RADIATION RESISTANCE OF GaAs/GaSb TANDEM SOLAR CELL
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ABSTRACT: Radiation resistance of mechanically stacked tandem concentrator solar cells (SC) was studied. The
photocurrent densities as high as 32.1 mA/cm? and 25.8 mA/cm* (AMO) were measured correspondingly on the IR
transparent GaAs top cell and on the GaSb bottom cell in the tandem stack. Tandem SCs were irradiated with 3 MeV
electrons and their performance was determined as a function of fluence up to 3-10"°cm™. It was shown that the
radiation resistance of developed tandem SC increases with the top cell base doping decrease as well as with the
increase of the bottom cell emitter thickness. BOL efficiency of the tandems for radiation experiment was 25.5 —
26.2% (AMO, 100 suns). EOL efficiency of 17.5% has been obtained in the tandems after 10%cm™ 3 MeV electron

exposure.

Keywords: Tandem —1: GaAs/GaSb — 2: Radiation resistance - 3

1. INTRODUCTION

The large power requirements for space missions are
determined by the priorities of solar cell parameters such as
conversion efficiency and tolerance to the space radiation
environment. Up to date the highest conversion efficiency
of 30.5% (AMO, 100 Suns) has been achieved in the
mechanical stacked GaAs/GaSb concentrator tandem cells
[1]. At the same time the efficiencies as high as 26.9%
(AMO, 1 Sun) [2] and 26.4% (AMO, 50 Suns) [1] have
been recorded in the monolithic tandem InGaP/GaAs cell.
A lot of theoretical and experimental studies of the
radiation resistance of the AlGaAs, GaAs, InGaP single
junction cells [3, 4, 5, 6] and monolithic tandem
InGaP/GaAs cell [7, 8] have been published. Irradiation
test results for GaSb and GaAs/GaSb cells are still very
limited [9, 10]. In this paper the results for concentrator
GaAs and GaSb cells and their mechanical tandem stacks
(GaAs/GaSb) irradiated by 3 MeV electrons are presented.

2. GaAs TOP SINGLE-JUNCTION CELLS

AlGaAs/GaAs heterostructures for top cells were
fabricated by low temperature liquid phase epitaxy. The
structures with p* GaAs top contact layer, 0.03-0.05 pum
wide-gap AlysGag,As window layer, 0.4-0.5 um p-GaAs
photoactive layer, 3 pm n-GaAs layer and back surface
field Aly;GagoAs layer have been manufactured [11]. The
main AlGaAs/GaAs cell peculiarities for tandem
application in comparison with conventional GaAs based
cells are the following: the top cell has to be transparent in
the IR part of the spectrum and therefore the n-GaAs

substrate doping density was reduced to 10'®-10"7cm™.

3. GaSb BOTTOM SINGLE-JUNCTION CELLS

3.1. The “bulk” GaSb cells

The GaSb based cells were fabricated by using “bulk”
wafers (wafers prepared with bulk ingots grown by the
Czochralski technique, Te doped) [10]. The GaSb wafers
are exposed for the first zinc diffusion procedure by a
“pseudo-closed box” technique to form a shallow p-n
junction in photoactive area of the cells. Zn-diffuzion was
performed into “bulk” GaSb wafers from pure zinc source.

Anodic oxidation and selective etching were used for
precise thinning the diffused GaSb layers. Under the grid
fingers a deep p-n junction (0.3-1.5 pm) was formed by the
second diffusion process to avoid the current leakage.
Figure 1 shows the QE spectra of the cells based on “bulk”
GaSb with different p-layer thickness. It is necessary to
optimize the emitter thickness to achieve the higher
photocurrent density in the developed structures and to
reduce additional front layer resistance that can led to the
efficiency losses at high illumination intensity. The
dependence of the radiation resistance on the emitter
thickness will be described below.
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Figure 1: External quantum yield for “bulk” GaSb cells
with different p-layer thickness. The reflectivity spectrum
of MgF,/ZnS ARC is indicated as well.

