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In this work the degradation effects of the Gag 7Ing3As (1.0 eV) and Gag 45Ing 53As (0.7 eV) sub-cells for IMM4]
solar cells are investigated after 1-MeV electron irradiation by using spectral response and photoluminescence (PL) sig-
nal amplitude analysis, as well as electrical property measurements. The results show that, compared with the electrical
properties of traditional single junction (SJ) GaAs (1.41 eV) solar cell, the electrical properties (such as I, Voc, and Pnax)
of the newly sub-cells degrade similarly as a function of log ¢, where ¢ represents the electron fluence. It is found that
the degradation of V, is much more than that of Iy in the irradiated Gag 42Ing sgAs (0.7 eV) cells due to the additional
intrinsic layer, leading to more serious damage to the space charge region. However, of the three types of SJ cells with
the gap widths of 0.7, 1.0, and 1.4 eV, the electric properties of the Gag 7Ing 3As (1.0 eV) cell decrease largest under each
irradiation fluence. Analysis on the spectral response indicates that the Js. of the Gag 7Ing 3As (1.0 eV) cell also shows the
most severe damage. The PL amplitude measurements qualitatively confirm that the degradation of the effective minority
carrier life-time (Tefr) in the SJ Gag 7Ing 3As cells is more drastic than that of ST GaAs cells during the irradiation. Thus,
the output current of Gag 7Ing 3 As sub-cell should be controlled in the irradiated IMM4]J cells.
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1. Introduction

In order to meet the requirements for the development of
the space missions, progress in the performance of space solar
cells has been remarkable, with device photoelectric conver-
sion efficiency increasing by 0.5% each year for the past 50
years and more. Nowadays virtually every spacecraft is pow-
ered by high efficiency III-V three-junction (GalnP/GaAs/Ge)
devices. But as these three-junction (3]) designs are ap-
proaching their efficiency limit, new four-junction (4J) designs
are desired to drive efficiency higher. The 1.89/1.41/1.0/0.7-
eV 4] inverted metamorphic multi-junction (IMM4]) solar
cell targets an optimal band gap combination by utilizing the
lattice-mismatched materials.['*] Hence, an IMMA4J solar cell
could be designed with two independently lattice-mismatched
Ga,In;_,As junctions (the band-gaps of 1.0 eV and 0.7 eV at
the compositions of x = 0.7 and 0.42) besides the traditional
GalnP (1.89 eV) and GaAs (1.41 eV) sub-cells on the top. The
IMM4] (GalnP/GaAs/Gag 7Ing 3As/Gag 4Inp sgAs) has been
reported to achieve efficiency over 40% under AMO illumi-
nation over time.?*! However, lattices for the two lattice-
mismatched sub cells (Gag7Ing 3As and Gag 4Ing 53 As) have
substantially 2.1% and 4.2% misfits to the GaAs substrate, re-
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spectively, imposing difficult in growing high-quality materi-
als. Therefore, compositionally graded buffers (CGB) allow
strain-free growth of the lattice-mismatched materials. During
the growth of the buffer, the strain is relieved by the intentional
formation and glide of dislocations. 1!

According to this principle, researchers at the National
Renewable Energy Laboratory (NREL) introduced the IMM
solar cell in 2005.°) IMM3]J solar cells with a band-gap ar-
rangement of GalnP (1.89 eV)/GaAs (1.41 eV)/Gag7Ing3As
(1.0 eV) have achieved an efficiency of over 33% under 1
Sun AMO or greater illumination, while the efficiency of
conventional tri-junction (TJ) devices was limited to just
around 30%.1 Furthermore, the NREL team demonstrated
a record conversion efficiency of 40.8% under 326 Suns
(AM1.5G illumination).'3°! By adding a fourth 0.7-eV sub-
cell (Ing 53Gag 42As) to increase the bandwidth of the conver-
sion spectrum, Emcore and Spectrolab developed an IMM4]
device, which was characterized by a record conversion effi-
ciency of 33.9% at 1-Sun AMO0.!10-12]

With the technical efficiency of the IMM solar cells devel-
oping, more researchers are paying their attention to efficiency
improvement. Solar cells are a major electric energy source for
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spacecraft, which inevitably experience the irradiation of en-
ergetic charged particles in orbit, leading to an obvious degra-
dation in electric properties. It is of significance to investigate
the irradiation effects of the charged particles on solar cells,
in order to properly assess their performance in orbit and to
improve the resistance to space irradiation. !!3:14]

