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Detailed defect study in proton irradiated InP/Si solar cells
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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 cathodolumines€inceslectron

beam induced currentEBIC), and electrochemical capacitance versus voltdgEV) 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 lelnpth the

base region. Values df 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 dosd) 4, 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. 1899 American Institute of Physics.
[S0021-897€09)05019-1

I. INTRODUCTION other advanced space solar cells, a collaborative research

E t and tional Vi ints. it q program has been established between the U.S. Naval Re-
rom cost and operational VIEWpOINts, It appears advange 1, Laborator§NRL) and the University of Cadiz, Cadiz,

tageous to locate global coverage satellite commumcatlo%pain In this program, electron beam induced current

systems in orbits near or in the proton radiation belts, whic EBIC) and cathodoluminescena€l) measurements are
extend from approximately 2000 to 10000 km above tht:t ) L)

e ¢ H diati Hoct ‘combined with spectral response and electrochemical, ca-
earth's surface. However, radiation €flects areé Very SeVere Iy, iiance versus voltagECV) studies to measure radiation-
these orbits, and currently, InP solar cells offer one of th

f bl i for th ¢ t such satelit nduced changes in carrier concentration, diffusion length
ew possible options for (n€ power system of such Satellites, 4 jefect distributions in solar cells. These results can then
InP solar cells grown on Si substratéaP/S) combine the

) . . : be compared to photovoltaic measurements made on the
superior radiation resistance of InP with the strength and co

. : . Yame cells. This article reports initial results from this re-

effectiveness of Si. These cells show essentially no degra aarch
tion even after proton and electron irradiation up to fluences '
equivalent to more than 10, 1 MeV electrons cr.
The challenge facing InP/Si cell technology, however, is thdl- EXPERIMENTAL DETAILS
growth of high beginning-of-life cells. Although InP cells Spire Corporation grew the InP/Si solar cells studied
grown on InP substrates can achieve efficiencies9%  ore under contract to the NR(Eig. 2. These aren™p
(AMO), the lattice mismatch between InP and Si leads t0 thenajiow homojunctions grown epitaxially by metalorganic
formation of threading dislocations that propagate into thepemical vapor depositionfMOCVD) on 12-mil-thick
active regions of InP/Si .ceIIG'Fig. 1. Currentlly, InP/Si cells ntype Si wafers. The cells have very thin emittér250 A
can be grown with efficiencies around13%: _ thick) of heavily Si dopedh-type InP. Thep-type base region

In an effort to understand the detailed physical mecha;g ~1.5-um-thick and doped to~5Xx10%cm™3 with Zn
nisms responsible for the radiation response of InP/Si angii, 4 ~1.5-um-thick back surface field8SF) region. The
InP thermal buffer layer is grown to reduce the dislocation
dElectronic mail: rwalters@ccf.nrl.navy.mil density. The InGaAs tunnel junction is required because of
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FIG. 3. Configuration of the CL measurements made within a JEOL—
FIG. 1. Transmission electron microscopy micrograph of an InP/Si sola’SM820 SEM. The electron beam was incident on a freshly clegh/d
cell. This image shows the threading dislocations that propagate into the ceffce: oriented perpendicular to the cell epilayers.
active layers from the interface due to the8% lattice mismatch between
InP and Si.

100 nm

The experimental arrangement for making EBIC mea-
surements is shown schematically in Fig. 4. Prior to loading

