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Abstract— Gallium nitride (GaN) multiple quantum well
(MQW) solar cells proved to have very good performance
in high-temperature conditions and under intense excita-
tion. However, the long-term reliability under harsh con-
ditions has not been investigated in the literature. The
aim of this article is to fill this gap, by investigating the
degradation mechanisms of GaN solar cells, submitted to
forward current stress. The cells were characterized by
means of dark and illuminated current–voltage (I–V ) mea-
surements, capacitance–voltage (C–V ) measurements, and
steady-state photocapacitance (SSPC). The current step-
stress experiment showed an initial decrease in the main
parameters of the devices (open-circuit voltage, external
quantum efficiency (EQE), and optical-to-electrical power
conversion efficiency). C–V and SSPC showed a correla-
tion between the charge inside the active region of the
device and the concentration of trap states. Also, a rela-
tion was found between the decrease in power conversion
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efficiency and the amount of charge in the active region of
the devices. Degradation was ascribed to a redistribution
of the charge in the active region, related to an increase in
the density of midgap states (EC − 1.6 eV), resulting in the
lowering of the efficiency of the devices.

Index Terms— Gallium nitride (GaN), photodetectors,
reliability, solar cells.

I. INTRODUCTION

GALLIUM nitride (GaN) is now the semiconductor of
choice for many optoelectronic applications in the visible

and UV spectral ranges. The availability of small, efficient,
and reliable InGaN LEDs allows fabricating blue and white
light-emitting diodes, that are now massively penetrating the
application market. Also, the photovoltaic sector can take
advantage of this material [1], [2]: the use of GaN in solar cells
allows to exploit the blue-UV region of the solar spectrum [3],
by tuning the composition of the InGaN alloy [4]. GaN could
then be used in multijunction solar cells as an additional
junction to increase the efficiency, in silicon-GaN tandem solar
cells [5], [6], in stand-alone solar cells, or for fabricating pho-
todetectors for wireless power transfer systems [7], [8]. In all
cases, the use of GaN can lead to a substantial improvement
in the efficiency of the solar cells/detectors and is therefore
subject to intense investigation.

Recently, GaN solar cells [9], in particular devices based
on multiple quantum well (MQW) structures, proved to have
good performance also under high optical powers and under
high temperatures [10], [11], thus being potential candidates
for applications in concentrator photovoltaic systems and
in the space environment [12]. However, very few reports
investigated the degradation processes of this kind of device.
Preliminary reports investigated the degradation of cells sub-
mitted to thermal [13] or optical stress [14], [15], while
the electrically driven degradation processes are relatively
unexplored. There are few reports on current stress on this
kind of device; these reports do not focus on the analysis of
the photovoltaic properties and their relation with the newly
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Fig. 1. (a) Device structure, (b) experimental setup, and (c) simulated
band diagram at 3 V.

created defects [16], [17]. The aim of this article is to fill
this gap, by contributing to the understanding of the processes
responsible for the degradation of InGaN-GaN MQW solar
cells submitted to high current stress, and on the analysis of
the link with the photovoltaic properties of the devices.

To this aim, we carried out a set of degradation tests in
forward bias, i.e., in a condition where a large current density
flows through the devices, in the absence of optical excitation.
This helps understand which degradation mechanisms are
activated by the carrier flow. We performed a step-stress
experiment, by increasing the current until the device failed,
and a 100 h constant-current stress at a current density high
enough to induce degradation, chosen according to step-stress
results. During the forward bias step stress, a variation in
charge density in the active region of the device was found,
well correlated with the variation in defect density detected
by steady-state capacitance measurements. During the constant
current stress, the decrease in the optical-to-electrical power
conversion efficiency was found to be well correlated with the
change in the charge integral in the active region.

