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ABSTRACT

GaN-based solar cells with InGaN multiple quantum wells (MQWs) are promising devices for application in space
environment, concentrator solar systems, wireless power transmission and multi-junction solar cells. It is
therefore important to understand their degradation kinetics when submitted to high-temperature and high-
intensity stress. We submitted three samples of GaN-InGaN MQW solar cells with p-AlGaN electron-blocking-
layer with different thickness of the p-GaN layer to constant power stress at 310 W/cm?, 175 °C for several
hundred hours. The main degradation modes are a reduction of open-circuit voltage, short-circuit current,
external quantum efficiency, power conversion efficiency and electroluminescence. In particular, we observed
that a thinner p-GaN layer results in a stronger degradation observed on the cell operating parameters. The
analysis of the dark I-V characteristics showed an increase in low-forward bias current and the analysis of
electroluminescence showed a decrease in the electroluminescene emitted by the (forward biased) cell, as a
consequence of stress. This work highlights that the cause of degradation is possibly related to a diffusion
mechanism, which results in an increase of defect density in the active region. The impurities involved in the
diffusion processes possibly originate from the p-side of the devices, therefore a thicker p-GaN layer reduces the

amount of defects reaching the active region.

1. Introduction

Renewable and sustainable forms of energy are becoming more and
more important, to support human growth and reduce global warming.
For this reason, several new technologies have been developed in the
last decades to increase solar energy conversion. In particular, record
efficiencies (47 %) have been obtained for multi-junctions solar cells
[1], and new materials are under study to further push the performance
to higher levels. Among these, the GaN-InGaN material system is subject
of investigation, leveraging on the knowledge gained in the develop-
ment of multi-quantum wells (MQW) structures for application in gen-
eral lighting (LEDs, laser diodes). InGaN-based photodetectors and solar
cells have been proposed for concentrator solar harvesting systems
[2,3], wireless power transfer [4] and space applications [5] also thanks
to their reliability in harsh environments [6].
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However, the degradation mechanisms of InGaN solar cells and
photodetectors are largely unexplored. For this reason, in this work, we
studied the degradation of three samples of GaN-based MQW solar cells
with different p-GaN layer thickness under high power monochromatic
(405 nm) laser excitation, and under high baseplate temperature
(175 °C). Results allow to understand the behavior of the cells in high
temperature and high illumination conditions. In addition, we shed light
on the cause of degradation, which is ascribed to the presence of diffu-
sion mechanisms. Finally, we investigate the influence of the p-GaN
layer thickness on these processes.

2. Experimental details

The devices under tests (Fig. 1) are GaN/InGaN MQW solar cells
grown on c-plane sapphire by metal-organic chemical vapor deposition
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Fig. 1. Device structure. Difference in T}.gan length: 2A 50 nm, 1A 100 nm and
2B 150 nm.

(MOCVD). On (0001) sapphire substrate, a 2 pm n-GaN (Si doped,
3.108 cm ™) layer and a 125 nm n"-GaN (Si doped, 210 em %) layer
are grown. Then, the active region consists in a periodic structure made
by 30 pairs of undoped Ing 15GaggsN quantum wells (3 nm) and GaN
barriers (7 nm). Over the active region, a 5 nm p-Alg 15Gag gsN electron
blocking layer (Mg doped, 2-10'° cm~3) is grown, followed by a p-GaN
layer (Mg doped, 2:10'° cm™3), a 10 nm p*-GaN layer (Mg doped,
>2.10'"° em™3) and a semitransparent 120 nm indium-tin oxide (ITO)
layer. The Mg activation rate is about 1 %, so a 2-10'° Mg doping level in
the p-GaN layer leads to an estimated hole concentration around 1-10'7
cm 3. The p*-GaN layer is used to create a ohmic contact with metal,
thus minimizing contact resistivity. Finally, devices are processed by
standard lithography in 1 x 1 mm? solar cells. Ti/Al/Ni/Au ring contacts
and Ti/Pt/Au grid contacts were deposited around the perimeter and on
the top of the mesa to form cathode and anode contacts. Further details
are available in Huang et al. [7]. The three samples analyzed in this
paper differ only in the thickness Tp.gan of the p-GaN layer: sample 2A
has a p-GaN layer of 50 nm, sample 1A of 100 nm and sample 2B of 150
nm.

