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A B S T R A C T   

In this study a recently developed physics-based model to describe the performance degradation of GaAs solar 
cells upon electron irradiation is applied to analyze the effects of proton irradiation. For this purpose GaAs solar 
cells with significantly different architectures are subjected to a range of proton irradiation fluences up to 5×

1012 H+/cm2. The resulting J − V and EQE characteristics of the cells are measured and compared with the 
simulations from the model. The model requires individual degradation constants for the SRH lifetimes and the 
surface recombination velocities as an input. In this study these constants were obtained from the recently 
determined associated constants for electron irradiation using the particles non-ionizing energy loss (NIEL) 
values for conversion. The good fit between the simulated and experimentally obtained results demonstrate that 
this is a valid approach. Moreover, it suggests that the physics based model allows for a good prediction of GaAs 
cell performance under particle irradiation of any kind independent of the particular cell architecture as long as 
the layer thicknesses and doping levels are known. In addition the applied proton irradiation levels in this study 
were not found to induce additional Cu-related degradation in the investigated thin-film cells, indicating that the 
use of copper foil as a convenient carrier and rear contact does not require reconsideration for thin-film cells 
intended for space applications.   

1. Introduction 

The standard configuration of space solar power systems is based on 
triple junction III-V solar cells on a Ge substrate, that acts as a bottom 
sub-cell, but also provides mechanical structure and a barrier between 
the solar cell structure and the metal from the contacts. Devices with the 
thin-film architecture, on the other hand, are becoming increasingly 
relevant for space application studies, due to its reduced weight, flexi-
bility [1–4] and possibility of wafer reuse [5–7], which would result in a 
significant reduction of costs to the system. An important point of 
concern for the application of thin-film devices in space, however, is the 
application of a copper foil as a conductive carrier to the back of the 
cells. Copper is known to be a fast diffuser in many semiconductors, and 
upon the challenging conditions of space, it may be harmful to the solar 
cells’ performances [8,9]. 

Currently, most of the space solar power applications are directed 
towards communication satellites operating in Geostationary Earth 

Orbits (GEO) or in satellite constellations in Low Earth Orbits (LEO) 
[10]. However, new advances in satellite technology, such as elliptical 
orbits that partially operate in the vicinity of the Van Allen radiation 
belt, require the understanding of solar cell degradation upon higher 
levels of radiation exposure [11]. Electron irradiation is the most 
commonly studied characterization method to replicate cell perfor-
mance under irradiation damage in the space environment [12–18]. 
Using this method, a pre-defined equivalent irradiation dose of 1-MeV 
electrons is used to simulate the displacement damage from electrons, 
protons, ions and neutrons of different energies throughout the entire 
mission. The equivalent fluence usually associated to GEO missions is 
achieved with 1 × 1015 1-MeV electrons/cm2, while 5 to 10 times lower 
doses are required for the simulation of LEO missions. The solar cells 
degradation constants for performance prediction available in literature, 
however, differ significantly [11,19,20]. Commonly, degradation is 
described in terms of experimentally determined parameter remaining 
factors which are valid for one particular cell architecture rather than for 
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the applied absorber material in general [21]. 
In a recent study [22], a combined experimental and theoretical 

analysis of the performance of GaAs solar cells with multiple architec-
tures subjected to electron irradiation fluences equivalent to GEO mis-
sions is reported, and a consistent physical model for cell performance 
simulations (CPS) is proposed. An important finding from this modeling 
study is that, besides the increase in Shockley-Read-Hall (SRH) recom-
bination, which reduces the minority carriers SRH lifetimes, the electron 
irradiation strongly affects the quality of hetero-interfaces, character-
ized by a linear increase in the interface recombination velocity (Sp(n)). 
Therefore, in addition to the SRH lifetime degradation constant (Kτp(n)), 
the model considers a linear increase in Sp(n), and an interface recom-
bination velocity degradation constant (KSp(n)) is also introduced. As a 
result from the CPS model fit, a coherent set of material-dependent 
damage constants is derived. Furthermore, this study showed that 
exposure to electron irradiation does not introduce additional defects to 
devices with the thin-film architecture, which have a Cu-foil applied as a 
conductive carrier. In fact, a thin-film solar cell with a shallow junction 
geometry showed the highest end-of-life (EOL) performance, with an 
efficiency equivalent to 82% of its initial value. But even though the 
copper was shown to comply well with the incidence of electrons, it is 
not known whether the incidence of different charged particles will have 
adverse effects to the metal-semiconductor interface, applied in direct 
contact to the epi-structures in this architecture. 