II. DEVICES AND METHODS

The devices under test (DUT) are 1 × 1 mm2 solar cells and
their structure is schematically shown in Fig. 1(a). On (0001)
Sapphire, a 2 µm n-GaN layer (3 × 1018 cm−3 silicon doping)
and a 125 nm n+-GaN layer (2 × 1019 cm−3 silicon doping)
are grown. The active region consists of 30 × In0.15Ga0.85N
(3 nm)–GaN (7 nm) MQW structure, topped by a 10 nm
p-Al0.15Ga0.85N layer (2 × 1019 cm−3 magnesium doping), a
100 nm p-GaN layer (2 × 1019 cm−3 magnesium doping) and

a 10 nm p+-GaN layer (magnesium doped). 1 × 1 mm2 solar
cells are processed by standard lithography and a 120 nm
indium-tin-oxide (ITO) layer is deposed as a semitransparent
current spreading layer, whereas Ti/Al/Ni/Au and Ti/Pt/Au
contacts are formed for cathode and anode, respectively.
Further details are available in [18].

The devices were characterized by means of dark and
illuminated I –V , measured by a semiconductor parameter
analyzer. A 405 nm laser diode was used as a light source
for illuminated characterizations. A portion of the laser beam
was redirected by a beam sampler to a photodiode to have
optical feedback of the laser beam power. The laser beam
passed through a series of neutral optical density absorptive
filters to obtain low excitation powers and was then directed
onto the sample by a mirror. An LCR meter was used for
C–V and SSPC measurements. The latter was performed by
using a 300-W Xenon arc-lamp source; wavelength selection
was obtained by a grating monochromator. The output of the
monochromator was focused on an optical fiber to be shined
onto the sample. A preliminary simulation of the structure was
performed by Synopsys Sentaurus TCAD software, obtaining
the band diagram at 3 V shown in Fig. 1(c). It is possible
to see the periodic structures of the 30 quantum wells in the
middle and the AlGaN electron blocking layer on the left,
at around 0.25 µm.

III. RESULTS AND DISCUSSION

A. Step-Stress Experiment
To evaluate the degradation limits of the samples, a step-

stress experiment was performed in forward bias on a rep-
resentative device. The stress current was increased from
0.5 to 3 A/cm2 in 0.5 A/cm2 steps, from 3 to 15 A/cm2 in
1 A/cm2 steps, and from 15 to 50 A/cm2 (when the device
failed) in 2.5 A/cm2 steps; the duration of each step of the
stress was set to 30 min. The device was characterized by
dark and illuminated I –V , with excitation densities ranging
from 9.43 µW/cm2 to 471 W/cm2, by C–V measurements
and by steady-state photocapacitance (SSPC) analysis. SSPC
measurements allow to evaluate the density of trap levels,
since monochromatic light stimulates the emission of trapped
carriers from the deep levels, resulting in a proportional
change in the capacitance of the junction. SSPC measurements
were performed at 0 V with an initial dark phase of 300 s,
an illuminated phase of 100 s and a 10 s forward bias pulse
(3 V) in dark conditions to repopulate deep levels, by using
the method presented by Armstrong et al. [19].

As shown in Fig. 2(a), by increasing the stress current an
increase in forward voltage was observed. In the last steps
(I > 30 A/cm2), a very high voltage drop in the initial
phase of the stress (higher than 1 V in the very last steps)
that can be ascribed to the strong self-heating of the device.
Eventually, the device fails and stress voltage reaches the
compliance level. In Fig. 2(b) and (c) dark I –V character-
izations after each step of the stress and series resistance
calculated from these measurements are shown. In the first
steps of the stress (up to 25 A/cm2) the device shows a
gradual degradation as an increase in reverse leakage and
a significant increase in low forward bias current, possibly
due to enhancement in trap-assisted tunneling (TAT) mech-
anisms [20], [21]. At 27.5 A/cm2 there is a creation of a
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Fig. 2. (a) Stress voltage with respect to stress time and stress
current. (b) Dark I–V characterizations after each step of the step-stress.
(c) Series resistance estimated from dark I–V characterization.

huge shunt path, that increases in the following steps of stress,
until the device failure at 50 A/cm2 current density, showing
a resistive behavior. During the stress, there is a decrease
in series resistance up to 25 A/cm2 stress current, followed
by a slight increase. This process can be ascribed to the
competition between the increase in the dopant activation in
the p- or p+-GaN layer, which prevails in the first part of the
stress [22], and the degradation of the contact on the p-side,
that is possibly stronger at higher stress currents [23], [24].

