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Abstract— We extensively investigate the degradation
of gallium nitride (GaN)-based high periodicity indium
GaN (InGaN)-GaN multiple quantum well (MQW) solar
cells submitted to optical stress at high excitation
intensity and high temperature. The original results
reported in this article indicate the presence of a
thermally activated diffusion of impurities from the
p-side of the devices toward the active region (AR),
which favors the increase in the Shockley—Read-Hall (SRH)
recombination within the MQWs. Appropriate fitting of
the degradation kinetics according to Fick’s second law
allowed the extrapolation of the diffusion coefficient of the
defect involved in the degradation and of the related activa-
tion energy. The obtained values suggest that degradation
originates from the diffusion of hydrogen. The proposed
analytical methodology and the related results provide
insight on MQW solar cells degradation and can be used
to increase cell performance and reliability in novel appli-
cations and harsh environments.

Index Terms— Degradation, diffusion, gallium nitride
(GaN), indium gallium nitride (InGaN), multiple-quantum
well, solar cells.
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. INTRODUCTION

NDERSTANDING the degradation mechanisms of gal-

lium nitride (GaN)-based optoelectronic devices is nowa-
days of primary importance for the development of reliable
LEDs, lasers, photodetectors, and solar cells [1]. Ternary
indium GaN (InGaN) alloys have emerged in recent years as
promising devices for photovoltaic applications. In particular,
InGaN/GaN multiple quantum wells (MQWs) solar cells were
proposed as additional components of multijunction (MJ) solar
cells, in concentrator solar harvesting systems [2], [3], for
wireless power transfer [4] and space applications [5] due
to their reliability and efficiency in harsh environments [6].
The suitability of GaN and InGaN for photovoltaic applica-
tion arises from their unique intrinsic properties, such as a
high absorption coefficient, high thermal stability, outstanding
radiation resistance, and, in the case of InGaN, a tunable wide
bandgap [7], [8].

Until now, the research efforts in developing high-efficiency
InGaN solar cells have been mainly focused on improving
the material crystal quality, optimizing the structure designs,
and controlling the polarization effects [9], [10]. With regard
to reliability, a few papers in the literature are focused
on the degradation processes induced by high temperatures
and by current flow in similar light-emitting GaN-based
devices [11], [12]; in contrast, there are no papers that inves-
tigate the degradation processes of solar cells or detectors
exposed to a continuous high-intensity optical beam, to ana-
lyze their behavior in a harsh scenario such as wireless power
transfer systems.

The aim of this work is to fill this gap, by investigating the
optically induced degradation of GaN-based solar cells with
InGaN/GaN MQWs under high-temperature and high-intensity
conditions, to evaluate their reliability in the abovementioned
applications.

To do so, we performed constant optical power stress
tests on GalN-based solar cells with 30 pairs of InGaN/GaN
MQWs using a 405-nm laser beam with a constant intensity
of 310 W/cm? at four different high temperatures, ranging
from 135 °C to 205 °C, since the analyzed degradation mode
was found to be accelerated by temperature [13]. The main
degradation modes exhibited by the devices under investi-
gation (DUTSs) are a reduction in short-circuit current (Isc),
open-circuit voltage (Voc), external quantum efficiency (EQE),
power conversion efficiency (nOE), and electroluminescence.

Based on the collected experimental evidence, degradation
is ascribed to the thermally activated diffusion of impurities
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Fig. 1. ASU GaN-based solar cell with InGaN-GaN MQWs structure:
the thickness and doping of each layer are presented in the figure.

that originate from the p-side of the device and diffuse through
the active region (AR) of the solar cell. This process results in
an increase in defect density, favoring trap-assisted tunneling
mechanisms and nonradiative recombination process.

In addition, we adopted the method proposed van Opdorp
and ‘t Hooft [14], to analyze the time evolution of 1/t,,, thus
extracting the diffusion coefficient and the activation energy
of these mechanisms. Results support the hypothesis that the
diffusion process involves hydrogen ions and help understand
for the first time the degradation modes affecting InGaN-based
MQWs solar cells submitted to constant optical power stress.
Finally, we confirm the critical role of the p-GaN thickness of
these devices [15], [16], which depends on the reliability of
them in harsh environments.