In the present study, the previously developed CPS model is further 
validated for 1-MeV proton irradiation, and includes more harmful 
particle fluences than the equivalent to the standard GEO mission (up to 
5 × 1012 1-MeV H+/cm2). Proton irradiation is a less used character-
ization method, and the equivalent doses are not as well defined. It has 
been established that the degradation of the solar cells short circuit 
current density (Jsc) upon irradiation depends primarily on the fluence, 
while the impact of radiation on other cell parameters such as the non- 
radiative recombination in the space charge region and the Voc is 
dependent on the particle type. As compared to electrons, protons have 
shown to cause relatively higher damage in GaAs solar cells Voc and have 
a very irregular damage profile for lower energy particles [23,24]. 

A broad variation of cell architectures is applied in order to isolate 
the radiation damage to the hetero-interfaces from effects in the bulk of 
the absorber. These include devices with different junction depths (i.e. 
shallow and deep-junction devices) as well as cells with and without 
their native substrate included in the final device structure (i.e. 
substrate-based and thin-film cells). Moreover, the comparison between 
substrate-based and thin-film solar cells with otherwise identical struc-
tures allows the identification of any possible copper-related defects 
resultant from proton irradiation. The direct conversion of the previ-
ously reported electron irradiation degradation constants, based on the 
particle equivalent displacement damage dose (DDD), resulted in a good 
representation of the experimentally obtained dark and illuminated J −

V and external quantum efficiency (EQE) curves. Furthermore, an 
earlier reported voltage-dependency of the photocurrent [11] is seen in 
the irradiated cells. 

2. Methods 

All solar cells used in this study were grown by low-pressure MOCVD 
on 2 inch diameter GaAs wafers with (1 0 0) 2o off to (1 1 0) orientation. 
The structures consist of solar cells with either a thin n-doped emitter 
and a thick p-doped base, here called shallow junction (SJ) geometry, or 
a thick n-doped emitter and a thin p-doped base, here called deep 
junction (DJ) geometry. In order to evaluate the effect of irradiation on 
solar cells with reduced thickness, thinner DJ devices were also pro-
duced. Schematic depictions of the studied cell structures are shown in 
Fig. 1a–c, indicating the cells active layers thickness and acceptor and 
donor doping densities (NA and ND). Additionally, all structures have a 
20 nm AlInP window and 100 nm InGaP back surface field (BSF) on the 
top and bottom of the active layers. The top most layer in all cells 
consists of a 300 nm n-GaAs contact, which provides low resistance 
ohmic contact. 

The cells were processed either in the substrate-based form (SB) or 
into thin-film (TF) devices. For the thin-film solar cells, the first grown 
layer consists of an etch-stop AlGaInP layer, in order to limit the etching 
of the wafer, followed by a p-AlGaAs contact layer. The wafer was 

Fig. 1. Schematic depiction of a) the shallow junction, b) the deep junction and c) the thinner deep junction active layers thicknesses and acceptor and donor doping 
densities (NA and ND), and a representation of the solar cell structures processed into d) substrate based (SB) and e) thin-film (TF) devices. 
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removed with an aqueous citric acid and hydrogen peroxide solution 
(5:1 in volume) and the etch-stop layer was removed in HCl 37%. This 
simplified chemical etching procedure is more time-efficient and has a 
better yield than the more elaborative epitaxial lift-off (ELO) method, 
both important aspects, considering the large amount of samples 
required for the irradiation tests. The final thin-film devices resulting 
from chemically removing the substrate, however, do not differ in 
quality from cells produced by the ELO method, and therefore their 
resilience to radiation should be equivalent. 

A 200 nm thick Au rear contact/mirror was electron-beam evapo-
rated onto the rear side of the cell, and a copper foil that acts as a 
conductive foreign carrier was electroplated to the back of the cell. In 
the substrate-based devices, the back contact consists solely of 100 nm 
thick electron-beam evaporated Au. 

