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1 | INTRODUCTION

Abstract

The effects of electron irradiation on the performance of GaAs solar cells with
a range of architectures is studied. Solar cells with shallow and deep junction
designs processed on the native wafer as well as into a thin-film were irradiated by
1-MeV electrons with fluence up to 1 x 10*> e~/cm?. The degradation of the cell
performance due to irradiation was studied experimentally and theoretically using
model simulations, and a coherent set of minority carriers' lifetime damage constants
was derived. The solar cell performance degradation primarily depends on the junction
depth and the thickness of the active layers, whereas the material damage shows to
be insensitive to the cell architecture and fabrication steps. The modeling study has
pointed out that besides the reduction of carriers lifetime, the electron irradiation
strongly affects the quality of hetero-interfaces, an effect scarcely addressed in the
literature. It is demonstrated that linear increase with the electron fluence of the
surface recombination velocity at the front and rear hetero-interfaces of the solar cell
accurately describes the degradation of the spectral response and of the dark current
characteristic upon irradiation. A shallow junction solar cell processed into a thin-film
device has the lowest sensitivity to electron radiation, showing an efficiency at the

end of life equivalent to 82% of the beginning-of-life efficiency.
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By removing the growth substrate completely, the resultant solar cells
consist of lightweight and flexible thin-film devices. These cells no

A standard space solar cell array consists of triple junction 1lI-V cells
on Ge wafer. These devices provide efficiencies well above 30%,!
but they are rigid devices with relatively large weight. These cells are
generally mounted on stabilizing panels consisting of an aluminum
honeycomb structure sandwiched by carbon fiber reinforced poly-
mer (CFRP) sheets, and a Ce-doped protective cover glass is applied
on top of the system. The resulting array in these configurations
can present specific mass around 2.6 kg/m2.2 In order to reduce the
power-to-weight ratio of these systems, and therefore considerably
reducing launching costs, the thickness of the Ge wafer used for epitax-

ial growth can be reduced,®* which results in lighter yet rigid devices.

longer require to be mounted on rigid panels for application, and when
combined with new technologies for flexible front cover-glasses and
mounting and deployment systems have the potential to reach specific
mass of 0.6 kg/m?2.2>¢

With some substrate removal techniques such as the epitaxial
lift-off (ELO) process,’””? the expensive wafer can be applied to produce
multiple cell structures, %12 further reducing the price of the solar cells.

By removing the Ge wafer, structures such as the tandem thin-film
InGaP/GaAs solar cells appear to be promising for space solar arrays.
The removal of the substrate also allows access to the rear contact,

resulting in the development of new architectures.’3-15> Owing to the
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possibility of applying a back reflector, thin-film devices require smaller
active layer thicknesses, further reducing costs related to both the
weight and the growth of the epitaxial layers. The reflectivity of the
rear mirror in high-quality materials has also been proven important
to maximize photon recycling, which in turn increases the open circuit
voltage and therefore the efficiency of the devices.1¢2

In these structures, the bottom subcell consists of thin-film GaAs,
which has demonstrated the highest conversion efficiency among all
types of single junction solar cells.! Additionally to back contact design
strategies,?22* the position of the junction in GaAs cells has been
identified as an important parameter, showing that a device with the
junction closer to the bottom of n-on-p cells allows for operation in the
radiative recombination regime.2%2>26 This type of cell, therefore, has a
higher open circuit voltage and is preferred over the standard structure
with a junction located closer to the front. But even though the deep
junction design allows for better performance at the beginning-of-life,
its resilience in the space environment is expected to be lower than
that of the conventional shallow junction design.27-28

The most challenging aspects for solar cells in space are the exposure
to particle irradiation and the temperature cycling. Because of the
copper commonly applied as the flexible carrier for thin-film GaAs
cells, degradation related to copper diffusion is a potential problem
for devices with this architecture. It has been shown that the effects
of copper-diffusion are temperature dependent, and for temperatures
below 200°C, it does not reduce the cell performance in drastic
degrees, provided the absence of damages induced by thermal stress,
such as cracks or bends.??

The level of irradiation that cells would face throughout their entire
lifetime in space depends on the type of mission. Based on the
hypothesis that the permanent displacement damage produced by
the incidence of charged particles is the main aspect that degrades
the device performance in space, the mission equivalent damage
from electrons, protons, ions, and neutrons of different energies can
be averaged by a certain electron fluence.’%-3% Geostationary orbit
missions (GEO) usually last for 15 years, and the damage created by
the irradiation environment is equivalent to that obtained by a fluence
of 1 x 1015 1-MeV electrons/cm?. For low earth orbit (LEO) missions,
which last for approximate 10 years at a lower altitude, the equivalent
fluences are five to 10 times lower.

