRACT

We investigate the degradation of InGaN-GaN MQW solar cells under optical and electrical stress. We submitted the devices to high temperature, high optical power
stress and we found that, under optical stress, the devices show a moderate decrease in open-circuit voltage, possibly due to creation of defect-related shunt paths.
This degradation is partially recovered after room temperature storage. The stronger decrease of open-circuit voltage under electrical stress at high current suggests a

role of carrier flow in the degradation.

1. Introduction

The search for green alternatives to fossil fuels stimulates the re-
search in the photovoltaics field. Silicon is the most used material to
build solar cells, mainly because of its cost effectiveness, but has a
limited absorption spectrum (especially in the blue and UV region), a
relatively low Shockley-Queisser limit (30%). In addition, the tem-
perature coefficient of silicon solar cells is rather high, meaning that
their efficiency shows a measurable drop with increasing temperature.
Multijunction solar cells reach efficiency up to 47% [1], being however
difficult to build and very costly. Gallium nitride is a promising material
for absorbing high-energy photons in multi-junction solar cells or also
in Si-GaN tandem cells [2], with multiple quantum well (MQW)
structures showing the best performance [3]. MQW cells showed var-
ious advantages over simple p-n or p-i-n junction structures, mainly due
to the fact that is possible to grow thinner InGaN layer without in-
curring in dislocations and phase separation issues, typical of thick
InGaN layers grown on GaN [4].

InGaN-GaN MQW structures has proven to be reliable also in harsh
environments, under high excitation densities and at high temperature
[5,6], enabling a possible use in wireless power transfer systems and
space applications [7]. The aim of this work is to understand how MQW
InGaN-based solar cells may degrade when submitted to high-power
optical and electrical stresse at high temperatures.

2. Experimental details
The devices under test (DUTs, Fig. 1(a)) are grown by Metal-Organic
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Chemical Vapor Deposition (MOCVD) on a (0001) sapphire substrate.
Over this substrate two Si:n-GaN (2 um thick doping 3:10'® ecm™3), and
Si:n*-GaN (125 nm thick, doping 2:10'® cm™3) layers are grown. On
the top of these layers there is a periodic 30 X GaN-Ing ;5Gag gsN-GaN
(7 nm/3 nm) structure, topped by Mg:p-GaN (100 nm thick, doping
210 em™3) and Mg:p*-GaN (10 nm thick) layers. 1 X 1 mm? solar
cells are built by standard lithography and processing. After the mesa
etching, an indium-tin-oxide (120 nm thick) layer was deposed as
current spreading layer. The cathode Ti/Al/Ni/Au contact and the
anode Ti/Pt/Au contact were deposed respectively around the peri-
meter and on the top of the mesa [8].

We carried out dark and illuminated I-V characterization by means
of a semiconductor parameter analyzer under 405 nm monochromatic
excitation emitted by a laser diode. A beam sampler on the beam path
deflects a small amount of the laser beam to a feedback photodiode to
ensure that the intensity of the main beam is stable over time. The beam
was attenuated by means of a series of optical filters, achieving char-
acterization intensities ranging from 0.84 mW/cm? to 47 W/cm?. The
laser spot on the device was determined to have a nearly rectangular
shape (1.4 x 0.15 mm? and was aligned along one diagonal of the
device. The same 405 nm laser diode was used for the optical stresses
with intensities up to 1200 W/cm?. From illuminated I-V measure-
ments we calculated the short-circuit current density Jsc, the open-
circuit voltage Vo, the external quantum efficiency at 405 nm EQE (i.e.
the ratio between number of injected photons and extracted carriers)
and the optical-to-electrical power conversion efficiency nog (i.e. the
ratio between maximum electrical power and the optical power deliv-
ered to the cell). We also performed photocurrent spectroscopy
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Fig. 1. Device structure (a) and experimental set-up (b).

measurements: the DUT was illuminated, under short-circuit condition,
with chopped (f = 30 Hz) monochromatic light, emitted by a 300 W
wide-spectrum Xenon arc lamp and monochromated by a grating
monochromator. The photocurrent signal was amplified by a lock-in
amplifier. This measurement allowed us to extrapolate the external
quantum efficiency EQE under low excitation density in the range
2801100 nm. The DUT was heated by a ceramic heater, capable to
reach temperatures up to 175 °C.

