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We investigate the thermal stability of InGaN solar cells under thermal stress at elevated
temperatures from 400 °C to 500 °C. High Resolution X-Ray Diffraction analysis reveals that mate-
rial quality of InGaN/GaN did not degrade after thermal stress. The external quantum efficiency
characteristics of solar cells were well-maintained at all temperatures, which demonstrates the ther-
mal robustness of InGaN materials. Analysis of current density—voltage (/-V) curves shows that
the degradation of conversion efficiency of solar cells is mainly caused by the decrease in open-
circuit voltage (V,.), while short-circuit current (Ji.) and fill factor remain almost constant. The
decrease in V,, after thermal stress is attributed to the compromised metal contacts. Transmission
line method results further confirmed that p-type contacts became Schottky-like after thermal
stress. The Arrhenius model was employed to estimate the failure lifetime of InGaN solar cells at
different temperatures. These results suggest that while InGaN solar cells have high thermal stabil-
ity, the degradation in the metal contact could be the major limiting factor for these devices under

high temperature operation. Published by AIP Publishing. https://doi.org/10.1063/1.5006650

II-nitride (III-N) material systems have attracted
extensive research interest in both electronics and optoelec-
tronics, including high-electron-mobility transistors,’ power
diodes,z_4 solid-state lighting,s_7 photovoltaics (PV),g‘11
photodetectors,'>™'* and visible light communication.'> Due
to their unique properties, such as tunable wide bandgaps,'®
high absorption coefficient, high thermal stability, and out-
standing radiation resistance,'’ InGaN materials have also
been proposed as ideal candidates for PV applications espe-
cially for high temperature operation or in a harsh environ-
ment. For example, InGaN solar cells have been proposed
for applications in thermal (PVT) hybrid solar collector sys-
tems'® and terrestrial concentrated PV systems'® and for
space explorations.'® For next generation concentrated PVT
hybrid systems, a higher operation temperature (>400 °C)
due to higher concentrations is required when compared to
conventional concentrated PV systems. For space missions
near the Sun, the operating temperature of the PV systems
can range from 450 °C for the Mercury mission*” to 1400 °C
for the Solar Probe mission.?! Therefore, efficient and reli-
able operation of solar cells at high temperatures is critical
for these applications, where III-N materials and devices
hold great promise.?'**

By virtue of their large bandgaps and high atomic dis-
placement energies,* ITI-N materials and devices are promis-
ing for high temperature applications. To date, high
temperature operation of III-N devices has been theoretically
predicted and experimentally demonstrated up to 600 °C in air
and 1000°C in vacuum.**>® For ITI-N InGaN solar cells, high
efficiency operation at a temperature of 300 °C has been dem-
0nstrated,29—3 2 which is superior to traditional Si or III-V solar
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cells. Despite the promising results, very few studies on the
thermal reliability of InGaN solar cells exist, and their degra-
dation mechanisms at high temperature are still unclear. In
addition to crystal qualities, other device parameters such as
metal contacts, passivation layers, and surface properties of
the solar cell will also play significant roles in determining the
thermal reliability of devices at high temperatures. For exam-
ple, a recent study has shown that the semiconductor/metal
interface of p—GaN/Ni/Au contacts is particularly vulnerable
to Ni diffusion in GaN layers at high temperature and eventu-
ally cracks after 700 °C thermal treatment.*® This will lead to
degraded contact performance in InGaN solar cells at high
temperatures. In contrast, n—-GaN/metal contacts, typically
formed in Ti/Al bilayers, were found to be thermally stable,
possibly due to intermetallic compounds and high annealing
temperatures?s’33 4

In this paper, we perform comprehensive studies on the
thermal stability of InGaN multi-quantum-well (MQW) solar
cells under thermal stress at 400 °C, 450 °C, and 500 °C. Both
ex situ electrical measurements and material characterization
were performed to analyze the possible degradation mecha-
nisms of InGaN solar cells under high temperature conditions.
After thermal stress testing, the external quantum efficiency
(EQE) spectra of the devices showed a small degree of degra-
dation, while the short-circuit current (J.) remained nearly
constant for all samples. The reduction of energy conversion
efficiency was mainly attributed to the drop of open-circuit
voltage (V,.), possibly due to the degraded contact perfor-
mance under thermal stress. Furthermore, by fitting the
Arrhenius equation, the failure lifetime of the InGaN solar
cells at different temperatures was also obtained. These results
suggest that while InGaN solar cells have high thermal stabil-
ity, the degradation in the metal contact could be the major

Published by AIP Publishing.
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FIG. 1. The schematic structure of InGaN MQW solar cell samples investi-
gated in the thermal stress testing.

limiting factor for these devices under high temperature
operation.

