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1 Introduction

Photovoltaic Solar cells are the main power genera-
tion source for satellites because of their low cost,
robustness and reliability. Single-junction solar cells
are generally made with single P-N junction and
single material, the efficiency of commercially avail-
able GaAs based single-junction is ~ 18.5% and

ABSTRACT

Multijunction, GaInP/GaAs/Ge tandem solar cells have been extensively used
in space as the power generation source for satellites due to their high con-
version efficiency, high radiation tolerance and low-temperature coefficient. The
most critical characteristic of space solar cells is the radiation hardness of the
device. The space radiation environment degrades the long-term performance of
the solar cell when they are exposed to the radiation. The effect of radiation on
single-junction cell is well understood, established and well-studied. But the
radiation effect on multijunction solar cell and its characterization needs to be
studied in detail. The study is carried out on the effect of space radiation on ISO-
type (sub-cells) cells of multijunction solar cells, its characterization and com-
pared with the full cell and among three sub-cells which one is more susceptible
to radiation. Different characterization techniques Dark IV, Light IV, Spectral
Response and Electroluminescence are used to characterize sub-cells as well as
full cell. The reverse saturation current, solar cell ideality factor, electrical
parameters, current density, series and shunt resistance of sub-cells and full
cells were estimated for pre and post-electron and proton radiation. This study
helps in optimization of the solar cell design, material selection and manufac-
turing processes of multijunction solar cell. Also, the results of this study are
useful in modeling of multijunction solar cell.

utilizes sun spectrum up to 900 nm wavelength [1].
Due to improvement in the solar cell technology, the
state-of-the-art multijunction solar cells with conver-
sion efficiency 30% are available for powering the
spacecraft [2, 3].

Multijunction solar cells more specifically triple
junction solar cells are formed or constructed by
monolithically connected three solar cells and two
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tunnel diodes to utilize the full sun spectrum [1, 2],
which in turn improves the efficiency of solar cell and
specific power(W/m?) [1, 2] of solar array. In recent
times, solar cell researchers/manufacturers use lat-
tice matched four to five solar cells for the construc-
tion of multijunction solar cells, but four and five
junction solar cells are still in the development stage
and not qualified for the space use. At present only
three junction solar cells are extensively used in space
industry for powering the spacecraft. Hence, in this
study we have taken the three junction solar cells.

Space radiation consists mainly of energetic pro-
tons and electron particles [3] of different energies.
Many studies have shown that the middle GaAs solar
cell is more susceptible to the radiation environment
[2, 3]. The middle cell degrades more with radiation
compared to the top sub-cell. The impact of the low
voltage and high current density bottom Ge sub-cell’s
effect on the overall performance of the triple junc-
tion cell is insignificant. Once the intermediate GaAs
sub-cell is significantly damaged by irradiation,
photovoltaic parameters of full cell are affected. The
impact of radiation on different sub-cells is not sim-
ilar; therefore, it is necessary to perform a separate
radiation damage study on the sub-cells of the mul-
tijunction solar cell to understand the mechanism [4].
This study will help in the optimization of the solar
cell design and manufacturing processes [4]. Also
helps in understanding the performance of solar cell
for the spacecraft mission life and predict the power
output from the solar cells in the space.

Space radiation contains mainly energetic proton,
energetic electrons, gamma rays, Galactic gamma
rays (GCR), and X-rays. Due to the earth’s magnetic
field, the charged particles are trapped. Among these
species, the trapped electron and trapped proton
affect the solar cells significantly, as they create dis-
placement damage in the solar cells. The displace-
ment of the atoms creates defects in the solar cell
crystal lattice and these defects act as recombination
centers and reduces the electrical performance of the
solar cell [4]. The near-earth space radiation where
our satellites orbits, contains protons and electrons of
different energies. The electron energy ranges from
hundreds of keV (kilo electron Volt) to 7 MeV (Mega
electron Volt), and the proton energy ranges from a
few 100KeV to a few hundred MeV (solar flare pro-
ton). The solar cell damage equivalence of the various
energy electrons and protons for total mission life is
normally expressed in terms of damage equivalent by
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1 MeV electrons and 10 meV protons. Many studies
have been carried out on these multijunction solar
cells for electron and proton radiation of different
energies. In the present study emphasis put on
1 MeV electron and 10 MeV proton radiation, since it
is very important for space application.