However, in spite of the fact that the IMM4J solar cell
is the most important candidate for next generation space so-
lar cells, the irradiation damage behaviors of the two different
compositional lattice-mismatched sub-cells (Gag 7Ing3As and
Gag 42Ing 53 As) have not been adequately reported. As far as
the authors know, Spectrolab just reported on the preliminary
results of the power remaining factor after electron irradiation
and put forward a possible theory, though they provided no
systematic explanation of the damage mechanism.®! Further-
more, a team from the University of Houston simulated the
Jsc degradation behaviors of different sub-cells due to electron
irradiation by modeling the irradiated defect tolerance, but ob-
tained no further experimental results for verification.!!>10]
The Gap7Ing3As (1.0 eV) and Gag4pIngs3As (0.7 eV) sub-
cells have different fabrication procedures and configura-
tions compared with the sub-cells of conventional TJ device
(GalnP/GaAs/Ge). For this reason, the ascertaining of the de-
terioration of their electrical properties (and derivation of their
degradation model) has become a precondition of space appli-
cation.

In this paper, 1-MeV electron irradiation tests are carried
out on the Gag 7Ing3As (1.0 eV) and Gag 42Ing 53As (0.7 eV)
cells, and the degradation behaviors of their electrical prop-
erties are investigated. Finally, compared with the damage
mechanism of GaAs (1.41 eV) sub-cells, through the analy-
sis of the spectral response and the experimental PL exper-
imental results, the damage mechanisms of the Gag7Ing3As
(1.0 eV) and GagarIngsgAs (0.7 eV) cells are also qualita-
tively discussed.

Si handle

N-Gag7Ing 3As emitter(100 nm) 2x1018

N-AllnAs window(300 nm) 2x108

N-GaAs (2000 nm)

N-AlInP Stop-etch removal
GaAs growth sub.
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2. Experiment

Samples of the specialized SJ Gagp7Ing3As (1.0 eV)
and Gag4pIngsgAs (0.7 eV) cells with a surface area of
2 cmx2 cm were supplied by the China Electronics Technol-
ogy Group, Eighteenth Research Institute in Tianjin. Both
kinds of SJ samples were epitaxially grown on lattice-
mismatched GaAs substrate with using CGB technology by
the metal—organic chemical vapor deposition (MOCVD) tech-
nique. Figure 1(a) shows the configuration schematics of the
Gag 7Ing3As (1.0 eV) cell used in this study. Six step-graded
buffer layers with a total thickness of 3000 nm are sandwiched
between the GaAs growth substrate and Gag 7Ing 3As (1.0 eV)
cell. The base region was doped with 1 x 10'7 cm™3 p-type
doping, and the doping layer thickness was 2000 nm. The
emitter region was doped with n™-type doping in a concen-
tration range of 1x10'® cm™3, and the doping layer thickness
was 300 nm. Figure 1(b) shows the configuration schemat-
ics of the Gag 42IngsgAs (0.7 eV) cell, which is sequentially
epitaxially grown on the n-type Gag7Ing3As materials. The
p-base doping concentration was 1x10'7 cm™3, and the dop-
ing layer thickness was 1700 nm. The n*-emitter region
doped with 2x10'® cm™3, and the doping layer thickness was
300 nm. An intrinsic layer of Gag42IngsgAs (0.7 eV) is be-
tween the n™—p junction with a thickness of 100 nm to offset
the limit of V,,. due to the junction on both sides, lightly doped
and heavily doped, to produce a smaller band bending the n™—
p junction.

The electron irradiation was performed at DD12-type Van
der Graaf electron accelerators at the Heilongjiang Institute of
Applied Physics. The samples were irradiated using 1-MeV
electron beams with fluences of 1 x 1014, 5 x 104, 8 x 1014,
1 x 10" cm~2 at room temperature. The irradiation flux was
kept constant (1 x 10'" cm=2.s71).

Si handle

1-Gag 42lng 58As (1000 nm)

N-Gao.42Inos8As (300 nm) 1x1018
N-AlGalnAs window(300 nm) 2x1018

N-Gag 7Ing3As (2000 nm)

N-AlInP Stop-etch removal
GaAs growth sub.

