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Radiation-induced order–disorder transition in p 1 – n InGaP solar cells
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The effects of electron and proton irradiation onp1 –n InGaP solar cells grown on GaAs substrates
are investigated using cathodoluminescence~CL! and transmission electron microscopy~TEM!. The
CL measurements confirm the higher radiation resistance and defect annealing properties of InGaP
compared to those of GaAs. The CL measurements also indicate the occurrence of a
radiation-induced sublattice order–disorder transition in InGaP. TEM reveals the presence of
ordering domains in the as-grown cells, which are effectively removed by radiation-induced defects.
The results should be useful in the fabrication of radiation-resistant single-junction and
dual-junction InGaP solar cells for space. ©1999 American Institute of Physics.
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Monolithic multijunction solar cells have been shown
have much higher efficiencies than single-junction cells d
to their larger range of spectral sensitivity. The main tech
cal challenge in the growth of these cells is to lattice ma
the different materials at their interfaces to prevent the p
duction of threading dislocations. For space applicatio
there is the added requirement of radiation tolerance. Un
irradiation with high-energy electrons or protons, as suffe
in space, all junctions are degraded simultaneously. S
they are connected in series, the most vulnerable junc
determines the radiation response of the whole cell.

The highest efficiency commercially available space
lar cell is currently the dual-junction InGaP2/GaAs cell
grown by organometallic vapor phase epitaxy~OMVPE! on
a Ge substrate. Laboratory prototypes of this technol
have been made with record efficiencies.1 In this letter, we
report cathodoluminescence~CL! and transmission electro
microscopy~TEM! measurements made on single-juncti
~SJ! p1 –n InGaP cells grown on GaAs substrates. It
shown that InGaP grown on GaAs by OMVPE initially co
sists of ordered sublattice domains. However, after irrad
tion with high-energy electrons or protons, displacem
damage defects remove the sublattice ordering in the
grown InGaP in a manner that could be related to an ord
disorder transition. The results also confirm the better ra
tion tolerance of InGaP as compared to GaAs.

Details of the cells, grown by OMVPE at the Resear
Triangle Institute, are given in Table I. Three solar cells w
studied, one of which~labeled No. 6-2841-3! was the unir-
radiated, control cell. A second cell~labeled No. 6-2841-1!
was irradiated with 3 MeV protons up to a fluence of
31014 cm2, which corresponds to a displacement dama
dose2 of Dd52.03131012 MeV/g. The third cell ~labeled
No. 6-2841-6! was first irradiated with 1 MeV electrons u
to a fluence of 131016 cm22, which corresponds toDd

a!Electronic mail: manueljesus.romero@uca.es
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53.1731011 MeV/g, and then thermally annealed at 450
for 2 h. Both irradiations were performed at room tempe
ture and with the cells at open circuit.

The CL measurements were carried out on a fres
cleaved$110% face perpendicular to the plane of thep1 –n
InGaP junction. CL is excited using an electron beam in
energy (Eb) range from 5 to 30 keV. A cryogenic charge
coupled device~CCD! ~Photometrics SDS9000! was at-
tached to an Oriel 77400 spectrograph/monochromator
spectroscopic measurements. A CTI-Cryogenics 22C/35
helium closed-circuit cryostat was used for low-temperat
measurements. The TEM measurements were made in J
1200EX and 2000EX transmission electron microscopes

Figure 1 shows the CL spectra measured at 70 K w
the beam centered on thep1 –n InGaP junction. Prior to
irradiation@Fig. 1~a!#, three peaks are observed. The peak
1.45 eV is attributed to free-to-bound~e, Si0) transitions, the
others correspond to the electron–hole band-to-band tra
tions in GaAs and InGaP2. Figure 1~b! shows that following
proton irradiation the overall CL intensity is reduced by
factor of ;300. Within this reduction, the InGaP-related i
tensity is seen to be less affected. Indeed, the GaAs/In
intensity ratio, which was approximately 9:2 before the irr
diation, fell to 3:2 after irradiation. This change indicates th
defects produced in InGaP2 have a smaller effect on the ca

TABLE I. SJ p1 –n InGaP solar cell structure.