3.2. The “epitaxial” GaSb cells

Epitaxial growth of Te doped GaSb layers was carried
out by liquid phase epitaxy (LPE) from Ga-rich melts. The
Zn-diffusion in these epilayers was employed to form a p-n
junction [10]. After that the GaSb cells were fabricated.
The “spectral response - junction depth” dependences for
the “epitaxial” GaSb cells are the similar to the “bulk” ones
(see above).
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4. ANTIREFLECTION COATINGS

Antireflection coatings (ARC) on the front and back of
the AlGaAs/GaAs cell and on the front side of the GaSb
cell are optimized for the reduction of reflection losses in a
broader spectral region. The obtained results (Fig.2) show
that it is possible to reduce optical losses in the GaAs-top
and GaSb-bottom cell with a use of: a) double-layer ARCs
of MgF,/ZnS; b) prismatic covers together with a single—
layer ZnS ARC. In any case the backside of GaAs had a
double-layer ARC made of MgF,/ZnS. The prismatic
cover reduces the shadowing losses of the front grid but it
causes some additional increased reflectance and as a result
the decreased transmittance.

The optimized ARC allows to obtain the 1 Sun (AMO)
photocurrent densities as high as 32.1 mA/cm™ and 25.8
mA/cm™ correspondingly on the IR transparent GaAs top
cell and on the GaSb bottom cell in the concentrator
tandem stack (the prismatic cover was used on the both
cells).
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Figure 2: Measured transmittance and reflectance of
AlGaAs/GaAs top cells using optimized ARC's on the front
and back side of the active cell area.

However it is possible to find the grid design which
ensures the low shadowing and low series resistance for
concentrator cells. In this case the double—layer MgF,/ZnS
ARC for GaAs and GaSb would preferably be used.

5. RADIATION RESISTANCE OF GaAs TOP CELLS

The IR-transparent GaAs single junction cells with
various junction depths were prepared to simulate the top
subcell of the tandem under irradiation. The reduction of
minority carrier diffusion length in the p- and n-GaAs
layers were measured. The effect of electron irradiation on
the spectral response was investigated for GaAs top
subcells with p-n junction depth in the range of 0.1-1.0 pum.
Figure 3 shows the influence of junction depth and base
doping on the photocurrent density (Jsc) for different
electron fluences.

The p-GaAs layer thickness of 0.4-0.5 pm in
combination with low doped (Np=8-10"cm™) n-GaAs base
layer provides the high radiation resistance of the top

subcell. On the best cell the photocurrent density as high as
Jsco=32.1 mA/cm? ( 1 Sun, AM0) was measured before
irradiation and Jsc=29.7 mA/cm’® after irradiation to a
fluence of 1-10'° cm™. Remaining factor is Jgc/Jsco=0.92.
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Figure 3: Photocurrent density degradation of GaAs
cells after electron irradiation as a function of base doping
and p-n junction depth.

Figure 9 shows a change of spectral responses of the
GaAs top cell with low doped base. The photoresponse is
negligible redused especially in the spectral range of 700-
900 nm that leads to superior radiation resistance of GaAs
top cell.

6. RADIATION RESISTANCE OF GaSb BOTTOM
CELLS

The QE curves were measured before and after each
3 MeV electron irradiation exposure. The short circuit
current density was calculated from QE data for AMO
spectrum.

The comparison of GaSb degradation without and
under the GaAs filter shows that the use of high energy
electrons (3 MeV) for irradiation leads to the negligible
shielding of GaSb cell by GaAs top cell. Due to this effect
and due to the very wide photoresponce (500 — 1850 nm)
of GaSb cells we have investigated the photosensitivity
degradation as well as photocurrent degradation in to
aspects:

1) for whole spectral response range (500 — 1850 nm);

2) for cutted spectral response range (880 — 1850 nm)

measured under GaAs top cell.