From illuminated I –V characterizations the main device
parameters have been calculated, including the efficiency. The
external quantum efficiency (EQE) at 405 nm is defined as
the ratio between the number of carriers extracted (per unit
time) nelectrons from the device in short-circuit conditions and
the number of injected photons (per unit time) nphotons, i.e.,

EQE =
nelectrons

nphotons
=

h · c
Poptical · λ

·
JSC · A

q
(1)

where h is the Planck constant, c is the speed of light, JSC is
the short-circuit current density, A is the area of the device,
Poptical is the optical power delivered to the device, λ is the
wavelength of the light, and q is the electron charge.

The optical-to-electrical power conversion efficiency (ηOE)

at 405 nm is defined as the ratio between the maximum power
extracted from the device Pelectrical,MAX and the excitation of
optical power

ηOE =
Pelectrical,MAX

Poptical
. (2)

Open-circuit voltage VOC, shown in Fig. 3(a), increases
logarithmically with increasing excitation, until a maximum
is reached, then decreases. The logarithmic increase can be
explained by taking into account the standard Shockley diode
equation. In open-circuit conditions (V = VOC), the voltage is

VOC =
kB T

q
ln

(
1 +

IL

IS

)
(3)

Fig. 3. Photovoltaic parameters calculated from illuminated I–V char-
acterizations during step-stress experiment. (a) Open-circuit voltage,
(c) EQE at 405 nm, and (e) optical-to-electrical power conversion
efficiency at 405 nm with respect to characterization intensity at different
stress currents. (b) Open-circuit voltage, (d) EQE at 405 nm, and
(f) optical-to-electrical power conversion efficiency at 405 nm with
respect to stress current, normalized by the unstressed value, at
different characterization intensities.

where kB is Boltzmann’s constant, T is the temperature, IL
is the photogenerated current, and IS is the reverse saturation
current. The deviation from this behavior can be attributed to
the quantum structure since the carriers are confined inside
the quantum wells in open-circuit condition: VOC can increase
with increasing levels of excitation until there are available
states inside the quantum wells, then band-filling effects
prevent open-circuit voltage to further increase and eventually
self-heating at very high excitation densities causes VOC to
decrease [25], [26]. Looking at the degradation dynamics of
the open-circuit voltage by increasing stress current, shown in
Fig. 3(b), it is possible to see that the degradation is stronger at
low characterization intensities. The gradual degradation seen
up to 25 A/cm2 can be related to an increase in defect density
in the active region, which increases the recombination rate,
thus lowering the open-circuit voltage and affects more the
VOC at low excitation densities. The shunt seen in dark I –V
characterizations heavily affects open-circuit voltage, since a
part of the potential drop across the device occurs through this
low-resistance path.

The EQE as a function of excitation density, plotted in
Fig. 3(c), has a nearly flat profile at low and intermediate
excitation densities and decreases at high excitation densities.
This may be ascribed to the effect of series resistance since
the EQE is calculated from the short-circuit current [see (1)],
that at high excitations is over 1 A/cm2. The plot of EQE
as a function of stress current [Fig. 3(d)] has an initial stable
phase (up to 5 A/cm2), then a decrease (up to 17.5 A/cm2),
and then an increase, possibly due to the variation in recom-
bination rate in the active zone of the device. The conversion
efficiency with respect to characterization intensity [Fig. 3(e)]
increases with increasing excitation, as VOC, has a maximum
for intermediate excitation values and then decreases at high
excitation intensities, as EQE. This is due to the fact that the
carriers are partially confined inside the quantum wells, thus at
low excitation densities recombination subtracts carriers from
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Fig. 4. (a) Charge density with respect to the position calculated from
C–V measurements. (b) Trap density with respect to photon energy.
(c) Charge integral in the region 75 ÷ 150 nm (black) and trap level
density at 2 eV (red) with respect to stress time. (d) Correlation between
charge integral and trap level density at 2 eV (orange solid line).

being extracted from the device. On the other hand, at high
excitation densities the series resistance, parasitic conduction,
and band-filling effects decrease the efficiency. The ηOE with
respect to the stress current, shown in Fig. 3(f), has a behavior
very similar to the EQE. Device shunt resistance, observed
at 25 A/cm2 heavily affects ηOE at low excitation densities,
whereas efficiency at high excitation densities does not change.