Material
Thickness

~mm!
Carrier density

~cm23!

Cap p GaAs 0.2 131019

Window p AlInP 0.025 831017

Emitter front surface field p InGaP 0.05 431018

Emitter p InGaP 0.2 231018

Base n InGaP 1 ;131016

Back surface field~BSF! n InGaP 0.02 131018

Buffer n GaAs 0.4 231018

Substrate n GaAs 250 231018
4 © 1999 American Institute of Physics
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rier recombination dynamics than those induced in GaAs
Figure 1~c! shows the CL spectrum after electron irr

diation and subsequent thermal annealing. The results s
that annealing increases the InGaP2 band-to-band lumines
cence intensity to approximately 70% of the unirradia
level, whereas in GaAs the band-to-band intensity increa
to only about 5% of the preirradiation level. This indicat
more efficient annihilation or neutralization of radiatio
induced defects in InGaP2 than in GaAs.

Thermal annealing of the proton-irradiated cell was a
accomplished using the electron beam as a local ther
source (Eb520 keV andI b510 nA for 1 h!. The inset of
Fig. 1~d! shows the panchromatic CL emission measured
ter e-beam injection. The cross corresponds to the locatio
the e-beam during the thermal treatment. Since the elec
beam scans the whole region, the CL has contributions f
both annealed and unannealed material. The e-beam in
tion induced an order of magnitude increase in the InG2
band-to-band peak intensity, indicating significant recov
of some of the radiation-induced degradation. Similar exp
ments on the GaAs do not produce any recovery in irradia
GaAs.

These results are in agreement with the measured ph
voltaic response of irradiated InGaP2 solar cells compared to
radiation-induced degradation of GaAs solar cells. GaAs
lar cells degrade more rapidly under irradiation than InG2

FIG. 1. CL spectra measured onp1 –n InGaP solar cells.~a! The spectrum
measured prior to irradiation. The peak centered at 1.45 eV is attribute
the free-to-bound~e, Si0! transition, and the peaks centered near 1.5 eV
near 2.0 eV correspond to band-to-band transitions in GaAs and InG2,
respectively.~b! The spectrum measured after proton irradiation. The ir
diation has caused an overall reduction in the CL intensity, with the big
effect in the GaAs peak.~c! The spectrum measured after electron irrad
tion and subsequent thermal annealing at 450 K for 2 h.~d! CL spectrum
after electron-beam injection in thep1 –n InGaP junction (Eb520 keV and
I b510 nA for 1 h! of the previously proton-irradiated cell. The CL micro
graph~inset! recorded after the e-beam excitation shows the spatial di
bution of the luminescence recovery.
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cells.3,4 Moreover, irradiated InGaP2 solar cells show some
recovery after minority-carrier injection,4,5 while GaAs cells
do not,6 in agreement with the CL measurements repor
here.

OMVPE-grown InGaP2 is known for the tendency of the
cations to order on the group III sublattice producing alt
nate In- and Ga-rich$111% planes. This sublattice orderin
results in domains of ordered InGaP2 within a matrix of dis-
ordered material. The ordering is a kinetic phenomenon
depends both on the orientation of the substrate7 and on
growth parameters such as temperature, V/III ratio,8–10 and
growth rate.11 The cells studied here were grown by OMVP
on ~001! GaAs substrates with a misorientation of 2° in t
^110& direction. The growth temperature was 923 K, t
V/III ratio 80, and the growth rate 0.08mm/min. The results
of Su and co-workers12,13 indicate that these growth param
eters lead to ordered InGaP2 with a lateral domain size o
around 10 nm within a disordered InGaP matrix.