The recombination centers formed in GaAs solar cells under irradi-
ation have been studied in depth30:31:33-3¢ and the implications of the
junction position with lifetime degradation have been discussed.?”:28 |t
is generally understood that irradiation reduces the minority carriers'
diffusion length, and therefore the average distance that these carriers
have to travel before reaching the p—n junction directly affect the cells
resilience to the space environment. A systematic study of different
architectures, however, has not yet been reported, and there is a lack
of consistency between the previously reported minority carriers' life-
time degradation constants. Furthermore, in view of the current trend
of developing thin and ultra-thin radiation-hard solar cells,’* knowl-
edge of the possible impact of irradiation on emitter-window and
base-BSF hetero-interfaces surface recombination velocities is becom-
ing increasingly important. For silicon cells, Imaizumi et al already
suggested, based on EQE analysis, that irradiation has increased the

surface recombination velocity.%”

In the current study, the possible influence of electron irradiation on
hetero-interfaces of GaAs solar cells is systematically investigated. For
this purpose, GaAs cells with different junction depths with respect
to the hetero-interfaces, both on their native substrates and pro-
cessed into genuine thin-film devices, are subjected to 1-MeV electron
radiation. A consistent model is applied in order to simulate the exper-
imental results from all the different cell geometries simultaneously,
and a coherent set of minority carriers' lifetime damage constants is
derived. At the same time, the actual relations between the electron
fluence and resulting surface recombination velocities of the front and

rear hetero-interfaces of the cells are determined.

2 | METHODS

2.1 | Experimental details

Solar cells with different structures were subjected to a total electron
fluence of 1x 10%% e~/cm? of 1-MeV radiation, which corresponds to a
15-year GEO mission.32 The irradiation was performed at the Reactor
Institute Delft (RID) of the Delft University of Technology, using a van
der Graaf accelerator with an electron flux of 5 x 10! e~/cm?s. The
available structures for this study consisted of two substrate-based
(SB) and three thin-film (TF) GaAs solar cells, with either a thin n-doped
emitter and a thick p-doped base, here called a shallow junction (SJ)
geometry, or a thick n-doped emitter and a thin p-doped base, here
called a deep junction (DJ) geometry, as depicted in Figure 1.

The thickness and doping levels of the layers, as obtained by
MOCVD growth on 2-inch (100) GaAs wafers 2° off to (110) orien-
tation, are summarized in Table 1. It is important to notice that the
SB-DJ solar cells have a heterojunction, meaning that an InGaP layer
functions both as base and as back surface field (BSF). Because we
expect the thickness to have an impact on the degradation,®* most
of the structures have comparable GaAs thickness, and one of the
thin-film cell structures has a significantly thinner (1400 nm) active
layer, which will be referenced as TF-DJ1400nm-

The cells all have e-beam evaporated metal contacts and thermally
evaporated MgF,/ZnS ARC coatings. Their cell areas were defined by a
MESA etch using an ammonia:hydrogen peroxide solution for the GaAs
layers and either HCI 37% or a HBr:Br,:H, O solution for the phosphide
layers. The top n-GaAs contact layer between the grid fingers was
removed also using an ammonia:hydrogen peroxide solution. The
substrate-based solar cells measure 1 x 1 cm? and have a frontal metal
grid consisting of 100-nm-thick Au and 6000-nm Cu, covering 1.2%
of the total area. After processing, the substrate-based cells were
diced and individually mounted on a chip carrier (see Figure 2A). The
thin-film cells measure 0.5 x 0.5 cm? and have 200-nm-thick Au front
contact that covers 16.6% of the cell area. The substrates were simply
removed by etching with an aqueous citric acid and hydrogen peroxide
solution. Subsequently, a 200-nm-thick full Au contact/mirror was
evaporated onto the rear side of the cell and the structures were
mounted on a copper foil that acts as a conductive foreign carrier.
The foils consisting of multiple cells and several dedicated structures
without grid for EQE analysis were glued as a whole on a glass handling

carrier (see Figure 2B).
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FIGURE 1 Device schematic of the five different GaAs cell geometries under study: A, substrate based shallow junction, B, substrate based
deep junction, C, thin-film shallow junction, D, thin-film deep junction, and E, thinner thin-film deep junction [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE1 Summary of solar cell

Solar Cell Solar Cell Emitter Base Emitter Base

Reference Architecture  Thickness,nm  Thickness,nm n-doping, cm=3 p-doping [cm~3] structures used in this study
SB-SJ Subst. based 100 2100 3x 1018 3x 10t

SB-DJ Subst. based 2200 100 5x 1016 5x 107

TF-SJ Thin-film 75 2000 3x 1018 3x 10

TF-DJ Thin-film 2000 75 5x 1016 1x 1018

TF-DJisoonm  Thin-film 1320 80 5x 10%6 1x 1018

For each configuration, three to nine individual solar cells were irra-
diated and characterized. The irradiation was interrupted five times in
the interval between 1 x 10%° and 1 x 10% e~/cm? to allow for inter-
mediate on-site J— V measurements under AM1.5G conditions, with a
constant intensity in the range of 990 to 1010 W/m? and at a temper-
ature of 25°C +2.5°C. For this purpose, a mobile set-up consisting of
a Keithley 2401 multimeter with a portable solar simulator was used
while ReRa Tracer3 was applied for data acquisition. By measuring
the short current density of an NREL calibrated reference cell before
each measurement series, the measured currents of the cells could be
scaled to the corresponding values under exactly 1000 W/m?. With
this approach, mutual comparison between different cell geometries
can be identified with an accuracy of +2 mV in V,,, +0.06 mA/cm?
in J,, and +£0.003 in FF. The on-site characterization allowed for a
minimal interval in between measurements, which dependent on the
irradiation time ranged from 10 to 60 minutes.