The InGaN MQW solar cell epi-structures were grown
by conventional metal-organic chemical vapor deposition
(MOCVD) on (0001) sapphire. The indium incorporation
was determined to be 16% using photoluminescence meas-
urements and was further verified using High Resolution X-
Ray Diffraction (HRXRD) measurements. The device struc-
ture consists of 2 um Si-doped n—GaN ([Si]=3 x 10'® cm73),
125 nm highly Si-doped n*—GaN ([Si] = 2 x 10" cm™?), 15
periods of InGaN (3 nm)/GaN (6.6 nm) MQWs, 110nm Mg-
doped p—GaN, and 10 nm highly Mg-doped p"—GaN contact
layers. The InGaN epi-structures were processed into solar
cell devices with 1 mm x 1 mm mesas using standard contact
lithography and inductively coupled plasma (ICP) etching.
Ti/Al/Ni/Au ring contacts and Pd/Ni/Au grid contacts were
deposited around the perimeter and on the top of the mesas,
respectively. Both contacts were deposited via electron beam
evaporation and then annealed at 500 °C in a N, atmosphere
for 5min using a rapid-thermal annealing process. None of
the solar cell devices were coated with ITO or current
spreading layers. The schematic structure of the InGaN
MQW solar cells is shown in Fig. 1.

The crystal qualities of the InGaN MQW solar cell sam-
ples before and after the thermal stress treatment were charac-
terized by the High Resolution X-Ray Diffraction (HRXRD)
measurement using a PANalytical X’Pert Pro materials
research X-ray diffractometer (MRD) system with Cu Ko
radiations. A hybrid monochromator and a triple axis module
were used for the incident and diffracted beam optics, respec-
tively. Illuminated J-V measurements were taken using an
Oriel Class A Solar Simulator at the 1 sun condition under the
AM1.5D spectrum. EQE measurement data were collected
using an Oriel QEPVSI quantum efficiency measurement sys-
tem and calibrated with a reference Si photodetector. More
details on J-V and EQE measurements can be found in Refs.
11 and 35. For thermal stress testing, the InGaN solar cell
devices were subject to 400°C, 450°C, and 500°C in a N,
atmosphere using a Minibrute furnace. The time duration for
each thermal stress period was set to be 2 h. The devices were
taken out from the furnace and cooled down to room tempera-
ture for ex situ electrical and material characterization. After
all measurements, the devices were placed back in the furnace
for another 2-h period of thermal stress. The total time for the
thermal treatment is 8 h.

Before device characterization, the HRXRD measure-
ment was performed to analyze the material quality of the
samples. (002) symmetric and (102) asymmetric plane
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rocking curves (RCs) were measured before and after each
period of thermal stress. The obtained full-width-half-maxi-
mum (FWHM) values from (002) and (102) plane RCs are
shown in Figs. 2(a) and 2(b). The screw and edge dislocation
densities were also calculated based on the following
equation:>®

ﬁz

pP=—= (D
4.35b

where p is the dislocation density, f§ is the FWHM value, and
b is the Burgers vector. For samples under 400 °C and 450°C
stress, considering the variation from instrumental and mea-
surement factors, FWHM values of (002) and (102) RCs are
nearly constant with variations within 5%. The largest and
smallest FWHM values of (002) RCs are 247 arc sec and
235arc sec at 400°C and 240arc sec and 231arc sec at
450 °C, respectively. For (102) RCs, those values range from
272 arc sec to 265 arc sec at 400°C and from 267 arc sec to
251 arc sec at 450 °C. These results indicate that material qual-
ity remains nearly unchanged throughout the thermal stress
testing. Furthermore, for samples under 500 °C stress testing, it
was observed that the FWHM values decrease considerably
[—13% for (002) and —9% for (102) RCs]. These reduced
FWHM values suggest that the dislocation density in the sam-
ples reduced as thermal stress testing proceeded. This improve-
ment of material quality can be attributed to the quenching
effect on the epitaxial layers. This effect has also been
observed in other studies, where InGaN solar cell samples had
been annealed at 450 °C or higher temperatures and QW re-
homogenization was observed in the transmission-electron-
microscopy study.*’*® These results show that moderate ther-
mal stress (e.g., 400-500°C) will have a minimum negative
impact on the material quality of InGaN solar cells. This is
also consistent with the fact that III-N materials are typically
epitaxially grown at extremely high temperature (e.g.,
~1000 °C) and therefore should be robust under high tempera-
ture stress.