In Fig. 4(a), the calculated charge profile with respect to
the apparent position calculated from C–V measurements
is plotted. We detected an initial phase in which charge
density profiles do not change (up to 3 A/cm2 stress current),
a second phase with a significant variation in these profiles
(up to 20 A/cm2 stress current), and a third phase in which
the evolution of the charge profile is reversed. The unstressed
device showed a very high charge density in the region around
50 nm, then a decrease in the charge with a large valley in
the region between 75 and 200 nm. The valley is ascribed to
the (low-doping) MQW region. Stress was found to induce an
increase in the density of charge in the quantum well region,
followed by stabilization.

By looking at the trap level concentration calculated from
SSPC measurements with respect to the photon energy
[Fig. 4(b)] it is possible to see two steps in the curve: a first
step around 1.6 eV and a second step around 2.65 eV (the
latter corresponding to the absorption on the quantum wells).
As can be noticed, stress induced an increase in the density
of traps within the active region of the devices, especially
around 1.6 eV, which corresponds to the emission from a near-
midgap deep level. These deep levels are known to be effective
Shockley–Read–Hall (SRH) recombination centers, since the
SRH recombination rate RSRH in an intrinsic region, can be
considered proportional to [27]

RSRH ∝

[
1 + cosh

(
ET − EFi

kB T

)]−1

(4)

where EFi is the intrinsic Fermi level energy and ET is
the trap-level energy. Possible sources of effective nonra-
diative recombination centers in InGaN can be nitrogen

Fig. 5. (a) Stress voltage with respect to stress time, (b) dark I–V
characterizations after each step of the stress, and (c) series resistance
estimated from the dark I–V characterization during constant current
stress at 4 A/cm2.

vacancies [28], [29], complexes of gallium vacancies [30] or
divacancies [31], [32], [33].

From the charge density profile, the charge density integral
in the region between 75 and 150 nm (the quantum well
region) was calculated and plotted in Fig. 4(c) (black line)
with the trap level density at 2 eV (red line). Both exhibit
a peak during the stress, that is slightly shifted, due to the
fact that SSPC and charge integral are measured in different
regions of the device. This is evident also by the curve in
Fig. 4(d), where there is an almost linear correlation between
charge integral and trap level density; the nonperfect alignment
of the curves is due to the slightly different region under
analysis. These results suggest that a charge rearrangement
is happening in the device, which also causes a variation in
the density of trap levels. Since the apparent charge profile
in Fig. 4(a) is referred to the (weakly n-type) quantum well
region, we can infer that stress induces the propagation of
defects within the active region of the devices. Such defects
may create both a state near midgap (EC − 1.6 eV), which is
visible through SSPC measurement, and a shallow donor state,
which is responsible for the variation in free carrier density
reported in Fig. 4(c).

Thus, the EQE and conversion efficiency variation can be
attributed to a variation in recombination in the active region
due to defect migration. This also affects open-circuit voltage,
lowering it during the stress: the charge increase in the active
layers should lead to an increased open-circuit voltage, but
the overall effect is a decrease in VOC due to enhanced
recombination through midgap states [34]. In the second part
of the stress (for currents higher than 25 A/cm2) no recovery
is visible due to the shunt of the device, which heavily impacts
on VOC (and ηOE at the lowest excitation densities).

B. Constant Current Stress Experiment
Based on the data of the step-stress, a constant current stress

was performed on another fresh device, by choosing a stress
current density of 4 A/cm2 to obtain a measurable amount
of degradation in a reasonable time. The stress voltage as
a function of time is plotted in Fig. 5(a). A slight decrease
in the voltage was observed at the beginning of the stress,
that is due to the self-heating of the device, followed by a
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Fig. 6. Photovoltaic parameters calculated from illuminated I–V charac-
terizations during constant stress experiment. (a) ppen-circuit voltage,
(c) EQE at 405 nm, and (e) optical-to-electrical power conversion
efficiency at 405 nm with respect to characterization intensity at different
stress times. (b) Open-circuit voltage, (d) EQE at 405 nm, and (f) optical-
to-electrical power conversion efficiency at 405 nm with respect to stress
time, normalized by the unstressed value, at different characterization
intensities.

stronger decrease in the voltage during the stress, in particular
in the last 5000 min of the stress. This decrease in the three
last steps can be ascribed to a decrease in series resistance
[Fig. 5(c)]. The dark I –V characterizations [in Fig. 5(b)] show
an initial increase in leakage, that is gradually recovered
during the stress. In forward bias conditions, there is a two
slope behavior of the I –V curve: in the region up to 2.5 V
there is an inflection, seen also in the other device, due to
trap-assisted conduction mechanisms, and above 2.5 V there
is the conduction from the main diode, limited by series
resistance [20], [21].

