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Summary

We investigated the behavior of electron-irradiated 3G28 InGaP/GaAs/Ge tri-

ple junction solar cells and their component (top, middle and bottom) cells at

low temperatures from 100 to 300 K and low illumination intensity. Significant

degradation of their performances has been observed. We found that it is

induced by an excess current associated with tunneling due to the presence of

the radiation-induced defects introduced in the junctions of each sub-cell. The

amount of tunneling current, hence of the effect of degradation, is significantly

higher in the bottom sub-cell than in the top and middle sub-cells. This partic-

ular cell is formed by diffusion of group V atoms into p-Ge substrate, which

leads to relatively inhomogeneous doping profile and thus tunneling current

distribution compared to well controlled top and middle sub-cells deposited by

epitaxy. The degradation associated with tunneling recovers significantly at

300 K in the bottom cell.
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1 | INTRODUCTION

The aim of this work is to examine the behavior of state-of-
the-art lattice matched GaInP/GaAs/Ge triple junction
(TJ) 3G28 space solar cells from AZUR SPACE, under condi-
tions of deep space (the so-called low intensity low tempera-
ture [LILT] conditions, for “Low Intensity of illumination
and Low Temperature”). Solar cells degrade in space due to
irradiation with high-energy particles, mostly electrons and
protons. These particles produce lattice displacements,
resulting in the creation of electrically active defects.1-3 Some
of these defects play the role of minority carriers traps, induc-
ing a recombination of electron–hole pairs in the junctions,4

thus, consequently decrease the cell performance.
Defect introduction is well studied for irradiations

performed at room temperature (RT) for most of the

materials currently used in the production of solar cells:
Si,5,6 GaAs,7,8 GaInP,9-12 and Ge,13,14 . Information such
as activation energy, structure, annealing temperature,
capture cross section of some electrically active defects in
these materials has been established. Systematic works
for radiation on Si and GaAs solar cells, to understand
and predict their electrical performance under the irradi-
ation based on the defect information, have been done,
too.15 However, concerning low temperature (LT) irradia-
tions, defect information mainly exists on material level
for defects in GaAs,7 to a lesser extent in Ge16-19 and
practically none in GaInP.

Meanwhile, as we discussed in the companion work
dealing with proton radiation-induced degradation of the
TJ solar cells,20 the past studies of radiation effects in
such cells have been limited to irradiation experiments
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performed around RT.21-23 Extrapolations to LILT condi-
tions were obtained by measuring RT-irradiated cells
under LILT conditions,24 with the exception of one
attempt.25 Preliminary results26-28 seemed to suggest that
the LT behavior of these cells does not depend on the
irradiation temperature. However, recent observations
showed that the degradation of TJ cells by electron irradi-
ation is larger than expected29,30 if it is only ascribed to
the introduction of recombination centers by the irradia-
tion, which should be temperature-independent process.
These results also indicate that TJ cells after electron irra-
diation behave differently than after proton irradiation.
Hence, we present here a detailed analysis of the electri-
cal data acquired from electron-irradiated TJ cells and
component cells following LT irradiation. It reveals sev-
eral phenomena that have to be taken into account, such
as dispersion of the end of life (EOL) performance of the
electron-irradiated TJ cells under LILT condition, defect
annealing, tunneling through radiation-induced defects
in forbidden gap. These phenomena, in at least some of
the component cells, are not present following RT irradi-
ation. We therefore propose our interpretation by corre-
lating the presented data and analysis with extensive
literature studies.

2 | EXPERIMENTAL

The equipment used to perform LT irradiation with in situ
current-voltage (I–V) measurements is the one described
in the companion work.20 The only difference is in the
connection method between the electron accelerator and
the cryostat chamber. 1-MeV electron irradiation was per-
formed with two fluxes (half flux 2.5 � 1011 cm�2 s�1 and
nominal flux 5 � 1011 cm�2 s�1) and fluences varying

from 1 � 1014 cm�2 to 3 � 1015 cm�2. A half of the sam-
ples per fluence were irradiated with the half flux. Since
no flux-related dependence was observed in this flux
range, we do not classify the data by flux any longer. The
beamline of the electron accelerator is separated from the
cryostat chamber by a thin stainless-steel foil (see
Figure 1) to keep the beamline under ultrahigh vacuum
conditions. Thickness of the stainless- steel foil is 250 μm.
Thus, the energy loss of 1 MeV electrons through this foil
is about 20 keV which is negligible. Once the electrons
penetrate the foil, they are scattered in the chamber. As a
result, the current density depends on distance of the sam-
ple from the point where the scattering starts. To calibrate
the fluence, we simply replaced the cell by a thick copper
plate having the same area with the cell and directly mea-
sured the collected current. By monitoring the current
from the accelerator control center, the current collected
at the cryostat chamber (Faraday cup) and the current
measured from the cupper plate, the ratio of these three
current levels can be obtained. As a consequence, when
irradiating solar cells, it is possible to indirectly measure
the current that arrives to the cell.