The cells all have 200 nm thick Au electron-beam evaporated front 
contacts. This front grid includes a large contact pad to facilitate easy 
placement of electrical probes for cell measurements, resulting in a 
surface coverage of 16.6%. The 5 × 5 mm2 individual cells were defined 
by a MESA etch using an ammonia:hydrogen peroxide solution for the 
GaAs layers and either an HBr:Br2:H2O solution (for the thin-film cells) 
or HCl 37% (for the substrate based cells) for the phosphide layers. The 
n-GaAs contact layer between the grid fingers was removed also using an 
ammonia:hydrogen peroxide solution. Finally, an anti-reflection coating 
(ARC) consisting of 44 nm ZnS and 94 nm MgF2 was thermally evapo-
rated on the top surface of all cells. A schematic depiction of the pro-
cessed substrate based and thin-film devices is shown in Fig. 1d and e. 

From each 2 inch wafer, 38 regular solar cells and 6 cells with an 
open grid dedicated for optical characterization were fabricated. The 
latter cells, instead of a grid, only have a square shaped contact frame at 
the outer edge of the front surface. The wafers were cleaved in quarters 
consisting of 11 solar cells and mounted to copper plates to be subjected 
to a specific radiation dose. The substrate-based cells were fixed to the 
plates using Kapton tape at the corners of the wafer. In this way an 
electrical contact between the rear contact of the cell and the copper 
plate is induced that allows convenient electrical probing of the cell with 
both probes at the front side. The thin-film devices were mounted to the 
copper plate using double sided tape, as their rear contact can be easily 
be reached from the front side at any location between the individual 
cells (see Fig. 2). 

The samples were exposed to proton fluences of 5 × 1010, 2 × 1011, 5 
× 1011, 2 × 1012 and 5 × 1012 H+/cm2 of 1-MeV radiation, performed at 
the Center of Nuclear Science and Materials Science (CSNSM) of Paris- 

Sud University with a Van der Graaf accelerator. The used proton flux 
is equal to 1 × 109 H+/cm2s for the lower two doses and 1 × 1010 H+/ 
cm2s for the higher three doses. 

Illuminated J − V, dark J − V and External Quantum Efficiency 
(EQE) characteristics were measured before and after exposure to ra-
diation. Illuminated and dark J − V characterization of the solar cells 
were performed using an ABET Technologies Sun 2000 Class AAA solar 
simulator set-up, equipped with a Keithley 2601B source meter, and 
ReRa Tracer3 software for data acquisition. The solar cells were kept at 
25∘C during measurement using a heating/cooling water thermostat and 
a Pt100 temperature sensor. The light intensity was set and corrected 
using an NREL calibrated reference cell before each measurement series. 
Because at higher voltages the series resistances cause the dark curve to 
bend downwards, a set of Jsc − Voc data points measured under different 
light intensities was used in the dark characteristics analysis, as the se-
ries resistance is excluded under these conditions [25]. EQE measure-
ments were performed with a ReRa SpeQuest Quantum Effciency 
system. The system uses both a Xenon and Halogen light source to 
address all wavelengths present in the solar spectrum, a monochromator 
to generate quasi-monochromatic light and a chopper for intensity 
modulation. Due to shadow losses in the front grid, the EQE curves were 
corrected based on their Jsc values obtained by the analysis of the illu-
minated J − V. 

The cells illuminated performances are modeled based on the 1D 
analytical Hovel model, including light reflection and photon recycling 
[26–29], as described in a previous publication [22]. The reflectance of 
the cells’ front surface was calculated from the intended thickness of the 
ARC layers. Because there may be some difference between the intended 
and the actually deposited thickness, there is a level of uncertainty in the 
EQE fitting process, resulting in some deviations between the modeled 
and measured values. The main trends and shape of the curves are, 
however, modeled correctly. 

The dark currents are in the first place analyzed as two diodes in 
parallel, which after de-embedding the possible influence of the para-
sitic series and shunt resistances, can be expressed as: 

Jdark = J01

(

e
qV
kT − 1

)

+ J02

(

e
qV
2kT − 1

)

, (1)  

where q is the electron charge, k is the Boltzmann constant, T is the 
temperature and J01 and J02 are the saturation current densities at the 
1kT and 2kT components of the curve, respectively. At higher voltages, 
the dark curve is dominated by J01, which is composed by the diffusion 

Fig. 2. Example of one quadrant of a 2-inch wafer containing multiple 5 × 5 mm2 cells with the a) substrate based and b) thin-film architectures, to be subjected to a 
specific radiation dose. Note the large front contact pads to facilitate easy probing of the individual cells and the difference between the cells with regular grid and 
frame contacts for J − V and EQE analysis, respectively. 
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and radiative recombination current densities at the quasi-neutral re-
gions (QNR). 