At the same time the differences in degradation for
“bulk” and “epitaxial” GaSb cells are investigated.

It was observed that electron irradiation decreases the
external quantum yields mainly in the long-wavelength part
of GaSb solar cell spectra (Fig. 4). For thick emitters the
QE value reduces in the whole photosensitivity range. The
high quality “epitaxial” GaSb layers allows to increase the
QE radiation stability in the long wavelength part of
spectrum. The “epitaxial” GaSb cells with 0.7-0.8 pum
emitter thickness demonstrate the better radiation stability
of QE in IR part of photosensitivity (880 — 1850 nm) in
comparison with “bulk” structure, that is very important for
GaSb cell application in tandem stacks in space.



Figures 5 and 6 show the EOL jsc dependence on the
emitter thickness for two various spectral response ranges:
whole and cutted. Under electron irradiation jgc decreases
rather slowly for “epitaxial” GaSb cells instead of “bulk”
cells, but the degradation rate of jsc depends also on the
emitter thickness. The thick “epitaxial” emitter (0.8 pum)
allows to conserve the high (jror./jzor= 0.89) photocurrent
value at up to 3-10"°cm™? electron fluence. The emitter
thickness decrease leads to the lower photocurrent
degradation for “bulk” GaSb cells and vice versa for
“epitaxial” ones.
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Figure 4: The EOL/BOL ratio of QE curves after
1-10"cm? electron fluence.

Nevertheless, the high quality “epitaxial” layers in
GaSb SC in combination with thick emitter demonstrates
the good result in photocurrent radiation resistance for
GaSb SCs.
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Figure 5: Photocurrent density degradation of GaSb
cells after electron irradiation as a function of p-n junction
depth. Photocurrent values are calculated for whole
spectral response range.

The 3 MeV electrons with the 1-10'> cm? fluence
depresses the 5.4% initial bottom cell efficiency down to
2.9% (AMO, 100 Suns). The efficiency remaining factor
(Effgor/Effgor) of the available GaSb cell in tandem stack
is about 0.53.
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Figure 6: Photocurrent density degradation of GaSb
cells after electron irradiation as a function of p-n junction
depth. Photocurrent values are calculated for cutted
spectral response range (GaSb under GaAs cell).

7. RADIATION DAMAGE FOR MECHANICALLY
STACKED TANDEM GaAs/GaSb SOLAR CELLS

The maximum efficiencies achieved in four terminal
mechanically stacked tandem are 26.5% at 100 suns (AMO)
and 25.1% at 20 suns (AMO) (Fig. 7). On both cells the
prismatic cover is applied.

The efficiency of 23.7% (AMO, 10 suns) has been
measured on the two terminal triplets manufactured for
linear receiver (the top and bottom cells are out of
prismatic cover).
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Figure 7: Mechanically stacked tandem cell
efficiency (AMO, 25°C) versus concentration ratio:
AlGaAs/GaAs top IR-transparent cell (1), GaSb bottom
cell (2), the sum of these efficiencies (3).

GaAs/GaSb tandem cells stacks have been irradiated
by 3 MeV electrons. BOL efficiency of the cells for this
experiment was 25.5 — 26.2% (AMO, 100 suns). The 17.5%
EOL efficiency and 0.68 remaining factor of efficiency
have been recorded in the GaAs/GaSb tandem after
1-10ecm™ 3 MeV electron exposure (Fig. 8). Figure 9
shows the absolute spectral responses of the mechanical
stacked tandem cell before and after 3 MeV electron
irradiation up to 3-10"° cm™ fluence.
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Figure 8: The efficiency degradation of GaAs/GaSb
concentrator SC as a function of 3 MeV electron fluence
(AMO, 100 Suns).
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Figure 9: External quantum yield of the GaAs/GaSb-
tandem cell with 0.5 pm junction depth in the top GaAs
subcell and 0.8 pum junction depth in the bottom GaSb
subcell as a function of 3 MeV electron fluence. Base
doping level of 8:10"° cm™ is in the GaAs subcell.

