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SUMMARY

Progress, during the past year, in InP solar cell research is reviewed.
Small area cells with AMO, total area efficiencies of 18.8 percent were pro-
duced by OMCVD and Ion-Implantation. Larger area cells (2 cm? and 4 cm?) were
processed on a production basts. One thousand of the 2 cm? cells will be used
to supply power to a small piggyback lunar orbiter scheduled for launch in
February 1990. Laboratory tests of ITO/InP cells, under 10 MeV proton irradia-
tion, indicate radiatton resistance comparable to InP n/p homojunction cells.
Computer modelling studies indicate that, for identical geometries and dopant
concentrations, InP solar cells are significantly more radiation resistant
than GaAs under 1 MeV electron irradiation. Additional computer modelling cal-
culations were used to produce rectangular and circular InP concentrator cell
designs for both the low concentration SLATS and higher concentration Cassegra—
nian Concentrators.

INTRODUCTION

Indium phosphide solar cells are excellent candidates for use in the
space radiation environment. This follows from their significantly increased
radiation resistance when compared to gallium arsenide and silicon (ref. 1).
In-addition, InP cells have been observed to anneal at room temperature under
dark cond1t1ons and under the influence of incident light (refs. 2 and 3).
Furthermore, AMO total area efficiencies of over 20 percent have been predic-
ted using a conservative model (ref. 4). For these reasons, the NASA Lewis
Research Center has been conducting a program aimed at developing high effi-
ciency, radiation resistant InP solar cells.

CELL PERFORMANCE

Interest in InP solar cells was stimulated by the demonstration, in 1984
that relatively high efficiency n/p InP solar cells with excellent radiation
resistance could be processed by a relatively simple, closed tube diffusion
process (refs. 5 and 6). Progress in achieving high efficiencies, dating from
that time, is shown in figure 1. All data shown are air mass zero, total area
measurements obtained at NASA Lewis. The highest AMO efficiency (18.8 percent)
was obtained by a combination of organometallic chemical vapor deposition
(OMCVD) and ion-implantation (ref. 7). A zinc doped p-type layer, 3-um thick,

- was epitaxially deposited onto a heavily doped p-type substrate and the p-n

junction formed by fon-implantation of silicon. AMO parameters for this cell
are shown in table I where it is noted that the total cell area was 0.25 cml.
In fact, for reasons of economy, all of the cells shown in figure 1 are of sim-
flar small areas. Recently however, larger area (4 c¢m?) cells have been pro-
duced using a closed tube diffusion process (refs. 8 and 9). For these cells



InyS3 was used as a diffusion source to produce the sulphur doped n-region
into"a zinc doped p-type substrate doped to 2x1016/cm3 (table I) (ref. 8).
These cells were produced on a production basis to yield lcm by 2cm cells in
addition to the 4 cmé cells. These 2 cm? cells are intended for use on the
Muses-A spacecraft to be launched in February 1990 (ref. 10). A cutaway view
of the spacecraft i1s shown in figure 2. The larger spacecraft will perform
periodic lunar swingbys. At the first swingby the small piggyback lunar
orbiter will be injected into an orbit around the moon. Power for the lunar
orbiter will be generated by approximately 1000 2 cmé InP cells with 50-um
cover glass. The orbiter is spin stabilized with the InP cells generating
about 10 W of power (ref. 10). The larger satellite is powered by silicon
solar cells. Since the moon lacks a magnetic field, the lunar orbiter will
not be subjected to a severe ambient radiation environment. In fact, radia-
tion from solar flares will present the severest radiation hazard to the small
lunar orbiter. Thus, rather than being a severe test of the behavior of InP
cells in a strong space radiation environment, the forthcoming lunar orbiter
w11] serve mainly as a vehicle for space qualificat1on of these cells.

RADIATION DAMAGE

-Despite the low radiation level encountered in lunar orbit it is neces-
sary to conduct laboratory tests on the large area InP solar cells. The
results of 10 MeV proton irradiations are shown in figure 3 where the 2 cm?
cells typical of those used on the lunar orbiter, are compared to n/p GaAs and
small area, diffused junction n/p InP cells._ Pre-irradiation parameters for
these cells are shown in table II. The 2 cm? InP cells outperform the smaller
area InP cells at the lower fluences but fall off at the higher fluences. Both
InP cells exhibit radiation resistance superior to the GaAs cell. RWith respect
~to the behavior at high fluence it is noted that the larger area InP cell has

a junction depth between 0.2 and 0.3 um (ref. 8), while the junction depth for
the smaller area cell is well under 0.1 um (ref. 11). Dependence of radiation
resistance on junction depth has been previously noted for GaAs where a
decrease in junction depth was observed to accompany increased radiation
resistance (ref. 12).. In the absence of similar data for InP, it is speculated
that the fall off at higher fluences may be due to the cell's relatively large
Junction depth. On the other hand, the increased radiation resistance observed
at lower fluence may possibly be due to better substrate quality in the larger
area cell. Obviously additional work is required to place these speculations
on a firmer basis.