[1. EXPERIMENTAL DETAILS

GaN-based solar cell, with InGaN multiquantum wells, was
grown on c-plane (0001) sapphire by conventional metal-
organic chemical vapor deposition (MOCVD) (details can be
found in [17]). The devices under test (Fig. 1) consist of
2-um n-GaN (Si doped, 3 x 10'8cm™3) layer over the sapphire
substrate and a 125-nm n™-GaN (Si doped, 2 x 10”cm™)
layer. Above the n*-GaN, the AR was grown, composed
by a periodic structure of 30 pairs of undoped Ing ;5GaggsN
quantum wells (3 nm) and GaN barriers (7 nm). Above the
AR, a 5-nm p-Aly15GaggsN electron blocking layer (EBL)
(Mg doped, 2 x 10" ¢cm™3) is inserted, to enhance carrier
collection at the p-side of the devices by reducing the recom-
bination dynamics and increasing the carrier lifetime [17].
Then, a 50-nm p-GaN layer (Mg doped, 2 x 10" cm~3) and
a 10-nm pT-GaN contact layer (Mg doped, > 2 x 10" cm™3)
are formed. A semitransparent 130-nm indium—tin oxide (ITO)
layer is deposited by dc sputtering on top of the mesa as a
current spreading layer [17] with postannealing in N,/O, at
500 °C. Devices were then processed by standard lithography
into 1 x 1 mm solar cells, and finally, Ti/AI/Ni/Au ring
contacts and Ti/Pt/Au grid contacts were deposited via electron
beam evaporation around the perimeter and on the top of the
mesa, respectively, to form cathode and anode contacts.

Stress and characterization have both been performed
on-wafer on a thermally controlled baseplate, heated by a
ceramic heater, that allows to regulate the temperature up
to 205 °C. Optical excitation was provided by a high-power

TABLE |
TIME STEP OF THE STRESS AND TOTAL STRESS
TIME AT THE END OF EACH STEP

Step Time Total time
number step stress
duration duration
[minutes] | [minutes]
1 30 30
2 30 60
3 60 120
4 180 300
5 300 600
6 600 1200
7 1800 3000
8 3000 6000

= 39 F STRESS INTENSITY: 310 W/cm?

8 STRESS TEMP.: 175 °C

= 38} STRESS TIME [min.]:

O ——30 —60 120

e 37 300 —— 600—— 1200

o —— 3000—— 6000

= 36

U) 35 1 1 1 1

10" 10? 10° 10* 10°

Time (s)

Fig. 2. Short-circuit current measured during the constant power optical
stress.

405-nm laser diode (nominal output power > 2 W). Details
about the setup can be found elsewhere [18]. A portion of
the laser beam is redirected to a photodiode to ensure the
power stability of the beam over stress time. The stress is
performed on four nominally identical samples, under short-
circuit conditions, with an optical stress intensity equal to 310
W/cm?, at four different temperatures: 1) 135 °C; 2) 155 °C;
3) 175 °C; and 4) 205 °C. The stress procedure, which is 100 h
long, was divided according to the steps presented in Table I
and Fig. 1.

After each step, devices are characterized at 35 °C by
means of dark and illuminated current—voltage (/-V) mea-
surements (by using the same laser diode employed during
stress for the illuminated /-V), electroluminescence—current
(L-I) measurements, and photocurrent measurements. An HP
4145B semiconductor parameter analyzer is used to provide
bias to the device and to obtain high-accuracy electrical
measurements. Finally, an S130VC photodiode is used for
L-I measurements and monochromatic light for photocurrent
characterization is generated by a 300-W Xenon arc-lamp
whose output is delivered to the sample through a fiber and a
proper focusing system.