Figure 3 shows the time evolution of the representative
EQE spectra of InGaN samples under (a) 400 °C, (b) 450 °C,
and (c) 500 °C thermal stress testing. Overall, all the samples
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FIG. 2. The obtained full-width-half-maximum (FWHM) values from (a)
(002) and (b) (102) plane RCs for InGaN solar cell samples. The calculated
screw and edge dislocation densities are shown in (c) and (d), respectively.
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FIG. 3. The time evolution of the rep-
resentative EQE spectra of the InGaN
solar cell samples under (a) 400 °C, (b)
450°C, and (c) 500°C thermal stress
testing.
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FIG. 4. The illuminated current densi-
ty—voltage (J-V) curves as functions of
stress time for 3 InGaN solar cell devi-
ces under (a) 400°C, (b) 450°C, and
(c) 500 °C thermal stress testing.
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exhibit robust thermal reliability in terms of EQE perfor-
mance. With the increasing stress time, EQEs in the short
and long wavelength regimes are almost constant at all tem-
peratures, while small variations around the peak EQE
regions were observed possibly due to the variation of meas-
urements from the setup. The robust EQE performance stems
from the robustness of III-N materials. This also corresponds
to the nearly steady values of J., which will be discussed in
detail later.

Figure 4 presents the illuminated current density—volt-
age (/-V) measurements of devices as a function of stress
time for InGaN solar cells under (a) 400 °C, (b) 450°C, and
(c) 500 °C thermal stress. Figure 5 shows the obtained values
of (a) Vg, (b) J, (c) fill factor (FF), and (d) energy conver-
sion efficiency from the J-V curves in Figs. 4(a)-4(c). Both
Jic and FF showed a minimal variation with the increasing
stress time at all temperatures. The trends of Ji. values are
also in good agreement with the EQE spectra, which shows
strong resistance to thermal stress. At 400°C stress, mini-
mum degradation is observed in V,. and the efficiency
remains almost constant around 1.4%. While at 450°C
stress, V. reduces gradually from 2.05V (0h) to 1.99V
(4h) and then 1.38 V (8 h) as stress time increases. The con-
version efficiency of the solar cell is the product of V., Jg,
and FF. Since J,. and FF are almost constant in this study,
the conversion efficiency is predominately determined by
Voo of the InGaN solar cells. Therefore, the efficiency
reduces from 1.52% (0h) to 1.42% (4h) and then to 1.10%
(8h). At 500°C, V. degrades more severely, which ranges
from 2.03V (0Oh) to 1.22V (4h) and then 1.15V (8h).
Accordingly, the efficiency of the solar cells drops from
1.42% (0h) to 0.84% (4 h) and then to 0.76% (8 h). In addi-
tion, the leakage current at negative bias for the InGaN solar
cells increases dramatically, as shown in Fig. 4(c), which
indicates a strong degradation in junction behavior. From the
above results, the reduction in V. appears to be the major
degradation mechanism in InGaN solar cells under the ther-
mal stress. Since the thermal stress had minimum impacts on
the material quality of the InGaN solar cell samples (as
shown in previous HRXRD studies), we performed

Voltage (V)

comprehensive electrical characterization on the metal con-
tacts of the InGaN solar cells under thermal stress. The elec-
trical properties of N-type metal contacts were also
measured, and minimum degradation was observed (data not
shown here).

The electrical behavior of the p-GalN/metal contact was
investigated by the transmission line method (TLM) at room
temperature (RT) after samples were taken out of the fur-
nace. Figure 6 presents the time evolution of I-V characteris-
tics of the p-GaN/Pd/Ni/Au contacts (20 um TLM) of the
InGaN solar cell devices under (a) 400°C, (b) 450°C, and
(c) 500°C thermal stress testing. For samples under 400 °C
stress testing, the contact was affected to a certain extent but
still maintained a “semi-ohmic” behavior. At 0.5V bias, the
current drops from 2.76 x 107 A (0h) to 2.10 x 107 A (4 h)
and then to 1.86 x 1075 A (8h). However, for those solar
cells under 450°C and 500°C stress testing, the contact
behavior changes dramatically from ideal ohmic to the recti-
fying Schottky behavior. Moreover, the sample under 500 °C
stress experienced much more severe degradation than the

Voo (V)

FF (%)

s N
2 4 6 2 4 6
Thermal stress time (hours) Thermal stress time (hours)