In this paper, the studies are carried out on the
effect of 1 MeV electron and 10 MeV proton radiation
on the multijunction cell as a full cell as well as on
sub-cells/ISO-type cells. The ISO-type solar cell
samples were irradiated with proton and electron
radiation of different fluence in India. The samples
were characterized before and after irradiation for
electrical performance and device characterization
using different techniques like light and dark IV
measurements, Spectral response, electrolumines-
cence, and the results are presented and discussed in
this paper.

2 Multijunction solar cells

Multijunction solar cells used for power generation in
space consist of GalnP top junction with bandgap
energy of 1.7-1.9 eV, GaAs middle junction with
1.3-1.4 eV, and a Ge bottom junction with 0.7 eV. A
typical multijunction solar cell structure is shown in
Fig. 1 and the response of each sub-cell to the solar
spectrum (typical) is shown in Fig. 2. Single-junction
solar cells like silicon and GaAs/Ge utilize solar
spectrum up to 1100 nm. The single-junction solar
cell can generate higher current due to photon
absorption over the broader spectral region but can-
not produce high open circuit voltage due to limita-
tion in the dark current of the low bandgap material.
Also, single-junction solar cells cannot split the solar
spectrum more effectively because of bandgap limi-
tations and lower optical sensitivity and lower
absorption. To overcome these drawbacks, the mul-
tijunction solar cells are formed with many sub-cells
of different energy gap materials and effectively split
the solar spectrum and utilizes the full solar spec-
trum. The usage of three different bandgap materials
generates more open circuit voltage. Due to these
improvements, the efficiency of multijunction cells is
around 30%, which is more than any space-grade
single-junction solar cell ~ 18.5% (achieved effi-
ciency). This improved efficiency will reduce the area
and weight of the spacecraft solar panels and
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Middle Junction
GaAs 1.3-1.4eV

Fig. 1 Typical multijunction solar cell structure

Fig. 2 Spectral utilization in
multijunction solar cells

GalnP
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increases the specific power W/m? capacity of solar
panels, helps in reducing the Launch cost.

Sub-cells of multijunction solar cells are generally
called ISO-type cells. ISO-type solar cells are fabri-
cated such that only one of the three P-N junctions in
the multijunction solar cell is active electrically and
the other two junction’s photon absorption charac-
teristics and the electrical behavior of the tunnel
diodes are simulated [2, 25]. All characterization of
the ISO-type solar cells in this study is carried out
with the assumption that the only the particular sub-
cell is active and rest of the sub-cells does not impact
the measured performance of the active P-N junction
in them.

The four ISO-type cells are composed as follows:

e Triple junction (T]) full cell: InGaP/InGaAs/Ge.
Top Cell: InGaP/Ge with InGaP active cell.
Middle Cell: GaAs/Ge with GaAs active cell.
Bottom cell: Ge cell.

3 Experimental methods

Since the impact of particulate radiation on the per-
formance of the multijunction solar cell is affected by
the behavior of each of the junctions, it is, therefore,
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necessary to perform separate radiation damage
studies on each of the sub-cells. Illuminated current-
voltage (I-V) characteristics, spectral response (SR)/
quantum efficiency, and electroluminescence were
performed pre- and post-irradiation to evaluate the
impact of irradiation.

Numinated IV characteristics were performed
under 1AMO X-25 solar simulator with a tempera-
ture-controlled mount. The measurement is carried
out at 28 °C for pre- and post-radiation comparison
purposes, the results can be extrapolated to any
temperature using temperature coefficients. Gener-
ally, the space-grade solar cells will be characterized
at Air Mass Zero (AMO) to simulate space conditions.
Where 1AMO is the intensity and spectrum above the
earth’s atmosphere. The simulator was calibrated
using a secondary standard solar cell set which is
calibrated using primary standard by balloon flight.
The spectral response was measured using a
monochromator that was calibrated using a silicon
photodiode and InGaAs diode. Electroluminescence
spectrum of ISO-type cells are measured, using
25 mw Argon (Ar) laser. The solar cells were irradi-
ated with 1 meV electron and 10 meV proton for
different fluences at Electron Beam Center (EBC) and
Tata Institute of fundamental research (TIFR),
Mumbai, India.