The external quantum efficiency (EQE) and dark J—V characteristics
were measured at the Radboud University before and after all irradia-
tion experiments performed at the RID. The EQE measurements were
obtained with a ReRa SpeQuest Quantum Efficiency system, and dark
J — V characteristics were obtained using a Keithley 2601B source

meter and a heating/cooling water thermostat with a Pt100 tempera-

ture sensor to keep the solar cells at a temperature of 25°C. Because
the series resistance bends the dark curve downwards at higher volt-
ages, a curve composed of short-circuit current (J,.) and open circuit
voltage (V,.) values measured under different light intensities repre-
sents the ideal diode dark characteristics, as the series resistance is
excluded under these conditions.® From each configuration, one cell
was removed before subjecting the cells to the last irradiation dose
in order to obtain EQE and dark J — V curves of cells subjected to
intermediate irradiation levels, with the exception of the TF-SJ and
TF-DJ1400-

2.2 | Device model

The solar cells subjected to 1-MeV irradiation have been analyzed
based on the 1D analytical Hovel model®® and its extended version
for thin-film solar cells with back-side reflector.*® The model formu-
lation is rather general and well suited to describe different solar cell
designs provided that material and geometry parameters are changed
accordingly. A schematic depiction of the modeled structure and cor-
responding variables used in this study are shown in Figure 3, where
X and X denote the thickness of the emitter and base layers, respec-
tively, and W denotes the width of the depleted region across the

junction.
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FIGURE2 Photograph of A, an
individual 1 x 1 cm? substrate-based solar
cell mounted on a PCB board and B, a set
of multiple 0.5 x 0.5 cm? thin-film solar
cells on a copper foil, mounted on a glass
plate for safe handling. The latter also
shows a darkening of the glass plate after
irradiation [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 3 Schematic representation of
the modeled solar cell structure with the
1D cut-line and parameters definition
used in the analytical model (adapted
from Lumb et al*) [Colour figure can be
viewed at wileyonlinelibrary.com]
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Under monochromatic illumination, and assuming negligible elec-
trical field and constant material parameters, carrier transport in the
quasi neutral regions is modeled by the diffusion equation of minor-
ity carriers, including the distributed optical generation term. The
effect of window and back surface field layers is phenomenologically
described by the interface recombination velocity of p-type minority
carriers at the emitter-window interface (S,) and of n-type minority
carriers at the base-BSF interface (S,), which set the boundary con-
ditions for the diffusion equations in the emitter and base QNRs. At
the edge of the depletion-QNR regions, the voltage-dependent excess
minority carrier density is calculated through the exponential junction
law. Such formulation yields a closed form analytical expression for
the optical- and voltage-dependent current contributions associated
to the two QNRs. The total spectral photocurrent and the associated
EQE results as the sum of the emitter and base QNR contributions and
the contribution from the depletion region (where collection efficiency
is assumed to be unitary) computed under monochromatic excitation
and short-circuit condition. The short circuit current density is calcu-
lated by integrating the specific illumination spectrum weighted by
the EQE over the wavelength. Concerning the optical generation rate,
the distribution of the optical field is calculated based on multiple
reflections between the window-emitter interface and the base-BSF
interface, characterized by the top reflectance (Ry,,) and by the bot-

tom reflectance (R,ot), respectively. The wavelength dependent Ry,

and R,,; are derived from 1D electromagnetic simulations for coher-
ent multilayers, using material optical data taken from the literature*!
for GaAs, and from ellipsometry measurements for the other materi-
als. Further model details and the resulting analytical expressions can
be found in previous works.3940

The transport and collection of minority carriers are determined
by the diffusion length, given by L, = m where the subscript «
identifies electrons (n) in the base and holes (p) in the emitter. D, is the
diffusion coefficient and 7, is the minority carrier lifetime. The doping
dependent parameters D, and D, were defined according to the
model described by Sotoodeh et al.,*2 and 7, is calculated under low
injection conditions considering both radiative and defect mediated

non-radiative recombination as

1 _l-fm, 1 "

T,

« Tarad Ta,SRH

where the radiative lifetime is given as 7, ,,g = 1/BNagg), B being the
microscopic radiative recombination rate of the semiconductor, and
Nag, Npe the acceptor and donor doping density in the base and emitter.
For the sake of thermodynamic consistency, the coefficient B is calcu-
lated by integrating the spontaneous emission rate associated with the
GaAs absorption profile used in the CPS and is found to be 6.22x 1010
cm?3/s. Photon recycling is modeled through the photon recycling fac-
tor fpg, calculated according to the model reported by Steiner et al.1?

For the solar cells in this study the calculated fpz ranges from approx-
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imately 0.78 for the substrate based cells to 0.93 for the thin-film
devices. Finally, 7,y characterizes the non-radiative recombination
lifetime. At the microscopic level, z,szy results from electron-hole
recombination and generation events through defect states whose
rates can be modeled according to the classical Shockley-Read-Hall
theory. Multiple defects can be taken into account, provided that they
can be considered independent, characterized by their own density,
energy and capture time constants. Under the assumption of low-level
injection, exploited in this work, this yields a constant effective life-
time, 7, sru, independent of the injection level and dominated by the
defect state with higher rates, i.e. those generally located close to
mid-gap.*® Therefore, in the present work, 7, sy Was used as a fitting
parameter and no a priori hypothesis was done on the nature and
characteristics of the defect levels.