Indium tin oxide/indium phosphide (ITO/InP) solar cells present a lower
cost processing alternative to the more common n/p homojunction cells. Previ-
ous experience with silicon solar cells, in which an oxide was an active cell
component, led to the strong possibility that radiation induced degradation in
the oxide was a significant factor in cell degradation (ref. 13). Thus it is
relevant to assess the performance of ITO/InP cells in a radiation environment
rather than taking it for granted that their radiation resistance will be
similar to that observed for the n/p homojunction cells. The results of such
irradiations are shown in figure 4, while pre-irradiation cell parameters are
listed in table II (ref. 14). The figure indicates that the present ITO/InP
cells have radiation resistance, under 10 MeV proton irradiations, which is
comparable to that of the n/p homojunction cells. The present ITO/InP cells,
supplied by Dr. T.J. Coutts of the Solar Energy Research Institute, were pro-
cessed by D.C. magnetron sputtering of ITO onto zinc doped p-type InP whose
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dopant concentration was 3x1016/cm3. Examination of the ITO/InP interface by
Raman spectroscopy and ellipsometry indicates that the cell configuration is
most probably that of a semiconductor-insulator-semiconductor (S-I-S), the
fnsulator being amorphous InP (ref. 15). .

THEORY

Comparison of InP and GaAs cells, under laboratory irradiations, have
employed cells with widely different pre-irradiation parameters. For example;
the n/p GaAs cell of figures 3 and 4 has a base dopant concentration which is
an order of magnitude greater than that of the n/p InP cells. Previous com-
parisons, under 1 MeV electron irradiation, have use p/n GaAs cells with an
A1GaAs window for comparison with n/p InP cells (fig. 5, ref. 1). In this lat-
ter case, the base dopant concentration of the GaAs cell was again an order of
magnitude greater than that of the InP cell. In order to compare these cells
on an equal basis, a computer calculation was performed using a previously
“published computer model (refs. 4 and 16). The parameters chosen for compar-
ing both n/p cells are shown in table III. Using these parameters an AMO effi-
ciency of 20.4 percent is predicted for InP while 21.5 percent is predicted for
GaAs (ref. 16). However, by reducing the emitter width to 250 to 300 A, front
contact grid shadowing to 4 percent and by use of an optimized two layer AR
coating, the optimum efficiency is 21.5 percent for InP and ~22.5 percent for
GaAs (ref. 16).

Because of carrier removal effects, 1t was necessary to use lifetime
damage coefficients, K;, to compute the degradation according to the usual
formula, :

1/t alltg + K¢ - (O

where t 1{s minority carrier 1ifetime in the base at the 1 MeV electron
fluence ¢ and <o 1s pre-irradiation 1ifetime. The plot used to obtain

K for InP is shown in figure 6 a similar plot being used for GaAs. -From
these data 1§ is found the K = 1.3x10-6 cm?/sec for InP while for GaAs

Ke = 3.1x1072. The computed results for identical cell configurations and dop-
1ng densities show that the calculated performance of InP is superior to that
of GaAs under 1 MeV electron irradiations (fig. 7). It was also concluded

that the superior radiation resistance in this case was not due to the higher -
absorption coefficient on InP but was due to the intrinsic nature of the
defects in these two cell types. In this connection, Yamaguchi has tenta-
tively concluded that “the radiation properties of the InP cells was attributa-
ble to room temperature and 1ight enhanced annealing phenomena of the major
defect centers in InP. The radiation resistance of InP was associated with

the lower migration energy of indium and phosphorus displaced atoms in InP com-
pared with those of the Ga- or As displaced atoms in GaAs (ref. 17)."

The model used in the previous case was also used to design and compute
the performance of InP cells under concentration at elevated temperatures
(refs. 4 and 18). The geometry of a circular cell, for the cassegranian
concentrator (ref. 19) and a rectangular cell for the SLATS concentrator
(ref. 20) are shown in figures 8 and 9. Cell parameters are shown in tables
IV and V. Computed temperature and concentration dependencies of cell effi-
ciencies are shown in figures 10 and 11. A summary of cell parameters at



20 and 100X and at 80 °C is shown in table VI. It is noted that a more compre-
hensive computer model using a multilayer antireflection coating is being
developed and 1s expected to add at least 1 percent to the efficiencies shown
in table VI (ref. 21).

