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A detailed study of the effects of proton irradiation-induced defects in heteroepitaxially grown
InP/Si solar cells has been made through a combination of cathodoluminescence~CL!, electron
beam induced current~EBIC!, and electrochemical capacitance versus voltage~ECV! carrier
profiling measurements. The CL data indicate the distribution of nonradiative recombination centers
both before and after proton irradiation, and temperature dependent and spectroscopic analysis of
the CL signal give an estimate of the energies of the dominant defect levels. The EBIC data yield
an estimate of the magnitude and spatial variation of the minority carrier diffusion length (L) in the
base region. Values ofL determined from EBIC measurements made on solar cells irradiated by
protons ranging in energy from 0.1 up to 4.5 MeV follow a single curve when plotted versus
displacement dose,Dd , allowing a single proton damage coefficient to be determined. The ECV
measurements show the evolution of the carrier concentration profile in the cell under irradiation,
as carrier removal first depletes and eventually type converts the base region. From an in-depth
analysis of the combined data, the physical defects that give rise the radiation-induced energy levels
are suggested, and a detailed understanding of the physical mechanisms causing the radia-
tion response of InP/Si solar cells is developed. ©1999 American Institute of Physics.
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I. INTRODUCTION

From cost and operational viewpoints, it appears adv
tageous to locate global coverage satellite communica
systems in orbits near or in the proton radiation belts, wh
extend from approximately 2000 to 10 000 km above
earth’s surface. However, radiation effects are very sever
these orbits, and currently, InP solar cells offer one of
few possible options for the power system of such satelli
InP solar cells grown on Si substrates~InP/Si! combine the
superior radiation resistance of InP with the strength and
effectiveness of Si. These cells show essentially no degr
tion even after proton and electron irradiation up to fluen
equivalent to more than 131016, 1 MeV electrons cm22.
The challenge facing InP/Si cell technology, however, is
growth of high beginning-of-life cells. Although InP cell
grown on InP substrates can achieve efficiencies.19%
~AM0!, the lattice mismatch between InP and Si leads to
formation of threading dislocations that propagate into
active regions of InP/Si cells~Fig. 1!. Currently, InP/Si cells
can be grown with efficiencies around;13%.1

In an effort to understand the detailed physical mec
nisms responsible for the radiation response of InP/Si

a!Electronic mail: rwalters@ccf.nrl.navy.mil
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other advanced space solar cells, a collaborative rese
program has been established between the U.S. Naval
search Laboratory~NRL! and the University of Cadiz, Cadiz
Spain. In this program, electron beam induced curr
~EBIC! and cathodoluminescence~CL! measurements ar
combined with spectral response and electrochemical,
pacitance versus voltage~ECV! studies to measure radiation
induced changes in carrier concentration, diffusion len
and defect distributions in solar cells. These results can t
be compared to photovoltaic measurements made on
same cells. This article reports initial results from this r
search.

II. EXPERIMENTAL DETAILS

Spire Corporation grew the InP/Si solar cells studi
here under contract to the NRL~Fig. 2!. These aren1p
shallow homojunctions grown epitaxially by metalorgan
chemical vapor deposition~MOCVD! on 12-mil-thick,
n-type Si wafers. The cells have very thin emitters~;250 Å
thick! of heavily Si dopedn-type InP. Thep-type base region
is ;1.5-mm-thick and doped to;531016cm23 with Zn
with a ;1.5-mm-thick back surface field~BSF! region. The
InP thermal buffer layer is grown to reduce the dislocati
density. The InGaAs tunnel junction is required because
4 © 1999 American Institute of Physics
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the formation of an opposing diode at the back of the cell
the out-diffusion of Si from the substrate during growth. T
cell area was 131 cm2.

The solar cells were exposed to monoenergetic, nor
incidence proton irradiation through the front surface us
the Peletron Accelerator facility at the Naval Surface W
fare Center at White Oak, Maryland. The proton ene
ranged from 0.1 to 4.5 MeV. The fluence was determin
from the total charge striking the target plane using a curr
integrator. The accuracy of the dosimetry in all cases w
about 10%. For analysis, the fluence was converted to
placement damage dose,2 Dd , by multiplying by the appro-
priate nonionizing energy loss for protons in InP.