Current-voltage (I-V) measurements in dark and
under illumination have been carried out in-situ, that is,
with the cell inside the cryostat chamber. The solar simu-
lator, used with an illumination of 0.037 AM0 (≈ 50.5 W/
m2), is described by Khorenko et al.31 The measurement
set-up and the cryostat chamber are located in the radia-
tion room where the electron beamline ends. For this rea-
son, during the irradiation, test operator must not be
present in the radiation room to avoid an exposure to
very high level of radiation. first measurement can be
performed around 2 minutes after irradiation is complete
due to the following reasons: (a) to cool down the solar
cell temperature heated by electron irradiation, (b) to

FIGURE 1 Diagram of the connection

between the beamline of the linear electron

accelerator and the cryostat chamber [Colour

figure can be viewed at wileyonlinelibrary.com]
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drop the radiation dose level in the radiation room down
to the safe dose level. The measurement must still be per-
formed as fast as possible to avoid any unwanted
annealing at low temperature.

Typical I–V measurement in dark and under illumi-
nation was applied to the TJ cells and its component cells
at temperatures ranging from 123 to 300 K. Hereby, a
component cell is a cell which has the same optical struc-
ture as the TJ cell but in which only one sub-cell is elec-
trically active among the three sub-cells.20 LT irradiations
for 2 cm x 2 cm TJ bare cells were conducted with differ-
ent fluences: 7.5 � 1014 cm�2 (12 cells), 1.5 � 1015 cm�2

(24 cells), 3 � 1015 cm�2 (12 cells). Note that all electron-
irradiated TJ cells are from the same batch. Once the cells
were irradiated, I–V measurements were taken every
5 minutes to check until the stabilization of the EOL per-
formance. These repetitive measurements were carried
out during 30 minutes which was found to be a time after
which no further change in electrical performance was
detected. In this work, the EOL values taken after this
step are labeled as LT annealed. Once cells have been
heated up to 300 K and remeasured at low temperatures
they are labelled as RT annealed.

Some of the TJ cells were irradiated at RT to be com-
pared with the result of LT irradiation. In addition, top,
middle and bottom component cells were cumulatively
irradiated with 1 MeV electron fluences up to
3 � 1015 cm�2 at (100, 123, 200, 300) K. Moreover, iso-
chronal annealing from 96 to 300 K was performed for
the top and bottom component cells after irradiation at
96 K with intermediate measurements of the electrical
parameters.

3 | RESULTS

3.1 | Irradiation of TJ cells

We present here BOL (beginning of Life = not irradiated)
and EOL I-V characteristics in dark (DIV) and under illu-
mination (LIV) of 3G28 TJ cells irradiated and measured
at 123 K, comparing them with others irradiated and
measured at 300 K.

Figure 2 shows an example of BOL and EOL LIV and
PV curve of a cell irradiated at 123 K with a fluence of
3 � 1015 cm�2, measured at 123 and 300 K.

The corresponding photovoltaic parameters are given
in Table 1. At 123 K, short-circuit current (ISC) value did
not change after irradiation at 3 � 1015 cm�2. However,
as we will discuss later, the degradation of ISC can occur
in certain TJ cells. A similar result was observed for the
measurement of ISC at 300 K. By contrast, open-circuit
voltage (VOC) values decreased from 3.427 to 3.247 V at
123 K and recovered up to 3.281 V (ΔV = 34 mV) after
RT annealing. The recovery of VOC after RT annealing is,
however, quite small to contribute to a substantial
increase of maximum power (PMAX) of the cell (expected
around 1% of contribution to the PMAX recovery). In gen-
eral, independent of the annealing, VOC degrades more at
300 K than at 123 K. If we consider now the change of fill
factor (FF) and PMAX, it is clearly seen that a large change
occurred in both LT (123 K) and RT (300 K) measure-
ments. The contribution of FF to the degradation of PMAX

is notably higher at 123 K than at 300 K. Moreover, the
recovery of PMAX by 20% observed after RT annealing is
mainly due to the recovery of FF (18%). This observation

(A) (B)

FIGURE 2 Beginning of life (BOL) and end of life (EOL) electrical properties of a triple junction (TJ) solar cell at 123 and 300 K under

0.037 AM0 of illumination (≈ 50.5 W/m2). 1 MeV irradiation is conducted at 123 K with a fluence of 3 � 1015 cm�2: A, I-V curves and B, P-

V curves [Colour figure can be viewed at wileyonlinelibrary.com]
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demonstrates that the in situ measurement at 123 K after
electron irradiation is essential to correctly measure the
performance degradation of cells in LILT conditions.