After de-embedding the possible influence of the parasitic series
and shunt resistances, the dark J — V characteristic (Jy,) of the solar

cell can be modeled by two diodes in parallel?*:
Jook = Jou (€5 = 1) + Jop (e — 1), @

where Jo; and Jo, are the reverse saturation current densities of the
1kT and 2kT components, respectively, and g, k, and T the electron
charge, Boltzmann constant and temperature. The ratio between the
two components of the dark current is voltage dependent, with
non-radiative recombination in the perimeter of the cell and in the
space-charge region dominating at low voltages (the 2kT region) and
recombination in the quasi-neutral regions (QNR) dominating at higher
voltages (the 1kT region). According to the junction diffusion theory,
Joq arises from the bulk and interface recombination of minority

carriers in the base and emitter QNR regions 37 and is given by
Jo1 = Jore + Jorss (3a)
with each component given by

. d d
2 h E pp h E
qDﬂni,E sin L + cos L

Jorg = : = (3b)
4 S,L, .
LoNoe  cosh % 4 %o gjnh %
Lp Dp Lp

and

D%, sinh ‘# + Sg)ﬁ cosh ‘z—B
1,
n n n (3c)

-101,8 =

LiNa ~ cosh % 4 3oba gjph &
L, "~ D L,

n

where dg and di are the thickness of the QNR of the base and

emitter with intrinsic carrier density n'?B and ”.'25’

intrinsic carrier density is computed taking into account the bandgap

respectively. The

narrowing effect in the highly doped regions. In particular, the bandgap
narrowing significantly affects the QNR recombination current in the
highly doped base and emitter layer of the DJ and SJ cells, respectively.
We have assumed bandgap shrinkage 4E; ~ 2 x 10*11Nié2 eV for
p-type GaAs* and AE; ~ 2 x 10‘8NE1){E3 for n-type GaAs.*® The Jo, dark
current component involves non radiative recombination mechanisms
in the space charge region that can usually be modeled according to
the Shockley-Read-Hall theory,%%4¢ with analytical or semi-analytical
formulations available under the assumption of a single mid-gap defect
level*¢ and for the more realistic case of multiple trap levels.33

TABLE2 Measured and simulated BOL values for J,. and V,. of
the different solar cell geometries

Solar Cell Joe, mA/cm? Voo, V
Geometry Measured Simulated Measured Simulated
SB-SJ 28.1 28.1 1.053 1.053
SB-DJ 27.3 28.3 1.070 1.058
TF-SJ 24.5 24.5 0.996 0.996
TF-DJ 24.3 25.1 1.043 1.042
TF-DJ1400nm 24.3 24.1 1.035 1.035

3 | RESULTS AND DISCUSSION

3.1 | Overview of the performance at BOL and upon
irradiation

The average photovoltaic cell parameters measured at BOL for the
different device architectures are reported in Table 2 and compared
with the simulated values. When corrected to the active area, the
solar cells present efficiencies close to 25% under AM1.5G, and close
to 21.5% under AMO (1367 W/m? at 28°C). The produced thin-film
solar cells mounted on a metal foil present a specific power above
1200 W/kg, and when combined with light weight mounting systems
and flexible protective coatings for space application they show the
potential to reach a module specific power above 400 W/kg. 2

In order to identify the four model parameters S,, S,, z,, and
7, before and after irradiation, EQE spectra, illuminated and dark
J — V parameters at BOL and upon irradiation were considered. The
parameter extraction procedure emphasizes the fitting of the average
photovoltaic parameters ensuring at the same time a good correlation
with the measured EQE spectra and dark J— V of single representative
samples. The modeled BOL values of both the short circuit current
(Jsc) and the open-circuit voltage (V,.) reported in Table 2 are very
representative of the measured values and indicate a good quality
of the epitaxial layers. The measured V,. values are all within 1% of
the simulated values, and a slightly larger variation is seen for the J,,
probably due to a non-perfect deposition of the ARC layers, which can
directly affect the experimentally obtained current. Note that the J,.
values of the TF cells are significantly lower than that of the SB cells
because their grid coverage is much higher. When J,. is corrected for
the effective exposed area, the values are comparable.

The effect that the electron irradiation has on the illuminated
J — V parameters is expressed in terms of the remaining factor with
respect to the BOL values, defined as Parameter/Parametergo,. The
average experimentally determined remaining factors from J,. and
V,. are shown in Figure 4A,B, respectively. It is clear that the J,. of
both thin-film and substrate based devices with a SJ geometry show
relatively small sensitivity to electron radiation damage, with EOL
remaining factors above 90%. On the other hand, the cells with the
DJ geometry are severely affected by the irradiation, showing EOL J,,
remaining factors of approximately 15% for substrate based cells, 25%
for the thin-film cells and 55% for the thinner thin-film sample. The
V,. of the solar cells is in general less sensitive to electron radiation,
presenting EOL remaining factors above 75% for all samples and above

85% for all cells with the exception of the SB - DJ cells. For fluences
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up to 3x 10 e~/cm?, usually associated with LEO missions,32 both SJ
and DJ cells in the thin-film architecture clearly show less degradation
of V. than the substrate-based cells.

The lines in Figure 4 represent the CPS model fit to the experimental
remaining factors. The simulated J,. values agree closely with the
measurements, while there is a slightly larger deviation (maximum
of 2% absolute) between the simulated and measured V,. remaining
factor values. This can be related to the fact that illuminated J — V
measurements were performed with a portable solar simulator that
has a less precise temperature control (with variations from 25°C up
to +2.5°C), which will most strongly affect the V..

