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Abstract

Through the technique of electron beam induced current (EBIC), the effects of proton irradiation on InP solar cells of p+–n
polarity have been investigated. InP cells of the opposite polarity (n+–p) have been shown to collapse under heavy proton
irradiation, due to carrier removal that first depletes and eventually type converts the base region. In contrast, we show that for
cells of p+–n polarity, electron capture plays the dominant role in the cell radiation response at high damage levels. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The service given by satellite-based, global communi-
cation systems is well known as used by most of us. The
satellite networks currently under construction or in
development are designed for Geosynchronous Earth
Orbit (GEO) or Low Earth Orbit (LEO) (below �1600
km). GEO systems allow a global coverage with a
minimum spacecraft, but they require high transmission
power and may introduce long delay times. On the
other hand, LEO systems allow a more rapid and a
lower power transmission, but require a high number of
spacecraft to attain a global coverage. The most advan-
tageous orbits for a global satellite network, both from
cost and operational viewpoints, may be in Medium
Earth Orbits (MEO), in the 2000–10 000 km range [1].
Unfortunately, these orbits are in the midst of the Van

Allen radiation belts, where the severe radiation envi-
ronment causes a rapid degradation of the solar cells
[2]. Among the few possible solutions for MEO satellite
power generation, the InP-based technologies have
been reported to be more radiation tolerant than cur-
rent GaAs and silicon cells [3]. Very high efficiency InP
cells of the n+–p polarity show a collapse under heavy
proton irradiation, caused by carrier removal that first
depletes and eventually type converts the base region
[4]. Therefore, we expect that higher radiation tolerance
might be obtained if the polarity of the cell is inverted.
This is an even more attractive prospect given the
successful fabrication of high-quality p+–n InP solar
cells with efficiencies approaching 18% in Air-Mass
Zero (AM0) [5]. In this paper, we report some results
on the effect of proton irradiation on high-efficiency
p+–n InP cells by monitoring the electron beam in-
duced current (EBIC) signal. This work is part of an
ongoing collaboration between the University of Cádiz,
Spain and the Naval Research Laboratory, USA to test
the radiation tolerance of novel photovoltaic
technologies.
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Fig. 1. Schematic diagram of the InP cells of p+–n polarity.

Accelerator at the Naval Surface Warfare Center in
White Oak, MD.

For EBIC measurements, the cells were mounted on
an adapted holder of a JEOL-JSM820 scanning elec-
tron microscope. The induced signals were monitored
both on {110} faces (perpendicular to epilayers) and at
the cell surface, with the e-beam oriented along the
[001] axis (Fig. 1). In this configuration, we measured
the gain of the signal (the relationship between EBIC
and e-beam current) at different acceleration voltages,
between 6 and 30 kV. EBIC micrographs were also
recorded from the {110} face. The interpretation of
induced signals is assisted by simulations based on the
finite element method (FEM).

3. Results and discussion

3.1. Analysis of the gain of the EBIC signal

EBIC measurements were made on several ERI cells
that had been irradiated with 3 MeV protons up to
fluences ranging from 1011 to 1014 cm−2. Fig. 2 shows
the electron beam energy dependencies of the EBIC
gain for these cells. From the EBIC measurements,
estimates of the base and emitter diffusion lengths were
made for each cell. The results are detailed in Table 1.
To evaluate the damage coefficient for this solar cell
technology, the fluence is converted to displacement
damage dose (Dd) by multiplying by the appropriate
non-ionizing energy loss (NIEL) for protons in InP [6].