4 Results and discussion

4.1 Reverse saturation current and diode
ideality factor

4.1.1 Method I

The saturation current (Iy) and ideality factor (1) of a
P-N junction solar cell are an indication of the quality
of the cell. These two parameters are usually esti-
mated from dark -V measurement.

The solar cell equivalent circuit model can be rep-
resented by a circuit shown in Fig. 3. This solar cell
model has been used widely for solar cell analysis
with some minor deviations [5-7] for dark IV.

Based on the equivalent circuit of a photovoltaic
solar cell, the characteristic equation that gives the
relationship between the terminal voltage and the
current generated can be written as follows [5, 6]:

For Dark 1V, the equation can be written as (7)
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Fig. 3 Solar cell equivalent circuit

1%
ID:IOexp<;lk—T—l> (1)

where I p Dark current (A), I, reverse bias saturation
current (A), V cell voltage (V), g electron charge
1.6 x 107Y (Q), n ideality factor, K Boltzmann's
constant 1.38 x 107 (j K™"), T absolute temperature
of the junction.

The ideality factor which is a measure of how
closely the diode follows the ideal diode equation is
derived from the slope of the dark IV characteristics
and it varies from 1 to 5.

For V > 50 mV, the term (—1) can be ignored and
the Eq. 1 can be rewritten as

_ v
I=Ipexp (nkT> (2)
Equation 2 is written as [7]
— g
In(I) = In(I) + (nkT)v (3)

_ grad

" kg
-y

In(ly) = ———

n(lp) nkT/q

Plotting the natural log of the current against the
voltage, the slope q/nkT gives n and the intercept
gives In(lp) [7].

The dark IV characteristics of ISO-type solar cell is
measured pre- and post-irradiation. The observed
change is an increase in the dark current at any given
voltage for each cell after radiation and is inferred as

due to the introduction of defects after irradiation.
The ideality factor and reverse saturation current of
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Fig. 4 Dark IV plots of 0
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Table 1 I, and n values measured by Method 1

Voltage V

Electron Radiation Dose Initial 1E14e/cm? 5El4e/cm?

Reverse saturation Ideality Reverse saturation Ideality Reverse saturation Ideality

current I, (A) Factor n current I, (A) Factor n current I (A) Factor n
Top (GalnP) 45 x 107" 2.15 20 x 10713 2.06 39 x 101 1.99
Middle (GaAs) 6.0 x 10712 2.00 45 x 107! 1.93 2.7 x 1071° 1.88
Bottom (Ge) 45 x 107 1.41 14 x 107% 1.36 1.5 x 107 1.26
Full cell 45 x 107" 4.85 75 x 107" 477 1.1 x 107'° 422
By adding All Iso-type Solar 5.0 x 107" 5.56 248 x 107'° 5.35 5.42 x 107'° 5.13

cells (full cell)

each sub-cell are estimated from the dark IV charac-
teristics by Eq. 3 and plotted as shown in Fig. 4.

The saturation current and diode ideality factor for
full cell and sub-cell of multijunction cells are mea-
sured and listed in Tables 1 for pre- and post-electron
radiation test.

In dark [-V, voltage (V) is applied across A and B.

Two cases can be discussed as follows:

Case 1: At Low voltages, i.e., at V < Vinee (Vinee-
= External biasing voltage at which current increases
rapidly).

@ Springer

In this case, diode will not conduct and current will
pass through the shunt resistance (C to D). Current (I)
will be calculated as

Vv

I=——
Rsh+Rs

It can be seen that, in this case Ry,/Rs > 1. Thus
Rgn + Ry =~ Ry, so the contribution of R, in control-
ling the current is negligible. At low voltages, the
ideality factor is governed by the shunt paths across
the P-N junction.
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As I, and n are calculated by fitting the semi log
plot of log (current) vs. voltage below (at low voltage)
the Vinee, thus Rg will not play any role.

Case 2: At High voltage, i.e., at V > Vipee.

