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Failure analysis of heavily proton irradiated p+-n InGaP solar
cells by EBIC and cathodoluminescence

M.J. Romero a,*, R.J. Walters b, D. Araújo a, R. Garcı́a a
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Abstract

In this paper the effects of heavy proton irradiation on single-junction (SJ) p+-n InGaP solar cells are investigated by means
of electron-beam-induced-current (EBIC) and cathodoluminescence (CL). A hole diffusion length reduction from 0.3 to 0.02 mm
after 1×1014 protons/cm2 irradiation is estimated from EBIC measurements. Such degradation is attributed mainly to IE3 point
defects as evidenced by the temperature dependence of the CL intensity. The electronic activity of such defects is shown to be
reduced after thermal treatment. Indeed an enhancement of the light emission is observed after electron bombardment only on
InGaP while no recovery is observed on the GaAs substrate. Such results illustrate the potential of EBIC/CL in device failure
analysis as they are non-destructive techniques. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The volume of data transfer required by the new
communication systems makes necessary satellite net-
works in orbits in or near the proton radiation belts,
which extend from approximately 2000–10 000 km
(MEO: Medium-Earth Orbit) [1]. Such satellites suffer
high cosmic irradiation. The space photovoltaic devices
of the latter satellites require solar cells delivering high
power densities with low degradation under cosmic
particle bombardment. Among the different materials
tested for spatial applications, In0.5Ga0.5P (hereafter,
InGaP2) has been demonstrated to be relatively resis-
tant to particle irradiation and to deliver the best EOL
(end-of-life: 1×1015 cm−2 1 MeV electron fluence)
power density. Indeed values of 25 mW/cm2 (1 sun,
AMO) are demonstrated for InGaP solar cells while
GaAs/Ge or InP/Si devices lie below 18 mW/cm2 [2–4].
Moreover, due to its wide bandgap (1.9 eV), it is very
suitable as a top cell in dual-junction (DJ) technology
[5]. The latter uses the multiple junction technique, each
one with a different material bandgap, to enhance the
sensitivity to solar spectral radiation. In this contribu-

tion, we investigate the effects of 3 MeV proton irradi-
ation at fluences of 1×1014 protons/cm2 on
single-junction (SJ) p+-n InGaP2 solar cells. The elec-
tron-beam-induced-current (EBIC) and cathodolu-
minescence (CL) techniques of the scanning electron
microscope (SEM) are used to study the optoelectronic
and microelectronic device failure in terms of the spa-
tial distribution of diffusion length and radiative and
non-radiative recombination centers.

2. Experimental details

The p+-n SJ InGaP cells were grown by OMVPE on
n+ GaAs substrates at The Research Triangle Institute.
The solar cell heterostructure is shown in Table 1. The
cell total area is 0.254 cm2 with an active area of 0.16
cm2. The 3 MeV proton irradiations were performed at
Naval Surface Warfare Center Pelletron facility in
White Oak, MD. The dosimetry accuracy is estimated
to be approximately 10%.

For the EBIC measurements, a cell was mounted on
an adapted holder of a Jeol-JSM820 SEM in the planar
configuration, with the incident electron beam perpen-
dicular to the junction. The EBIC current (Icc) was
measured using a head pre-amplifier followed by a low
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Table 1
SJ p+-n InGaP solar cell structure

Thickness (mm)Material Carrier densityFunction
(cm−3)

0.2Cap 1×1019p+ GaAs
0.025p AlInP 8×1017Window
0.05 4×1018p+ InGaP
0.2p+ InGaP 2×1018Emitter
1Base �1×1016n InGaP

Back-surface 0.02n+ InGaP 1×1018

field (BSF)
0.4n+ GaAs 2×1018Buffer

Substraten+ GaAs 250 2×1018

Fig. 1. Experimental and closest-fit electron beam energy dependen-
cies of the EBIC gain for both unirradiated and heavily-proton
irradiated SJ p+-n InGaP solar cells.

input impedance amplifier (Matelect-5A). The electron
beam current (Ib) was measured by a Faraday cup. Both
are collected at different electron beam energies between
1 and 30 keV. The electron beam energy dependence of
the EBIC gain (Icc/Ib) allows an estimate of the in-depth
distribution of the minority carrier diffusion length.

The CL experiments were carried out on a freshly
cleaved {110} face perpendicular to the p+-n InGaP
junction plane. CL profiles and spectra are recorded in
the excitation range between 5 and 30 keV of electron
beam energy. A semi-parabolic mirror was attached to
an optic guide yielding high efficiency collection of the
luminescence. For IR detection a Ge cryo-detector is
used (North Coast EO-817L). A cryogenic CCD (Photo-
metrics SDS9000) is attached to an Oriel 77400 Spec-
trograph/Monochromator for spectroscopic mode of the
cathodoluminescence. The CTI-Cryogenics 22C/350C
He closed-circuit cryostat attached to an anti-vibration
system is used in low temperature (LT) CL experiments.
The instrumentation control and data acquisition are
computer controlled.