[11. CONSTANT OPTICAL POWER STRESS

For the sake of brevity, in the following, we will present
the in-depth discussion on the data related to the stress at the
temperature of 175 °C only, which can be considered to be
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Fig. 3. (a) Optical power measured after each step of the stress
(log-to-log scale). Black and purple lines are guide to the eyes. The
abnormal slope of the IV curve at low currents is due to asymmetric
carriers’ injection in the AR. (b) Enlargement of the characteristic for
higher currents (linear-to-linear scale).

representative in terms of degradation modes. Fig. 2 shows
the trend of the Isc during 100 h of constant optical power
stress at a baseplate temperature of 175 °C. After the first
30-min step, the short-circuit current exhibits a slight relative
increase of 4%. The initial increase visible at each step of
the stress is related to the increased thermionic emission of
the carriers photogenerated inside the quantum wells due to
device self-heating [18]. However, by observing the steady-
state value of Isc during each step, the main outcome of the
stress is a decrease in the short-circuit current by 11% with
respect to the initial current, which is not recovered at the end
of a poststress rest period of 100 h, as is the case for all other
degraded cell performances discussed later.

Another significant result of the stress is presented in
Fig. 3(a) and (b), where the electroluminescence versus cur-
rent, measured at 35 °C at the end of each step stress, is shown.
The EL signal is analyzed to achieve information on the
carrier recombination dynamics, which may impact the overall
cell efficiency. A strong decrease in the luminescence was
observed during the stress; at the measuring current of 0.01 A,
the luminescence signal decreases by 50%, compared to the
unstressed sample.

The decrease in the electroluminescence is visible over
the entire measured bias range, but is more evident at low
measuring current levels, where the luminescence from the
cell is more affected by nonradiative recombination processes

10 : :
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Fig. 4. Dark I~V characteristics at 35 °C after each step of the stress.
Inset: current at 1.25 V to better appreciate the current behavior.

due to the impurities present in the AR and by asymmetric
injection of carriers occurring within the AR (more on that in
Section 1V).

The analysis of the dark /-V characteristics reported in
Fig. 4 highlights a strong increase in the forward current at low
bias level (V < 2 V), just below the diode turn-on. The current
flow in these operating conditions is typically mediated by the
presence of traps located in the AR, which favor trap-assisted
tunneling phenomena [19], [20], [21] as well as other trap-
mediated conduction processes [22]. Thus, the increase in the
current at the low bias level indicates an increase in the amount
of impurities in the AR and, also, the trend of the open-circuit
voltage supports these phenomena.

In fact, in a first-order model, the Voc of a solar cell depends
on carrier concentration [23], according to

kT (Ns + An)An
Voc = — In e E—
q

n;

(D

where kT/q is the thermal voltage, N4 is the doping concen-
tration, An is the excess carrier concentration, and n; is the
intrinsic carrier concentration.

The Voc of the solar cell, which is presented in Fig. 5,
is measured with an excitation intensity of 1 W/cm? and shows
a decrease from 1.85 V, for the unstressed device to 1.5V,
measured after the last step of the stress decrease. Considering
that no variation in the shunt or series resistance is observed,
we hypothesized that the decrease in the open-circuit voltage
is due to an increase in the amount of nonradiative defects
in the AR. This leads to a reduction in the excess carrier
concentration [24] and to a consequent deterioration of the
abovementioned characteristics.

Additional detail was obtained through the analysis of the
variation of the leakage current: the inset of Fig. 4 reports the
time dependence of the leakage current measured at 1.25 V.
During stress, leakage current increased by two orders of
magnitude with respect to the unaged sample; the trend could
be fit by a power law, with exponent 0.58, which is consistent
with a diffusion process. In fact, a 1-D diffusion process would
give a square-root dependence on time, which can be described
as

R(t,x) = Roerfc( 2)

)
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Fig. 5. Voc decrease plotted in a function of the decrease in the optical
power.

where R(z,x) is the impurity concentration at time ¢ and
position x, Ry = R(t = 0) is the concentration at source which
is considered constant, and D is the diffusion coefficient [25].
Further details on this interpretation are given in the following
sections.

[V. MODELS FOR ANALYSIS

It has been proposed that the increase in the density of
nonradiative recombination centers (NNRCs) is related to the
diffusion of impurities toward the AR of the devices [26], [27].
For instance, earlier reports suggested that the diffusion of Mg
along dislocations [26], [28] and/or H [25] could cause the
gradual degradation of optoelectronic GaN devices. Despite
this, an in-depth analysis of diffusion process in GaN-based
solar cells was never performed.

