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ABSTRACT

A temperature stress test was carried out on GaAs single-junction solar cells to analyze the degradation
suffered when working at ultra-high concentrations. The acceleration of the degradation was realized at
two different temperatures: 130 °C and 150 °C. [n both cases, the degradation trend was the same, and
only gradual failures were observed. A fit of the dark I-V curve at 25 °C with a 3D distributed model
before and after the test was done, The fit with the 3D distributed model revealed degradation at the
perimeter because the recombination current in the depletion region of the perimeter increased by about
fourfold after the temperature stress test. Therefore, this test did not cause any morphological change in
the devices, and although the devices were isolated with silicone, the perimeter region was revealed as
the most fragile component of the solar cell. Consequently, the current flowing beneath the busbar favors
the progression of defects in the device in the perimeter region.

1. Introeduction

High-concentration photovoltaic (CPV) systems seem to be one
of the most promising ways to generate electricity at competitive
prices for terrestrial applications [1]. In the past decade, the effi-
ciency of multi-junction solar cells has increased considerably [2-
5]. Nevertheless, the CPV community is aware that, together with
the efficiency increase, high reliability is essential for reducing
the cost of solar electricity by extending the system’s lifetime [6].
Silicon modules are reliable systems that have performed well in
the field with less than 1% degradation/year for more than 20 years
|7]. However, the knowledge of the reliability of I1I-V solar cells is
still scarce [8-12]. This work identifies the failure mechanism in
an accelerated temperature stress test carried out on GaAs solar
cells in order to improve the quality of these devices. The aim of this
work was to analyze the failure mechanism of this kind of solar cell
using a 3D distributed model based on elemental circuit units [13].
In this article, we show the potential of the 3D distributed model in
the evaluation of degradation in Il1-V solar cells.

2. Experimental
2.1. Assembly description

The assembly of the solar cells used in this test presented the
following characteristics: (a) encapsulation on direct-bonded
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copper (DBC) substrates improved the thermal dissipation, (b)
encapsulated cells were attached to an aluminum box with a ther-
mal-conductive adhesive, and (c) cells were covered with silicone
to simulate a real situation of the solar cell inside the secondary
optics in a concentrator.

2.2. Test methodology

The acceleration of the degradation was performed by means of
temperature stressing. Two sets of 18 solar cells were placed inside
climatic chambers at different temperatures of 130 and 150 °C. Be-
cause the solar cells inside the climatic chambers were in darkness,
the current mainly flowed vertically beneath the busbar [13]. The
area of the busbar was 0.64 mm?. Therefore, assuming that the
short circuit density current of this kind of solar cell is 25 mA/
cm? at 1x, working conditions at 700 x were simulated by injecting
112 mA into each solar cell. A detailed description of the acceler-
ated test can be found elsewhere [14].

3. 3D distributed model
3.1. Model description

An explanation of the degradation mechanism in degraded solar
cells is presented in this paper using a 3D network model. The phi-
losophy of the 3D distributed model has been explained in detail
elsewhere [ 13]. This approach divides the solar cell into elementary
units and assigns each unit to a suitable circuit model, depending
on its geometry and position in the solar cell; illumination, dark
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and perimeter (Figs. 1 and 2). The complete solar cell is modeled by
the electrical circuit obtained by interconnecting every unit cell
with its neighbor. The resulting equivalent circuit formed by thou-
sands of elements is resolved using the SPICE circuit simulator. The
fitness of this model for the analysis of the degradation mechanism
is derived from the treatment of the loss effects in a distributed
manner.

For the ohmic losses, a set of resistors modeling the different
series resistance components was used (front grid, semiconductor
layers; front and back contacts, substrate). Regarding the recombi-
nation phenomena, three diodes were used to model the recombi-
nation in the neutral regions (ideality factor n;=1), in the
depletion regions (ideality factor n, = 2) and at the perimeter (ide-
ality factor napgg = 2). It is important to note that a reasonable fit
between experimental measurements and simulations can be
achieved using other ideality factors. However, the parameters
Jo1. Joz and Jozper obtained from such a strategy are mathematical
parameters that lack a direct physical meaning. The extension of
this model to multi-junction solar cells including tunnel junction
description has been already done [15].

3.2. Explanation for the dark I-V curve in GaAs solar cells

Simulations of a typical GaAs solar cell varying the values of
more relevant parameters in the dark I-V curve were carried out
to obtain a better understanding of the results presented in Section
4,

The effect of series resistances is observed at high voltages. In
the [-V curve, the lateral resistances such as the emitter sheet
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Fig. 3. Variations of the vertical resistance (ry), which take into account the
resistance at the base, in the BSF layer and in the back contact.

resistance (rg), the base sheet resistance (i) and the metal sheet
resistance (ry) have a negligible impact on the curve because the
current mainly flows vertically beneath the busbar [13]. On the
other hand, both the vertical resistance (ry) and the front grid spe-
cific contact resistance (rgc) show a large influence under dark con-
ditions (see Fig. 3). However, the effect of the shunt resistances at
the bulk (r,) or at the perimeter (rpgr) is observed at low voltages
(see Fig. 4). Previous studies of the degradation in GaAs solar cells
without perimeter isolation revealed changes in the shunt resis-
tance at the perimeter [8].
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Fig. 1. 3D network model for a single-junction solar cell.

s

Fig. 2. From left to right, the elementary unit cell of the perimeter area, dark area and illuminated area. A detailed description can be found in [13].
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Fig. 5. Variations of the recombination current density in the neutral regions (Jg, ).
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Fig. 6. Variations of the recombination current density at the perimeter (Joaper).