the formation of an opposing diode at the back of the cell by2 cell into the SEM, the cell was mounted on a holder that
the out-diffusion of Si from the substrate during growth. Thehad been modified so pressure could be applied to the front
cell area was ¥ 1 cn?. and rear contacts. The electron beam induced curidegt (
The solar cells were exposed to monoenergetic, normayas detected using a head amplifier and a low input-
incidence proton irradiation through the front surface usingmpedance ~ MATELECT  ISM-5A  amplifier ~ and
the Peletron Accelerator facility at the Naval Surface War-MATELECT 1U-1 computer interface. Use of the
fare Center at White Oak, Maryland. The proton energyMATELECT ISM-5A to detect photogenerated current as-
ranged from 0.1 to 4.5 MeV. The fluence was determinedpisted in ensuring a good contact to the cell. The incident
from the total charge striking the target plane using a currenglectron beam current) was measured by a Faraday cup.
integrator. The accuracy of the dosimetry in all cases wadhe EBIC gain is defined asl {/I,). The electron beam
about 10%. For analysis, the fluence was converted to dignergy €,) was varied from 1 to 30 keV. Analysis of the
placement damage do®, by multiplying by the appro- EBIC data is discussed in the Appendix.
priate nonionizing energy loss for protons in InP. The ECV prOfileS were measured USing Polaron Profiler.
For the CL and EBIC measurements, the cells were
mounted in a JEOL-JSM820 scanning electron microscop#l. EXPERIMENTAL RESULTS
(SEM). CL measurements were made between 60 and 300
on freshly cleaved110; faces perpendicular to the epilayers
of a cell (Fig. 3). To monitor the luminescence, micrographs ~ Figure a) shows a CL micrograph measured on an
and spectra were recorded from different locations within théinirradiated InP/Si cell with the electron beam located over
InP buffer and base regions of the céfiigs. 1 and 2 A the InP buffer layer at the rear of the céfigs. 1 and 2 The
semi-parabolic mirror attached to an optical guide yieldedsignal is seen to be highly nonuniform, indicating the pres-
highly efficient collection of the luminescence. A cryogenic ence of a spatially varying distribution of nonradiative re-
change coupled device arraPhotometrics SDS900Gvas  combination centers. At 60 K the CL emission from the cell
attached to an Oriel 77400 spectrograph/monochromator fokas spectroscopicly resolved into two peaks at 1.38 and
spectroscopic analysis of the CL. A CTI-Cryogenics 22C/1.414 eV(Fig. 6). The emission peak at 1.414 eV was ob-
350C closed-cycle, liquid He cryostat attached to an antiviserved in all the cells both before and after irradiation and
bration system was used in making low temperature CL meacan be attributed to the free-to-bound recombinatioyD()
surements. related to the Si donor, with an impurity energy level of 6—7
MeV, obtained from the Eagles distributidiThe depen-

top metal grid |
InGaAs contact cap InGaAs contact cap

0.025 um, n-type (10'9 ¢m’®) InP emitter

contacts electron beam

solar cell

~1.5 um, p-type (7x10'° em™) InP base active layers

~1.5 pm, p-type (1x10™ em™) InP back surface field
1 um, p-type (10" cm™) InGaAs . i
1 um, n-type (10" ¢m™) InGaAs tunnel junction

5 um, n-type (10" cm'a) InP thermal buffer layer

GaAs nucleation layer

n+ Si substrate

400 pm, n-type (10]9 cm'3) Si wafer J_:
Back metal contact FIG. 4. Sample mounting configuration for EBIC measurements. As for the
CL measurements, these measurements were made within a JEOL-JSM820
FIG. 2. Schematic cross-section diagram of an InP/Si solar cell. SEM.
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FIG. 5. CL micrographs taken of InP/Si solar cells at 300 K befajeand
after(b) 3 MeV proton irradiation up t® 4= 2.6x 10'> MeV/g. The electron
beam was incident on the InP buffer regigee Figs. 1 and)2 Prior to
irradiation, the variation in luminescence intensity across the sample is

Walters et al.
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FIG. 7. Dependence of the CL peak intensity cell on the electron beam
current (,) measured in an unirradiated InP/Si solar cell. The increase in
the 1.38 eV signal is nonlinear, suggesting either a change in slope or
saturation of the emission.

dence of the CL intensity om, is shown in Fig. 7. The
intensity of the 1.414 eV peak appears to increase linearly
with 1, as expected. The 1.38 eV peak intensity, however,
does not. These data suggest either a change in slope at
higher injection levels or saturation of the emission at the
beam incidence point.