2. Experimental details

The cells used here were fabricated by Essential
Research, Inc (ERI) who have established the record of
conversion efficiency for InP solar cells of p+–n polar-
ity (17.6%, AM0 1 Sun 25°C) [5]. The structure of the
ERI cell is depicted in Fig. 1. For improving cell
efficiency, instead of a uniform emitter, a p+/p structure
has been used to minimize defects related to Zn impuri-
ties. The cells were irradiated with 3 MeV protons up to
a total fluence of 4.12×1014 cm−2 at the Pelletron

Fig. 2. Electron beam energy dependencies of the gain of the EBIC signal for proton irradiated cells with fluences ranging from 1011 to 1014 cm−2.
The gain has been simulated by the FEM method for different base diffusion lengths.
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Table 1
Diffusion length in the base (n InP) and emitter (p InP), and surface recombination velocity (S/D, cm−1) estimated from the analysis of the EBIC
data for several proton irradiated ERI InP cells of p+–n polarity

Displacement damage dose (MeV g−1)Fluence (3 MeV protons, cm−2) Lh (base) (mm) Le (emitter) (mm) S/D (cm−1)

2.590.20 0.170 105

0.624.16×1011 0.108.45×109 104

0.45 0.10 1041.04×1012 2.10×1010

8.37×1012 – – –4.12×1014

A plot of the base diffusion length (L) versus Dd is
shown as open squares in Fig. 3. Another estimate of L
was made from spectral response (quantum efficiency)
measurements for heavily proton-irradiated cells [7].
The data shown in Fig. 3 have been fit to the diffusion
length degradation equation [8]:

1
L(Dd)2=

1
L0

2+kLDd (1)

where L0 is the pre-irradiation value of L and kL is the
proton diffusion length damage coefficient. The fit gave
a value for kL of 2.36×10−10 g cm−2 MeV−1. This
damage coefficient is comparable to kL=2.93×10−10

g cm−2 MeV−1 determined for L in the p-type base of
n+ –p InP cells [4].

The severe degradation of the gain at the highest
levels of Dd (\1012 MeV g−1) makes the analysis of
the diffusion length difficult. The simulated data (Fig.
2) suggest that the diffusion length should have been
degraded below 0.01 mm. However, even if diffusion
processes were completely neglected (i.e. assuming L=
0 mm), the simulation yields gain values above the
experimental ones. This suggests that at higher fluences
a second mechanism instead of diffusion length plays a
main role in the degradation.

3.2. Monitoring the EBIC signal

Fig. 4 shows EBIC micrographs recorded from the
{110} facets of two cells irradiated up to different
proton fluences. The solid line is the average EBIC
line-scan across the cell at each point, and the peak
indicates the junction location. For cells irradiated up
to a Dd of 2×1010 MeV g−1 and less, the signal level
was reduced, but the location and shape of the peak
was not affected. Based on this result, the radiation-in-
duced damage in this fluence range can be described by
degradation of the diffusion length.

After the Dd level exceed 8.4×1012 MeV g−1, how-
ever, the irradiation caused a significant change in the
signal peak, and the distribution began to spread and
extend almost 1 mm into the base. This is consistent
with a change in the cell spectral response observed at
this fluence level, reported in Ref. [7]. In that report, it
was thought that these effects were caused by carrier

removal-induced changes in the cell structure, similar to
those observed in heavily irradiated n+–p InP cells. If
this were true, then the carrier removal effects would
have to be in the p-type emitter, because capacitance
versus voltage (CV) measurements made on diodes of
similar structure to the p+ –n InP cells show no radia-
tion-induced change in the n-type base carrier concen-
tration up to doses as high as 2×1011 MeV g−1 (Fig.
5). The cell structure would then be expected to have
evolved from p+–p–n to p– i–n, as the p-type emitter
was driven intrinsic and the depletion region expanded
into the emitter. However, the present EBIC results
show that this is not the case.

As an alternative explanation, we now suggest that
the observed junction degradation is a result of electron
carrier capture at base. As shown previously [9], the
primary radiation-induced defect in n-type InP is EB,
which due to its energetic position, is an efficient elec-
tron trap. At high damage doses of 1011 MeV g−1,
these defects trap enough electrons to significantly re-
duce the free carrier concentration thereby increasing
the bulk resistivity. This defect is electrically neutral
after electron capture, so its presence does not affect
the CV characteristic. Indeed, the EBIC measurements
show a large increase in bulk resistivity at this damage
level and the CV data (Fig. 5) show that the depletion
region width was not affected.