The parameter Jy; takes into account the recombination at the
neutral regions. The main influence of this parameter occurs at
high voltages (Figs. 5 and 6).

The parameters Joaper and Jo» both have an effect at low volt-
ages; however, several studies in GaAs [16-19] show that the
amplitude of the recombination current with ideality factor n=2
does not correlate with the area; instead, it correlates with the
perimeter. A previous study of degradation in GaAs solar cells re-
vealed changes in the I-V curve at low voltages [8]; consequently,

a study of the perimeter recombination in our growth material and
our technology was essential. Circular diodes of GaAs with four dif-
ferent sizes (Table 1) were processed to study the recombination
mechanism at low voltages.

In Figs. 7-9, the dark I-V curve, the J-V curve and the lineal den-
sity current at the perimeter versus voltage are depicted, respec-
tively, for representative examples of a large number of diodes
for each size. From these figures it can be inferred that, as expected,
at low voltages the current correlates with the area in agreement
with Refs. [16-19]. Therefore, fp; is smaller than fgper, and its
influence is negligible.

4. Results

In all cases tested, only gradual failures were observed, and the
degradation trend was the same for the two groups of solar cells
tested at different temperatures. Therefore, the same failure mech-

Table 1
Dimensions of the diodes of GaAs used in the study of the recombination current at
low voltages.

Diode Area (mm?) Perimeter {(mm)
A 7 9.4
B 1.8 47
C 0.4 23
D 01 1.1
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Fig. 7. Dark I-V curves of the GaAs diodes of different sizes.
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anism was responsible for the degradation in all of the solar cells.
To analyze the degradation mechanism, different fits with the 3D
distributed model explained in Section 3 were carried out at
25 °C before and after the test. Fig. 10 is a representative case of
the 18 solar cells studied at each temperature, An accurate descrip-
tion of the GaAs solar cell before and after degradation was ob-
tained with the 3D distributed model.

The parameters used in the fits of Fig. 10 are presented in
Table 2.

Using Table 2, we can conclude that the solar cells degraded in
the perimeter region because the recombination current density in
the depletion region at the perimeter (Jozpgr) is the only parameter
that changed in the fits. After the accelerated test at 130 °C, Joopgr
was almost fourfold higher than before the test. Even though the
perimeter was passivated with silicone, it seems to be the most
fragile part of the solar cell; the current flowing beneath the busbar
favors the progression of defects in the device perimeter and thus
causes an increase in the dark current. Hence, because the perim-
eter is not passivated, the gradual degradation in GaAs solar cells
might proceed as follows [20]: (1) non-radiative (n = 2) recombina-
tion occurs at some defects at the perimeter, which causes a point
defect reaction and fresh point defect generation and (2) the new
defects also act as non-radiative recombination centers, and thus
this process increases the Jooper. Also, the silicone caused thermal
oxidative degradation after the test. Therefore, the oxidation of
the organic groups and degradation of the main chain of the mol-
ecule can have an effect on the unpassivated perimeter.
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Fig. 10. Measured dark I-V curve of the solar cell before (black circles) and after
{white triangles) the accelerated degradation test. Fit with the 3D distributed model
before (dotted line) and after the test (solid line).

Table 2
Parameters used in the fits of Fig. 9.

Parameter Before After

Jor (Ajem?®) 1%107"° 1%1071°
Jon (Afcm?) 1x10" 1x10-1
Jozrer (Afcm) 1.95 « 1072 8 x 10712
e (Qem?) 2x10°* 2x107%
ry (©2em?) 1% 1053 1x107*
Iy (€2 cm?) 1x10% 1x10°
Foper (2 Cm) 1 %107 1 = 10°
1y (200} 200 200

I (Q200) 600 500
 (Q201) 0.2 0.2

Note that a satisfactory fit could be achieved by varying the Jo
parameter and fixing Jooper or by modifying both parameters.
Therefore, a previous understanding of the device is necessary to
obtain a physically significant fit,

The increase in saturation current at the perimeter leads to a
decrease in the fill factor and the open circuit voltage, resulting
in a slight decrease of efficiency. However, it has to be mentioned
that the relative decrease in power would be more prominent in
applications with lower concentration.

Finally it must be pointed out that this test did not cause any
morphological changes in the devices.

5. Conclusions

In this paper, the failure mechanism in temperature stress test-
ing of GaAs solar cells according to a 3D distribution model was
studied. Fits of the I-V curve at 25 °C with the 3D distributed model
before and after degradation were done. An accurate description of
the solar cell before and after degradation was obtained with the
model. Furthermore, the model revealed that the degradation takes
place in the perimeter region because the recombination current
density at the perimeter increased by a factor of 4. Results of this
study confirm that GaAs concentrator solar cells are resistant de-
vices because neither catastrophic failures nor morphological
changes occurred.
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