Proton irradiation was observed to cause an overall re-
duction in CL intensity due to the introduction of nonradia-
tive recombination centers. Also, the irradiations caused the

result of the nonuniform distribution of nonradiative defects associated with%:l‘ S'gnal to become more spatlally unlforﬁPFlg. S(b)]

threading dislocations. Following proton irradiation, the CL is uniform, in- Spectroscopic resolution of the CL measurements made at 60
dicating a uniform distribution of radiation-induced, nonradiative defects. K on irradiated cells showed a reduction in, and essentially

the removal of, the 1.38 eV pedkig. 6) with increasingD
levels. In addition, a broad peak, centered at 1.36 eV
emerged as a shoulder to the 1.38 eV peak. An increalsg in
caused a shift in the energy of this peak of aboté

2.5 T T T T T T T MeV/nA.
R L=3nA | The total integrated CL intensity measureda 3 MeV
1.38 8V T=60K | proton irradiated cell is plotted as a function of inverse tem-
2o perature, i.e., an Arrhenius plot, in Fig. 8. The data seem to
~ T 1 exhibit three different exponential regions, indicating three
5 sl Dy (MeVig) | different thermall tivated, nonradiative recombination
215 — 0.00 y activated, nonradiative reco atio
= S N e sx10'1| | levels. However, there was a large scatter in the data for
& .\ 1414eV |- ax10™ temperatures below120 K; so the shallowest defect level
g T N was ignored, and the data were analyzed in terms of two
- ] thermally activated processes, and 3, respectively. The
05l | emission efficiencyy, was approximated by the equatidn:
| 1 ‘36 v ' | Eo £5 1711
|- Ly memmre s | . | , _ a
"3 135 1.40 145 1.50 m=|1tx ex;{ a kB_T) P ex;{ a kB_T) ' @
Photon Energy (eV)

FIG. 6. Spectroscopic analysis of the CL data measured at 60 K in InP/SYVhere.K IS th? ratio of the radiative to t.he nonradiative re-
cells both before and after proton irradiation. Prior to irradiation, two maincombination lifetimes al =300 K, andE is the thermal ac-
peaks are observed at 1.414 and 1.38 eV, respectively. The irradiatiofivation energy measured from the minority carrier band, i.e.,

causes the intensity of the 1.38 eV peak to be significantly reduced. As th

g;le conduction band for the presgntype samples. The fit,
&

1.38 eV signal decreases, a broad peak near 1.36 eV emerges. The

intensity for each spectrum is arbitrary and has been normalized to th

height of the 1.414 eV peak measured before irradiation.

own as a solid line in Fig. 8, yieldeg*=0.73eV, E#
=0.26eV, k*~1x 10", andxP~1x10.
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FIG. 8. Arrhenius plot of the CL intensity measured a 3 MeV proton  FIG. 10. Carrier concentration profiles measured by ECV on an InP/Si solar

irradiated InP/Si solar cell. The solid line represents a fit of the data to Eqcell irradiated with 3 MeV protons. Carrier removal first causesgtgpe

(1) assuming two nonradiative recombination mechanisms. base to become semi-insulating and thegpe, so the cell structure evolves
from n*-p-p* to n*-i-p* and finally ton*-n-p*. The junction is ulti-
mately pushed back to the base/BSF interface.

B. EBIC

1 1

EBIC measurements were made on the proton irradiated m =12 +K_ Dy, 2
cells. From these measurements, an estimateveds deter- d 0
mined for each of the cells. A plot df vs D is shown as whereL, is the pre-irradiation value of, and K is the
open squares in Fig. 9. Another estimatelof’s D4 was  proton diffusion length damage coefficient. The fit gave a
determined from spectral respongguantum efficiency value for L, of 0.56£0.14um and for K  of 2.93+0.55
measurements made on a cell irradiated with incremental flux 10 1°g/(cn? MeV).
ences of 3 MeV protons. In this cadewas determined from
fits of the spectral response data to the equations of HovelC. ECV
These results are plotted as closed squares in Fig. 9, where it
can be seen that they agree very well with the EBIC mea
surements.

The data shown in Fig. 9 were fitted to the diffusion
length degradation equatidn

Figure 10 shows the ECV profile measured on an InP/Si
solar cell under proton irradiation. Figure 10 shows the po-
larity and carrier concentration measured from the front of
the cell to a depth of 3um. The emitter region is so thin that

it is not apparent in the figure. Prior to irradiation, the base
region is p type with a carrier concentration of-8

x 10 cm™3. Beyond the base is a heavily dopetype BSF
- region(Fig. 2). Carrier removal irp-type InP is independent

] of the initial carrier concentration, so that proton irradiation
InP/Si | causes effects that are apparent only in the relatively lightly
doped base regiohlt can be seen that proton irradiation
caused the hole concentration in thaype base region to
decrease. At higheD, levels, the base region is type con-
verted so that the emitter effectively extended from the front
of the cell to the BSF region. WheiD, exceeded 8