The J02 component, on the other hand, involves the non-radiative 
recombination that takes place predominantely in the space charge re-
gion (SCR) and the perimeter of the cell, dominating the dark current at 
lower voltages. The contribution from the SCR can usually be modeled 
according to the Shockley-Read-Hall theory [26,30], with analytical or 
semi-analytical formulations available under the assumption of a single 
mid-gap defect level [30] and for the more realistic case of multiple trap 
levels [21]. In the case of the solar cells in this study, however, their 
relatively small size results in a large contribution from perimeter 
recombination to the dark curves [31,32], which cannot be theoretically 
determined with sufficient accuracy. Therefore, while J01 was also 
calculated as reported in a previous publication [22], the J02 values used 
for simulating the cells dark and illuminated J − V curves, both at BOL 
and upon irradiation, were experimentally obtained. 

The BOL interface recombination velocities in the hetero-interfaces 
emitter-window (Sp) and base-BSF (Sn) were estimated by the compar-
ison of the theoretically calculated J01 to the extracted values from the 
experimental dark curves, using equation (1). These values were then 
more finely adjusted by the fitting of the EQE curves. 

3. Results and discussion 

3.1. Solar cell performance at the beginning of life 

The solar cells average illuminated J − V parameters at BOL are 
displayed in Fig. 3, as well as the maximum and minimum obtained 
values. The cells produced from a single epi-structure presented a high 
reproducibility in performance, with the thin-film devices showing a 
slightly larger spread of the parameters due to the increased number and 
less routinely applied processing steps. Overall, the short-circuit current 
of the thin-film solar cells is higher than the equivalent substrate-based 
devices due to the reflectance at the rear mirror of the long wavelength 
portion of the incident light that is not absorbed in the first pass through 
the active layers. Furthermore, the relatively large front grid coverage 
(16.6%) causes the solar cells Jsc, and efficiency (η), to be proportionally 
reduced, as compared to previously reported cells [25,33]. If the Jsc is 
corrected for the active area, the devices’ approximated average effi-
ciencies range from 24.6% (thin SB-DJ) to 27% (TF-DJ). These effi-
ciencies indicate high material quality, for which the BOL collection and 
mobility parameters are well approximated by the theoretical models 
[28,34]. 

The BOL dark saturation current densities J01 and J02 are deduced 
from the best fit of equation (1) to the cells dark characteristics and Jsc−

Voc data under different light intensities. The extracted values are dis-
played in Table 1, together with all the relevant calculated BOL pa-
rameters for the five solar cell structures. The reason for the differences 
in minority carrier mobility values between the shallow and deep 
junction cells is due to the doping dependence of the diffusion coeffi-
cient [34] and the fact that the two geometries have different doping 
concentration of the emitter and base layers. 

If Sp and Sn are assumed to be negligible, the calculated J01 values 
show a considerable discrepancy to the experimentally deduced values. 
From this, it could be deduced that, for all cells the interface recombi-
nation is limiting the dark curves at the 1kT region, with values ranging 
between 1 × 103 and 5 × 103 cm/s. With the analysis of the cells’ EQE 
curves, Sp and Sn can be more precisely determined, and the resulting 
recombination velocities are depicted in Table 1. 

3.2. Solar cell performance degradation upon proton irradiation 

The averaged remaining factors of the illuminated J− V parameters 
of the cells upon proton irradiation, normalized to the BOL values, are 
shown in Fig. 4, together with the modeled curves. It is clear that both 
thin-film and substrate based devices with a SJ geometry are less 

sensitive to irradiation damage than the cells with the DJ geometry, and 
the thinner DJ cells present a much lower degradation than their thicker 
counterparts, in particular for lower fluences. 

The Jsc and Voc remaining factors overlap for both thin-film and 
substrate-based devices with similar junction depth, even though the 
absolute values are different due to the higher BOL performance of the 
TF cells, indicating that there is no additional Cu-related defects caused 
by the incidence of protons. This indicates that the use of copper foil as a 
convenient low-cost carrier and rear contact for thin-film solar cells does 

Fig. 3. Average, maximum and minimum experimentally determined values of 
the a) Jsc, b) Voc, c) FF and d) η of the five studied architectures at the beginning 
of life. 