FIG. 5. The obtained values of (a) open-circuit voltage (V,.), (b) short-
circuit current (Jy.), (c) fill factor (FF), and (d) energy conversion efficiency
for the InGaN solar cells from J-V curves in Figs. 4(a)—4(c).
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one under 450 °C stress. Theoretically, V. of a solar cell can

be determined from the diode equation as®’
kT (J.
Voc —”—1n(£+ 1), )
q Jo

Jo = Jopuik + Jo.contact = Jopuic + qSer (Ap + An),  (3)

where n is the ideality factor, T is the temperature, k is
Boltzmann’s constant, ¢ is the electron charge, J, is the dark
saturation current density, S.4 is the effective surface recom-
bination velocity, and Ap and An are the excess minority car-
rier concentrations near the contact interface. As contact
properties are compromised, a large amount of defect states
near the contact/p-GaN interface after thermal stress were
generated. These defects or trap states result in the increase
in the surface recombination current, which leads to the ris-
ing Jo conrae: and thus the reduced V.. The schematic band
diagram of the metal/p-GaN contact of InGaN MQW solar
cell samples after the thermal stress testing is shown in Fig.
S1 in the supplementary material. Furthermore, Fig. S2 (sup-
plementary material) shows the scanning electron micros-
copy (SEM) images of p-type metal contacts before and after
thermal stress. It can be observed that the surface morpholo-
gies of the metal contacts became rougher after the thermal
stress. Bubbles and cracks on metal contacts were observed
in the sample after 500 °C thermal stress. This contact mor-
phology degradation after thermal stress is also consistent
with previous studies.”**** The compromised contact behav-
ior is therefore likely to contribute to the reduction in V.
and efficiency of the solar cell devices.

Dark J-V measurements were further performed to ana-
lyze the electrical properties of InGaN solar cell samples after
thermal stress testing. Based on the following equation:*

av nkT O
— =Rs+—( +J 4
7= Rs p (J+Jsc) 4)

the series resistances (R;) and ideality factor n of the devices
were obtained from the intercepts of the linear fitting results
for plots of 4% vs (J + Jsc) ™', which are presented in Fig. 7.
The inset tables show the obtained values of R, and n. The

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

large ideality factor n over 2 can be caused by several mech-
anisms such as tunneling effects, leakage currents, and
defect-related generation and recombination at the contacts
and/or in the bulk of devices.*"** All devices exhibited
increased n after thermal stress. One possible reason may be
more leakage paths generated during the process of thermal
stress. Another reason can be related to the degraded contact
behaviors after thermal stress as shown in Fig. 5.
Furthermore, the InGaN solar cell under 500°C stress
showed the largest increase in n values. This is consistent
with the large leakage current observed in Fig. 4(c).

The Arrhenius model was employed to predict the fail-
ure lifetime (#7) of InGaN solar cell samples, which is a stan-
dard approach for the microelectronic reliability stu(%y.“’44 It
is often presented as the following equation: #; = Ac#f, where
A is a scaling factor and E,, is the activation energy (eV) for
the specific failure mechanism at temperature 7. It can be
further derived as Inty = E, %T + InA. The assumption here
is that the degradation mechanisms are the same in the range
of 400 °C-500°C. By linearly fitting the plots of efficiency
vs. stress time and defining #; as the value when efficiency
drops to 1/3 of its initial value, we can obtain #; values for
the solar cell samples, which are 133.8, 19.1, and 11.2h,
respectively. The activation energy, E,=1.124¢eV, and the
scaling factor, A=4.244 x 10~ h, can be obtained via fitting
the Arrhenius plot in Fig. 8(b). Therefore, the estimated life-
times for InGaN solar cells are 3244 h at 300°C, 523 h at
350°C, and 55h at 425 °C. Note that passivation layers were
not coated in our devices. The estimated lifetime will thus be
expected to be greatly improved if they are included.

In conclusion, we studied the thermal stability of InGaN
solar cells by employing thermal stress testing in N, at 3 dif-
ferent temperatures: 400 °C, 450 °C, and 500 °C. The stable
EQE characteristics reveal the thermal robustness of InGaN
solar cells. Analysis of J-V curves shows that the reduction
of V. is mainly responsible for the degradation of efficiency
after thermal stress, where J. and FF are almost constant.
Furthermore, the results from TLM and HRXRD measure-
ments suggest that the deteriorated contacts under thermal
stress may be the major degradation mechanisms for InGaN
solar cells, while the crystal quality of InGaN had minimum
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ality factor n.
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InGaN solar cell devices under 400°C, 450°C, and 500 °C thermal stress
testing and their corresponding linear fittings. (b) Arrhenius plot of Int vs %T
for the InGaN solar cells. The inset shows the estimated failure lifetime at
different temperatures.

negative impacts from the thermal stress. Additionally, we
also estimated the failure lifetime of InGaN solar cells at dif-
ferent temperatures by fitting the Arrhenius model. Our
results show that InGaN solar cells are capable of maintain-
ing PV performance at high temperature, and special atten-
tion has to be paid towards the design and fabrication of the
metal contact of InGaN solar cells for high temperature
operations.

See supplementary material for the SEM images of p-
contact metals of InGaN MQW solar cell samples before and
after thermal stress (Fig. S1) and the schematic band diagram
of the metal/p-GaN contact of InGaN MQW solar cell sam-
ples after the thermal stress testing (Fig. S2).
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