Taking into account that hydrogen has been proposed
as a candidate diffusant involved in the degradation of
InGaN-based devices [24] and many H atoms are incorporated
into the p-type layers (doped with a Mg density of 10'8—
10" c¢cm™3) during MOCVD growth, the hydrogen density
remains high even after Mg activation annealing [30], and we
supposed that Mg, H, and other impurities such as gallium
vacancies (which can originate at the ITO/p4-GaN inter-
face [29]) and also oxygen (which can come from the ITO
layer [31]) can easily diffuse in GaN, also through threading
dislocations [32], from the final p-GaN layers of the device to
the AR, in a thermal-activated diffusion process.

To investigate the impurities involved in the diffusion pro-
cess, we exploit the model proposed by van Opdorp and
‘t Hooft [14], which allows to extract the nonradiative recom-
bination lifetime 7, from the analysis of the subthreshold L-I
data. By considering the EQE, 7.,, we can obtain the value
of 1,, by rewriting

1_(I/q)_1+1 [V 1 3)
Ne« (L/hv)  Cnmi o t,m: VFB /L/hv

where g is the elementary electric charge, V is the total volume
of the InGaN wells, B is the bimolecular recombination
coefficient, hv is the photon energy of emitted light, n; is
the carrier injection efficiency, and F' is a parameter, which is
proportional to the light extraction efficiency.

EBL
T T T T T T T I T ;
10k Bias Current [mA]:
— F —20——30——40 50
(o]
T 4*1032
E I
o 3 1
: 10%0 4
O
3 3 1
© F 1
e E -
o 102 | 1
(e
*Q_ 3 Ny
:siwﬁ H
1022 Ml R%M N ]
010 015 0.20 0.25 0.30 035 040 045
Depth (um)
Fig. 6. Simulation of the AR of the device considering hole and

electrons product from numerical simulations.

This model has been previously applied to InGaN-based
laser diodes: to adapt the model to the InGaN/GaN MQWs
solar cells studied in this work, some considerations need to
be considered.

A critical parameter for using this method is the active
volume V, which is the volume of the region where car-
riers can radiatively recombine during an L-I measurement.
On a system with several quantum wells, the rate of carrier
injection can be strongly asymmetric for the various wells and
change with increasing injection current. To address this issue,
technology computer aided design (TCAD) simulations were
carried out, and the electron/hole concentrations in the wells
were evaluated. In Fig. 6, the calculated value of the product
of electron and hole densities (n - p) is reported, at different
current regimes (the same current range as in the inset in
Fig. 3).

From the simulation results, it is clear that — due to the large
number of quantum wells — there is a strongly asymmetric
carrier injection. In a first-order approach, we consider the
active volume of the devices to be equal to the volume of the
quantum wells where 7 - p is higher than 1% of the peak value.
This corresponds to considering that only regions with an »n -
p product higher than 102 cm™9, corresponding to the first
wells near the p-side of the device, effectively contribute to
the optical emission from the device. This assumption, based
on calculations, is rather realistic and is consistent with the
limited injection efficiency of holes in the wells far from the
p-side of the device [29], [30].

Considering the continuity equation

J'ninj

= An + Bn® + Cn®
qd

“4)

where J is the current density, i, is the injection efficiency,
A is the Shockley-Read-Hall (SRH) recombination coefficient
(proportional to Ny), B is the bimolecular recombination
coefficient, C is the Auger coefficient, and d is the thickness
of the AR, and we are interested in evaluating the SRH
coefficient. In the current regime where the nonradiative SRH
recombination prevails, Bn? and Cn® can be neglected, and
therefore, the carrier density becomes proportional to the
injected current; thus, the emitted optical power (Bn?) is
proportional to the square of the injection current: L oc 12 [31].
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Fig. 7. Replotting of the L-I curves based on the van Opdorp and

't Hooft method.

Considering this, from the L-I slope in Fig. 3(a), SRH
recombination dominates only in the current range presented
in Fig. 3(b), from 10 to 40 mA, where the slope of L is
proportional to the square of the injection current. Thus,
we can obtain the value of 7, related to SRH recombination.
By replotting the L-I values in Fig. 3(b) as shown in (3),
we obtain that the curve of 1/1,, versus (L/hv)!/? yields on a
straight line (Fig. 7) confirming that the model is suitable in
this situation [32], [33].