N. Gruginskie et al.                                                                                                                                                                                                                             



Solar Energy Materials and Solar Cells 223 (2021) 110971

5

not require reconsideration because of the encountered proton irradia-
tion in space applications. 

Because proton irradiation exposure is expected to create uniform 
damage throughout the GaAs active layers, the radiation-related 
degradation is expected to be material dependent, creating displace-

ment defects and reducing the average minority carriers lifetime. All 
changes in performance should, therefore, be caused primarily by 
reduction of the minority carriers lifetime and degradation of hetero- 
interfaces [22], being independent of solar cell geometry and process-
ing steps. Because of this, the changes in dark J − V and EQE charac-
teristics of the thin-film cells upon irradiation are highly similar to those 
of the substrate-based cells, and therefore only the latter are shown in 
Figs. 5 and 6. 

The performance degradation mechanism is well illustrated by the 
EQE curves, shown in Fig. 5. The differences between the SJ and DJ 
geometries are related to the fact that the absorption of light into the cell 
decreases exponentially, so the largest fraction of light is absorbed in the 
upper part of the cell. In the SJ cells (Fig. 5a), most of the photo- 
generated free carriers, therefore, only have to diffuse over a short dis-
tance to the p − n junction to be drifted towards the right electrode and 
be collected. For longer wavelengths a smaller fraction of the light is 
able to penetrate deeper into the cell and consequently generate some 
minority carriers deeper in the base, which have to travel further before 
reaching the p − n junction. Upon irradiation, these carriers face an 
increased SRH recombination probability, decreasing the EQE at longer 
wavelengths. In DJ cells (Fig. 5b), on the other hand, most of the mi-
nority carriers generated in the thick emitter have to diffuse over a long 
distance before reaching the p − n junction, with the exception of the 
small fraction generated deeper in the cell. Therefore, the collection 
efficiency in these cells is basically reduced over the entire wavelength, 
being only slightly higher for the longer wavelength portion of the light. 

Table 1 
Fitted and calculated parameters from each solar cell structure at BOL.  

Parameter SB-DJ SB-SJ TF-DJ TF-SJ thin SB-DJ 

J01 [A/ 
cm2]  

6.0 ×
10− 20 

7.0 ×
10− 20 

1.5 ×
10− 20 

5.0 ×
10− 20 

6.0 ×
10− 20 

J02 [A/ 
cm2]  

6.0 ×
10− 12 

5.0 ×
10− 12 

1.0 ×
10− 11 

1.2 ×
10− 11 

6.0 ×
10− 12 

fPR  0.78 0.78 0.95 0.95 0.67 
μp [cm2/ 

Vs]  
304 134 304 134 273 

τp,SRH [ns]  1703 8.0 1703 8.0 1361 
τp [ns]  133 1.8 492 4.7 46.0 
Lp [μm]  10.2 0.8 19.6 1.3 5.7 
μn [cm2/ 

Vs]  
2709 5554 2709 5554 2709 

τn,SRH [ns]  9.9 283 9.9 283 9.9 
τn [ns]  4.2 130 7.7 227 3.2 
Ln [μm]  5.4 43.2 7.4 57.1 4.7 
Sp [cm/s]  2.0 × 103 1.0 × 103 1.0 × 103 1.0 × 103 4.0 × 103 

Sn [cm/s]  5.0 × 103 1.0 × 103 2.0 × 103 1.0 × 103 2.0 × 103  

Fig. 4. Average remaining factors of a) Jsc, b) Voc, c) FF and d) η of the four different structures subjected to different radiation doses. The markers in these figures 
represent the experimental results and the lines are the modeled curves. 
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The degradation of the thinner SB-DJ cells (Fig. 5c) has a similar profile, 
but the reduced emitter thickness results in a smaller average distance 
between the location where light is absorbed and the SCR, and therefore 
the reduction of the EQE is less extreme than for the thicker devices. 