(b)

Fig. 1. (color online) Configurations of the sub-cells of (a) Gag 7Ing3As (1.0 eV) and (b) Gag 42Ing 58As (0.7 V). The grown structure
is affixed to an Si handle and then the GaAs growth substrate is removed.
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The electrical properties of the irradiated Gag7Ing3As
(1.0 eV) and Gag 42Ing 53 As (0.7 eV) solar cell before and af-
ter irradiation were measured under AMO illumination using
an HSCI Solar Cell Tester from Shanghai Hi-Show PV Sci-
ence & Technology Co., Ltd. Figures 2(a) and 2(b) show
the -V curves for the as-grown Gag7Ing3As (1.0 eV) and
Gag 42Ing s3As (0.7 eV) cells, respectively. The short-circuit
current (Is;), open-circuit voltage (Voc), and conversion ef-
ficiency of the as-grown Gag4IngsgAs (0.7 eV) cells were
measured to be 133.0 mA, 0.289 V, and 4.99%, respec-
tively and for the Gag 7Ing3As (1.0 eV) cells the data were
115.7 mA, 0.516 V, and 9.63% correspondingly. In this study,
the spectral response spectra (SRS) curves in the wavelengths
from 300 nm to 1700 nm were also measured using a solar
cell quantum efficiency measurement system (model QEX10)
from the PV Measurements Inc., USA.
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Fig. 2. (color online) /-V curves of the as-grown (a) Gag42Ing sgAs
(0.7 eV) and (b) Gag 7Ing3As (1.0 eV) cells.

In order to measure the photoluminescence (PL) signals

InGaAs detector solar cell

long pass filter

and analyze the irradiated damage mechanisms on the sub-
cells of the IMMA4J solar cell, the SJ GaAs, which had a simi-
lar configuration and doping concentration was prepared using
the same procedures as those seen in Fig. 3).

N-AllnP window (100 nm) 2X10'8¢m™
N-GaAs emitter (100 nm) 2x10'8 cm-3

substrate

Fig. 3. (color online) Configuration of the GaAs (1.41 eV) cells.

The PL experimental system that was used is shown in
Fig. 4.'71 The internally modulated 808 nm and 1064 nm
diode lasers were employed as the excess carrier excitation
sources of the SJ GaAs and Gag 7Ing3As cells, respectively.
The laser beam was focused on the point on the solar cell sur-
face, which was coincident with the focal point of an off-axis
parabolic mirror that was used to collect a portion of the pho-
tons. The collected light was focused onto an InGaAs detec-
tor (Throlabs PDA10CS) with a switchable gain pre-amplifier
(0 dB to 70 dB) and a frequency response of up to 17 MHz.
The detector had a spectral bandwidth in a range from 800 nm
to 1700 nm with a peak response 0.95 A/W at 1550 nm and an
active element with an area of 0.79 mm?. The long pass filter
LP-1000 nm and LP-1150 nm were placed in front of the de-
tector to detect the PL signals of the SJ GaAs and Gag 7Ing 3As
cells in order to block the excitation laser beam from the In-
GaAs detector. The PL measurements using the focused laser
beam were carried out at room temperature; the output power
densities of both lasers were continuously adjustable within a
range from 0 mW/cm? to 600 mW/cm?. Using the detected PL
signals, the minority carrier life-time could be calculated, thus
allowing us to determine the irradiation damage mechanisms.

function generator lock-in amplifier computer

Fig. 4. (color online) Schematic diagram of the PL experimental system.
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3. Results and discussion
3.1. Changes in electrical properties

Comparing with the as-grown electrical properties, fig-
ure 5 shows the remaining factors of Iy, Vi, and Ppax of
the Gag 7Ing3As (1.0 eV), Gag 42Ing 53As (0.7 eV), and GaAs
(1.41 eV) cells after being irradiated by 1-MeV electron beam.
It has been shown that for the SJ GaAs solar cells, the elec-
trical properties decrease gradually with the electron fluence
increasing up to 1x10'> cm~2. Furthermore, the experimental
data (Is, Voc, and Ppax) could also be fitted as a function of
log ¢ as follows:

OP =1—cplog(1+9/pop), (1)

where ¢ represents the electron fluence.!'®1°! P represents the
various electrical properties (Isc, Voc, and Pnax ), and the fitted
parameter c, represents the corresponding degradation rate.
Here, @q, is thought as the critical damage fluence for the
cells, which relates to the epitaxial material type used, the cell
configuration, the doping concentration, or even the type of in-
cident particles, etc. Thus, the fitted curves are also shown in
Fig. 5, and the fitted constants ¢, and @, are listed in Table 1.

