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Investigation of radiation resistance of heterostructure silicon solar cells
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The radiation resistance of different types of heterostructural silicon solar cells under irradiation with 1 MeV
electrons in the fluence range 2.5-10'*—1-10" cm™ has been studied. Studies have shown that the smallest
degradation of the ,saturation” currents of the diffusion current flow mechanism from Jog < 5 - 1075 A/em? to
Jog <3-1072 A/em? and efficiency from 19.2 to 13.6% (AMO, 1367 W/m?) were n-a-Si:H/c-p(Ga)/p-a-Si:H
and n-uc-Si:H/c-p(Ga)/p-a-Si:H. The results obtained make it possible to evaluate the prospects for the use of
heterostructure silicon solar cells for low-orbit spacecraft.
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A reliable high-speed broadband Internet connection
may be established at any point within the country (in
particular, at those sites where reliable communications
are currently lacking) through the use of global low-orbit
satellite communication (LOSC). LOSC spacecraft are fitted
with solar cells that provide the needed electric power.
The development of silicon solar cells (SCs) for space
applications has ceased in the 1990s, and all the attention
was shifted to A3Bs SCs. However, owing to their ready
availability, relatively low cost, and sufficient performance
capabilities, silicon SCs are gradually becoming competitive
again (especially in the LOSC market). The efficiency
of crystalline silicon solar cells was estimated theoretically
at <26% (AMO) [1]. Silicon SCs with a heterojunction
(heterojunction technology solar cells, HIT SCs) have a
considerable efficiency potential. Efficiencies in excess of
26% (AM1.5, 1000 W/m?) [2-4] have been reported for
the best HJIT SCs. The use of low temperatures for growth
of passivating amorphous silicon layers translates into higher
open-circuit voltages (up to 750 mV) and lower temperature
coefficients (< 0.3%/°C) in HIT SCs, which are regarded
as a major advantage over PERC (passivated emitter rear
cell) and IBC (interdigitated back contact cells) silicon
SCs [5-7].

Radiation defects (atomic displacements induced by irra-
diation) are the primary cause of degradation of space SCs.
They exert a negative influence on photovoltaic parameters
(short-circuit current |, open-circuit voltage Uy, and fill
factor FF), electric power output Py, and the efficiency
and useful lifetime of SCs in orbit. The issues of radiation
resistance of HJT SCs remain understudied. The radiation
resistance of ntype HJT SCs has been evaluated in [1,8].
The key to enhancing this resistance is the use of p-type sil-
icon, since it offers a lower damage coefficient [9]. In order
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to find the most efficient and radiation-resistant structure, we
have evaluated the resistance of six different types of HIT
SCs to irradiation with electrons with an energy of 1 MeV
within the 2.5 - 10 —1 - 10" cm~2 fluence range, which is
equivalent to the conditions in near-Earth orbits [10].

HIT SC samples (Fig. 1) were fabricated on Czochralski-
grown nN- or p-type crystalline silicon (c-Si) substrates with
a thickness of ~ 125um doped with phosphorus, gallium,
or boron with a carrier density < 10'®cm=3. Layers of
undoped amorphous silicon (i-a-Si:H) with a thickness up
to 10nm, n-a@ (or n-uc) and p-a- layers with a thickness
of 10—20nm, and 100-nm-thick indium tin oxide (ITO)
layers were deposited on both sides of substrates. A p—n-
junction was formed on the front side for p-type c-Si and
on the rear side (,,rear emitter configuration) [5] for n-type
c-Si. Silver contact buses 40 um in width were deposited
with a pitch of 1.2mm by screen printing. The studied
HIJT SC structures had different dopants added to c-Si and

Ag metallization grid
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Figure 1. Structure of HIT SC samples with n- or p-type bases.
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Figure 2. & — Dependences of saturation current Jog of

the diffusion current flow mechanism on the fluence of 1 MeV
electrons, which was derived from experimental dark J—U, for HIT
SC structures A—F (see the table); b — spectral characteristics of
HJT SC structures D (curves 1, la, 1b, and Ic) and E (curves 2,
2a, 2b, and 2c)) under irradiation with fluences of 0 (I, 2),
2.5-10" (1a, 2a), 5- 10" cm=2 (Ib, 2b), and 1 - 10 cm~2 (Ic,
2c).

amorphous or microcrystalline n-type front layers. Samples
with an area of 1 ¢cm? cut from HJT SCs 15.6cm x 15.6cm
in size were examined without subsequent passivation of
lateral surfaces.