The modeled efficiency remaining factors match the measured val-
ues within 5% relative, as shown in Table 3. The remaining efficiencies
are clearly higher for SJ than for DJ cells, and are higher for both
geometries in a thin-film design than when they are substrate based,
since the thin-film devices are thinner. The thinner DJ sample presents
an intermediate EOL efficiency remaining factor, indicating a strong
influence of the solar cell thickness on the performance under electron
radiation.

Table 4 summarizes the BOL and EOL values for the minority
carriers lifetime, the diffusion length, and the surface recombination
velocity at the window and BSF interfaces, as derived from the best
fit of the CPS model to the average experimental BOL and the
average remaining factors vs. fluence. As discussed in the following,
the performance at BOL is well reproduced by the CPS model assuming
the nominal minority carrier lifetimes calculated from Equation (1)
and accounting - whenever needed - for an imperfect passivation at
the window and BSF interfaces. Following this approach specifically

TABLE 3 Efficiency remaining factors
of the solar cells at at EOL

Solar Cell n Remaining Factors:
Geometry Measured Simulated
SB-SJ 0.79 0.75
SB-DJ 0.10 0.10
TF-SJ 0.82 0.78
TF-DJ 0.19 0.20
TF-DJ1400nm 0.45 0.44

clarifies that the V, of the thin-film cells turns out to be limited by the
surface recombination velocity at the base-BSF interface (S,). Upon
exposure to radiation, the minority carriers lifetime reduces (most
likely due to radiation displacement defects3%-34). Furthermore, in all
solar cell structures a degradation of the emitter-window (GaAs/AlInP)
and base-BSF (GaAs/InGaP) hetero-interfaces quality is identified,
characterized by an increase in the surface recombination velocity.

3.2 | Analysis at BOL

The window and BSF layers are high bandgap materials that have the
function of repelling minority carriers away from the surfaces of the
cell, which are areas of high SRH recombination probabilities. Based
on previous results of cells grown under the same conditions as in
this study,?® a good quality in the growth of the hetero-interfaces
GaAs/AlInP and GaAs/InGaP is assumed. Consequently, an effective
surface passivation by the window and BSF layers is expected, and
therefore S, and S, are initially considered to be negligible.

The emitter and base lifetimes were estimated at beginning of life
(BOL) from Equation (1), with SRH lifetimes given by the empirical
model of Lumb et al.2° Under these assumptions, it turns out that at
BOL the carrier lifetimes are dominated by radiative recombination in
all the layers, except for the highly doped base of the deep-junction
cells, where SRH and radiative recombination lifetimes are similar.

For layers with similar doping levels, such as the emitter in the DJ
cells and the base in the SJ cells, L, is smaller than L, because the
hole mobility is markedly lower than the electron mobility. The higher
lifetimes observed in the TF cells with respect to the corresponding
SB devices are explained by the higher photon recycling factor, and
therefore higher radiative lifetime, of the TF cells. For a high collection
efficiency the devices should present de < L, and dg < L,,, and this is
the case for all the structures, as demonstrated by the high EQE at BOL
seen in Figures 5 and 6 for the SJ and DJ cells, respectively. Hence,
the calculated lifetimes used in the model, which are approximations
for high quality materials, are justified by the high BOL efficiency of
the studied devices, and in fact provide a very good fitting of the
measured EQE.

In the DJ solar cells, the base is responsible for the absorption of
approximately 0.2% of the photons only,?> and therefore the EQE is
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TABLE4 Minority carrier lifetimes, diffusion lengths and surface recombination velocities for each solar cell
configuration at BOL and EOL, as deduced from the best fits of the model to the average measured photovoltaic

parameters at BOL and upon irradiation

Solar Cell BOL EOL
Geometry Tp L Sy Tn Iy Sn Tp Ly Sy Tn L, Sn

(ns)  (um) (cm/s) (ns)  (um) (cm/s) (ns)  (um) (cm/s) (ns) (nm) (cm/s)
SB-SJ 1.90 0.81 <100 133 43.6 360 071 050 1.7x10* 0.19 1.65 (360)
SB-DJ 138 104 13x10° 85 8.4 <100 0.57 0.67 3.6x10* (0.19) (1.13) 1.3x107
TF-SJ 38 114 20x10* 203 540 12x10* 0.88 055 54x10* 0.19 1.65 (1.2x10%)
TF-DJ 346 16.5 <100 6.8 6.9 26x10* 114 095 67x10* (0.19) (2.8) 4.6 x 10°
TF-DJisoonm 346  16.5 3% 103 6.8 6.9 12x10* 114 095 49x10* (0.19) (1.13) 6.5x10°®

Note. At BOL, the values of z,(p) and L,(p) are the nominal ones and only S, and S, are used as fitting parameters. At EOL, both
lifetime and surface recombination velocity are used as fitting parameters. The values presented in parentheses may be affected

by a large error.

dominated by the emitter collection efficiency, ie, by S, and z,. From
the EQE fitting, 7, is found consistent with the expected theoretical
value for all the three DJ samples, while a non negligible S, explains
the slightly lower EQE of the thinner DJ cell. On the other hand, the
values of t, and S, do not significantly affect the collection efficiency
in the thin base and cannot be extracted from the EQE spectra. Some
insight on the base parameters and on the V,. degradation can be
instead derived from the measured dark J — V characteristics reported
in Figure 7, and in particular from the analysis of the 1kT dark current
component. The Jy; and Jy, values extracted from fitting the two-diode
model (Equation 2) to the measured dark J — V curves of the different
cells are summarized in Table 5.