For the CL and EBIC measurements, the cells w
mounted in a JEOL–JSM820 scanning electron microsc
~SEM!. CL measurements were made between 60 and 30
on freshly cleaved$110% faces perpendicular to the epilaye
of a cell ~Fig. 3!. To monitor the luminescence, micrograp
and spectra were recorded from different locations within
InP buffer and base regions of the cell~Figs. 1 and 2!. A
semi-parabolic mirror attached to an optical guide yield
highly efficient collection of the luminescence. A cryogen
change coupled device array~Photometrics SDS9000! was
attached to an Oriel 77400 spectrograph/monochromato
spectroscopic analysis of the CL. A CTI-Cryogenics 22
350C closed-cycle, liquid He cryostat attached to an ant
bration system was used in making low temperature CL m
surements.

FIG. 1. Transmission electron microscopy micrograph of an InP/Si s
cell. This image shows the threading dislocations that propagate into the
active layers from the interface due to the;8% lattice mismatch between
InP and Si.

FIG. 2. Schematic cross-section diagram of an InP/Si solar cell.
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
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The experimental arrangement for making EBIC me
surements is shown schematically in Fig. 4. Prior to load
a cell into the SEM, the cell was mounted on a holder t
had been modified so pressure could be applied to the f
and rear contacts. The electron beam induced current (I cc)
was detected using a head amplifier and a low inp
impedance MATELECT ISM-5A amplifier and
MATELECT IU-1 computer interface. Use of th
MATELECT ISM-5A to detect photogenerated current a
sisted in ensuring a good contact to the cell. The incid
electron beam current (I b) was measured by a Faraday cu
The EBIC gain is defined as (I cc /I b). The electron beam
energy (Eb) was varied from 1 to 30 keV. Analysis of th
EBIC data is discussed in the Appendix.

The ECV profiles were measured using Polaron Profi

III. EXPERIMENTAL RESULTS

A. CL

Figure 5~a! shows a CL micrograph measured on
unirradiated InP/Si cell with the electron beam located o
the InP buffer layer at the rear of the cell~Figs. 1 and 2!. The
signal is seen to be highly nonuniform, indicating the pre
ence of a spatially varying distribution of nonradiative r
combination centers. At 60 K the CL emission from the c
was spectroscopicly resolved into two peaks at 1.38
1.414 eV~Fig. 6!. The emission peak at 1.414 eV was o
served in all the cells both before and after irradiation a
can be attributed to the free-to-bound recombination (h,D0)
related to the Si donor, with an impurity energy level of 6–
MeV, obtained from the Eagles distribution.3 The depen-

r
ell

FIG. 3. Configuration of the CL measurements made within a JEO
JSM820 SEM. The electron beam was incident on a freshly cleaved$110%
face, oriented perpendicular to the cell epilayers.

FIG. 4. Sample mounting configuration for EBIC measurements. As for
CL measurements, these measurements were made within a JEOL–JS
SEM.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 5. CL micrographs taken of InP/Si solar cells at 300 K before~a! and
after~b! 3 MeV proton irradiation up toDd52.631012 MeV/g. The electron
beam was incident on the InP buffer region~see Figs. 1 and 2!. Prior to
irradiation, the variation in luminescence intensity across the sample
result of the nonuniform distribution of nonradiative defects associated
threading dislocations. Following proton irradiation, the CL is uniform,
dicating a uniform distribution of radiation-induced, nonradiative defect

FIG. 6. Spectroscopic analysis of the CL data measured at 60 K in In
cells both before and after proton irradiation. Prior to irradiation, two m
peaks are observed at 1.414 and 1.38 eV, respectively. The irradi
causes the intensity of the 1.38 eV peak to be significantly reduced. As
1.38 eV signal decreases, a broad peak near 1.36 eV emerges. Th
intensity for each spectrum is arbitrary and has been normalized to
height of the 1.414 eV peak measured before irradiation.
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
dence of the CL intensity onI b is shown in Fig. 7. The
intensity of the 1.414 eV peak appears to increase line
with I b as expected. The 1.38 eV peak intensity, howev
does not. These data suggest either a change in slop
higher injection levels or saturation of the emission at
beam incidence point.

Proton irradiation was observed to cause an overall
duction in CL intensity due to the introduction of nonradi
tive recombination centers. Also, the irradiations caused
CL signal to become more spatially uniform@Fig. 5~b!#.
Spectroscopic resolution of the CL measurements made a
K on irradiated cells showed a reduction in, and essenti
the removal of, the 1.38 eV peak~Fig. 6! with increasingDd

levels. In addition, a broad peak, centered at 1.36
emerged as a shoulder to the 1.38 eV peak. An increaseI b

caused a shift in the energy of this peak of about16
MeV/nA.