Samples were contacted by tungsten micro-tips and mounted on a
thermal-controlled baseplate, heated by a ceramic heater. The optical
excitation to stress the devices during the medium-term (100/500 h)
constant optical power stress was provided by means of high power 405
nm laser diode (nominal output power > 2 W). The optical stress was
performed with an optical density equal to 310 W/cm? at 175 °C, then,
after each step of the stress, the devices are characterized at 35 °C by
means of dark and illuminated current-voltage (I-V) measurements
(using the same laser diode for illuminated I-V), electroluminescence-
current (L-I) measurements and photocurrent measurements. A Semi-
conductor Parameter Analyzer was used to obtain high accuracy mea-
surements. During illuminated I-V a motorized filter wheel was used to
insert several neutral density filters in the optical path to reduce the
output power of the laser beam and to allow performing low intensity
illuminated characterizations. Monochromatic light for photocurrent
characterization was generated by a 300 W Xenon arc-lamp which
output was delivered on the sample by a fiber and focusing system.
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3. Experimental results and discussion

The constant optical power stress consists of a succession of steps of
increasing time duration up to 100 h (for sample 2A) or 500 h (for
sample 1A and 2B). These stress tests were carried out at baseplate
temperature of 175 °C. The overall duration of stress differs between the
samples because, after 100 h of stress, only sample 2A showed a sig-
nificant degradation, while for the other samples it was necessary to
increase the stress time to observe a significant degradation (this can be
seen by comparing the decrease in the normalized short-circuit current
measured during the constant optical power stress after a total stress
time of 6000 min in Fig. 2). In Table 1 are presented the different time
steps of the stress.

Fig. 2 reports the normalized short-circuit current monitored during
each step of the constant power stress at 175 °C. The stress causes a
decrease in the short-circuit current. The main outcome of the stress is
that sample 2A (Tp.gany = 50 nm) presents the highest decrease in short-
circuit current after 100 h of stress, namely ~11 % of relative decrease,
while the other samples do not show any decrease after 100 h. Instead,
after 500 h of stress, sample 1A (Tp.gan = 100 nm) and 2B (Tp.gan = 150
nm) show a relative decrease of ~3 % and ~ 2 % respectively. The
analysis of the stress shows that the lower the thickness of the p-GaN
layer, the higher the decrease in the short-circuit current during the
stress.

The analysis of the dark I-V characteristics, with the current at 1.25 V
(inset), shown in Fig. 3, shows that the sample with the thinner Tp.gan
has the strongest degradation of the I-V characteristics, confirming that
the thickness of this layer is a key parameter in the degradation of these
devices. In particular, the sample with the thinner p-GaN layer shows a
significant increase in forward current at low bias levels (below the main
diode turn-on voltage). This behavior can be ascribed to the presence of
traps located in the active region, since it is well-know that trap-assisted
forward tunneling gives the most relevant contribution to current flow
below the optical turn-on of the main diode [8-10]. Considering the
current at 1.25 V (insets of Fig. 3), samples 1A and 2B show no variation
or a small decrease, while sample 2A has a significant increase: the
current increases by two orders of magnitude with respect to the un-
stressed sample. This behavior can be fitted with a straight line with
slope ~ 0.58 (in log-log scale, which approximately corresponds to a
square root dependence on time). In particular, this could indicate the
presence of a thermally-activated diffusion process, since 1D diffusion
process can be described as:

R(t,x) = Rwrfc(%) @

where R(t, x) is the impurity concentration at time t and position x, Ry =
R(t = 0) and D is the diffusion coefficient [9]. A study to better under-
stand, characterize and model the process responsible for diffusion is in
progress. However, hydrogen is a strong candidate as a diffusant
involved in the degradation, as reported in other studies of different.
GaN/InGaN structures [9]. Contribution to material defectiveness
and/or non-ideal material composition may originate from: 1) the well-
known problems of Mg memory effect and Mg surface segregation [10];
2) the presence of a thin, highly doped, p*-GaN layer before the ITO
layer, where different types of vacancies and defects could originate
[11]; 3) the fact that large amounts of H atoms are incorporated into the
p-type layers (doped with Magnesium with a Mg density of 10'® em 3 to
10'° em ™) during MOCVD growth; 4) the fact that the hydrogen density
may remain high even after Mg activation [12]. Impurities coming from
the top-side of the cell can diffuse towards the active region. Besides the
mentioned contribution of H [13], the presence of gallium vacancies or
oxygen may also favor the degradation kinetics (Vg, can originate at the
ITO/p"-GaN interface [11], while oxygen [14] coming from ITO layer,
can diffuse via threading dislocations in GaN [13]). Considering that the
three samples only differ in the thickness of the p-GaN layer and that
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Fig. 2. Constant power optical stress. Comparison between short-circuit current monitored during the stress normalized to the first data of the first step for the three
samples: a) 2A Tp.gan = 50 nm b) 1A T, gan = 100 nm ¢) 2B Tp.gan = 150 nm.