To investigate the origin of this striking FF deteriora-
tion, we compared the LIV and DIV characteristics of
two TJ cells, labeled as 1295-4299E-34 and 1295-0443E-23

TABLE 1 Beginning of life (BOL)

and end of life (EOL) performance (ISC,

VOC, FF, PMAX) of an electron irradiated

triple junction (TJ) solar cell

123 K (LT) 300 K (RT)

BOL EOL LT annealed EOL RT annealed BOL EOL

ISC (mA/cm2) 0.48 0.48 0.48 0.57 0.57

VOC (mV) 3.427 3.247 3.281 2.321 2.083

FF (%) 86.9 59.8 70.7 85.0 72.7

PMAX (mW/cm2) 1.44 0.94 1.12 1.12 0.86

Note: Light I-V characteristics measured under the solar simulator light intensity of 50 W/m2, at 123 K (low
temperature [LT]) and 300 K (room temperature [RT]); 1 MeV electron irradiation performed at 123 K with
a fluence of 3 � 1015 cm�2. The irradiated solar cell annealed at 123 K (LT annealing) and at 300 K (RT
annealing).

(A) (B)

(C) (D)

FIGURE 3 Beginning of life (BOL) and end of life (EOL) I-V characteristics of two triple junction (TJ) cell in dark (log scale) and under

0.037 AM0 of illumination (≈ 50.5 W/m2) at 123 K: 1295-4299E-34 A and B, and 1295-0443E-23 C and D,, electron irradiated at 123 K with a

fluence of 1.5 � 1015 cm�2 [Colour figure can be viewed at wileyonlinelibrary.com]
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in Figure 3, which were irradiated with a fluence of
1.5 � 1015 cm�2 at 123 K. As shown in Figure 3, these
two cells exhibited almost the same BOL performance in
both LIV and DIV characteristics. However, once the
cells were irradiated, they started to show completely dif-
ferent behavior. In case of the cell 1295-4299E-34, we
observed that the EOL dark current started to exceed the
current level of 2.5 � 10�7 A/cm2 from around 1.2 V,
then increased up to 2.5 � 10�6 A/cm2 before it was over-
lapped by the recombination current component.32

This kind of additional current that occurs in the
EOL cells compared to the BOL cells is considered as an
excess current (or leakage current) in dark. The excess
current is a current generated by minority carrier tunnel-
ing through radiation-induced defects in the junctions of
each sub-cell. The amount of the excess current in the
cell 1295-4299E-34 is too low to affect to the degradation
of LIV characteristics (see Figure 3B). On the other hand,
even though the cell 1295-0443E-23 was also irradiated
with a fluence of 1.5 � 1015 cm�2, a significant amount
of the excess current was observed in its DIV characteris-
tics as shown in Figure 3C. Unlike cell 1295-4299E-34,
this cell exhibited the excess current starting from 0.5 V
and its excess current increased almost up to 0.2 mA/cm2,
followed by recombination current up to 3.5 V. Then, dif-
fusion current dominates the dark current after 3.5 V. As
a consequence, the EOL LIV curve of the cell
1295-0443E-23 drops from around 1.2 V where the dark
current starts to exceed the current of 20 μA/cm2

(Figure 3D).
In fact, through a number of electron irradiations

(48 cells) at three different fluences (7.5 � 1014, 1.5
� 1015 3 � 1015 cm�2), we found that the distribution of
excess currents in dark covered a range between few 10�7

and 10�4 A/cm2 (three orders of magnitude), which had
not been observed in proton-irradiated TJ solar cells. Fur-
thermore, FF and thus PMAX degradation was mainly
affected by the amount of excess current. Figure 4 shows
the relationship between excess current in dark (IDark)
measured at 2 V and PMAX of the TJ cells. All of the cells
have been irradiated and measured at 123 K. The
cells irradiated with a fluence of 7.5 � 1014 cm�2 have
PMAX values between 1.4 to 1.5 mW/cm2 (except for one
cell of 1.25 mW/cm2 with 20 μA/cm2 of excess current).
We can see that the EOL PMAX (black colored squares in
Figure 4) was hardly affected by the excess current even
though it exceeded 10 μA/cm2 since the amount of the
excess current was still too small compared to the photo-
generated current. However, for the cells irradiated with
a fluence of 1.5 � 1015 cm�2, we could see a larger spread
in PMAX (from 1.03 to 1.45 mW/cm2). The EOL PMAX

values were even more scattered in the case of electron
fluence of 3 � 1015 cm�2. The IDark varied from 2.5 to

60 μA/cm2. As a result, the variation of PMAX value was
also high from 0.75 to 1.25 mW/cm2. We found that the
degradation of PMAX due to the distortion of the I–V
curve starts to be visible from a certain amount of fluence
(in case of our study, this was 1.5 � 1015 cm�2) under
LILT condition. Furthermore, uncertainty of the EOL
performance was increased as we increased the electron
fluence.