Above Vi,eo, the diode will start to conduct (cur-
rent path is EF) and R, will be deciding factor of the
current in the circuit. The effect of series resistance on
I-V will described as the decrease of slope of the IV
with the increase of Rs above Viye and the ideality is
governed by R at higher voltages.

The ideality factor reduces with radiation expo-
sure, this indicates that the radiation exposure creates
defects due to displacement damage and increases
the radiative recombination in the solar cells. But the
saturation current increases with radiation, which
indicates the decreased diffusion length and reduced
minority carrier lifetime after radiation.

The decrease in the ideality factor of all three sub-
cells GaInP, GaAs and Ge junction decreases the open
circuit voltage (V) as shown in Eq. 4 and maximum
power due to irradiation. Also, the voltages of all
sub-cells reduce with the radiation.

nkT IL )
Voe=—In[—+1 4
q n<10 @

where I, light-generated current, Iy diode saturation
current, n Ideality factor, g electronic charge
1.6 x 107" (C), V4 Cell open circuit voltage,
K Boltzmann’s constant 1.38 x 1072 G K™Y, T Abso-
lute temperature in kelvin.

Dark I-V measurements suggest that the radiation
primarily affects dark current produced at voltages
greater than 0.5 V. The dark saturation current of
irradiated solar cells increases but simultaneously
decreases the ideality factor due to reduction in the
open circuit voltage [8-10]. Also, a reduced ideality
factor further indicates a change in the radiative

Table 2 I, and n values estimated using Method 11
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recombination mechanism and increase in the
recombination current in the solar cells after expo-
sure to radiation.

4.1.2  Method I1

In this method, the ideality factor and reverse satu-
ration current is estimated using Eqs. 5 and 6 [11]
with parameters generated from light IV. The
parameters Rs, Reh, Imp, Vinp, Voe and I of sub-cells
and full cells are taken from Tables 3 and 4. The
estimated reverse saturation current I, and ideality
factor n is listed in Table 2. The results of method II
from light IV are listed in Table 2. In both methods
the ideality factor decreases with radiation and sat-
uration current increases with radiation and this is
due to radiation-induced defects.

n— Vmp + ImpRs - Voc

Vi [m (ISC - % - Imp) —In (Isc _ K—) L zm,,%c]

V. -V
I) = (ISC — RO:) exp( nVT) (6)
S|

where V. the open circuit voltage, I the short

circuit current, Vy,,: Voltage at Maximum power
point, Inp: Current at Maximum power point, R
Series Resistance, Rgy: Shunt Resistance, n: Ideality
Factor, Vt = Thermal Voltage 26 mV.

4.2 Estimation of series and shunt
resistance

The solar cell Eq. 7 under practical test conditions can
be written with series and shunt resistance as [5, 6]

V+IR, V+IR,
I:IL—IO[exp(q( — ))] S h (7)

Electron Initial After 1E14 e/cm? After 5E14 e/cm?

Radiation . . . . . .
Reverse saturation Ideality Reverse saturation Ideality Reverse saturation Ideality
Current [y (A) Factor n Current Iy (A) Factor n Current Iy (A) Factor n

Top (GalnP) 1.66 x 107! 1.44 5.19 x 107" 1.34 1.59 x 1078 1.16

Middle 224 x 1071 1.51 12 x 107" 1.2 491 x 1077 1.07

(GaAs)
Bottom (Ge) 5.74 x 1077 1.195 6.64 x 107° 1.193 54 x 107 0.717
Full cell 6.08 x 10 ~*° 2.94 453 x 107" 2.5 9.99 x 107" 2.45
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Table 3 Pre- & Post-Irradiation Measurements of Ry & Ry,
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Resistance in Ohm Before Radiation test