X 10'*MeV/g, the base was driven even maréype so that

0.6

]
0.5

0.2 _ - the cell structure had evolved from™-p-p™ to n*-i-p™*
| o Dot flom Ea1 anae e Snavsis 1 and eventually tm*-n-p*. At the final stage, the junction
0.1|l— FittoEq. 2 — was formed between the-type “base” and the heavily
- i dopedp-type BSF region.
pol—d 1l T TR
108 10° 1070 10" 10% IV. DISCUSSION

Displacement Damage Dose (MeV/g)

A. Solar cell radiation-induced degradation
FIG. 9. A plot of the minority carrier diffusion lengtth) in the base region

of InP/Si cells vs displacement damage dose. Results determined from both  One of the primary damage mechanisms in a solar cell

EBIC and spectral response measurements are shown. The measuremegitse to particle irradiation is degradation of the minority car-
were made on cells irradiated with monoenergetic protons ranging in energ ; ; 6 = ; ;
from 0.1 up to 4.5 MeV. Displacement damage dose is the product of th«!Ier diffusion Iengthj_. Figure 9 shows that a smgle curve1s

proton fluence and the nonionizing energy Iésse Ref. 2 The continuous prpduced when radiation-induced reductions Lin deter-
line is a fit of the data to Eq2). mined both from EBIC and spectral response measurements,

Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3588 J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Walters et al.

are plotted versuB 4 for a range of incident proton energies. reactor memory effects and Zn diffusion along the threading
A single proton damage coefficient can therefore be deterdislocations-* Related to this is the observation that the spa-
mined, which is independent of proton energy. These resultsal variation of the CL signalFig. 5a)] is due primarily to
indicate that the degradation bfby proton irradiation at any the spatial variation of the 1.38 eV peak signal and could be
energy, or even under irradiation by a known spectrum ofelated to the spatial distribution of the threading dislocations
protons as is often encountered in a space radiation enviroriFig. 1). However, the 1.38 eV peak signal did not show the
ment, can be accurately predicted using this single damagexpected linear scaling with, ,** suggesting, perhaps, a de-
coefficient. This result is consistent with the model of Sum-fect related transition. The photoluminescence experiments
mers, Burke, and Xaps@sn which the response of a solar on heteroepitaxial InP reported by Olegbal® indicate a
cell to irradiation by protons of various energies can be dedefect-related luminescence peak in this energy range. If so,
scribed by a single, characteristic curve in termsDgpf.  the defect could likely be a vacancy because a large number
These new results further indicate the usefulness of the disf vacancies are expected to exist in the highly mismatched
placement damage dose model. InP on Si material and the dislocations will getter these
The degradation of in a solar cell is primarily caused vacancie<® Also, it is more likely tha a P vacancy is in-
by radiation-induced deep levels acting as trapping and reyolved rather than an In vacancy since the formation en-
combination sites. The CL data analysis identified the domithalpy of V(2.17 eV) is significantly lower than that of
nant recombination centéire., thea centej to lie at 0.73 eV v, (3.04 eV) ¥ While the evidence at hand is not conclu-
below the conduction band. This defect could be identifiecsive, it seems plausible that the 1.38 eV peak is produced by
with the radiation-induced, minority carrier trap labeled EBVp—Zn acceptor complexes that form along the vacancy-
(Ec-0.74 eV) that has been characterized by deep level trantecorated threading dislocations.
sient spectroscopyDLTS) studies of irradiated InP How- It should be noted that a contribution to the CL intensity
ever, the EB DLTS peak is completely removed by thermafrom acceptor transitions related to the Si impurities is also
annealing at temperatures as low as 330ath essentially possible. The InP buffer layer has a high Si concentration
no recovery in solar cell performance. Also, one would notjue to out diffusion from the wafer during cell growth.
expect to detect ther center as a minority carrier trap by \while Si typically replaces In to form a donor, clear evi-
DLTS since it acts as a recombination center. Insteadathe dence of amphoteric and acceptor behavimpurity energy
center may more likely be identified with the DLTS peak jevel of 37 MeV) of Si in InP has been reportéd?° so
labeled HS E,+0.54eV). Although HS is detected as a sj-acceptor related transitions are a distinct possibility.
majority carrier trap, it has also been shown to be an efficient  considering the 1.36 eV peak, Sieg, Chatterjee, and
recombination centef, so thea center could be the minority Ringel14 studying samples very similar to the present InP/Si
carrier trapping level corresponding to the H5 defect. Thissojar cells, identified a similar peak as arising from an inter-
conclusion is consistent with the results of Refs. 1 and 1kgijtial zn donor to a substitutional Zn-accepi@—A) tran-
where the H5 defect level was found to strongly control thesjtion, The observed shift in the peak energy with an increase
radiation response and annealing properties of InP solgp |, s a common signature of such a distant donor-to-
cells. _ ~acceptor pair transitioft, but Sieg, Chatterjee, and Rindl
Carrier removal effects have also been shown to be imgpserved this peak in as-grown samples while the present
portant in the r_ad|at|0n response of the InP/S|_soIar cellsgata suggest that this peak may be introduced by the proton
causing the ultimate collapse of the cell at high fluence agiation. Alternatively, ion implantation of InP has been