Hence, valid adaptations of the fitted curves with the ex-
perimental data imply that, comparing with the typical GaAs
cell, lattice mismatch metamorphous configuration of the cells
may not exert different effects on the output electrical proper-
ties after 1-MeV electron irradiation. Compared with I, and
Vioes Pmax €xhibits the largest decrease with the fluence. It can
be explained by the fact that the Pp,x is proportional to the
product of the current and voltage. Figure 5(a) shows that up to
a fluence of 1x 10" cm™2, the biggest drop is produced down
to only remaining at 54% for the Gag 7Ing3As (1.0 eV) cells,
and the Gag 42Ing 53As (0.7 eV) cells shows slightly higher re-
maining factor of 61%, but the GaAs cell is the best with re-
maining factor of up to 84%. On the other hand, the fitted
parameters also illustrate that the Py, degradation rate of the
Gag 42Ing s3As (0.7 eV) (shown as cp,, ) is much faster so that
the fitted curve appears almost linear with respect to the elec-
tron fluence, and the Pp,x degradation rate of the Gag 7Ing3As

(1.0 eV) presents the lowest but its critical fluence (shown as
©p...) is 20 times more than GaAs’s.
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Fig. 5. (color online) Variations of remaining factors of (a) Iy, (b)
Voe» and (¢) Pyax with fluence for Gag 42Ing sgAs (0.7 eV), Gag 7Ing 3As
(1.0 eV), and GaAs (1.41 eV) cells irradiated by 1-MeV electron.

Table 1. Fitted parameters of the degradation for Vo, Isc, and Ppax in Gag 7Ing3As (1.0 eV), Gag42Ing 53 As (0.7 eV), and GaAs cells

after 1-MeV electron irradiation.

ISC ‘/0(.‘ Pmax
Cl P CVoe Poc CPrax PPrax
Gag7Ing3As 0.211 3.71x10 0.140 2.26%10 0.146 4.94x1014
Gag.oIng sgAs 0.030 1.13x10™ 0.342 2.30%10% 1 2.47x10%
GaAs 0.144 6.46x 10 0.045 1.55% 10 0.228 9.69x 10

Figures 5(b) and 5(c) show that both the I, and V,. degra-
dations of Gag 7Ing 3As (1.0 eV) cells are the most significant,
and the I of Gag4yIngsgAs (0.7 eV) cells decreases least;
on the other hand the GaAs presents the lowest V,,. degrada-

tion. The I degradation rate (shown as ¢y, ) of Gag 42Ing sgAs

(0.7 eV) cells is 11.4 times slower than the degradation rate
of Voo (shown as ¢y, ), and the ¢, of Gag7Ing3As (1.0 eV)
cells is almost the same as its cy,.. However, it is worth noting
that the Vi, shows more significant degradation than the /. of
the Gag 42Ing 53As (0.7 eV) cells. This result is theoretically
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inconsistent with the case of the conventional solar cells. For
the single junction solar cells (such as Si and GaAs), the Vi
degradation rate should be slower than the I as shown below.

kT I
Voo = — log <“+1>, 2)
q )

where Iy is the saturation current, k is the Boltzmann
constant, g is the electron charge, and 7 is the absolute
temperature.!?>!l From the data in Table 1, it seems that the
degradations of the Iy and V. in Gag 7Ing3As (1.0 eV) cells
follow this rule. But, in this study, the ¢z, and cy,, of the
Gag 42Ing sgAs (0.7 eV) are far more than the above theory.
As is well known, the radiation-induced defects in the emitter
and the base region can become the recombination centers of
photo-generated carriers, making a portion of photo-generated
carriers to be recombined before they have reached the junc-
tion region. This will cause the degradation in the Iy, of solar
cells. On the other hand, the damage to the junction region
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mainly causes the V. to degrade. The recombination of car-
riers in the space-charge region can lead to an increase in the
leakage current of diodes in the solar cell, and thus reducing
the V. In Fig. 1(a), there is a 0.1-um intrinsic layer between
the n™—p junctions of the Gag42IngsgAs (0.7 eV). This de-
sign effectively improves the as-grown V., but also greatly
increases the space-charge region thickness. Thus more dam-
ages are deposited in the space-charge region by electron ir-
radiation, which may become the reason for the V. of the
Gag 42Inp s3As (0.7 eV) to degenerate much faster than its /.