3. Electron-beam-induced-current analysis

Fig. 1 shows the electron beam energy dependence of
the EBIC gain for the unirradiated and heavily-proton
irradiated SJ p+-n InGaP cells. For quantitative analysis
of the EBIC gain, our approach consisted of first
estimating the extent of electron–hole pair (e–h) gener-
ation by a Monte Carlo procedure [6]. Second, the
Poisson and the e–h current density continuity equa-
tions are resolved by applying a self-consistent iterative
finite difference method. For the unirradiated (pre-rad)
cell, the minority carrier diffusion length at base is
estimated to be 0.3090.01 mm. The emitter acts as a
perfect collector of electron beam induced e–h and we
estimate a lower limit to the electron diffusion length of
1.5 mm.

The EBIC data for the cell irradiated with 3 MeV

protons (1×1014 p+/cm2) are shown on Fig. 1. The
minority carrier diffusion length is estimated to be
0.0290.01 mm in the cell base. However, the EBIC gain
at electron beam energies below 10 keV shifts negative.
These data cannot be explained by only a reduction in
diffusion length. This suggests a change in the e–h
collection mechanism close to the junction. One possibil-
ity is that heavy-proton irradiation results in some
carrier removal and compensation effects in the p+

emitter, which are more pronounced at the top of the cell
(approximately 75–100 nm in depth). In other words,
the result is that the total structure would be p−-p-n and
negative EBIC currents are possible when injection
carriers only are close to the surface, i.e. at low e-beam
voltages. In this case, a non uniform defect distribution
would be expected to be induced by proton irradiation.

4. Cathodoluminescence: radiation-resistant and
annihilation properties of InGaP

The CL measurements were made on a freshly cleaved
{110} face perpendicular to the epilayers and performed
between 70 and 300 K. The CL spectra at T=70 K from
the SJ p+-n InGaP solar cells are shown in Fig. 2. The
CL spectra were recorded at Eb=20 keV and Ib=1.5
nA with a magnification of 20 000 centered in the p+-n
InGaP junction, in the 1.4–2.0 eV interval. Three peaks
are observed: the first at 1.45 eV is attributed to free-to-
bound (e, Si0) transitions, the others correspond to the
e–h band-to-band transitions related to GaAs (1.5 eV at
T=0 K) and InGaP2 (2.0 eV [7] at T=0 K, InGaP2).
We analyse in the following the relative and absolute CL
intensities of the GaAs and InGaP related peaks versus
the proton irradiation and the thermal anneal recover-
ing.
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First, we observe an impressive decrease of the lu-
minescence after heavy irradiation. The relative GaAs
with respect to InGaP peak intensity is 1.5 before the
irradiation and falls to 0.6 after the 1×1014 protons/
cm2 irradiation at 3 MeV. Even though, the total
panchromatic CL falls to a factor of 300 after irradia-
tion. We conclude that the defects induced in the
InGaP seem to have a lower electronic activity (higher
carrier recombination lifetime) than those induced in
the GaAs. The second feature is the ability of each
material to recover part of their properties after ther-
mal annealing. This point is of prime importance as the
space solar cells work at high temperature and suffer
then from continuous irradiation damage and thermal

annealing. Fig. 2 (bottom) shows the CL spectrum of
the entire region of the inset taken after high-injection
with the electron beam (Eb=20 keV and Ib=10 nA for
1 h) in the center of the spectrally analysed region
(localised on the p+-n junction). This means that the
spectrum has contributions of annealed and non-an-
nealed material. The InGaP CL intensity of the whole
region duplicate after annealing. The injection time
dependence of the InGaP CL intensity in the center of
the white point (e-beam injection coordinate) is shown
in Fig. 3. The relative InGaP peak intensity increases
by a factor of 8.5 after e-beam bombardment whereas
the GaAs emission remains constant during an identical
experiment on the GaAs material.

From the contribution of the InGaP and GaAs re-
lated-luminescences to the total CL intensity, the degra-
dation of GaAs seems to be higher than InGaP. The
superior defect annihilation properties, and conse-
quently radiation-resistant properties, of InGaP over
GaAs are clearly seen in the lower spectrum of Fig. 2
taken after high e–h injection with the electron beam
localised on the p+-n InGaP junction of the heavily-
proton irradiated cell. After injection annealing, the
InGaP luminescence increases whereas the e–h band-
to-band emission from GaAs remains constant.