Table 1
Time step of the stress and total stress time at the end of each step.

Step number Time step duration Total time stress 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
9 (only for 1A and 6000 12,000

2B)
10 (only for 1A and 18,000 30,000

2B)

diffusants involved in the thermal-activated diffusion process can
mainly come from the ending layers of the device, thus ITO and p*-GaN,
a thicker p-GaN layer can reduce the amount of impurities which diffuse
in the active region leading to a reduced degradation.

A similar behavior is shown by electroluminescence versus current
graphs, plotted in Fig. 4. As can be noticed, a higher electroluminescence
signal was detected in sample 2B (Tp.gan = 150 nm), possibly due to an
active region with lower concentration of defects with respect to the
other samples. Sample 2A (Tp.gan = 50 nm) does not emit below 1 mA,
while the other samples emit in the same current range. Furthermore,
sample 2A shows a strong decrease in luminescence during the stress (at
the driving current of 0.01 A the optical power has a decrease of ~50 %
compared to the unstressed sample), while sample 1A (Tp.gan = 100 nm)
shows a lower degradation (decrease of ~5 % at 0.01 A with respect to

the unstressed sample) and sample 2B does not show degradation, as can
be seen in the insets of Fig. 4. Even in this characterization, for sample
2A the optical power at 10 mA with respect to the stress time can be
interpolated with a line having ~—0.2 slope (in log-log scale), that can
be compatible with a thermally-activated diffusion process. This trend is
less evident for the other samples with thicker p-GaN, suggesting
another time that a larger p-GaN layer can reduce the amount of im-
purities which diffuses to the active region, leading to a smaller decrease
in the EL signal, due to a lower amount of defects which can act as non-
radiative recombination centers.

The trend of the open-circuit voltage with respect to the stress time at
different intensities is shown in Fig. 5. In this figure the open-circuit
voltage at different intensities is normalized with respect to the open-
circuit voltage measured on the unstressed device. For sample 2A (Tj.
GaN = 50 nm), the open-circuit voltage presents a relative decrease of
~15 % at higher intensities while the other samples present an almost
unchanged open-circuit voltage. This confirms the hypothesis of lower
amount of defects in the active region, possibly due to a thermally-
activated diffusion process, which reduces the charge in the active re-
gion leading to a reduction of the open-circuit voltage.

As discussed above, the thickness of the p-GaN layer, is a key
parameter for the stability of solar cells, especially for concentrator solar
harvesting systems [2,3] and in space applications [4]. It is worth
noticing that the p-GaN layer thickness has also a crucial role in the
quantum efficiency of these devices. P-GaN has a high absorption, and
strongly impacts on the amount of light that can reach the junction, as
demonstrated by our recent modeling investigations [15,16], so a trade-
off between performance and long-term reliability has to be considered.
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Fig. 3. Dark I-V characteristics at 35 °C after each step of the stress and current at 1.25 V (insets) for the three samples: a) 2A Tp,.gan = 50 nm b) 1A Tp.gan = 100 nm

) 2B Tj.gan = 150 nm.
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Fig. 5. Voc ratio. Comparison between the ratio of the illuminated Voc measured before the first step of the stress and the illuminated Voc measured at the end of
each step stress for the three samples: a) 2A Tp.gax = 50 nm b) 1A T gan = 100 nm ¢) 2B Tp, gan = 150 nm.

4. Conclusion

InGaN-GaN MQWs solar cells were stressed under 405 nm mono-
chromatic excitation at ahigh temperature and characterized by means
of dark and illuminated I-V, photocurrent and electroluminescence
measurements. The constant optical power stress experiments at 175 °C
carried out on devices with different p-GaN thicknesses showed a sig-
nificant degradation only for the sample with the thinnest Tp.gan = 50
nm (namely 2A). This degradation consists in a reduction in the short-
circuit current measured during the stress, in a lowering in lumines-
cence and open-circuit voltage under illumination and in an increase in
low forward leakage in dark conditions. Considering that this degrada-
tion occurs at 175 °C mainly for the sample with thinnest p-GaN, and
that degradation kinetics showed a square-root dependence on time, we
suggest a possible role of diffusion in degradation processes. For the
other samples with a larger p-GaN, we suggest that the thicker layer
reduces the amount of impurities which can reach the active region from
the layers of the device (ITO, p*-GaN and their interface), resulting in a
reduced degradation during the stress. Traps levels involved in device
degradation are possibly deep states, rather than shallow levels, since
they impact on leakage current and on electroluminescence signal.
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