3.2. Analysis of spectral response

Spectral response analysis is useful in evaluating the dam-
age behavior of the SJ and multi-junction solar cells after

[18-20] The spectral response spec-

charged particle irradiation.
tra are shown in Fig. 6 for the Gag7Ing3As (1.0 eV) and

Gag.42Ing sgAs (0.7 eV) solar cells after 1-MeV electron irra-

diation.
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Fig. 6. (color online) Spectral response curves of (a) Gag 7Ing3As (1.0 eV) and (b) Gag 42Ing 53 As (0.7 eV) cells irradiated by 1-MeV
electrons with various fluencies. The QE changes of the (c) Gag 7Ing3As (1.0 eV) and (d) Gag 42Ing sgAs (0.7 eV) cells.

Figure 6 shows that the spectral response spectra of both
the Gag7Ing3As (1.0 eV) and Gag4pIng53As (0.7 eV) so-
lar cells become degenerate with increasing the 1-MeV elec-
tron fluences, and the degradation profiles of the Gag 7Ing 3As
(1.0 eV) and Gag 42Ing sgAs (0.7 eV) cells are similar, namely
more damages occur in the longer wavelength region. This
phenomenon can be understood from the cell configura-
tion and irradiation physics. The GEANT4 simulation indi-
cates that 1-MeV electron irradiation could result in homoge-
neous damage to the Gag 7Ing 3As (1.0 eV) and Gag 42Ing 53 As
(0.7 eV) cells. This means that the irradiated defects should

be distributed homogeneously in the active region of the cells.
The defect quantity of the base region introduced by irradia-
tion is more than that of the emitter region due to the differ-
ence in their thickness (the base region is 6.7 times thicker than
the emitter region for the Gag 42Ing 53As (0.7 eV) and nearly
5.7 times for the Gag7Ing3As (1.0 eV)). The absorption co-
efficients (for both GalnP and GaAs) rise non-linearly with
photo energy. This causes the light absorption thickness in
the shorter wavelength region to be thinner than in the longer
wavelength region. Hence, the photo-generated carriers pro-

duced by short-wavelength will result in a lower probability to

088801-5



Chin. Phys. B  Vol. 26, No. 8 (2017) 088801

be trapped by the defect and more easily collected by the space
charge region. Therefore, it can be concluded that more seri-
ous damage in the spectral response occurs within the long-
wavelength region.

On the other hand, in order to quantify the degradation be-
haviors of Ga,In;_,As ternary compound solar cells irradiated
by 1-MeV electrons, the values of short circuit current density
(Jsc) of the Gag 7Ing 3As (1.0 eV), Gag 42Ing ssAs (0.7 eV), and
GaAss cells could also be measured using SRS tests. In order to
keep the separated SJ cells consistent with the cases combined
in IMM4]J, the Jy. for the Gag7Ing3As (1.0 eV) is integrated
over the EQE data ranging only from 880 nm to 1240 nm, and
the Jy for the Gag 42Ing s3As (0.7 eV) cells is integrated over a
wavelength range from 1240 nm to 1800 nm. The correspond-
ing J. remaining factors are presented in Fig. 7. Hence, it
can be seen that the remaining factor of Jy in the Gag 7Ing 3As
(1.0 eV) cell decreases more than that in the GaAs cell, while
the Gag 42IngssAs (0.7 eV) cell shows the smallest damage.
As electron fluence increases up to 1x 105 em~—2, the J of
the Gag7Ing3As (1.0 eV) cell decreases to 79.2% of the Jy.
value in the as-grown case, while that of the GaAs cell de-
creases to 86.8% and the Gag 47Ing sgAs (0.7 eV) cell remains
at 90.7%.
ing Eq. (1) and the adaptive results are shown also in Fig. 7.