3. Results and discussion

We performed several stress tests to measure the device degradation
under different optical power and current levels. We first performed an
optical step-stress experiment, in which we submitted the DUT to an
optical stress in short-circuit condition, increasing the stress optical
power from 360.8 W/cm? to 1164.8 W/cm? in 30 min step at 100 °C
baseplate temperature. The Jsc monitored during the stress (Fig. 2)
shows that, by increasing the optical power, there is an increase in the
photogenerated charge that can be extracted from the device, even if
the excitation density levels are very high. In the last steps of the stress
it is possible to see an increase (in absolute value) in the short-circuit
current during the stress, that can be ascribed to the increase in
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Fig. 2. Short-circuit current measured during optical step-stress.
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Fig. 3. Open-circuit voltage (a), short-circuit current density (b), optical-to-
electrical conversion efficiency (c) and external quantum efficiency (d) mea-
sured at various excitation densities during optical step-stress.

thermionic escape from the wells due to device self-heating. After each
stage of the stress tests, we characterized the device at 35 °C baseplate
temperature, calculating Vo, Jsc, nog and EQE (Fig. 3).

We observed negligible variation in Jsc and EQE, whereas we ob-
served a slight decrease in Voc and nog at the lowest characterization
intensities. The decrease in open-circuit voltage can be ascribed to the
creation of defect-related conductive paths in the active region of the
device, possibly due to defect-related conduction, since they lower the
Voc mainly at low excitation densities and have no influence on the
short-circuit current. This can be seen by considering a simple diode
model with shunt resistance Rgy, which is described by the equation:

J=JL—]0exp( v ]— s
nksT)  Rsm ¢}

where J; is the photogenerated current density, Jo is the saturation
current density, q is the electron charge, 1 is the ideality factor, kg is the
Boltzmann constant and T is the temperature. In short-circuit current
condition, V = 0 and Jgc = J;, thus the shunt resistance does not affect
the short-circuit current.

We then performed a temperature step stress, choosing an excitation
density of 589.3 W/cm?. In Fig. 4 the short-circuit current during the
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Fig. 4. Short-circuit current measured during temperature step-stress.
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Fig. 6. Dark I-V characterizations during the constant optical power stress and
after recovery (main plot) and current density at 1.5 V (inset).
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Fig. 5. Open-circuit voltage (a), short-circuit current density (b), optical-to-
electrical conversion efficiency (c) and external quantum efficiency (d) mea-
sured at various excitation densities during temperature step-stress.

stress is showed. It is possible to see an increase in the Jgc, that can be
ascribed to the increase in thermionic escape with increasing tem-
perature, already observed in the optical step-stress. The operating
parameters of the cells are showed in Fig. 5. Negligible degradation is
visible in the short-circuit current and in the external quantum effi-
ciency, whereas it is possible to see a degradation in the open-circuit
voltage and in the power conversion efficiency, higher than the de-
gradation seen in the optical step-stress: Voc shows an average de-
gradation of more than 3% with respect to the unstressed device
(compared with the 1% of the optical step-stress), whereas the effi-
ciency lowering is more than 4%, higher than the 2.5% reached during
the optical step-stress.

In order to study the long-term degradation processes we choose an
intensity of 589.3 W/cm? to perform a high-temperature (175 °C)
constant optical power stress, based on the degradation data of the
optical and temperature step stresses. After 52 days of storage (air,
25 °C) we performed new dark and illuminated I-V characterization to
evaluate the recovery. In the dark I-V characterization (Fig. 6) we
observed a slight increase in low forward bias current in the region
between 1 and 2.5 V (see inset), possibly due to an increase in trap-
assisted tunneling [9], that is partially recovered after storage.

We observed a reduction in Voc and neog at the lowest character-
ization intensities (Fig. 7(a), (c)); this reduction was higher than the
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Fig. 7. Open-circuit voltage (a), short-circuit current density (b), optical-to-
electrical conversion efficiency (c) and external quantum efficiency (d) mea-
sured at various excitation densities during constant optical power stress.

reduction seen in the optical step-stress experiment. We also observed
negligible variation (less than 2%) in Jsc and EQE (Fig. 7(b), (d)), with
no clear trend during the stress. The decrease in Voc and nog was
partially recovered after storage: the Voc decrease after recovery
(averaged at the various characterization intensities) with respect to the
initial value was the 5% (being 13% after 50 h of stress), whereas the
average conversion efficiency decrease after recovery was the 5%
(being 10% after the stress). This behavior is possibly due to the crea-
tion of optically-induced metastable defects [10,11], causing an in-
crease in tunneling, as noted by the dark I-V characterizations. En-
hanced tunneling conduction acts similarly to a shunt in the region
between 107> and 10~2 A/cm? (see again Fig. 6), thus causing the
reduction in Voc and nog seen at low excitation densities, whereas Jsc
and EQE (that is calculated under short-circuit condition) are not in-
fluenced by it. This is the same mechanism that lowers open-circuit
voltage and power conversion efficiency during optical (Fig. 3) and
temperature (Fig. 5) step-stresses.