In Fig. 6 the measured dark curves (dark blue lines of connected 
markers) and the Jsc − Voc values under different illumination intensities 
(red markers) are shown, as well as the best 2-diode model fits (equation 
(1)) to these measured quantities. The extracted parameters J01 and J02 
of the irradiated cells are displayed in Fig. 7. It is important to note that, 
in particular for the DJ solar cells, there may be some uncertainty with 
regards to the J01 values of the irradiated cells, since the dark curves are 
dominated by the 2kT component. The J01 increase for the different cell 
geometries is consistent with the degradation in EQE as described above, 
with a large difference between the saturation currents of the SJ and the 
DJ cells. The increase of J02, on the other hand, is much more uniform 
between the solar cell architectures. This illustrates that, while the 
radiation-induced degradation of the perimeter and SCR affects the 
different cell geometries in a similar way, the junction depth determines 

how strongly the QNR and hetero-interfaces degradation will reduce the 
performance. 

The total damage that the incidence of charged particles will 
generate in the semiconductor material is proportional to the incident 
particle non-ionizing energy loss (NIEL) [35,36], or the amount of en-
ergy deposited by the particle passing through the material and resulting 
in displacement processes. It is possible to calculate the absorbed NIEL 
dose (or the displacement damage dose, DDD) of different types of 
irradiation by: 

DDD=φ × NIEL, (2)  

where φ is the charged particle fluence. The NIEL values calculated by 
Baur et al. [36] for a displacement threshold energy of 21 eV, are NIELe 
= 1.125 × 10− 5 MeVcm2/g for 1-MeV electrons and NIELp = 4.967 ×
10− 2 MeVcm2/g for 1-MeV protons. Using equation (2), the Jsc of the 
studied solar cells is presented as a function of DDD in Fig. 8. For 
comparison, the data from previously reported GaAs solar cells sub-
jected to electron irradiation [22] is also presented in this figure. 

Fig. 5. External quantum efficiency curves of a) the shallow junction, b) the deep junction and c) the thinner deep junction solar cells in the substrate-based ar-
chitecture after exposure to different doses of proton radiation. The markers represent the experimental results and the lines are the modeled curves. 
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Furthermore, the DDD value equivalent to the electron radiation dose of 
1 × 1015 e− /cm2, usually associated to GEO missions, is highlighted by 
the dotted line in the figure as a reference. 

Although the active layer thickness of the various cell configurations 
evaluated in the previous study were slightly different, overall the Jsc 
remaining factors from the proton and electron irradiated cells as a 
function of DDD show a good correlation. For the SJ cells, the small 

variations in thickness between the different studied cell structures do 
not impact the degradation, resulting in a near perfect overlap of results 
in the DDD range that is covered by each of the two irradiation studies. 
For the DJ cells, on the other hand, the degradation is very sensitive to 
the small changes in active layer thickness, resulting in small disconti-
nuities between the curves following from e− and H+ irradiation. For the 
thinner DJ cells, the reason for the increased resilience to irradiation of 

Fig. 6. Dark J − V characteristics of a) shallow junction and b) deep junction solar cells in the substrate-based architecture after exposure to different levels of proton 
radiation. The isolated red circular markers represent the measured Jsc − Voc values under different light intensities, the square blue markers that appear as 
continuous lines are the measured dark curves and the dashed lines show the curves deduced from the 2-diode model (equation (1)). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Dark curve parameters a) J01 and b) J02 extracted from the dark curves of the solar cells subjected to different doses of proton irradiation, using the two-diode 
model (equation (1)). The lines in these figures are merely a guide to the eye. 
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the H+ irradiated thin SB-DJ cells as compared to the e− irradiated thin 
TF-DJ cells is due to the 300 nm difference in active layer thickness. 

In order to simulate the cell performance upon proton irradiation, 
the decrease of the SRH lifetime τp(n)SRH 

with proton fluence is modeled 
as: 

1
τp(n)SRH

=
1

τp(n)SRH,0

+ Kp
τp(n)

φp, (3)  

where τp(n)SRH,0 
is the SRH lifetime at BOL and Kp

τp(n)
is the minority carrier 

lifetime damage constant for proton irradiation. Based on the results 
from a previous study [22], an increase of the surface recombination 
velocity at the window and BSF hetero-interfaces is also considered. For 
this purpose, Sp(n) is expressed as: 

Sp(n) = Sp(n)0
+ Kp

Sp(n)
φp, (4)  

where Sp(n)0 
is the value of Sp(n) at BOL and KSp(n) is the interface damage 

rate for proton irradiation. The lifetime degradation constants encoun-
tered in the previous study for electron irradiated GaAs cells are Ke

