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Radiation-induced order—disorder transition in p*—n InGaP solar cells
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The effects of electron and proton irradiationwh—n InGaP solar cells grown on GaAs substrates

are investigated using cathodoluminescefiie) and transmission electron microscd¥EM). 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. 1899 American Institute of Physics.
[S0003-695(199)01517-X

Monolithic multijunction solar cells have been shown to =3.17x 10'! MeV/g, and then thermally annealed at 450 K
have much higher efficiencies than single-junction cells dudor 2 h. Both irradiations were performed at room tempera-
to their larger range of spectral sensitivity. The main techniture and with the cells at open circuit.
cal challenge in the growth of these cells is to lattice match The CL measurements were carried out on a freshly
the different materials at their interfaces to prevent the procleaved{110 face perpendicular to the plane of tpé —n
duction of threading dislocations. For space applicationdnGaP junction. CL is excited using an electron beam in the
there is the added requirement of radiation tolerance. Undegnergy Ep) range from 5 to 30 keV. A cryogenic charge-
irradiation with high-energy electrons or protons, as sufferecoupled device(CCD) (Photometrics SDS9000was at-
in space, all junctions are degraded simultaneously. Sinc&ched to an Oriel 77400 spectrograph/monochromator for
they are connected in series, the most vulnerable junctiogpectroscopic measurements. A CTI-Cryogenics 22C/350C
determines the radiation response of the whole cell. helium closed-circuit cryostat was used for low-temperature

The highest efficiency commercially available space someasurements. The TEM measurements were made in JEOL
lar cell is currently the dual-junction InGaFGaAs cell 1200EX and 2000EX transmission electron microscopes.

grown by organometallic vapor phase epitd@MVPE) on Figure 1 shows the CL+spectra measured at 70 K with
a Ge substrate. Laboratory prototypes of this technologyh® beam centered on thg"—n InGaP junction. Prior to
have been made with record efficienclein this letter, we ~irradiation[Fig. 1(a)], three peaks are observed. The peak at
report cathodoluminescen¢€L) and transmission electron 1.45 eV is attributed to free-to-bourte, S transitions, the
microscopy(TEM) measurements made on single-junctionOthers correspond to the electron—hole band-to-band transi-
(S) p*—n InGaP cells grown on GaAs substrates. It istions in GaAs and InGaP Figure 1b) shows that following
shown that InGaP grown on GaAs by OMVPE initially con- Proton irradiation the overall CL intensity is reduced by a

sists of ordered sublattice domains. However, after irradia‘f""molr O.f”300- Within this reduction, the InGaP-related in-
tion with high-energy electrons or protons, displacemenfens'ty is seen to be less affected. Indeed, the GaAs/InGaP

damage defects remove the sublattice ordering in the adltensity ratio, which was approximately 9:2 before the irra-

grown InGaP in a manner that could be related to an orderdiation, fell to 3:2 after irradiation. This change indicates that

disorder transition. The results also confirm the better radiad€fects produced in InGalave a smaller effect on the car-

tion tolerance of InGaP as compared to GaAs.
Details of the cells, grown by OMVPE at the ResearchTABLE I. SJp*—n InGaP solar cell structure.
Triangle Institute, are given in Table I. Three solar cells were

studied, one of whicllabeled No. 6-284133was the unir- _ Thickness  Carrier density
. Material (pem) (cm™°)
radiated, control cell. A second celhbeled No. 6-28411
was irradiated with 3 MeV protons up to a fluence of 1 Svﬁpd PE?A: 5)-0225 g)z igi
4 . . indow p Alln .

Xl%l e, which Cor(r)?ZSpondS to a dlsplacement damage Emitter front surface field p InGaP 0.05 & 101