The total integrated CL intensity measured in a 3 MeV
proton irradiated cell is plotted as a function of inverse te
perature, i.e., an Arrhenius plot, in Fig. 8. The data seem
exhibit three different exponential regions, indicating thr
different thermally activated, nonradiative recombinati
levels. However, there was a large scatter in the data
temperatures below;120 K; so the shallowest defect leve
was ignored, and the data were analyzed in terms of
thermally activated processes,a and b, respectively. The
emission efficiency,h, was approximated by the equation:4

h5F11ka expS 2
Ea

kBTD1kb expS 2
Eb

kBTD G21

, ~1!

wherek is the ratio of the radiative to the nonradiative r
combination lifetimes atT5300 K, andE is the thermal ac-
tivation energy measured from the minority carrier band, i
the conduction band for the presentp-type samples. The fit
shown as a solid line in Fig. 8, yieldedEa50.73 eV, Eb

50.26 eV,ka;131015, andkb;13107.

a
h

Si

on
he
CL

he

FIG. 7. Dependence of the CL peak intensity cell on the electron be
current (I b) measured in an unirradiated InP/Si solar cell. The increase
the 1.38 eV signal is nonlinear, suggesting either a change in slop
saturation of the emission.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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B. EBIC

EBIC measurements were made on the proton irradia
cells. From these measurements, an estimate ofL was deter-
mined for each of the cells. A plot ofL vs Dd is shown as
open squares in Fig. 9. Another estimate ofL vs Dd was
determined from spectral response~quantum efficiency!
measurements made on a cell irradiated with incremental
ences of 3 MeV protons. In this case,L was determined from
fits of the spectral response data to the equations of Hov5

These results are plotted as closed squares in Fig. 9, whe
can be seen that they agree very well with the EBIC m
surements.

The data shown in Fig. 9 were fitted to the diffusio
length degradation equation6

FIG. 8. Arrhenius plot of the CL intensity measured on a 3 MeV proton
irradiated InP/Si solar cell. The solid line represents a fit of the data to
~1! assuming two nonradiative recombination mechanisms.

FIG. 9. A plot of the minority carrier diffusion length~L! in the base region
of InP/Si cells vs displacement damage dose. Results determined from
EBIC and spectral response measurements are shown. The measure
were made on cells irradiated with monoenergetic protons ranging in en
from 0.1 up to 4.5 MeV. Displacement damage dose is the product of
proton fluence and the nonionizing energy loss~see Ref. 2!. The continuous
line is a fit of the data to Eq.~2!.
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
d

u-

l.
e it
-

1

L2~Dd!
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1

L0
2 1KLDd , ~2!

where L0 is the pre-irradiation value ofL, and KL is the
proton diffusion length damage coefficient. The fit gave
value for L0 of 0.5660.14mm and for KL of 2.9360.55
310210g/~cm2 MeV!.

C. ECV

Figure 10 shows the ECV profile measured on an InP
solar cell under proton irradiation. Figure 10 shows the p
larity and carrier concentration measured from the front
the cell to a depth of 3mm. The emitter region is so thin tha
it is not apparent in the figure. Prior to irradiation, the ba
region is p type with a carrier concentration of;8
31016cm23. Beyond the base is a heavily dopedp-type BSF
region~Fig. 2!. Carrier removal inp-type InP is independen
of the initial carrier concentration, so that proton irradiati
causes effects that are apparent only in the relatively ligh
doped base region.7 It can be seen that proton irradiatio
caused the hole concentration in thep-type base region to
decrease. At higherDd levels, the base region is type con
verted so that the emitter effectively extended from the fr
of the cell to the BSF region. WhenDd exceeded 8
31011MeV/g, the base was driven even moren type so that
the cell structure had evolved fromn1-p-p1 to n1- i -p1

and eventually ton1-n-p1. At the final stage, the junction
was formed between then-type ‘‘base’’ and the heavily
dopedp-type BSF region.