τp 
=

8.75 × 10− 7 cm2/s and Ke
τn 

= 5.25 × 10− 6 cm2/s. Because both 1/τp(n)

and Sp(n) scale linearly with φ, which is also directly proportional to the 
DDD, it can be assumed that, for a certain DDD, electrons and protons 
cause similar degradation to the minority carrier lifetimes. Therefore, an 
approach was taken in which: 

Kp
τp(n)

=Ke
τp(n)

NIELp

NIELe
. (5) 

The Kp
τp(n)

values used for fitting the experimentally obtained EQE and 
dark J − V characteristics upon proton irradiation are the direct results 
from the equivalence proposed in equation (5). As a starting point, a 
similar conversion was made to Kp

Sp(n)
, but since this latter value was 

found to vary between the different geometries of the electron irradiated 
cells [22], it was adjusted to improve the fitting of the curves. The 
resulting lifetime and interface recombination degradation constants 
used in the model are stated in Table 2. 

Fig. 9 depicts the reciprocal lifetime values of the SB-DJ and SB-SJ 
cell geometries simulated using these constants, for a large range of 
DDD, equivalent to proton fluences from approximately 2 × 108 to 2 ×
1013 H+/cm2. The equivalent DDD of the studied proton and electron 
[22] irradiation doses are marked. For high irradiation doses, the cells’ 
minority carrier lifetime are limited by the Kτφ component from equa-
tion (3), which is also highlighted in the figures, independent of their 
BOL values. 

Aside from Jsc and Voc degradation, the fill factor (FF) of the solar 
cells also decreases upon irradiation (see Fig. 4c). The shape of the 
illuminated J − V curves of the irradiated cells presents an effect 
resembling that of a reduced shunt resistance (see example in Fig. 10b), 
yet the dark characteristics of the cells, shown in Fig. 6, do not indicate 
the same effect. This difference between the illuminated and dark 
characteristics was also observed in a study by Salzberger et al. [11], 
where the voltage dependency of the space charge region width is 
suggested to explain the voltage-dependent photo-current. We can 
model the width of the emitter (wE) and base (wB) fractions of the space 
charge region by Ref. [37]: 

wE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2εrε0

q
NA

ND(NA + ND)
(Vbi − V)

√

(6)  

and 

wB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2εrε0

q
ND

NA(NA + ND)
(Vbi − V)

√

where ε0 is the vacuum permittivity, εr is the relative permittivity of 
GaAs and Vbi is the built in potential of the junction. The proportions to 
which wE and wB are reduced upon the application of a voltage larger 
than zero, for the DJ and SJ geometries, are visualized in Fig. 10a. The 
effect of this reduction on the shape of the curve is illustrated in Fig. 10b, 
where the illuminated J − V curve of an irradiated SB-DJ cell is simu-
lated considering either a constant SCR width, equal to the width at V =

0 (dashed black line), or a V-dependent SCR width, calculated according 
to equations (6a) and (6b) (solid red line). 

Because Lp(n)≫dE(B) at BOL, the voltage-dependency of the SCR width 
does not affect the illuminated curves. After irradiation, however, the 
diffusion length is reduced so that Lp(n) + wE(B) is much smaller than the 
total layer thickness, and the collection of photo-generated carriers is 
directly affected by the reduction of SCR. This results in a decrease in the 
slope of the illuminated J − V curve, similar to the effect of a reduced 
shunt resistance, and consequently, in a reduction of the FF. As in SJ 

Fig. 8. Jsc remaining factor of the proton irradiated solar cells in this study as 
well as previously reported electron irradiated cells [22] related to the total 
displacement damage dose (DDD). The markers represent the experimental 
results and the lines are the modeled curves. The red vertical line indicates the 
equivalent DDD associated to GEO missions. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 2 
Proton radiation induced damage constants, as deduced from the analysis of the 
J − V and EQE measurements.  