Figure 5 shows BOL and EOL I-V characteristics in
dark and under illumination of TJ cell 1295-0443E-23 at
123 K in linear scale. As shown, the shapes of DIV and
LIV curves at BOL and EOL look similar since the solar
cell approximately follows the superposition principle.
Thus, we can simply assume that the photogenerated cur-
rent is added to the dark current. An increase of the slope
of EOL dark current at around 0.7 V is therefore directly
linked to the performance degradation of the TJ cell.
Thus, when the excess current in dark increases over
20 μA/cm2, a non-negligible decrease of the current in
the linear scale LIV starts to be observed resulting in a
significant degradation of PMAX. Indeed, the BOL and
EOL PMAX of TJ cell 1295-0443E-23 are PMAX,

BOL = 1.5 mW/cm2 and PMAX, EOL = 1.03 mW/cm2,
respectively. If we assume that PMAX, EOL, is only deduced
(assuming no change in the fill factor) from the small ISC
and VOC changes after irradiation, corresponding to
increased minority carrier recombination due to particle
irradiation, it would be of the order of 1.43 mW/cm2.
From this analysis, one can see that the excess current
can significantly degrade the performance of the TJ cell
at the maximum power operation. According to Rein-
hardt et al,33 PMAX is directly related to ISC and the dark

FIGURE 4 Correlation between IDark at 2 V and PMAX of

electron irradiated triple junction (TJ) cells at 123 K. Black square

dots, red circles and blue triangles represents the TJ cells irradiated

with the fluences of 7.5 � 1014 cm�2, 1.5 � 1015 cm
�2 and 3.0

� 1015 cm�2, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]
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current at maximum power (Id MAX) through the follow-
ing relation:

PMAX ¼ ISC� Id maxð Þ nkBT
q

� �
ln

Id MAX

I0

� �
ð1Þ

where n and I0 are ideality factor and reverse saturation
current, respectively.

The value of ideality factor in the Equation (1) varies
as a function of applied voltage because the current gen-
erated in solar cell in dark is a mixture of tunneling, dif-
fusion and recombination currents. The contribution of
each element to the current depends on the applied volt-
age level, that is, the applied electrical field in the junc-
tion. At low voltage region, for example, high value of
ideality factor would indicate dominance of radiation-
induced tunneling current. When the ideality factor is
large enough, the dark current level (mainly due to the
radiation-induced tunneling current) becomes high too.

By this equation, as the cell exhibits higher Id MAX, its
maximum power becomes smaller. Furthermore, the
effect of Id MAX is especially critical when ISC is suffi-
ciently small like in the LILT deep space conditions
where the light intensity is very low. Therefore, the con-
trol of this excess current is of prime importance for mas-
tering the degradation since the maximum power is
directly related to its value.

For each TJ cell, the photovoltaic parameters such as
ISC, VOC, ISC � VOC, FF and PMAX were extracted from
both BOL and EOL I–V characteristics. Average RF
values of each parameter with SD vs fluence are pres-
ented in Figure 6.

The electrical parameters of the same cells measured
at 300 K are also presented. In addition, data from two TJ
cells irradiated at 300 K at different fluences are added
for comparison with LT irradiated, but RT measured
ones. As one can see, independent of whether the cells
are irradiated at LT or at RT, once the cell is measured at
RT at the end, the cells exhibit a similar degradation
trend. This result implies that when the cell is heated up,
it loses its intrinsic behavior which can only be observed
at LT. This finding is important for the analysis of irradia-
tion effects in deep space missions, since measuring the I-
V characteristics of a cell at higher temperature than the
temperature where the cell is operated and irradiated can
result in a misinterpretation of the cell electrical
properties.