IV. DISCUSSION

A. Solar cell radiation-induced degradation

One of the primary damage mechanisms in a solar
due to particle irradiation is degradation of the minority ca
rier diffusion length,L.6 Figure 9 shows that a single curve
produced when radiation-induced reductions inL, deter-
mined both from EBIC and spectral response measureme

q.

oth
ents
gy
e

FIG. 10. Carrier concentration profiles measured by ECV on an InP/Si s
cell irradiated with 3 MeV protons. Carrier removal first causes thep-type
base to become semi-insulating and thenn type, so the cell structure evolve
from n1-p-p1 to n1- i -p1 and finally ton1-n-p1. The junction is ulti-
mately pushed back to the base/BSF interface.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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are plotted versusDd for a range of incident proton energie
A single proton damage coefficient can therefore be de
mined, which is independent of proton energy. These res
indicate that the degradation ofL by proton irradiation at any
energy, or even under irradiation by a known spectrum
protons as is often encountered in a space radiation env
ment, can be accurately predicted using this single dam
coefficient. This result is consistent with the model of Su
mers, Burke, and Xapsos,2 in which the response of a sola
cell to irradiation by protons of various energies can be
scribed by a single, characteristic curve in terms ofDd .
These new results further indicate the usefulness of the
placement damage dose model.

The degradation ofL in a solar cell is primarily caused
by radiation-induced deep levels acting as trapping and
combination sites. The CL data analysis identified the do
nant recombination center~i.e., thea center! to lie at 0.73 eV
below the conduction band. This defect could be identifi
with the radiation-induced, minority carrier trap labeled E
(Ec-0.74 eV) that has been characterized by deep level t
sient spectroscopy~DLTS! studies of irradiated InP.8 How-
ever, the EB DLTS peak is completely removed by therm
annealing at temperatures as low as 330 K9 with essentially
no recovery in solar cell performance. Also, one would n
expect to detect thea center as a minority carrier trap b
DLTS since it acts as a recombination center. Instead, tha
center may more likely be identified with the DLTS pe
labeled H5 (Ev10.54 eV). Although H5 is detected as
majority carrier trap, it has also been shown to be an effic
recombination center,10 so thea center could be the minority
carrier trapping level corresponding to the H5 defect. T
conclusion is consistent with the results of Refs. 1 and
where the H5 defect level was found to strongly control
radiation response and annealing properties of InP s
cells.

Carrier removal effects have also been shown to be
portant in the radiation response of the InP/Si solar ce
causing the ultimate collapse of the cell at high fluen
levels.12 Indeed, the ECV measurements presented h
showed severe carrier removal that eventually type conve
the cell base. Theb center~Fig. 8! is expected to play a role
in this behavior since, the location of its energy level (Ec

20.26 eV), suggests that it will act as a compensation c
ter. This defect may possibly be identified with the radiatio
induced DLTS peak labeled EA.8 Such a conclusion is in
agreement with the results of Ref. 11 where the lack of
covery of the carrier concentration in irradiated InP so
cells after thermal annealing was associated with the pe
tent presence of the EA peak along with the minority carr
traps labeled EC and ED.

B. Analysis of the CL spectral peaks

Even though the CL data were taken from then-type InP
buffer layer that was not intentionally doped with Zn, th
1.38 eV CL peak~Fig. 6! appears to be the conduction ban
to-acceptor or shallow donor-to-acceptor transition (e/D–A!
associated with Zn acceptors.13,14A significant concentration
of Zn atoms is expected in the buffer layer due to MOCV
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
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reactor memory effects and Zn diffusion along the thread
dislocations.14 Related to this is the observation that the sp
tial variation of the CL signal@Fig. 5~a!# is due primarily to
the spatial variation of the 1.38 eV peak signal and could
related to the spatial distribution of the threading dislocatio
~Fig. 1!. However, the 1.38 eV peak signal did not show t
expected linear scaling withI b ,14 suggesting, perhaps, a de
fect related transition. The photoluminescence experime
on heteroepitaxial InP reported by Olegoet al.15 indicate a
defect-related luminescence peak in this energy range. If
the defect could likely be a vacancy because a large num
of vacancies are expected to exist in the highly mismatc
InP on Si material and the dislocations will getter the
vacancies.16 Also, it is more likely that a P vacancy is in-
volved rather than an In vacancy since the formation
thalpy of VP(2.17 eV) is significantly lower than that o
Vln(3.04 eV).17,18 While the evidence at hand is not concl
sive, it seems plausible that the 1.38 eV peak is produced
Vp– Zn acceptor complexes that form along the vacan
decorated threading dislocations.