Solar cell geometry Damage rates 

Kτp  Kτn  KSp  KSn  

[cm2/s] [cm2/s] [cm3/s] [cm3/s] 

SB-DJ 3.9 × 10− 3 2.3 × 10− 2 5 × 10− 7 4 × 10− 7 

SB-SJ 3.9 × 10− 3 2.3 × 10− 2 5 × 10− 9 4 × 10− 7 

TF-DJ 3.9 × 10− 3 2.3 × 10− 2 5 × 10− 7 4 × 10− 7 

TF-SJ 3.9 × 10− 3 2.3 × 10− 2 5 × 10− 9 4 × 10− 7 

thin SB-DJ 3.9 × 10− 3 2.3 × 10− 2 5 × 10− 8 4 × 10− 7  
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devices the reduced SCR width affects more strongly the bottom portion 
of the cells, which has a lower carrier generation rate, the effect of 
proton irradiation on the FF of cells with this geometry is smaller. 

The good agreement between the model simulations and the exper-
imental curves, shown in Figs. 4, 5 and 8, further validates the previ-
ously developed CPS model to proton irradiation. The damage constants 
to the SRH lifetimes used in this study were directly converted from the 
previously extracted to electron irradiation, and minor adjustments 
were made to the interface recombination velocity damage constants. 
The present study clearly demonstrates that these constants can be 
converted and applied to predict cell performance degradation under 
proton irradiation, which suggests that the approach can probably be 
used to any particle type and energy with a known NIEL value. The 
performance degradation of a multitude of solar cell structures can 
therefore be simulated to the specific application conditions, providing a 
good quality of the epilayers at BOL. 

4. Conclusions 

In this study, a recently developed method to simulate the perfor-
mance degradation of GaAs solar cells upon electron irradiation is 
applied to analyze the effects of proton irradiation exposure to the de-
vices. In order to isolate the radiation damage to the bulk of the absorber 
from effects in the hetero-interfaces, solar cells with a broad range of 
architectures were subjected to proton irradiation fluences up to 5 ×
1012 H+/cm2. 

The reported degradation of the quality of the hetero-interfaces, 
characterized by an increase in interface recombination velocities, is 
also observed in this study. Furthermore, a NIEL-based conversion of the 
minority carrier lifetime as well as the interface recombination velocity 
degradation constants derived from the electron irradiation studies is 
sufficient to obtain a good correlation between experimental and theo-
retical results, further confirming the validity of the model. These 
degradation constants are material dependent, being quite insensitive to 
the cell’s geometry and processing steps, allowing performance 

Fig. 9. Modeled a) emitter and b) base reciprocal minority carrier lifetimes of the SB-SJ and SB-DJ solar cells as a function of the displacement damage dose (DDD). 
The markers represent the equivalent DDD to the studied proton and electron irradiation doses of the present work and a previous study [22], respectively. 

Fig. 10. a)Modeled emitter and base space charge region width as a function of the voltage for the SJ and DJ cell geometries. b) Example of two model simulations of 
J − V curves, considering either a constant SCR width equal to the width for V = 0 (dashed black line) or a voltage-dependent SCR width (solid red line). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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prediction of GaAs solar cells of different architectures, not limited to 
the structures used in this study. 

Because the utilized fluences are representative of more extreme 
radiation doses than the equivalent for GEO missions, a strong degra-
dation in performance of all solar cell geometries is observed. It is shown 
that, similarly to electron irradiation, the incidence of protons affects the 
performance of the solar cells mainly by reducing the minority carrier 
lifetimes. Therefore, the distance from the space charge region to the 
location where carriers are generated is the determining aspect with 
regard to the cell’s resilience to radiation. Since for the DJ cells upon 
irradiation the hole diffusion length is much smaller than the emitter 
thickness, the collection of generated carriers is strongly reduced, and 
this geometry presents a much larger decrease of Jsc as compared to SJ 
devices. Furthermore, a pronounced voltage dependency of the photo- 
current is introduced in all cell structures, reducing the cells fill factor 
by up to 20%. 

The main advantage of the thin-film geometry, as compared to 
substrate-based devices, is that the presence of a rear reflector allows the 
production of thinner cells with comparable efficiency. Thinner devices 
are less sensitive to reduced diffusion length, resulting in higher resil-
ience to radiation damage. High quality thin-film solar cells also have 
the potential to achieve higher performances at beginning-of-life due to 
increased photon recycling, representing an interesting geometry for 
space applications. Copper foil represents a convenient low-cost carrier 
and rear contact for the such thin-film cells. Whereas copper diffusion 
can be a potential problem in semiconductor devices, the present study 
demonstrates that proton irradiation levels up to 5 × 1012 H+/cm2 do 
not induce such problems. 
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