Figure 8 shows the calculated values for Jo; 5 and Jo1 ¢ as a function
of the minority carriers lifetime and for values of S, and S, varying
logarithmically from 10° to 107 cm/s, for cells with a GaAs emitter-base
homo-junction and layers thickness of the actual TF - SJ and DJ designs.
The effect of the interface recombination velocity on Jy; increases
with the probability of carriers to reach the hetero-interfaces, being
almost irrelevant in case of short lifetimes and more pronounced for
thin layers. In the limit of thick QNR (L, < dg@g)), Jo1 is dominated by
bulk recombination and Equations (3a) to (3c) reduce to the classical

Shockley equation:

2
qunLE

LpNDE

Dy,
LnNAB '

Jo1 = Jore +Jore =

whereas for thin QNR (L, > dgg), Jo1 is dominated by surface

recombination and Equations (3a) to (3c) reduce to

qnfEDp
Nope

2
an;gDn
NAB

Sp
D, + S,de

Sn
D, +S.dg’

(5)

Jo1 = Jore +Jorg =

The SJ design presents a strongly asymmetric doping (Npg/Nag =
100), and therefore, the base dark current component tends to be
highly dominant (Figure 8A). On the other hand, in the DJ design
(Nag/Npe = 20) the emitter and base dark current components provide
more similar contributions (Figure 8B).

Using the values of 7, and S, deduced from the EQE measure-
ments of the DJ solar cells, the Jo;r component (Equation 3b) is
about one-fifth of the Jy; value extracted from the two-diode fitting
(Equation 2, Table 5). This indicates a significant contribution to Jy,
from the base layer. In fact, as can be verified in Figure 8B, matching
the measured value requires the assumption of a very short lifetime of
electrons in the base (z, # 0.3 nsif S, < 10% cm/s) or, the more real-
istic alternative adopted here, a non-negligible surface recombination
S, on the order of 3 x 10* cm/s if one considers for 7, the nominal
BOL value of a few ns.

It is worth noticing that in the case of the SB-DJ cells, which
have an InGaP (E; ~ 1.8 eV) base layer, the dark current contribution
from the base QNR is expected to be negligible with respect to
that of the emitter QNR, regardless of the electron lifetime and
surface recombination velocity. On the other hand, the measured

data indicate, already at BOL, an unexpected high recombination

FIGURE5 External quantum
efficiency of A, substrate based and
B, thin-film solar cells with a shallow
junction geometry under different
levels of irradiation. The markers

" ? represent the measured data and the
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current with unitary ideality factor. In the context of this work, such
high current has been accounted for by modeling the InGaP base
layer with a fictitiously high intrinsic carrier density, of the same
order of that of GaAs. In this respect, further investigation on the
GaAs-InGaP emitter-base heterojunction and the associated interface
recombination mechanisms is needed.

Concerning the SJ cells, both the QNRs and the depletion region give
substantial contribution to the spectral photocurrent, which shows
a large resilience to low carrier lifetimes and high interface recom-
bination velocities. In particular, the EQE in the region around 650
nm is hardly affected by z, and S,, being sustained by the depletion
region. Based on the applied theoretical emitter minority carrier life-
times reported in Table 4, there is a good match between the modeled
and experimental EQE in the short wavelength range. On the other
hand, however, solely based on EQE, it is not possible to accurately
determine 7, and S,. As in the DJ case, this can be resolved to some

©)

by recombination in the base QNR. The SB - SJ cells show a low Jy;
(= 4 x 1020 A/cm?), coherently with the high theoretical 7, value of
about 100 ns and a low S, on the order of few hundreds of cm/s. In
contrast, the TF - SJ cells show a significantly higher Jy; (~ 3 x 10~
A/cm?) that is attributed to an S, comparatively higher than that of
the SB structure, as also observed for the DJ cells.

Overall, it turns out that in both DJ and SJ geometries 7, and S,
are the predominant factors affecting the EQE at BOL, while 7, and
S, mainly influence the V,. through the recombination current in the
p-type QNR region.

3.3 | Analysis of bulk and interface radiation damage

In order to simulate the cell performance after intermediate electron
irradiation doses, the decrease of the SRH lifetime 7, sy with radiation

is modeled as

1 1
extent by studying the Jo; component around V,, which is dominated TaSRH  TaSRHO +Ke o, (©)
TABITE_ 5 Saturation current Solar Cell 0 e /cm? (BOL) 3% 1014 e~/cm? 1x 1015 e~/cm? (EOL)
densities Jy; and Jo, deduced frF)m oo Ton, iz Joa iz Tou, iz Jom iz Jon, iz Jo iz
the dark J — V curves of the various - - vy —-— - -
X . R SB-SJ 40%x10720 30x10712 80x10"18 25x10°11 23x10°Y7 42x1011

cell geometries using the two-diode

SB-DJ 35x1072° 1.1x10°12 6.9%x10°18 88x10712 27x107Y7 21x1011
model

TF-SJ 3.0x10"Y 12x101 - - 12x10°Y7 26x10°11

TF-DJ 7.0x 1072 4.0x 10712 50x 1071 3.8x10-1* 2.6x107Y7 53x10°1

TF-DJ1400nm - - - - 20x10°Y7  6.4x 101
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where 7, sp10 is the SRH lifetime at BOL, K, is the minority carrier
lifetime damage constant and ¢ is the 1-MeV electron fluence. The
lifetime damage constant K, is expected to be material dependent
and is fitted in the model within a range of values consistent with
those reported in the literature.2”#7 In order to explain the observed
changes in the spectral response and dark |-V upon irradiation, we had
to postulate an increase of the surface recombination velocity at the
window and BSF hetero-interfaces. This points out a degradation of
the interface quality possibly due to radiation-induced defect states.
The degradation of S, and S, is considered to be linearly dependent
on the fluence and expressed by