The photocurrent measurements (Fig. 8) show that the peak effi-
ciency is around 405 nm, which matches the laser diode wavelength,
whereas the absorption edge is around 460 nm, that is compatible with
the 15% indium content. It is possible to see (inset of Fig. 8) the pre-
sence of an absorption edge around 550 nm, that can be ascribed to the
presence of deep levels responsible for yellow luminescence in GaN,
possibly due to carbon [12] or Vg, complexes [13,14]. The yellow band



A. Caria, et al.

Wavelength (nm)

Stress intens. 589.3 W/cm?
Wavelength 405 nm

Microelectronics Reliability 114 (2020) 113802

Electrical step-stress ~ Stress and charact. @ 35 °C.  Stress current [A/cm?]:

—H— Unstressed—@— 1 —A—2 —y—3 —9—4 —4-5 6 7 8 9-0—-10=+=12

800 700 600 500 400 Stress temp. 175 °C
30.0 T r : ; Charact. temp. 35 °C
—— Unstressed
600 550 500 — o5h
25.0 |- 12.0mf ' ' A —1h
> 10.0m / _§:
- 2001 8.0m 10h
[« : 6.0m 20h
> 4.0m ——50h
O 150t 2.0m
© 2.0
L 100t
g
(N1]
5.0
0.0 | —— . . E
1.5 2.0 2.5 3.0 3.5 4.0
Energy (eV)

Fig. 8. Photocurrent spectroscopy measured during constant optical power
stress.

absorption efficiency does not change during stress, so there is no
generation of new defects in this region and thus the defects responsible
for degradation possibly have an activation energy are deeper than
2 eV, or are not detectable by photocurrent spectroscopy. Such states,
with energies near the midgap or E¢-2 eV, are often related to parasitic
conduction enhancement [15] and optical degradation, since they act
as very efficient non-radiative SRH recombination centers [16].

In order to understand the effects of the flow of photogenerated
carriers, we carried out an electrical stress on the device (i.e. no optical
excitation was imposed on the DUT, that was stressed under forward
bias condition), with current densities ranging from 1 A/cm? to 14 A/
cm?, when the device failed. From the dark I-V characterizations during
the stress (Fig. 9) it is possible to see almost no degradation in the first
steps of the stress, at current densities up to 4 A/cm?® By increasing
stress current, there is a degradation that is visible mostly as an increase
in the current at low forward biases, between 1 and 2 V. This kind of
degradation can be attributed to the increase in defects and the sub-
sequent enhancement of trap-assisted tunneling in this voltage range
[9]. The device degrades and fails as a short circuit for stress currents
above 10 A/cm?.

We also performed illuminated I-V characterizations during the
stress, calculating the operating parameters of the cell (Fig. 10). At the
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Fig. 9. Dark I-V characterizations of the device during electrical step-stress.
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Fig. 10. Open-circuit voltage (a), short-circuit current density (b), optical-to-
electrical conversion efficiency (c) and external quantum efficiency (d) mea-
sured at various excitation densities during current step-stress.

lowest current densities (1 +3 A/cm?) the degradation is negligible and
the operating parameters are stable. By increasing the stress current
density we observe a significant degradation in Voc and nog, that can be
attributed to the enhanced defect-related forward conduction, whereas
Jsc and EQE do not change. This effect is stronger at low excitation
densities.

At very high current densities (12-14 A/cm?) the device fails cat-
astrophically as a short circuit. From this measurement we can hy-
pothesize that the current flow could enhance the defect creation,
causing the parasitic conduction of the device and the lowering of Voc
and nog-

4. Conclusions

In summary, we carried out optical and electrical stresses on InGaN-
GaN MQW solar cells. The optical step-stress showed a very low de-
gradation of the device, with a slight reduction in open-circuit voltage
and power conversion efficiency at low excitation densities (on average,
1.3% and 2.5% respectively). A stronger degradation is observed during
temperature step-stress up to 175 °C (3.3% and 4.3% for Voc and nog
respectively) and long term stress with an enhanced decrease in open-
circuit voltage and power conversion efficiency, respectively 13% and
10%. The degradation during the long term stress is partially recovered
after storage, finding a degradation of 5% for both Voc and nog with
respect to the unstressed device. The lowering in Voc and nog is possibly
related to the creation of parasitic conductive paths due to optically-
induced metastable defects, with an activation energy lower than 2 eV.
The results of the current step-stress suggest that the carrier flow can
have a role in defect creation, since the degradation mechanism is si-
milar to the mechanism observed during optical stresses.
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