By fitting the experimental values according to (3),
we obtained the SRH recombination losses (i.e., the relative
variation of 7, : Al/t,,) during stress time, considering the
slope of the fitting lines.

To verify the hypothesis that NRRCs diffusion is involved in
the degradation of the device, the time dependence of 1/7,, is
analyzed according to Orita’s model [25] assuming that that
impurities diffuse from the p-side of the device to the AR.
According to (2), considering the concentration of diffusants
Nyigr(z) and Ny instead of R(¢, x) and Ry, the increase in 1/7,,,
at each step of the stress, Al/t,,, can be expressed as follows:

Al) KNO/w f( < )d 5)
Ty = —— erfc| —— )dz.
w Jo 2+/Dt

Here, w is the thickness of the AR, i.e., 300 nm of
GaN-InGaN MQWs, and K is a coefficient related to the
capture of carriers, which is unknown and thus is considered
as a fitting parameter.

To extract the diffusion coefficient, we plot the values of
Al/t,, and then, we fit the theoretical values of Al/z,,
according to (5) to the experimental results, as shown in
Fig. 8. The analysis considers the relative variations of carrier
lifetime, rather than the absolute values, with no loss of
generality. As can be noticed in Fig. 8, the proposed model
can efficiently reproduce the experimental data. For the stress
performed at 175 °C, we obtain a value of D that is 1.3 x
10~'7 cm?/s. This value is relatively large for bulk diffusion of
impurities in GaN and InGaN at relatively low temperatures:
considering the typical values of D for the main impurities in
GaN [25], this suggests that hydrogen diffusion is taking place
since the high value of estimated D for bulk diffusion cannot
be explained if other diffusants are considered. We performed
the same experimental investigation and data analysis on three
identical samples aged at different temperatures of 135 °C,
155 °C, and 205 °C, to extrapolate the activation energy of

A O O
o O O o
T T T T

w
o
T

N
o
T

Experimental values:| T
[ |

i Model fitting: T

—_—

Variation of 1/1,, (%)
o O

0 1000 2000 3000 4000 5000 6000
Stress time (s)

Fig. 8. Trend of the inverse of the nonradiative recombination lifetime
estimated after the different steps of the stress.
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Fig. 9. Experimental (green region) and calculated (red region) diffusion
coefficients for hydrogen from literature compared to the data obtained
in this work (bigger blue circle). Rearranged from [34].

the thermally activated diffusion process. Fig. 9 reports the
overall results: for a graphical representation, we note here
that the values of the diffusion coefficient fall in the light blue
region. By decreasing the temperature from 205 °C to 135 °C,
we obtain decreasing values of the diffusion coefficients,
from 1071° to 10712 cm?/s. Again, this is consistent with the
involvement of H in the diffusion process [25], [34], [35]. The
activation energy of the diffusion coefficient that we obtain
from this analysis is 1.5 eV.

We note here that the possible trap levels involved in device
degradation are likely deep states, rather than shallow levels,
since they significantly impact on the SRH recombination
coefficient. Such states, which are supposed to be related
to hydrogen diffusion, may originate from complexes of
gallium vacancies, oxygen and hydrogen, which have been
demonstrated to be efficient nonradiative centers in InGaN
layers [36].

V. CONCLUSION

In conclusion, we have investigated the degradation of
GaN-based InGaN/GaN MQWs solar cells under constant
illumination at different temperatures. The trend of Isc, Voc,
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EQE, power conversion efficiency, and electroluminescence of
these devices during the stress suggests a thermally activated
diffusion process. The time dependence of the extrapolated t,,,
is well explained by the proposed model of diffusion-related
degradation; by using a simple one-dimensional model, for the
first time, we investigated the kinetics of impurity diffusion
and extrapolated the related diffusion coefficient, suggesting
a role of hydrogen in the degradation process. These results
provide insight on the degradation of these devices, which can
be useful for lifetime optimization and reliability analysis on
InGaN-based devices.
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