Fig. 3. A plot of the diffusion length in the base region of the ERI
cells versus displacement damage dose, estimated from measurements
of EBIC (at University of Cádiz) and spectral response (or QE, at
Naval Research Laboratory). The curve is a fit of the data to Eq. (1).
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Fig. 4. EBIC micrographs from the {110} faces. The curve indicates
the average EBIC line-scan throughout the cell. A significant change
in the line-scan is apparent at high Dd levels. The micrographs were
recorded with Eb=5 keV and Ib=100 pA.

Fig. 6. Analysis of the EBIC line-scans measured on cells irradiated
up to two different Dd levels. Experimental (solid lines) and calcu-
lated data (dotted lines) are shown. At the lower Dd level, the
calculated data were obtained using a diffusion length value estimated
from Eq. (1), and a good match to the experimental data is observed.
At the higher Dd level, two calculated line-scans are shown, labeled A
and B. Line-scan A was obtained assuming a diffusion length below
0.01 mm as suggested by Eq. (1). Line-scan B was calculated assuming
a reduction of free carriers in 3–4×1016 cm−3 throughout the n-type
InP. Line-scan B clearly gives the best match to the experimental
data.

Increasing the dose up to 1013 MeV g−1, the EB
density is comparable to the donor density at base
and there are not enough free carriers for capture.
EB keeps back its charge state. This midgap level
changes the Fermi level and the depletion region
width is extended, as shown by the EBIC measure-
ments.

We have attempted to fit the measured EBIC line-
scans by varying the diffusion length and electron
carrier density in the various cell layers, and some of
the results are shown in Fig. 6. For the cells irradi-
ated up to Dd levels of 2×1010 MeV g−1 or less,
good fits were obtained using the diffusion length es-
timates determined from the analysis of the EBIC
gain (Eq. (1)).

Considering the higher Dd data, separate fitting at-
tempts are shown in Fig. 6. The line-scan labeled A
was calculated assuming a diffusion length less than
0.01 mm, and as expected from the results of Figs.
2–4, this yielded a poor fit to the experimental data.
The best fit is obtained for line-scan B that was cal-
culated assuming a EB density of 3–4×1016 cm−3

throughout the n-type InP.
These results allow a qualitative analysis of the ra-

diation degradation mechanisms in the p+ –n InP
cells. At lower fluences, the primary damage appears
to be degradation of the base minority-carrier-diffu-
sion-length. At higher fluences, on the other hand,
another damage mechanism appears to emerge, as
diffusion length degradation alone is not sufficient to
describe the measured data. In contrast to the case of
n+ –p InP cells, this high-fluence damage mechanism
does not appear to be a type conversion, but instead
it may be attributed to electron capture by the pri-
mary radiation-induced defect EB in n-type InP, that
is electrically neutral after capture. The free carrier
concentration drops and the bulk resistivity shows a
pronounced increase. Finally, when the EB concentra-
tion becomes comparable to donor density at base,
the charge state of the defect is not screened and the
junction shifts into the base.

Fig. 5. Carrier concentration data determined from capacitance ver-
sus voltage measurements made on diodes of similar structure to the
p+ –n InP solar cells before and after proton irradiation. The irradi-
ation is seen to have no effect on the base carrier concentration at
1011 MeV g−1 of damage dose.
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4. Conclusions

The radiation-induced degradation of InP cells of p+–n
polarity has been analyzed through EBIC analysis. The
results suggest that the primary degradation mechanism
at high fluence levels is an increase in bulk resistivity due
to electron capture by radiation-induced defects. Increas-
ing the damage level even more, the electron capture
exhausts and a spread of the depletion region is observed.
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