SUMMARY

The radiation resistance was investigated for
GaAs/GaSb mechanically stacked tandem concentrator
solar cells with beginning of life efficiency in the range of
25.5-26.5% (AMO, 100 suns). The best device was shown
to retain approximately 67% of its initial efficiency after
1:10"cm™ 3 MeV electron exposure. This degradation can
be reduced in the GaSb cells with high quality epitaxial
layers. The primary degradation was a result of a large loss
of photocurrent from the GaSb bottom cell owing to use of
the high energy electrons (3 MeV) for irradiation. At lower
electron energies (for example at widely used 1 MeV
electrons), the GaAs top cell with cover glass made
available the enhance effective shielding of GaSb cell.

With low base doping in the top GaAs cell and
appropriate emitter thickness in the “epitaxial” GaSb
bottom cell, an EOL AMO efficiency of 20% can be
achieved at 1-10"°cm™ 1 MeV electron fluence.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the Dr.
V.P. Khvostikov, Dr. S.V. Sorokina, Dr. E.V. Yakimova
for manufacturing of GaAs and GaSb cells and to Prof.
V.D. Rumyantsev for helpful discussions. We would like to
express particular thanks to N.H. Timoshina who
performed hundreds of QE and IV measurements and to
V.I.Lebedev for running the electron accelerator.

REFERENCES

[11 S.G. Bailey, D.J. Flood, Prog. Photovolt. Res. Appl.,
6(1998) 1.
[2] T. Takamoto, E.lkeda, H. Kurita, M. Ohmori Appl.
Phys. Lett. 70 (3) (1997) 381
[3] M.L. Timmons, R. Venkatasubramanian, P.A.lles,
C.L.Chu, Proc. of the Space Photovoltaic Research
and Technology Conference,(NASA conference
Publicacion 3121) (1991) 37
[4] R.H.Maurer, J.D .Kinnison, G.A. Herbert,
A. Meulenberg, Proc. of the Space Photovoltaic
Research and Technology Conference (1991) 38
[5] Bertness K.A., Ristow M. Ladle, Klausmeier-Brown
M.E., Grounner M., Kuryla M.S., Werthen M.S.,
Proc. 21st IEEE PVSC, Kissimimee, Florida (1990)
1231
[6] K.A. Bertness, B.T. Cavicchi, Sarah R. Kurtz, J.M
Olson., A.E. Kibbler, C. Kramer, Proc. of the 22nd
IEEE PVSC, Las Vegas (1991) 1582.
[7] Sarah R. Kurtz, K.A. Bertness, D.J. Friedman, A.E.
Kibbler, C. Kramer, J.M.Olson, Proc. of the First
WCPEC, Hawaii (1994) 2108
[8] T. Takamoto, M. Yamaguchi, S.J. Taylor, E.lkeda,
T. Agui, H. Kurita, Proc. of the 26th IEEE PVSC.,
Anaheim (1997) 887
[9] P.E. Gruenbaum, J.E. Avery, L.M. Fraas, XI
SPRAT, Clevlend, Ohio (1991) 41-1
[10] M.Z.Shvarts, V.M. Andreev, V.P. Khvostikov,
V.R. Larionov, V.D. Rumyantsev, S.V. Sorokina,
V.I. Vasilev, A.S.Vlasov, O.1.Chosta , Proc. of the
5-th  European Space Power Conference,
Tarragona, Spain (1998) 527

[11]  V.P. Khvostikov., V.R. Larionov, E.V. Paleeva,
S.V. Sorokina, O.I. Chosta, M.Z. Shvarts, N.S.
Zimogorova, Proc. of 4-th European Space Power
Conference, Poitiers, France (1995) v.2., 359