At 123 K, when the cells were irradiated with the low-
est fluence of 7.5 � 1014 cm�2, average ISC value did not
change. It seems that the fluences less than about
7.5 � 1014 cm�2 are too low to create a significant num-
ber of defects leading to a dominant decrease of carrier
lifetime related to the minority carrier recombination.
However, as one can see from the SD of the values, the
degradation of ISC varied from cell to cell, which means
that there is some variation in the EOL performance. In
addition, this spread becomes larger at higher fluences.
As to the ISC, it seems that a considerable degradation
starts at electron fluences in the range between
7.5 � 1014 and 1.5 � 1015 cm�2. We could also observe
that the cells, which were irradiated with a fluence of
about 3 � 1015 cm�2, showed in average a larger drop of
ISC compared to the case of smaller fluences, suggesting a
possible change in current limitation from top to middle
cell. On the contrary, the average EOL VOC value was in
average degraded down to 96% from its BOL value after
the irradiation with a fluence of 7.5 � 1014 cm�2, and the
overall degradation trend is similar for all cells. Thus, we
observe relatively low spread in EOL VOC values com-
pared to the case of ISC. Besides the degradation of ISC
and VOC, the degradation of PMAX appears larger than the
product ISC � VOC (see Figure 6B), which implies that an
additional phenomenon, other than the recombination of
photo-carriers on the defects,34,35 participates to the deg-
radation. Owing to the large scatter of this effect induced
on PMAX and on FF, the amount of EOL excess current
seems to be directly related to PMAX degradation. Simi-
larly, a significant, but lesser spread of EOL PMAX was
recently obtained from full size cells (4 cm � 8 cm) in
LILT 1-MeV electron irradiation conditions by Duzellier
et al.30 The averaging effect on a larger cell can be one
potential reason why we see less spread, but it could be
confirmed only if the identical experiment is repeated on
the same type of large samples at the SIRIUS facility.
However, when the cells are measured at 300 K, they

FIGURE 5 Beginning of life (BOL) and end of life (EOL) I-V

characteristics in dark and under illumination of a 1295-0443E-23

triple junction (TJ) cell at 123 K, irradiated with 1-MeV electrons at

1.5 � 1015 cm�2 [Colour figure can be viewed at

wileyonlinelibrary.com]
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behave differently. As to VOC, the rate of degradation
becomes higher at 300 K compared to 123 K. For FF, the
degradation at 300 K is smaller than the one observed at
123 K, and it exhibits a smaller scatter. The overall degra-
dation of PMAX under electron irradiation at 123 K, mea-
sured at 300 K remains smaller than the one observed at
continuous low temperature conditions. In addition, once
the temperature of the TJ cells was increased to 300 K
after the irradiation at 123 K, their electrical performance
was very similar to this one of the cells irradiated
at 300 K.

3.2 | Excess current in component cells

The appearance of an excess current, following electron
irradiation at low temperatures, was also observed in all
component cells (see Figure 7). In general, before irradia-
tion the bottom component cell exhibits a three to four
orders of magnitude higher dark current than the two
component cells. Note that in an ideal situation, no net
current flows in solar cell in dark at thermal equilibrium.
The BOL dark current of a bottom cell is about 2.5 x 10�7

A/cm2 at voltage close to 0 V and increased up to more
than 2.5 x 10�5 A/cm2 before the diffusion current starts
to exponentially increase. When the bottom cell was irra-
diated with a fluence of 3 � 1015 cm�2, the EOL dark

current was one order of magnitude larger than the BOL
value while the degradation of the diffusion current was
relatively small. As to the top and middle component
cells, BOL dark current was at the level of 10�10 A/cm2 at
voltage close to 0 V, then the current increased up to
10�8 A/cm2 before the diffusion current dominated the
current in dark. The degradation of diffusion current

FIGURE 6 Remaining factor of A, ISC, VOC and B, ISC � VOC, FF, PMAX of triple junction (TJ) solar cells at 123 and 300 K. The

number of solar cells irradiated at 123 K: 12 cells at 7.5 � 1014 cm�2, 24 cells at 1.5 � 1015 cm�2, 12 cells at 3 � 1015 cm�2. The number of

solar cells irradiated at 300 K: 2 cells with accumulated fluences from 5 � 1014 cm�2 to 6 � 1015 cm�2 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 I-V characteristics of component cells in dark

before and after electron irradiation with a fluence of

3 � 1015 cm�2 at 123 K [Colour figure can be viewed at

wileyonlinelibrary.com]
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could result from the radiation-induced defects acting as
recombination centers. According to the study by Tex
et al, in both electron-irradiated GaInP and GaAs sub-
cells nonradiative recombination losses were observed.36

When comparing the EOL properties of top and middle
cells in dark, a larger degradation of diffusion current of
the middle cell was observed in comparison to that of the
top cell. However, the excess current of the top cell
increased over 10�5 A/cm2 where it can affect the PMAX

degradation whereas that of the middle cell was under
10�6 A/cm2. Overall, this observation shows that any
sub-cell can potentially be the cause of the degradation of
FF of TJ cells in LILT conditions.

We also investigated the temperature dependence of the
DIV of electron irradiated bottom component cells. Figure 8
presents DIV measurements performed at temperatures
ranging from 123 to 300 K after irradiation at 123 K (pre
and post annealing at 300 K). The excess current seems to
be temperature independent while heating up. After the
bottom cell temperature reached 300 K, the bottom cell was
again cooled down from 300 to 123 K with intermediate
measurements (see the symbols with no fill color). We
observed a diminution of the excess current as temperature
decreased. Eventually, the RT annealed bottom cell
exhibited about one order smaller amount of excess current
in dark at 123 K compared to the case before annealing.