It should be noted that a contribution to the CL intens
from acceptor transitions related to the Si impurities is a
possible. The InP buffer layer has a high Si concentrat
due to out diffusion from the wafer during cell growth
While Si typically replaces In to form a donor, clear ev
dence of amphoteric and acceptor behavior~impurity energy
level of 37 MeV! of Si in InP has been reported,19,20 so
Si-acceptor related transitions are a distinct possibility.

Considering the 1.36 eV peak, Sieg, Chatterjee, a
Ringel,14 studying samples very similar to the present InP
solar cells, identified a similar peak as arising from an int
stitial Zn donor to a substitutional Zn-acceptor~D–A! tran-
sition. The observed shift in the peak energy with an incre
in I b is a common signature of such a distant donor-
acceptor pair transition,21 but Sieg, Chatterjee, and Ringel14

observed this peak in as-grown samples while the pre
data suggest that this peak may be introduced by the pr
irradiation. Alternatively, ion implantation of InP has bee
observed to introduce a broad CL peak near 1.36 eV sim
to that observed here13,22–24that has been identified as a d
fect induced donor level~;33 MeV!-Zn-acceptor transition.
In this case, Si was found to not be directly involved with t
emission centers and even suppressed them.13 The identity of
the defect is not known, but the fact that it was observ
following Al, P, and Si irradiation, suggests a native defe
or a related complex. Beryllium irradiation, however, do
not induce this peak, which suggests a defect complex,13,17

and since the peak is seen after irradiation by column III o
ions, it is probably not a simple vacancy. The dominant
fect in n-type InP, other than a simple vacancy, is the
antisite defect~InP

22!.25 This is supported by the fact tha
antisite defects are reported to be stable in III–
compounds.26,27 This is further supported by the fact that B
Massarani and J. C. Bourgoin28 have shown the H5 DLTS
peak to be caused by displacements on the In sublat
which correlates directly to the preceding analysis of the
lar cell degradation. Therefore, the CL band at 1.36 eV
tentatively assigned to a radiation-induced D–A transit
produced by an InP

22–Zn defect complex.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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V. SUMMARY

A detailed analysis of the defect levels in InP/Si so
cells both before and after proton irradiation has been p
sented. The primary radiation-induced solar cell degrada
mechanisms are a decrease in the minority carrier diffus
length,L, and carrier removal in thep-type cell base. Diffu-
sion length degradation data measured following irradiat
by protons of different energies were found to correlate
rectly in terms of displacement damage dose,Dd , so that a
single damage coefficient could be determined to desc
the cell response to any proton radiation environment. T
data suggest the degradation ofL to be primarily due to a
radiation-induced recombination level found atEc-0.73 eV
that has been tentatively identified with the H5 DLTS pe
The data suggest that the carrier removal is caused prim
by a radiation-induced compensation center found
Ec-0.26 eV that has been tentatively identified with the E
DLTS peak. Spectral analysis of the CL data suggested
the primary radiation-induced defect may be an In antis
~InP

22!–Zn defect complex which gives rise to these two e
ergy levels and thus controls the solar cell radiation
sponse.
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APPENDIX

The operation of a semiconductor device is described
a set of three coupled partial differential equations. Th
equations are the Poisson equation for the electrostatic
tential,

¹2f52
e

es
~p2n1Nd

12Na
2! ~A1!

and the electron and hole current continuity equations~drift-
diffusion model!

¹Jn5e~R2G!,Jn5e~2mnn¹f1Dn¹n!, ~A2!

¹Jp52e~R2G!,Jp5e~2mpp¹f2Dp¹p!. ~A3!

In the EBIC and CL experiments, the local carrier excitati
of thee beam is inserted in the electron-hole continuity eq
tions as a carrier generation termG ~estimated from a Monte
Carlo procedure! and then the set of equations is solve
Therefore, the EBIC and CL signals of the semiconduc
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
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device is simulated and, by comparison with the experim
tal data, transport parameters~as the minority carrier diffu-
sion length! can be fitted with the high spatial~submicron!
resolution of these techniques. To resolve the steady-s
semiconductor device Eqs.~A1!–~A3!, we make use of the
discretisation scheme from C. E. Korman and I.
Mayergoyz,29 partially modified by W. W. Keller30 applied
on the G. J. L Ouwerling31 mesh design from the successiv
over relaxation method, to increase the convergence rate
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