Sa = Sa@or) + Ks, ¢, (7)

where S,goy) is the value of S, at BOL and K;_is the interface damage
rate, deduced from the best CPS model fit to the experimental data.
The EQE, illuminated and dark J — V measurements from the five
studied structures are simultaneously taken in consideration in order
to obtain a consistent fit value for K. and K, .

The degradation mechanism of the J,. of the solar cells under irradia-
tion can be understood from the analysis of the measured EQE curves,
shown in Figures 5 and 6 together with the simulated curves for dif-
ferent irradiation doses. Upon irradiation, the displacement damage
creates defect states throughout the solar cell structure, which can

act either as recombination centers for electron-hole pairs or as trap

solid lines the two-diode model with
Jo1 calculated from the CPS model
[Colour figure can be viewed at
wileyonlinelibrary.com]

VV]
(D)

centers for electrons or holes. The former causes increased recombi-
nation rates, reducing the effective SRH lifetime and diffusion length
of the minority carriers.30-34 The latter, instead, perturbs the net charge
profile across the sample, since trapping of majority carriers yields a
local decrease of their density, the so-called carrier removal effect.2”
The decrease of the majority carrier density is directly proportional to
the density of defects, and therefore, to the irradiation fluence, with
a rate that for GaAs is on the order of 0.5 to 5 cm~1.27 In view of the
moderate level of the maximum fluence and of the used doping levels
in the cell structures, the effect is marginal in the present study. The
difference in degradation behavior of the SJ and DJ cells is related to
the fact that the transmission of light into the cell decreases expo-
nentially, so that by far the largest fraction of light is absorbed at the
upper part of the cell.

In the SJ cells, most of the photogenerated free carriers, therefore,
only have to diffuse over a short distance to the pn-junction to be
drifted towards the right electrode and be collected. This is particularly
true for carriers generated by short wavelength light. For longer wave-
lengths a smaller fraction of the light is able to penetrate deeper into
the cell and consequently generates some minority carriers deeper in
the base, which have to travel further before reaching the pn-junction.
Therefore, the short wavelength photocurrent is mostly sustained by
the thin emitter, whereas most of the long wavelength photocur-

rent is supported by the thick base. Electrons generated deeper in
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the thick base of SJ devices suffer more from the enhanced SRH
recombination probability, as shown by the reduced EQE at longer
wavelengths (see Figure 5). Based on the EQE analysis, the modeled
degradation of 7, and S, is well correlated to the penalty observed
in the short wavelength region, while the degradation of z,, explains
the penalty observed in the long wavelength region. Finally, the cor-
relation between the simulations and measured EQE show that after
irradiation there is a decrease in the contribution from the depletion
region to the EQE, which might indicate a reduction of the depletion
region thickness. This can be related, for example, to a strong change
of the equilibrium carrier density in the base,*® but a more detailed
investigation to verify this assumption is required.

Differently from the SJ cells, in DJ cells all the minority carriers
photogenerated in the emitter (except for the small fraction generated
deeper in the cell) have to diffuse over a long distance before reaching
the pn-junction. Therefore, the degradation of z, and S, in the emitter
reduces the collection efficiency over the entire wavelength range
in the DJ cell (see Figure 6), resulting in a significant reduction of
Js., whereas the impact of the base parameters is restricted to the
longer wavelength region and turns out to be completely marginal. In
fact, the significant asymmetry of the spectral response between the

short and the long wavelength ranges observed for the DJ cells after
irradiation can only be correctly modeled if an increased S, is assumed,
supporting the approach described in Equation (7).

In summary, the EQE upon irradiation is influenced mainly by
the lifetime in the emitter for DJ cells and by the lifetime in both
emitter and base for SJ cells. Moreover, the observed increase in S,
in both SJ and DJ cells upon irradiation indicates a degradation in the
emitter-window hetero-interface quality.

The study of the dark J — V characteristics upon irradiation (see
Figure 7) provides further insight especially for the base parameters
in the DJ cells. In fact, the observed increase of Jy; in the DJ cells
can only be explained by a significant increase of the recombination
current component in the thin base. This in turn calls for an unusually
high damage rate (K. ), about two orders of magnitude higher than
what is commonly reported in the literature.?”” Considering a more
realistic value of K, (in the 10-¢ cm?/s range) implies that the base
surface recombination velocity S, has also a non-negligible value that
increases with irradiation. For all the DJ configurations, the extracted
Jo1 values could be explained by S, values higher than 10 cm/s at EOL,
suggesting a significant degradation at the base-BSF interface. Such a
high S,, also implies that Jo; g is dominated by S, for cells with the DJ
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| 1

Solar Cell Damage Rates
Geometry K, K-, Ks, Ks,
(cm?/s) (cm?/s) (cm?3/s) (cm?3/s)

SB-SJ 8.75x107 525x10¢ 17x10™1 -
SB-DJ 1.75x 107 = 35x10°11 13x10°8
TF-SJ 8.75x1077 525x10°¢ 34x10°1 -
TF-DJ 8.75x 1077 - 6.7x10711  4.6x 1077
TF - DJ1agonm  8.75 x 1077 - 46x10"11  6.6x107?

geometry, as can be observed in Figure 8, and is quite insensitive to
7, as long as the L,,/dp ratio remains higher than one. Therefore, the
electron lifetime cannot be reliably extracted.