Similar observation was obtained for top and middle
component cells when cooling down from 300 to 100 K
as shown in Figure 9. The excess current is smaller at the
same working voltages when the cell is measured at
lower temperatures. The shape of excess current in top
cell seems to be more complicated than that of the mid-
dle one. The prediction of the exact value and the shape
of the excess current characteristic seems to be quite

challenging since it really appears with various forms
from cell to cell and there could be other kinds of
unknown contributions. For some cells no additional
excess current has been observed. More detailed research
should be undertaken, but it seems to be also related to
the manufacturing-related variations of microscopic cell
structure.

3.3 | Annealing

We carried out isochronal annealing of the top and bottom
cells. The isochronal annealing is the annealing performed
with the temperature increase in the constant temperature
step and with the same annealing time at each tempera-
ture step. We discarded middle cells because it is known
that the defects induced in GaAs by electron irradiation
remain stable in the range 4 to 350 K.7 The cells used for
this procedure were irradiated at 96 K with a fluence of
1 � 1015 cm�2. Figure 10A,B shows the changes of the
remaining factors (RF) of ISC, VOC, PMAX, FF of top and
bottom cells, respectively, as a function of annealing tem-
perature. (RF(Z) = EOL(Z)/BOL(Z), Z is an electrical
parameter, for example, ISC or VOC).

In the top cell, the degradation of VOC was small (1%-
2%) compared to other parameters such as ISC and FF,
and nearly no recovery was observed. The recovery of ISC
was also not evident during the isochronal annealing,
and the RF(ISC) after RT annealing was only increased by
2%. The FF recovery seems to be stronger than the case
of ISC. However, RF(FF) was recovered by 4% after RT
annealing. As a result, PMAX recovered by only about 6%.
For the bottom cell, it exhibited somewhat different
behaviors. First, the degradation of VOC was quite pro-
nounced. RF(VOC) decreased to 0.25 immediately after
the irradiation. Then, RF(VOC) recovered from 0.25 to 0.5
in 5 minutes. After the first huge recovery at the irradiat-
ing temperature (96 K), we could measure a steady recov-
ery of VOC in the range between 116 and 240 K, having
smaller recovery rate as temperature increases. Second,
the ISC value decreased significantly after irradiation,
whereas two step-like annealing stages of RF(ISC) were
observed, around 100 and 200 K. The recovery of FF was
not remarkable compared to that of VOC. Nevertheless,
RF(FF) also dropped notably and recovered quickly from
0.77 up to 0.84 at the irradiated temperature (96 K).
Then, like in the case of VOC, a gradual recovery was
observed up to 0.9 at the temperature ranging from 96 to
200 K. Above 200 K, no further FF recovery was mea-
sured. Consequently, PMAX of the bottom cell decreased
down to 10% of its BOL value after the irradiation due to
the large degradation of ISC and VOC. However, the PMAX

FIGURE 8 End of life (EOL) I-V characteristics of a bottom

component cell electron irradiated at 123 K with a fluence of

3 � 1015 cm�2: pre and postannealing at 300 K [Colour figure can

be viewed at wileyonlinelibrary.com]
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regained its performance ending up in a value of 0.5 of
RF(PMAX), mainly related to the VOC recovery.

4 | DISCUSSION

4.1 | Origin of the excess current

We analyzed the excess current observed after LT irradia-
tion in detail to understand its physical cause. As presented
in Figure 8 for the bottom cell, we can assume that some
defects induced by electron irradiation are annealed out,
resulting in a recovery of excess and diffusion currents. In
fact, the excess current consists of several components
which is complicated to analyze. The defects linked to the

excess current act as localized traps in space charge region
of a p-n junction, where the majority charge carriers (either
electrons or holes) can pass by indirect tunneling mecha-
nism. The excess current related to the radiation-induced
impurity states in the forbidden gap was already observed
by D. Meyerhofer et al.37 This current is labeled as an expo-
nential excess current. Chynoweth et al38 proposed the
equation of the exponential excess current which depends
on the doping and the bombardment as below:

Jexc ¼D0exp �β0m�12n��
1
2 EG� eV þQð Þ

h i
ð2Þ

where D0 is the function of V , which is dependent of tem-
perature and represents the variation of the density of

(A) (B)

FIGURE 9 I-V characteristics of electron irradiated A, top and B, middle component cells in dark for temperatures ranging from 300 to

100 K. The cells were irradiated at 123 K with a fluence of 3 � 1015 cm�2 [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B) 

FIGURE 10 Change of ISC, VOC, PMAX, FF Remaining factors of electron irradiated cells with a fluence of 1 � 1015 cm�2 at 96 K. A, top

and B, bottom component cells during isochronal annealing (96 K was the lowest temperature that could be achieved with the used set up)

[Colour figure can be viewed at wileyonlinelibrary.com]
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impurity states with energy in the forbidden gap, m� is a
reduced mass of electron, n� is a reduced doping concen-
tration, Q is a function of the sum of the Fermi level pen-
etrations, and EG is a bandgap energy.