After Radiation test

Before Radiation test After Radiation test

Rin Rin Rs Ry

Full Cell

Sample 1 1576 1480 1.500 2.520

Sample 2 1575 1508 1.480 1.519

Sample 3 1576 1467 1.470 1.586

Sample 4 1575 1463 1.419 1.600
Top Cell

Sample 1 841 805 0.740 0.909

Sample 2 837 264 0.769 0.901

Sample 3 837 387 0.838 0.937

Sample 4 837 818 0.750 0.958
Middle Cell

Sample 1 83 37 0.375 0.586

Sample 2 84 40 0.411 0.632

Sample 3 98 66 0.571 0.672

Sample 4 84 65 0.571 0.714
Bottom Cell

Sample 1 74 28 0.225 0.294

Sample 2 74 36 0.25 0.303

Sample 3 76 48 0.246 0.281

Sample 4 74 50 0.218 0.245

[Sample 1 and 2 are irradiated for 1 MeV electron, 5SE14e/cm?, 1E14e/cm? fluence, respectively, sample 2 and 3 are irradiated for 10 MeV

Proton of 1E12 p/cm?, 5E12p/cm?, respectively.]

where R, series resistance, Ry, shunt resistance, I So-
lar cell output current, I, light-generated current, I
diode saturation current, n Ideality factor, g electronic
charge 1.6 x 107" (C), V cell’s terminal voltage,
K Boltzmann's constant 1.38 x 10~** (j K™), T Abso-
lute temperature in kelvin.

This equation has been used widely for solar cell
analysis with minor deviations. The reason for devi-
ation is due to difficulty in measuring the series and
shunt resistance.

R, and R, are the effective internal resistances in
series and in shunt to the cell associated. The series
resistance R, is due to the sheet resistance of the
semiconductor material, the metal contacts and
interconnects and contact resistances between the
semiconductor and the metal contacts. The shunt
resistance. Ry, is due to non-idealities, manufactur-
ing/growth defects and impurities in the P-N junc-
tion [12].

In this method, a linear fitting of IV curve region
near open circuit voltage (Vo) is used for series
resistance estimation and short circuit current (I.)
region for shunt resistance estimation of a solar cell.

@ Springer

The slopes at V.. and I, region give a good
approximation for Ry and Ry, and provide a good
indication of defects introduced by radiation, oper-
ating temperature, etc.

The series and shunt resistances were estimated
from AMO illuminated I-V characteristics and listed
in Table 3, Ry, values changes after radiation. Shunt
resistance decreases with the radiation and as well as
with increased fluence due to manufacturing defects
and structural damage which acts as recombination
centers induced by radiation [13]. The increased ser-
ies resistance due to radiation reduces fill factor of
solar cell.

4.3 Electrical performances under AMO

Radiation creates displacement damage and results
in defects in the solar cells. The defects induced by
radiation causes a reduction in the minority carrier
lifetime. This results in a reduction in the I-V perfor-
mances of the solar cells under AMO spectrum. The
reduction depends on the type of radiation, on its
energy, and the total fluence [12, 14, 15].
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The electrical parameters of I;—short circuit cur-
rent, V,-—open circuit voltage V,—Voltage at the
maximum power point, I,,—current at maximum
power point, conversion efficiency # and fill factor
after irradiation with 1 MeV electrons and 10 MeV
proton having different fluences of sub-cells and full
cell are listed in Table 4. The light IV (Current Volt-
age) characteristics of bottom cell, middle cell, top
cell and full cell is shown in Fig. 5.

The conversion efficiency and fill factor (FF) of all
the sub-cells is affected by radiation. The pre and
post-radiation electrical parameters Iy, Voo, Vinps Imps
efficiency and FF are shown in Table 4. The FF and
conversion efficiency are represented by below
equations. Both Voltage and current values decrease
with radiation exposure and resulted in change in FF
and conversion efficiency.

The FF and efficiency are calculated from Eq. 8 and

9.
Viaolm
FF = Jmem 8
Voclsc ®
Vinplmp
_ _ mp-mp 9
n="p )

where V. the open circuit voltage, I, the short
circuit current, Vy,,: Voltage at Maximum power
point, Ii,p: Current at Maximum power point, Pin is
input power, FF is the fill factor and #5 is the
efficiency.

From the electrical parameters listed in Table 4, it is
clear that the radiation affects the performance of
solar cell, which reduces the current and voltage of
all sub-cells. More degradation happens at higher
fluences. Also, the effect of proton is more compared
to electron radiation.