The front side of samples was irradiated in
air at room temperature in the process of two-
coordinate scanning of SCs by an electron beam
(Je = 12.5uA/cm?, Ee=1.040.1MeV) with fluences
Fe=2.5-10",5.10", and 1-10" cm~2 produced by an
RTE-1V setup. The electron-beam current in the accelerator
remained constant in the course of irradiation and was
monitored with a GDM-8246 instrument. The electron
flux, the intensity, and the exposure time were set so as
to avoid thermal annealing of samples under irradiation.

Current-voltage (J—U) and spectral characteristics were
measured and analyzed before and after electron irradiation
under darkroom conditions and under illumination in order
to identify HJT SCs with the best parameters and radiation
resistance. Dark J—U were measured using a high-precision
sourcemeter within the 1 pA—1A and 0—2V current and
voltage ranges. A collimated light flux produced by a
pulsed simulator with the AMO spectrum and an energy
density of 1367 W/m? was used to measure I-U under
illumination. Spectral characteristics were determined using
a setup fitted with an M266 monochromator, a halogen lamp
(300—2000 nm), and a silicon reference cell.

Experimental forward dark J—U of all types of HJT
structures before and after irradiation were analyzed in
accordance with the procedure outlined in [11]. This
method consists in presenting a dark J—U as a combination
of exponential sections that correspond to the following
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Figure 3. Dependences of the efficiency of HIT SC structures
(see the table) on the fluence of irradiating 1 MeV electrons (AMO,
136 mW/cm?, 300 K). a — Structures A—D; b — structures E, F.
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Studied structures A—F (Fig. 1)

Designation Structure

n-a-Si:H/c-p(B)/p-a-Si:H
nuc-Si:H/c-p(B)/p-a-Si:H
n-a-Si:H/c-p(Ga)/ p-a-Si:H
n-uc-Si:H/c-p(Ga)/ p-a-Si:H

n-a-Si:H/c-n(P)/ p-a-Si:H
n-uc-Si:H/c-n(P)/ p-a-Si:H

TmMOO >

current flow mechanisms: tunnel-trap, ,.excess“ with diode
ideality factor A > 2 (Esaki), recombination with A, = 2
(Sah—Noyce—Shockley), and diffusion with Ay = 1 (Shock-
ley). The lowest ,saturation currents were found in n-type
samples of structure E (the studied structures are listed
in the table). Following irradiation with 1MeV electrons
with a fluence of 2.5-10", 5-10", and 110" cm™2,
the examined samples underwent degradation, and the
saturation currents increased (see Fig. 2,a and the table).
A similar pattern of degradation of n-type HJT SCs with
predominant variation of the diffusion current component
has been reported earlier in experiments on irradiation with
3.8 MeV electrons in [8]. The diffusion saturation current for
n-Si samples after irradiation is, on average, more than an
order of magnitude greater than the corresponding current
for p-Si samples (Fig. 2, a).

The influence of irradiation with 1 MeV electrons on the
spectral characteristics of HIT SC structures D and E is
shown in Fig. 2,b. The degradation of the long-wave edge
of external quantum efficiency of SC structure D with an
increase in fluence is attributable to a reduction in the
diffusion length of minority carriers. An almost complete
degradation was observed in samples of structure E. This
is attributable primarily to the rear positioning of a p—n-
junction.

The results of measurements of I-U under illumination
revealed that photovoltaic parameters degrade with increas-
ing electron fluence in all the examined HJT SCs. Structures
C and D (see Fig. 3 and the table) demonstrated the least
significant (in absolute values) degradation of efficiency at
the maximum fluence Fe = 1 - 10" cm~2.

The efficiency of structures A and B was lower than the
one of structures C and D. This is likely attributable to the
emergence and activation of bulk defects (boron—oxygen
complexes) under illumination [12].

Having analyzed the spectral characteristics of HJT
SC structures A—F (see the table) and their J—U ob-
tained under darkroom conditions and under illumination,
we found that SC structure samples grown on p-type
substrates are more resistant to irradiation with 1MeV
electrons within the 2.5 - 10 —1 - 10" cm~2 fluence range.
HJT SC structures C and D were the most resistant
and had higher efficiencies before and after irradiation.
Their saturation currents of the diffusion current flow
mechanism changed the least (from Jog < 5-1071% A/em?
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to Jog < 3 - 10712 A/em?) following irradiation with 1 MeV
electrons with a fluence of 1-10'> cm~2. The reduction in
external quantum efficiency, short-circuit current, and open-
circuit voltage was < 25% (1 = 0.35—1.2um), lsc < 16%,
and Uy < 19%, respectively, while the efficiency dropped
from < 19.2 to < 13.6%.
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