As described, the excess current is different from the
band-to-band tunneling, but still has a tunneling feature
through impurity states (traps) in the forbidden gap.
However, this excess current shows temperature-
dependent properties. A simple diagram in Figure 11
illustrates trap-assisted tunneling (TAT) of an electron
from the conduction band of the n-doped side to the
valence band of p-doped side in the junction. This excess
current is proportional to the density of occupied states
in the conduction band. Therefore, a possible explanation
of its temperature dependence is that the density of occu-
pied states with electrons in the conduction band will
decrease resulting in the reduced amount of excess cur-
rent at lower temperatures. In addition, the tunneling
probability can be dependent on the concentration and
the trap level of defects located in the space charge
region. Especially, the TAT current can more easily
appear in Ge bottom cells than in other cells since the Ge
has a narrower bandgap compared to GaAs and GaInP.
Likewise, the internal electric field, which causes a band
bending between n-doped and p-doped layers, can play
an important role to the dark current. When the external
field with positive bias is applied to the pn junction, the
sum of two fields will result in diminution of the bending
of the junction. Consequently, more carriers in occupied
states in the conduction band will be able to travel to the
valance band via trap states in the forbidden gap.

4.2 | Ge bottom cell—electron and
proton irradiations at LILT condition

Under electron and proton irradiation at LILT condition,
the most complex behavior has been mostly observed in

bottom cells. When the bottom cells are irradiated with
protons, they undergo a drastic ISC degradation and even-
tually can become the current limiting cell below 200 K.
However, proton-irradiated bottom cells do not exhibit
an additional excess current in dark. (for more detail, see
the Ref. 20) The behavior of electron-irradiated cells is
rather different. First, a large amount of excess current in
dark is added after electron irradiation. Second, we
observe relatively little degradation of ISC in an electron-
irradiated bottom cell compared to the proton irradiated
one. Thus, there is practically no possibility for the bot-
tom cell to be a current limiting cell in a purely electron
dominated environment. This observation can be tenta-
tively explained by a distribution model of radiation-
induced defects. Electrons transfer energy to the lattice
atoms of the order of the threshold displacement energy
(Td), so that they produce mostly single displacements
along their track. As a result, they create a uniform distri-
bution of isolated defects.

If irradiation-induced defects have enough mobility to
escape the region where they have been produced to be
uniformly distributed like in the case for Si (vacancies are
mobile above 100 K39), the damage factor ratios should
be directly proportional to the nonionizing energy loss
(NIEL) for electrons and protons.40 This is not the case
for defects induced by proton irradiation at lower temper-
atures in Ge, where a large number of displacements is
produced along the proton track and the associated
defects are not mobile enough. It results in a high local
concentration of defects composed of complexes such as
divacancies which are stable and charged.20

4.3 | Annealing: defects and the excess
current

Radiation-induced defects can contribute to the degrada-
tion of solar cells in different ways: (a) acting as

FIGURE 11 Simplified band

diagram of Ge pn junction with localized

trap levels induced by electron

irradiation: A, thermal equilibrium state

(V = 0); B, thermal equilibrium at low

temperature (LT); C, positive biased

(V > 0) [Colour figure can be viewed at

wileyonlinelibrary.com]
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recombination centers in n-type and p-type layers or in
the depletion region. In this case, the result is observed as
a diminution of photo-generated current, an increase of
dark diffusion current and recombination current which
are directly correlated to VOC. (b) In case of very large
fluence, compensating centers to reduce a doping effect
in each doped layer. The associated defects result in a
degradation of both VOC and ISC.

41 (c) Indirect tunneling
centers for the majority carriers. They can play a role as
an intermediate pathway of electrons or holes so that
these carriers can pass through the forbidden band. Con-
sequently, higher excess current can flow in dark before
the diffusion current starts to dominate the dark current.

In a TJ cell, LIV characteristics are significantly
affected by the current limiting sub-cell. Moreover, if this
current limiting sub-cell exhibits a large enough excess
current, the TJ cell immediately shows a deterioration of
FF followed by PMAX degradation. Depending on the
operating voltage, it can be due to any sub-cell among
top, middle and bottom cells.