The main interactions of concern when irradiating
solar cells with electron and proton radiation are
ionization and atomic displacement [16]. In solar cell,
the major interaction is due to atomic displacement.
Atomic displacement occurs when energetic particles
interact with atomic structure and resulted in a dis-
placement of an atom within the materials structure.
A displaced atom within the crystal lattice will result
in the formation of an interstitial defect atom, a
vacancy, and other electronic and phonon losses.
Displaced atoms will form stable defects and causes
permanent degradation in the solar cell [17]. Due to
this, energy levels are formed within the bandgap of
the material and act as trapping centers. The traps
between the valance band and conduction band are
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distributed in the material due to radiation and act as
recombination centers and alters the electrical per-
formance of solar cell.

From the results it is clear that, the electrical
parameters of both current and voltage of top GalnP
is better and less degraded compared to middle GaAs
solar cell and it indicates that the radiation-induced
degradation is more in middle GaAs solar cell [8]
compared to GalnP.

4.4 Spectral response and J,. estimation

Spectral response (SR) is one of the major character-
ization techniques used to evaluate the solar cell
damage caused by radiation. The spectral response
curve represents the “conversion ability” of the solar
cell as a function of the incident light wavelength.
The changes in the SR curve are related to the
degradation in the performances of the solar cell.

In particular to the degradation of the carrier life-
times that implies a lower capacity of the P-N junc-
tion to collect the photogenerated photocarriers and it
will be reflected in the current density of the solar
cell. From the spectral response one can calculate the
current density of the solar cell using the Eq. 10,

J = SGYE() (10)
21

where J,. Current Density in A m~2, » Wavelength
nm, S(A) Spectral response of the material AW~
nm™ ', E(A) Energy of the solar spectrum Wm ™ *nm.

The spectral response (SR) of top and middle
junction solar cells is shown in Fig. 6 and SR of the
bottom solar cell is shown in Fig. 7. The current
density Js. of ISO-type sub-cell and the full cell is
estimated from the spectral response curve and listed
in Table 5.

The change in the SR is related to the radiation-
induced defects which reduces the diffusion length
[6] of light-generated carriers and impact on the
carrier collection efficiency and reduces the current
generation [10, 18].

The SR of the top GalnP solar cell shows that there
is little or no degradation at the lower wavelengths
(300400 nm), whereas around 550 nm there is a
small degradation. The change in the SR is related to
the defects induced by radiation, which reduces the
diffusion length of the carriers and results in the
reduction in the carrier collection efficiency and
current.
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Table 4 Pre- & Post-
irradiation electrical
parameters of sub-cells /ISO-
type cells and full cell

Fig. 5 Light IV characteristics
of bottom cell, middle cell, top
cell and full cell after 1 MeV
electron radiation

@ Springer
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Parameters Initial 10 meV Proton 1 meV Electron
1E12 Plem® SE12 P/Cm* 1E14 e/em’ SE14 e/cm’
Top Cell
Jsc (MA/Cm?) 17.5 17.25 17 17 17
Jop (mA/cm?) 16.75 16.25 16 16.3 16
Vip 1.275 1.192 1.17 1.214 1.203
Ve (V) 1.431 1.358 1.327 1.376 1.357
Efficiency (%) 15.784 14.31 13.83 15.05 14.46
Fill Factor (%) 85.28 82.68 82.98 84.59 83.43
Middle cell
Jse (MA/Cm?) 19.5 19.25 19 18.75 18.75
Jmp (mA/cm?) 18 17.25 16.75 17.5 17.15
Vinp 0.86 0.771 0.75 0.814 0.802
Ve (V) 1.008 0.912 0.894 0.99 0.93
Efficiency (%) 11.44 9.8 9.28 10.52 10.22
Fill Factor (%) 78.75 75.75 73.95 76.74 78.49
Bottom Cell
Jse (MA/Cm?) 52 45 43 51 45
Jmp (MA/cm?) 44 38.25 36.75 0 38.75
Vip 0.183 0.152 0.147 0.168 0.155
Ve (V) 0.256 0.245 0.239 0.248 0.235
Efficiency (%) 5.95 43 3.4 5.21 4.45
Fill Factor (%) 60.4 52.73 52.56 55.78 56.79
Full cell
Jee (MA/Cm?) 17.25 17 17 17.1 16.75
Jp (mA/cm?) 16.75 16.5 16.25 16.5 16.3
Vip 2413 2.21 2.189 2.32 2.2
Voe (V) 2.705 2.539 2.512 2.612 2.514
Efficiency (%) 29.97 26.95 26.29 28.29 26.5
Fill Factor (%) 86.61 84.48 83.29 85.7 85.15
0.25
—+=Full cellBefore radiation
0.2 « Full cell After 1E14 e/cm2 radjaifion
____ Bottom cell ——Full cell After 5E14 e/cm2 radiation
—o—Top cell before radiation
—=—Top cell After 1E14 e/cm2 radiation
—=Top cell after 5E14 e/cm2 radiation
~4—Middle cell before raditaion
0.15 ——Middle cell after 114 e/cm2 radiation
< Middle cell after 5E14 e/cm2
] ——Bottom cell before radiation
[ . —+=Bottom cell after 1E14 e/cm2 radaition
g M}'ddle cell —e—Bottom cell after 5E14 e/cm2 radiation
© . A Topi cell Full cell
0.05
0 2