12
levels:“ Indeed, the ECV measurements presented herghserved to introduce a broad CL peak near 1.36 eV similar

showed severe carrier removal that eventually type convertegh ihat observed hetd22-24that has been identified as a de-
the cell base. Th@ center(Fig. 8) is expected to play a role  fect induced donor leve~33 MeV)-Zn-acceptor transition.
in this behavior since, the location of its energy IeVEL (|, this case, Si was found to not be directly involved with the

—0.26eV), suggests that it will act as a compensation cengmission centers and even suppressed tHefhe identity of
ter. This defect may possibly be identified with the radiation-ine defect is not known. but the fact that it was observed

induced DLTS peak labeled EASuch a conclusion is in following Al, P, and Si irradiation, suggests a native defect
agreement with the results of Ref. 11 where the lack of rey; 4 related complex. Beryllium irradiation, however, does

covery of the carrier concentration in irradiated InP solar,qt induce this peak, which suggests a defect com{iték
cells after thermal annealing was associated with the persigyyq since the peak is seen after irradiation by column 111 or VV

tent presence of the EA peak along with the minority carrierions’ it is probably not a simple vacancy. The dominant de-
traps labeled EC and ED. fect in n-type InP, other than a simple vacancy, is the In
antisite defect(In3").2° This is supported by the fact that
antisite defects are reported to be stable in 1=V
compound$®?’ This is further supported by the fact that B.

Even though the CL data were taken from thiype InP Massarani and J. C. Bourgéfhhave shown the H5 DLTS
buffer layer that was not intentionally doped with Zn, the peak to be caused by displacements on the In sublattice,
1.38 eV CL peaKFig. 6) appears to be the conduction band- which correlates directly to the preceding analysis of the so-
to-acceptor or shallow donor-to-acceptor transitiefD(—A)  lar cell degradation. Therefore, the CL band at 1.36 eV is
associated with Zn acceptor$'* A significant concentration tentatively assigned to a radiation-induced D—A transition
of Zn atoms is expected in the buffer layer due to MOCVD produced by an IﬁT—Zn defect complex.

B. Analysis of the CL spectral peaks

Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Walters et al. 3589

V. SUMMARY device is simulated and, by comparison with the experimen-
tal data, transport parametedias the minority carrier diffu-

A detailed analysis of the defect levels in InP/Si solar lenat be fitted with the hiah tiéasubmi
cells both before and after proton irradiation has been pre§I0n ength can be fitted wi e high spatigsubmicron

sented. The primary radiation-induced solar cell degradatioﬁeso.lu“og OI thgse_ tecémlqules. AT30 resolvekthe stee;d%-state
mechanisms are a decrease in the minority carrier diffusioricniconductor device geA1)—(A3), we make use of the

length,L, and carrier removal in thp-type cell base. Diffu- discretisation scheme from C. E. Korman and I. D.

29 ; i ;
sion length degradation data measured following irradiatioNayergoyz' partially modified by W. W. Kellet’ applied

by protons of different energies were found to correlate dio" the G. J. L Ouwerlingf mesh design from the successive

rectly in terms of displacement damage dddq, so that a over relaxation method, to increase the convergence rate.
single damage coefficient could be determined to describe

. . . 1 .
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