These Jg. remaining factors could be fitted us-

Hence, the calculated constants of ¢ and ¢ are shown in Ta-
ble 2. The maximum c;,, appears in the Gag 7Ing3As (1.0 eV)
cell compared with the other two, and its @q value is slightly
less than that of the GaAs cell but 3 times bigger than that of
the Gag 42Ing sgAs (0.7 eV) cell. Moreover, the J. degradation
of Gag 7Ing 3As (1.0 eV) is consistent with the /. degradation
(as seen in Fig. 5(b)). The result confirms that the Gag 7Ing 3As
(1.0 eV) cell presents the most serious damage after 1-MeV
electron penetrable irradiation.
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Fig. 7. (color online) Variations of remaining factor of Jy with elec-
tron fluence for the Gag 7Ing3As (1.0 eV), Gag 42Ing 58 As (0.7 eV), and
GaAs cells irradiated with 1-MeV electrons.
These results demonstrate that if the Gag7Ing3As
(1.0 eV), Gag4pIngs3As (0.7 eV), and GaAs cells are con-
sidered to be the three sub-cells of the IMM4J solar cell,

the Gag 7Ing3As (1.0 eV) cell is confirmed to be the current-
limit sub-cell for the irradiation resistance of the IMM4J solar
cells. Meanwhile, it implies that the anti-irradiation capabil-
ity of IMM cells can be enhanced by balancing the thickness
of the Gag 7Ing3As (1.0 eV) sub-cell and adjusting the IMM
cell configuration to obtain optimal current-limit for the three
sub-cells.

Table 2. Fitted results of the Ji. of the Gap7Ing3As (1.0 eV),
Gag 42Ing sgAs (0.7 eV), and GaAs cells degradation after 1-MeV elec-
tron irradiation.

CJee (po/Cmf2
Gag7Ing3As (1.0 eV) 0.197 3.05x10™
Gag.42Ing s3As (0.7 eV) 0.036 0.93x10'
GaAs (1.41 eV) 0.114 4.34x101

3.3. Effective life-time Z.¢ from PL measurements

The decrease of the carrier life-time in irradiated solar
cells is the primary reason for their electrical degradation. The
PL analysis is one of the most valid methods used to evaluate
the effective carrier life-time of solar cells. Hence, it is known
that the PL signal Ipy, and the rate of radiative recombination
R are both proportional to the product of the electron and the
hole carrier concentrations.!*?! Accordingly, a relationship be-
tween the PL signal and the excess carrier life-time can be es-
tablished. For a p-type base region solar cell with doping con-
centration Na, a quadratic dependence on the excess carrier
density Anis expected from the PL signal Ipy to be as follows:

Ipr, < R, =~ BAn(NA —+ An), 3)

where B is the radiative recombination coefficient.

The symmetry between a homogeneous emitter in the
front side and a homogeneous back contact allows a one-
dimensional (1D) excess carrier treatment of single junction
solar cells. Under low injection condition, i.e., An << Ny, the
depth-dependent carrier distribution in the base is described by
the 1D steady-state version of differential Eq. (3):

——An(z) = ) 4)

where L is the excess carrier diffusion length, G is the car-
rier generation rate, and Dy, is the (minority) electron diffusion
constant (in the p-type base region). In this case, assuming ho-
mogeneous carrier concentration within a sample at all times,
the contributions of the excess carriers from the emitter can
be neglected due to the high non-radiative recombination and
the extreme shallowness (emitter thickness of around 100 nm
compared with a base thickness of more than 3000 nm).>!
Correspondingly, the excess carrier distribution in the base
usually plays a major role. The effective life-time 7. in the p-
doped base of a solar cell under steady-state illumination con-
dition is calculated from the carrier generation rate G and the
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excess carrier density An. Equations (3) and (4) are simplified
into

IPL o« R~ BAI’!NA, (5)
An
Teff = E (6)

Here for the same solar cell G can be considered as a con-
stant even after the electron irradiation is within the tested
fluence.**! Thus the PL signal change Alp;. could be used to
determine Atq in SJ cells.

The amplitudes of the PL signals from the SJ GaAs and
Gag 7Ing 3As solar cell before and after the 1-MeV electron ir-
radiation are illustrated in Fig. 8. From Figs. 8(a) and 8(b),
it can be seen that with increasing electron fluence, the ampli-
tudes of the PL signals of the irradiated GaAs and Gag 7Ing 3As
solar cells each present an approximate linear relationship with
the excitation laser intensity. This indicates that with electron
influence increasing up to 1 x 103 cm™~2, the irradiation could
not break the tested solar cells. However, it can also be seen
that in both cases the PL signal amplitudes dramatically de-
crease. It implies that the irradiation induces a large number
of defects in the solar cells, thus reducing the radiative recom-
bination for PL emitting.