0.5

15

Voltage V
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Fig. 6 Top and middle Cell Spectral response of Full cell
SR as a function of irradiation .
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The degradation is more pronounced in the middle
GaAs junction; this is consistent with the observation
that, GaAs middle junction is more prone to radiation
and degrades more [7].

The degradation in the SR of the bottom cell is not
noticeable in the triple junction structure since the
photocurrent of the germanium junction is about
twice the photocurrent of GalnP and GaAs [8, 19] and

in the ISO-type cells limited by the simulated top and
middle cells. The bandgap of Ge solar cell is sub-
stantially low compared to GaInP and GaAs resulting
in higher current density Js., and small degradation
after irradiation in the bottom cell is not significant
and will not limit the total current. Also, because of
lower bandgap, the voltage contribution from Ge will
be very less [20]. The excess current density and low
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Table 5 . of ISO-type and full solar cells

J Mater Sci: Mater Electron (2021) 32:14014-14027

Current density mA/cm? Before Radiation test

After Radiation test

Before Radiation test After Radiation test

Jse (top) Jse (top) Jse (mid) Jse (mid)
Full Cell
Sample 1 17.30 17.27 17.67 17.34
Sample 2 17.05 17.04 17.61 17.6
Sample 3 17.03 16.92 17.63 17.62
Sample 4 17.06 17.05 17.79 17.61
Current density mA/cm? Before Radiation test After Radiation test
]SC ]SC

Top Cell

Sample 1 16.97 16.81

Sample 2 17.01 16.97

Sample 3 17.09 17.01

Sample 4 16.96 16.94
Middle Cell

Sample 1 17.8 17.26

Sample 2 17.65 17.32

Sample 3 17.28 17.26

Sample 4 17.63 17.25
Bottom Cell

Sample 1 23.95 23.75

Sample 2 23.99 23.66

Sample 3 23.94 23.52

Sample 4 23.98 23.74

[Sample 1 and 2 are irradiated for 1 MeV electron, 5El4e/cm?, 1E14e/cm? fluence, respectively, sample 2 and 3 are irradiated for 10 MeV

Proton of 1E12 p/em?, 5E12p/em?, respectively.]

voltage contribution by the Ge bottom cell result in
negligible or no effect on the performance of the tri-
ple junction cell after irradiation.

In multijunction solar cells, the low current gener-
ated top cell (higher bandgap material) limits the
total current of the solar cell. Since the degradation of
the top cell is less compared to the middle cell, the
current performance of the multijunction solar cell is
not affected significantly. To achieve this generally
GaAs solar cell current density designed to be
slightly higher than the top junction, so that, even
after radiation exposure the top cell current only will
limit the total performance of the solar cell.

4.5 Electroluminescence (EL)

EL measurements give numerous information on
materials and device properties. They are therefore
widely used for solar cell characterization to assess
absorption, resistance losses, or defect levels. They

@ Springer

are fast and non-destructive characterization tech-
niques used across the world.