The other experimental feature of the CL spectra is
the shift to shorter wavelength (approximately 10 meV)
of the InGaP luminescence after irradiation. We at-
tribute it to a radiation-induced-transition from the
initial partially ordered ternary alloy to disordered In-
GaP. It is well known that InGaP has a tendency to
order the cations on the group III sublattice producing
alternate In- and Ga-rich {111} planes. Ordering is
predicted [8] and experimentally observed to result in a
decrease in the e–h band-to-band transition energy.
The ordering is a kinetic phenomenon that is confirmed
experimentally to depend on the misorientation of the
substrate [9] and the growth parameters such as the
growth temperature [10], V/III ratio [10,11] and growth
rate [12]. The SJ p+-n InGaP solar cells were grown by
OMVPE on (001) GaAs substrates with a misorienta-
tion of 2° in the �110� direction. The growth tempera-
ture was 923 K, the V/III ratio 80 and the growth rate
0.08 mm/min. From earlier research [13] these growth
parameters and substrate misorientation leads to par-
tially ordered InGaP.

5. Temperature dependence of the cathodoluminescence:
defect characterisation

In the previous section, we noted that irradiation
induced a lowering of the optoelectronic properties of
the material. GaAs regions are shown to degrade more
strongly than InGaP ones and the latter recover their
properties better after thermal annealing. However, at

Fig. 2. CL spectra (from top to bottom) of the SJ p+-n InGaP solar
cells prior to proton irradiation, after high-energy proton irradiation
and after high injection in the p+-n InGaP junction by electron beam
excitation (Eb=20 keV and Ib=10 nA for 1 h) of the heavily-proton
irradiated SJ p+-n InGaP cell. The radiation-induced shift to minor
wavelength of the InGaP-related luminescence is clearly seen by the
dash–dot line. The CL micrograph (inset) recorded after high injec-
tion with e-beam shows the spatial distribution of the luminescence
after recovery.
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Fig. 3. Injection time dependence of the CL intensity showing the recovery of the InGaP luminescence induced by e-beam bombardment whereas
no recovery is observed in GaAs. The geometry of the experiments is displayed in the inset.

this stage of the study, we do not know the nature of
the radiation-induced defects. Therefore, we attempt
here to determine the binding energy of the states
related to these. Indeed, as the radiative recombination
has to compete with non-radiative recombinations re-
lated to the defect states, the temperature dependence
of the CL intensity must follow an Arrhenius be-
haviour. Then knowing the binding energy, the charac-
ter of the defect can be determined.

Fig. 4 displays the temperature dependence of the
InGaP band-to-band CL intensity of the proton irradi-
ated SJ p+-n InGaP solar cell. It clearly exhibits differ-
ent intervals that obey an Arrhenius dependence. This
behaviour corresponds to different thermally activated
non-radiative recombination mechanisms. It will be
analysed from the emission efficiency h, that is de-
scribed by

h=
�

1+ka exp
�

−
Ea

kBT
�

+kb exp
�

−
Eb

kBT
�n−1

(1)

where k is the ratio of radiative to non-radiative recom-
bination lifetimes for each non-radiative recombination
mechanism (labelled a and b) at T=300 K and Ea and
Eb are its thermal activation energies. The fit in Fig. 4
results from applying Eq. (1) to the experimental CL
data. The fitting parameters were Ea=1.25 eV, Eb�
0.2 eV, ka�1015 and kb�105. The a recombination
center is assumed to be the previously reported IE3
electron trap [14]. Moreover, Walters et al. [15] also
reported IE3 in proton-irradiated InGaP. Measure-
ments at lower temperature would be necessary to
increase the accuracy in estimating the energy level of
b.

6. Conclusions

We studied the proton irradiation effect on InGaP/
GaAs p+-n solar cells using EBIC/CL measurements. A
reduction of the diffusion length, probably due to the
electronic activity of the radiation-induced defect IE3,
is evidenced after proton irradiation. Indeed, the tem-
perature dependence of the CL allows determination of
the radiation-induced defect energy levels. The activity
of such defects is shown to be reduced after high
injection with the electron beam. Such recovery is not
observed on GaAs which indicates its lower capacity
for spatial applications. The EBIC/CL techniques are

Fig. 4. Arrhenius plot of the temperature dependence of the InGaP
band-to-band luminescence intensity in the proton irradiated solar
cell. The fit is a result of applying Eq. (1). The level of excitation was
Eb=20 keV and Ib=1 nA.



M.J. Romero et al. / Materials Science and Engineering B66 (1999) 189–193 193

shown then to be very attractive, as non-destructive
techniques, for failure characterisation.
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