In Fig. 6, the operating parameters of the device calculated
from illuminated I –V characterizations during the stress are
reported. As expected, the constant current stress induces a
gradual degradation, rather than the catastrophic degradation
observed in the step-stress. However, degradation kinetics are
similar: we observed a decrease in open-circuit voltage at low
excitation densities, as reported in Fig. 6(a) and (c), with an
initial decrease that corresponds to the variation observed in
the dark I –V characterization. Also, the EQE decreases during
the stress, as reported in Fig. 6(b) and (e). This decrease is not
related to the series resistance variation, except for the highest
characterization intensity, since the observed decrease in series
resistance should result in an increase of the EQE.

The optical-to-electrical power conversion efficiency
[Fig. 6(c) and (f)] decreased with increasing stress time at
low excitation densities, especially in the first step of the
stress, and increased in the last steps of the stress at the
highest characterization intensities. This increase is related to
the lowering in series resistance.

In Fig. 7(a) the calculated charge profile is plotted. Degrada-
tion kinetics were similar to those observed in the step-stress
experiment: measurements revealed a gradual change in the
capacitance during the stress, which is related to an increase
in charge density in the MQW region. In this case, as observed
in the illuminated I –V characterization results, the amount of
degradation is lower than in the step-stress experiment and
there is no recovery in the degradation. Trap density calculated

Fig. 7. (a) Charge density with respect to the position calculated from
C–V measurements, (b) trap-level density with respect to photon energy,
(c) trap level density at 2 eV with respect to stress current calculated
from SSPC and C–V measurements and (d) correlation between power
conversion efficiency at 94.3 µW/cm2 and charge integral in the region
75 ÷ 150 nm. Dashed line is a guide for the eye.

from SSPC measurements [Fig. 7(b)] showed an increase in
deep-level concentration, with an energy of around 1.6 eV.
Similar to the step stress, the initial concentration of trap levels
is 6 × 1014 cm−3, and it increases until a maximum is reached
[Fig. 7(c)]. However, during the step stress experiment the
maximum was 1.4 × 1015 cm−3, whereas during the stress
the increase is very moderate, up to 7 × 1014 cm−3. This
suggests that current flow promotes the creation of new deep
levels in the active region of the device with the same energy
as preexisting deep levels, proportionally to its magnitude.
However, this process seems to revert when the device is
submitted to very high currents. The charge integral in the
region between 75 and 150 nm was well correlated with the
decrease in conversion efficiency [see Fig. 7(d)]. Since charge
integral is, in its turn, correlated with the increase in trap
density, it is possible to conclude that the creation of defects in
the active zone, due to the migration of free charge, increases
the nonradiative recombination ratio, thus lowering conversion
efficiency during the stress.

IV. CONCLUSION

In conclusion, we analyzed the degradation of MQW GaN
solar cells submitted to forward current step stress and constant
current stress. The degradation showed a decrease in the
main cell parameters (open-circuit voltage, EQE, and conver-
sion efficiency) of the devices, especially at low excitation
densities. C–V and SSPC characterizations showed that the
variation in charge integral in the active region of the device
and the trap level density are correlated, thus the degradation is
ascribed to the redistribution of charge in the MQW region of
the device and the generation of trap levels, both shallow states
and deep levels, the latter with energies near 1.6 eV, i.e., near
the midgap, that enhance parasitic recombination. Very high-
stress currents cause the shunt of the devices, dramatically
lowering the short-circuit voltage and the efficiencies, but this
shunt is not observed when stressing the device at moderate
current levels. In summary, the main outcome of current stress
is the migration of charge in the active zone of the device,
causing an increase in the concentration of deep levels that
lowers power conversion efficiency.
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