When a transition from an upper to a lower energy
state can occur without emitting a photon, the emis-
sion efficiency is decreased. Non-radiative recombi-
nation processes are difficult to identify or to study
directly because their occurrence can only be inferred
from the low emission efficiency [21, 22]. The EL
emission reduces after radiation because of defect
states and this indicates the non-radiative recombi-
nation after radiation [10].

The EL of a solar cell is measured using the current
source to control the current injected into the solar
cell, the set current is 60 mA (I, of the solar cell) and
the bias voltage is set at 2.6 V(approx. V. of the solar
cell). The light emitted from the cell is directed
toward the fiber optic of the spectroradiometer which
is connected to a computer. For this purpose, two
spectroradiometers were used: a Silicon (Si) based
spectroradiometer that detects the ultra-violet and
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visible region and an InGaAs-based spectrora-
diometer that detects the near-infrared region
[22, 23].

The band-edge emissions from the respective sub-
cells were observed by EL spectroscopy. A typical EL
spectrum at room temperature is shown in Fig. 8; the
emission around 1.88 eV, 660 nm, and 1.41 eV,
880 nm was observed from the GalnP top cell, the
GaAs middle cell, respectively.

The solar cell is examined by EL for non-radiative
recombination mechanisms from the top GalnP
junction to middle GaAs junction. The magnitude of
the non-radiative recombination in the junctions
provides a measure of material quality of each junc-
tion in the photovoltaic device [8]. EL spectrum of
pre- and post-radiation is presented in Fig. 8.

Two peaks are observed in the EL spectrum and
indicate the bandgap region of the two top junctions
GalnP and GaAs and are shown in Fig. 8. The EL
peak intensity of the GaAs cell degraded dramatically
after irradiation. This degradation rate was more
compared to GalnP the degradation rate of EL
intensity of the GalnP cell is much less than that of
the GaAs cell, these results confirm that the GaAs cell
has low radiation tolerance compared to GaInP [24].

The EL spectrum measured pre and post-electron
radiation demonstrates that the non-radiative
recombination in the solar cell before radiation is

Fig. 8 EL of full cell pre &
post 5E14 e/cm? irradiation
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considerably higher compared to the radiative signal
emitted by solar cell after radiation, this indicates that
the solar cell after radiation will have defects induced
by radiation, due to this the intensity of EL spectrum
reduces considerably after irradiation, this informa-
tion can be used in software simulation to study the
defect densities and defects levels after radiation.

5 Conclusion

Solar cell I-V measurements, spectral response, and
electroluminescence measurements have been used
to better understand the mechanism of degradation
of solar cell performances.

The saturation current and ideality factors of all
sub-cells and full cells are estimated from dark IV
characteristics. The results indicates that the ideality
factor decreases and saturation current increases with
the radiation exposure due to decreased diffusion
length and reduced minority carrier lifetime after
irradiation. The minority carrier life time decreases
with radiation due to introduction of defects which
act as recombination centers.

GaAs based multijunction solar cells are more
radiation harder than the previous generation single-
junction gallium arsenide (GaAs) solar cells. This is
due to the higher radiation hardness of the current
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400 600 800

1000

1200
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limiting indium gallium phosphide based top cell.
Understanding how each sub-cell degrades helps in
the design of the multijunction solar cell with
improved radiation resistance tolerance. The full and
sub-cells/ISO-type cells were irradiated by electron
and proton at different fluence level in order to
establish the changes. Carried out characterization
pre- and post-irradiation to understand the behavior
of each sub-cell vis-a-vis the full cell. These studies
enable us to understand the degradation behavior of
sub-cells of multijunction solar cells and help in the
improvement of the solar cell growth process and
material selection. These results are used in the
modeling of solar cell and helps to model the defect
and traps in the solar cells.

Different characterization techniques are used to
understand the multijunction solar cell in depth, all
the measurements indicate that the GaAs sub-cell is
the weakest element of the triple junction structure
from a radiation tolerance point of view. The main
reason for this is attributable to the introduction of
defects in the solar cell due to irradiation resulting in
reduced minority carrier lifetime.

This study of sub-cells/ISO-type cells helps in
optimization of the solar cell design, material selec-
tion and manufacturing processes of multijunction
solar cell. Also, these results are useful in modeling of
multijunction solar cells and radiation-induced
defects in solar cell.
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