TEM observations made before irradiation~cell
6-2841-3! show excellent crystal quality and indicate goo
lattice matching between the deposited InGaP2 and the GaAs
substrate@Fig. 2~a!#. The selected area electron diffractio
~SAED! pattern from the InGaP2 layer exhibits single varian
superlattice spots. Figure 2~b! shows the corresponding dark
field ~DF! TEM micrograph within one of the superlattic
spots, which shows the distribution of ordered domains. T
latter are extended in a direction almost parallel to the~111!
plane. After irradiation, the SAED pattern from the InGa2

layer is suppressed, indicating the removal of the orde
domains. This is also evidence for a radiation-induc
order–disorder transition.

The CL spectra also show indications of a radiatio
induced order–disorder transition in the InGaP2. The data of
Fig. 3 show that proton irradiation causes an energy shif

to
d

-
r

i-

FIG. 2. ~a! Bright-field BF~200! TEM micrograph showing detail of the
InGaP/GaAs interface.~b! DF TEM micrograph of the InGaP epilayer take
with the superlattice spot in the SAED pattern, showing the distribution
ordered InGaP2 domains. Both micrographs were taken from the unirra
ated cell~6-2841-3!. Subsequent irradiation removed this ordering.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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10 meV ~at T570 K! in the InGaP2 luminescence peak, ac
companied by a decrease in the full width at half maxim
~FWHM! from 36 to 29 meV. These phenomena have a
been observed after thermal annealing where ordering
predicted and experimentally observed to cause a decrea
the band-to-band transition energy and an increase of
FWHM.14,15 In addition, the Varnish equation successfu
fits the temperature dependence of the InGaP peak en
following irradiation, but not before~Fig. 4!. Such behavior
has been reported previously16,17 and connected with order
ing in InGaP. These CL and TEM data are all consistent w
initial ordering in the InGaP2 that is removed by the irradia
tion. Note that such an energy shift cannot be attributed
carrier removal. Indeed,C–V measurements presented
Ref. 4 show no evidence of carrier removal.

The preceding analysis illustrates how the ordering
fect could be used to modulate the absorption edge in InG2

by modifying the growth parameters at a fixed In mole fra
tion, without introducing any lattice mismatch. By exploitin
this behavior, the spectral response of an InGaP2 solar cell,
and thus, the dual-junction~DJ! cell output, could possibly
be optimized. Indeed, Bertnesset al.18 have suggested suc
an ordered–disordered~OD! heterostructure for the D
InGaP2/GaAs technology to improve the cell efficiency.
light of this, the radiation data presented here are very
portant, since they indicate that if such an ordere
disordered structure were employed for a space solar cell
beginning of life efficiency gained from the ordering ph
nomenon might be nullified by the effects of subsequent
radiation.

The results presented here indicate lower radiati
induced degradation of the electrical properties as well as
improved ~both thermal and injection! characteristics of
InGaP2 compared to GaAs. These results support previ
reports of the superior radiation resistance and annea
properties of InGaP2 solar cells over GaAs cells. In addition
results have demonstrated ordering in as-grown InGaP2 that
is removed by irradiation. The radiation-induced orde

FIG. 3. Detailed analysis of the InGaP2 CL peak measured before~6-
2841-3! and after proton irradiation~6-2841-1!. The irradiation causes a
narrowing of the peak and a shift of the peak to higher energy. These ef
can be explained in terms of the radiation-induced order–disorder trans
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disorder transition in InGaP2 caused a narrowing of the CL
peak, along with a shift of the peak to higher energies. Th
results indicate that some measure of order-related band
gineering is possible in InGaP2/GaAs DJ solar cells, but tha
caution must be taken in applying the technique in appli
tions involving high-radiation environments.
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FIG. 4. Temperature dependence of the InGaP CL peak energy. The
lines represent fits of the data to the Varnish equations. The data mea
on the irradiated samples are well described by the Varnish equations
the unirradiated data are not.
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