CONCLUSION

. Achievement of AMO efficiencies approaching 19 percent makes the ultimate
goal (>21 percent) appear attainable. Although the present highest efficiency
cells are retatively small, it should be recalled that, for GaAs, efficiencies
over 18 percent were first reported, in 1972, for cells whose area was consid-
erably smaller than the present small area cells (ref. 22). The latter cells
are of adequate size for concentrator applications such as in the miniature
cassegranian concentrator (ref. 19). However, much larger areas are required
for planar arrays. The present larger area InP cells, with moderately high
efficiencies, are a first step in this direction. However, the method used to
produce these larger area cells, 1.e. diffusion into a thick Czochralski grown
wafer, has inherent limitations. For example, it is noted from table I that
the cells produced by OMCVD have much higher open circuit voltages. This is
believed to be due principally to the absence of a back surface field in
larger cells. This deficiency is inherent in the methodology used to produce
these cells (ref. 8). In addition to its flexibility, the use of an epitaxial
growth method usually results in a cell base which has less defects than a
base consisting solely of a Czochralski grown wafer. Thus it is anticipated
that the highest efficiency large area InP cells would ultimately be produced
by an epitaxial technique. Aside from this there remains the question of cost
and- the ability to produce useable large quantities of these cells. The
present substrate costs are high but the cost should be reduced when the cells
are produced in large quantities. However, a more attractive cost reduction
alternative lies in the use of heteroepitaxial growth on cheaper, sturdier sub-
strates. Another.alternative for cost reduction lies in the use of techniques,
such as the CLEFT process, in which the Czochralski grown substrate is reuse-
able (ref. 23). MWith respect to quantity production, the example of the cells
intended for the small lunar satellite indicate that, if a demand exists, the
cells, although presently of moderately high efficiencies, can be produce in
relatively large quantities (ref. 8). However, for quantity production of
large area, higher efficiency cells, epitaxial growth appears to be the method
having the greater possibility of success.
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[Measurements performed at NASA Lewis; total area, AMO = 137.2 mw/cmz.]

TABLE 1. - AIR MASS ZERO PARAMETERS OF BEST InP CELLS

Cell Growth Area, | Efficiency, g Vocr FF, Reference
type method cm? percent mA/ cm? mV percent
n*pp* OMCVD 0.25 18.8 35.7 873 82.9
and
ion-implant
n*p Closed . 4 16.6 33.7 828 81.6
tube
diffusion
TABLE II. - PRE-IRRADIATION AMO PARAMETER OF CELLS
IN FIGURES 3 AND 4
Celn Area, | Efficiency, Jse» Vocr FF,
cm? percent mA/cm? | mv percent
n/p InP 2 16.4 32.9 825 83
n/p InP 0.25 13.6 27.6 826 81.8"
IT0/InP 0.717 13.2 32.6 761 78
n/p GaAS | 4 16.6 29- 960 '81.8
TABLE IIIi ~ PRE-IRRADIATION CELL PARAMETERS USED IN THEQRETICAL
COMPARISON OF InP AND GaAs
InP GaAs
Junction area, cm2 1.60 1.00
Total illuminated area, cm? 0.94 0.94
Grid coverage, percent 6.00 6.00
Specific contact resistance, O-cm@ 1.0x10=3 | 1.0x10-3
Front surface recombination velocity, cm/sec 1.0x10% 3.0x103
n* emitter width, & 400 400
n* emitter doping, cm=3 6.0x10'7 | 6.0x1017
p base width, um 1.50 1.50
p base doping, cm~3 5.0x106 | 5.0x1016
p* BSF/buffer layer width, um 250 250
p* BSF/buffer layer doping, cm™3 5.0x1018 | 5.0x1018




TABLE IV. - GENERAL PARAMETERS OF NEAR-OPTIMUM CONCENTRATOR

CELL DESIGNS

Rectangular | Circular

Total area, A, cml 0.25 0.1257
Grid shadowing, percent 4 4
AR coating, & Si0 750 750
Specific contact rEsis—

tance, Ry, Q-cm

To n+ emitter 2x10=5 2x10-5

To p+ BSF layer 1x10-3 1x10-3
Series resistance, Ry, m2 59.7 92
Shunt resistance, Rgp, @ 1x107 ) 1x107
Bandgap of InP at 300 K, Eg, eV 1.35 1.35
Intrinsic carrier gancentration

n; at 300 K, cm™ 1.65x107 | 1.65x10%
Effective front SRV, Sf, cm/sec 1.1x10° 1.1x10%

TABLE V. - GEOMETRICAL AND MATERIAL PARAMETERS OF NEAR-OPTIMUM CELL DESIGN

[The following parameters are identical for both rectangular and circular

cells.]

Emitter
Width, Wg, um (&) 0.04 (400)
Doping, Nyg, em=3 ) 2x1078
Effective lifetime, wpg, ns 1.26
Diffusion length, LpE’ um 0.42
Base
Width, Wg, pm 1.5
Doping, Ngg, em=3 .. 5x1016
Effective lifetime, T,, ns 17.8
Diffusion Tength, L,g, um 12.75
BSF region
Width, WBSF, “m . . 250
Doping, Nj.gsF. em=3 .. 5x1018
Effective lifetime, Tn,BSFr NS 0.18
Diffusion length, L, gsp, um 1.06

TABLE VI. - CALCULATED PERFORMANCE Of
InP CONCENTRATOR CELLS AT 80 °C

100 AMO
(circular)

20 AMO
(rectangular)

dger Alem? 0.764 3.821
Vocr MV 896.8 946.2
FF, percent 83.72 81.40
n, percent 20.57 21.10
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