In GaAs, primary defects in arsenic sublattice (VAs �
Asi) and AsGa antisite related defects are mainly gener-
ated by MeV electron irradiation. However, these defects
are not only associated with one trap level, rather they
appear to be on many different levels between the con-
duction and the valence bands.7,42-44 It is also known that
the defects induced in GaAs by MeV electron irradiation
remain stable in the range 4 to 350 K.7 Thus, it seems rea-
sonable that the TAT happens via one or more trap levels
associated with described defects which are not recovered
in the range between 120 and 300 K.

In the case of radiation-induced defects in GaInP,
information in the literature is still missing. There have
been reports on the primary defects in phosphorus sub-
lattice (VP � Pi) with trap levels close to the valence band
and some complexes with impurities or secondary defects
which create trap levels close to the conduction band.45

These defects can be measured under the room tempera-
ture, and we have not observed any particular recovery
stage except for a few percent in FF (so as in PMAX) from
the annealing test of the top cell. This result implies that
there could exist still unidentified defects that are
involved in the TAT and have annealing temperatures
(Ta) below 300 K. To master the knowledge of defects in
GaInP, more quantitative analysis will be necessary.
Based on the performed studies, we can conclude that
the top and middle sub-cells do not cause critical differ-
ence even when they are irradiated at RT and measured
at LT because their radiation-induced defects are mostly
stable in the temperature range between 120 and 300 K
except some small effects on FF. In other words, the
excess current can still occur in a TJ cell by RT irradia-
tion, originated from the top or the middle cell.

Meanwhile, it is known that the kinetics of radiation-
induced defects in Ge is more dynamic. The interstitial
states are mobile above 65 K, and the vacancies become
mobile at 100 K.46 Furthermore, nearly 95% of defects
disappear at 65 K.47 Namely, the behavior of electron-
irradiated Ge cell at LILT condition is governed by less
than 5% of radiation-induced defects. The subsequent
recovery of ISC at 100 and 200 K is consistent with defect
annealing studies in n-type Ge. Recovery at 100 K seems
to stem from annealing of vacancy related defects and in
succession, at 200 K can be from annealing of A-centers
(vacancy � oxygen complex),48 germanium self-
interstitials (Gei) and vacancies.19 Furthermore, in p-type
Ge, the single vacancy and the gallium interstitial (Gai)
can be good candidates because both disappeared after
room temperature annealing.19

Apart from the recovery of ISC, we could also remark
that the excess current in dark, that is, the TAT current
was recovered. According to the extensive study by Fage-
Pedersen et al,49 most of defects induced by electron and
proton irradiations are identical except the divacancy.
Furthermore, the most remarkable difference between
the electron and proton-irradiated Ge cells is the occur-
rence of excess current which in subsequence, resulting
in a large degradation of FF and VOC. Therefore, it can be
supposed that its annealing behavior at LT and RT can
be directly related to the secondary defects like
divacancies.

5 | CONCLUSION

When irradiating TJ solar cells with 1 MeV electrons at
low temperatures, we observed a severe degradation of
FF at higher fluences which was not observed in our pro-
ton study.16 This FF degradation is due to the high excess
current which can be measured in dark and this appears
larger at low temperatures. The excess current in dark
originates from trap-assisted indirect tunneling, mainly
from the bottom cell, a little extend from the top cell and
a lesser from the middle cell. The bottom cell degraded
the most after the electron irradiation at low tempera-
ture, but also largely recovered after LT and RT
annealing due to its dynamic kinetic of radiation induced
defects under room temperature. The trap-assisted
tunneling seems to be induced by primary defects
(Frenkel pairs) and secondary defects in the top and the
middle cells and by divacancies in the bottom cell. A sig-
nificant spread in PMAX degradation of 2 cm � 2 cm
3G28 TJ cells was observed in the electron irradiation
condition. We attribute this to manufacturing-related
microscopic inhomogeneities in the TJ cell structure (not
electrically measurable), which can induce defects upon
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irradiation. It is expected that the spread (uncertainty) of
EOL PMAX performance can be diminished in full-size TJ
cells thanks to the averaging effect on a larger cell. In
order to confirm it, an extensive round robin irradiation
tests not only with 2 cm x 2 cm size cells but also with
the full-size cells would be required to evaluate several
space-qualified solar cells (eg, Spectrolab UTJ, SolAero
ZTJ and Azurspace 3G28-LILT) that have different cell
technologies at different irradiation facilities that are
capable of performing in situ LILT measurement follow-
ing LT irradiation. It is expected to be realized in the near
future.50

Suppressing the excess current of sub-cells in dark is
the way to improve TJ cell performance at LILT electron
irradiation conditions since the PMAX is directly related to
its amplitude. Further study will be required to better
understand the dependence of the excess current on the
cell structure.
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