GaAs

= unirradiated (a)

® 3%x10'* cm—2
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Fig. 8. (color online) Variations of amplitudes of PL signals with laser
intensity of (a) GaAs and (b) Gag 7Ing3As cells obtained from experi-
ment.

Irradiation induced defects would cause carrier life-time
to decrease. According to the above-mentioned Egs. (5) and
(6), the degradation of the effective carrier life-time T could
be approximately equivalent to that of the PL signal. Figure 9
shows the dependence of normalized effective carrier life-time
Ter Of GaAs and Gag 7Ing 3As cells on electron fluence under
different excitation laser intensities. It can be seen that in each

of GaAs and Gag7Ing3As cells, Tesr decreases drastically in
the lower electron fluence till around 3x 10 cm~2, then de-
creases slowly with increasing electron fluences. It should be
noted that for GaAs and Gag_7Ing 3 As cells after 1x 101> cm—2
electron radiation,the values of effective life-time T are cal-
culated to be only 10% and 3% of the corresponding original
ones, respectively. This indicates that the Gag 7Ing3As cell is
more sensitive to irradiation damage than the GaAs one.

s 1F
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z "

+ |

g 01} ]
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Electron fluence/10'* cm—2

Fig. 9. (color online) Variations of normalized effective carrier life-time
Tefr With irradiation electron fluence of GaAs and Gag 7Ing 3As cells.

For a solar cell at a given photon flux @, the short circuit

current Iy, can be given as follows: 2]
o oW
ol o
L = /Dy Ty, 8
Dn = Un (kT/q) ) (9)

where «a represents the absorption coefficient of the light, W
is the width of the space charge region under zero bias, and u,
is the electron mobility.

From Eq. (7), with a given irradiation fluence, for
different solar cells it holds true that the degradation of
the I is inversely proportional to minority carrier mobil-
ity pu and effective life-time 7.g. It is understandable that
the electron mobility keeps almost no change with irradia-
tion (for Gag7Ing3As and GaAs are 0.76x 10* cm2-V—1.s~!
and 0.85x10%* cm?-V~1.s7!, respectively).*6! Thus a bigger
decrement of the effective life-time T.¢ in the Gag 7Ing 3As so-
lar cell would result in bigger ;. degradation than in the GaAs
cell. From the carrier transmission mechanism, these results
of the degradation of T.g would be reasonable to qualitatively
explain why the Jg. of the Gag 7Ing 3As sub-cell degrades more
severely than that of GaAs sub-cell during the electron irradi-
ation as shown in Fig. 7.

4. Conclusions

Our results demonstrate that 1-MeV electrons could lead
to homogeneous damage to the Gag7Ing3As (1.0 eV) and
Gag 42Ing sgAs (0.7 eV) cells and the electrical properties de-
generate as a function of log ¢ with irradiation fluence ().
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Undoubtedly, of electric properties (Pmax, Voc, and Isc), Prax
exhibits the largest decrease due to the fact that it is propor-
tional to the product of current and voltage. However, the
Voc degradation rate of the Gag42IngsgAs (0.7 eV) cells ir-
radiated by 1-MeV electrons is much higher than the /. due
to the additional intrinsic layer increasing the damage of the
space charge region. Meanwhile, the electric properties of the
Gag 7Ing 3As (1.0 V) cell all decrease greatly under each irra-
diation fluence condition. In addition, the degradation of Vo
is much higher than that of Iy in the irradiated Gag 42Ing 53 As
(0.7 eV) cells due to the additional intrinsic layer, leading to
more serious damage to the space charge region. The SRS and
PL amplitude analysis indicate that the bottom Gag7Ing3As
(1.0 eV) sub-cell shows the most severe damage during the
1-MeV electron irradiation. Accordingly, the PL amplitude
measurements qualitatively verify that the 7. degradation of
the irradiated Gag7Ing3As sub-cell is more drastic than that
of the GaAs sub-cell, causing the Gag 7Ing 3As sub-cell to be-
come the current-limit sub-cell in the IMMA4] cells during the
irradiation.
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