In order to determine the damage rates, an approach was taken
in which initially K,p and K, were assumed to be the same for all
configurations and then adjusted by closely fitting the model outcomes
to the measured EQE, average illuminated J — V parameters and dark
J —V curves. The fitted EOL values for z,, L, and S, resulting from
this approach are depicted in the right portion of Table 4. Because the
depletion region in the DJ solar cells is much closer to the base-BSF
hetero-interface, the increase in S, is the limiting mechanism to the
performance for this geometry, rather than the decrease in ,, and
the values for K, cannot be deduced. Therefore, the 7, values shown
in Table 4 for the DJ cell are set equal to those extracted from the
analysis of the SJ cells. Conversely, in the SJ solar cells the junction
distance to the rear interface is so large that the increase in S,, is hardly
relevant to the performance, and therefore the values for Ks, cannot
be determined. The extracted values of K, K, Ks, and K;_ for the
various cell geometries under study are stated in Table 6.

The hypothesis of a linear dependence of the recombination veloci-
ties with irradiation fluence provides a very good agreement between
measured and simulated values of J,, V,. and 5 for the whole fluence
range, as seen from the detailed comparison of measured and simu-
lated data in Figure 4 and in Table 3. Overall, the observed degradation
of the performance of the solar cells upon irradiation is satisfactorily
simulated assuming similar lifetime damage rates for electrons and
holes for all the architectures of the solar cells, indicating that the mate-
rial radiation damage is probably not affected by the device geometry
or the fabrication steps. The identified values for the lifetime damage
constant of minority electrons and holes are in good agreement with
previous studies.?”#’ In particular, taking into account the carriers' dif-
fusivity, the ratio K, /K, corresponds to a ratio in terms of diffusion
length damage constant of about one tenth, inferring a damage rate
for the diffusion length in n-type GaAs about ten times larger than that
one in p-type GaAs, as theoretically predicted by Yamaguchi et al.?”

The thickness of the active layers and the position of the depletion
region are shown to be the determinant parameters with regards to
the radiation resistance of the cells. Thin-film devices present the
big advantage of having a back reflector that allows the thickness
of the active layers to be significantly reduced. Therefore, a shallow
junction solar cell processed into a thin-film geometry is found to
be the best structure for space applications. The MOCVD growth
of hetero-interfaces such as GaAs/AlInP and GaAs/InGaP has been
shown to be a challenge in the past.*’°2 A meticulous control of
chemical composition, material inter-diffusion and surface segregation

TABLE 6 Values for the radiation induced damage rates deduced
from the J — V and EQE measurements of the cells

is necessary in order to prevent the formation of mixed compounds
that reduce the abruptness of the interfaces. The fact that interface
recombination velocity is affected by irradiation indicates that it is
an important aspect to be optimized, with the potential to further

increase the resilience of the TF - SJ devices under irradiation.

4 | CONCLUSIONS

A combined experimental and theoretical analysis of the performance
of GaAs solar cells upon electron radiation exposure is presented. In
order to deduce the important cell parameters, five different solar
cells architectures were applied, and the environment the cells would
face in GEO and LEO space missions was simulated by subjecting the
devices to electron fluences up to 1 x 10 e~/cm?2.

The GaAs minority carriers' lifetime damage constants reported in
the literature, required for a proper prediction of the cells performance
in space application, differ significantly. In this study, by simultaneously
analyzing the performance of the five different cells geometries, a
coherent set of lifetime damage constants could be derived. The
damage constants are found to be material dependent and insensitive
to the device geometry or fabrication steps. The incidence of electrons
introduces lattice defects in the cells that act as recombination centers,
directly impacting carrier lifetimes. Because for the DJ cells at EOL
the hole diffusion length is smaller than the emitter thickness, the
collection of generated carriers is strongly reduced, and this geometry
presents a much larger decrease of J,. when compared to SJ devices.
Therefore, we find that DJ cells in the present configuration are not
suited for space application.

Most importantly, however, the modeling study has pointed out
that besides the reduction of the lifetime of the carriers, the electron
irradiation strongly affects the quality of hetero-interfaces, charac-
terized by a linear increase in the interface recombination velocity.
The current study shows that the degradation of the window-emitter
and base-BSF hetero-interfaces quality is responsible for a significant
increase of the diffusion component of the dark current, and conse-
quently for the reduction of V,.. Therefore, it is a critical aspect which
deserves further investigation since it can become the bottleneck for
the optimization of the cell radiation tolerance.

A shallow junction solar cell processed into a thin-film geometry is
found to be the best structure for space applications, presenting an
EOL average efficiency that is 82% of the BOL value. The presence
of a rear reflector in the thin-film geometry allows the design of

thinner devices that show the potential to further increase the BOL



GRUGINSKIE ET AL.

performance and the resilience under irradiation, provided that the

interface radiation hardness can also be improved.
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