dose of Dy=2.031x10 MgV/g. The third cell (labeled Emitter b InGaP 0.2 %1018

No. 6-2841-6 was first irradiated with 1 MeV electrons up Base n InGaP 1 ~1x10'°

to a fluence of X 10 cm 2, which corresponds td®4 Back surface fieldBSPH ~ nInGaP 0.02 x10'®
Buffer n GaAs 0.4 2108
Substrate n GaAs 250 %108
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after e-beam injection
1 14 15 16. 17 18 19 20 21 FIG. 2. (a) Bright-field BH2000 TEM micrograph showing detail of the
Photon energy (eV) InGaP/GaAs interfacéb) DF TEM micrograph of the InGaP epilayer taken
with the superlattice spot in the SAED pattern, showing the distribution of
FIG. 1. CL spectra measured pfi —n InGaP solar cells(a) The spectrum  ordered InGapdomains. Both micrographs were taken from the unirradi-
measured prior to irradiation. The peak centered at 1.45 eV is attributed tated cell(6-2841-3. Subsequent irradiation removed this ordering.
the free-to-bounde, SP) transition, and the peaks centered near 1.5 eV and
near 2.0 eV correspond to band-to-band transitions in GaAs and hGaP
f?SPeCtir\]/ely-(b) Thde SPEC"UTI msasgfed_ a:tﬁ‘f EFLOFO? i""?tdiatifm-tgheb ima- cells®4 Moreover, irradiated InGaPsolar cells show some
e e 289°ecovery after minoriy-carrier inectioh while GaAs cells
tion and subsequent thermal annealing at 450 K for &dhCL spectrum ~ dO not;” in agreement with the CL measurements reported
after electron-beam injection in the" —n InGaP junction E,,=20 keV and here.
I,=10 nA for 1 h of the previously proton-irradiated cell. The CL micro- OMVPE-grown InGaRis known for the tendency of the
gra_ph(lnseb reco!'ded after the e-beam excitation shows the spatial d|str|—cations to order on the group Il sublattice producing alter-
ution of the luminescence recovery. . . . .
nate In- and Ga-ricH111} planes. This sublattice ordering
results in domains of ordered InGawithin a matrix of dis-
rier recombination dynamics than those induced in GaAs. ordered material. The ordering is a kinetic phenomenon that
Figure Xc) shows the CL spectrum after electron irra- depends both on the orientation of the subsfrated on
diation and subsequent thermal annealing. The results shogrowth parameters such as temperature, V/III rétid,and
that annealing increases the InGafand-to-band lumines- growth rate'! The cells studied here were grown by OMVPE
cence intensity to approximately 70% of the unirradiatedon (001) GaAs substrates with a misorientation of 2° in the
level, whereas in GaAs the band-to-band intensity increased10 direction. The growth temperature was 923 K, the
to only about 5% of the preirradiation level. This indicatesV/IlI ratio 80, and the growth rate 0.08m/min. The results
more efficient annihilation or neutralization of radiation- of Su and co-workeféindicate that these growth param-
induced defects in InGgRhan in GaAs. eters lead to ordered InGaMlith a lateral domain size of
Thermal annealing of the proton-irradiated cell was alscaround 10 nm within a disordered InGaP matrix.
accomplished using the electron beam as a local thermal TEM observations made before irradiatiorcell
source E,=20 keV andl,=10 nA for 1 h. The inset of 6-2841-3 show excellent crystal quality and indicate good
Fig. 1(d) shows the panchromatic CL emission measured aflattice matching between the deposited InGafd the GaAs
ter e-beam injection. The cross corresponds to the location afubstratgFig. 2(a)]. The selected area electron diffraction
the e-beam during the thermal treatment. Since the electrofSAED) pattern from the InGafHayer exhibits single variant
beam scans the whole region, the CL has contributions fromsuperlattice spots. Figurdt® shows the corresponding dark-
both annealed and unannealed material. The e-beam injefield (DF) TEM micrograph within one of the superlattice
tion induced an order of magnitude increase in the InGaPspots, which shows the distribution of ordered domains. The
band-to-band peak intensity, indicating significant recoverylatter are extended in a direction almost parallel to(thkl)
of some of the radiation-induced degradation. Similar experiplane. After irradiation, the SAED pattern from the InGaP
ments on the GaAs do not produce any recovery in irradiatethyer is suppressed, indicating the removal of the ordered
GaAs. domains. This is also evidence for a radiation-induced
These results are in agreement with the measured photorder—disorder transition.
voltaic response of irradiated InGasvolar cells compared to The CL spectra also show indications of a radiation-
radiation-induced degradation of GaAs solar cells. GaAs sonduced order—disorder transition in the InGalPhe data of

lar cells degrade more rapidly under irradiation than InGaPFig. 3 show that proton irradiation causes an energy shift of
Downloaded 23 Mar 2006 to 150.214.231.66. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. Temperature dependence of the InGaP CL peak energy. The solid
lines represent fits of the data to the Varnish equations. The data measured
x 300 on the irradiated samples are well described by the Varnish equations, but
the unirradiated data are not.
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disorder transition in InGafcaused a narrowing of the CL
FIG. 3. Detailed analysis of the InGaRCL peak measured beforé-  heal along with a shift of the peak to higher energies. These

2841-3 and after proton irradiatiori6-2841-). The irradiation causes a Its indi h f ord | d band
narrowing of the peak and a shift of the peak to higher energy. These effectESUILS Indicate that some measure of order-related band en-

can be explained in terms of the radiation-induced order—disorder transitiorgineering is possible in INnGaPGaAs DJ solar cells, but that
caution must be taken in applying the technique in applica-

10 meV (at T="70 K) in the InGaR luminescence peak, ac- tions involving high-radiation environments.

companied by a decrease in the full width at half maximum  This work was partially supported in Spain by the

(FWHM) from 36 to 29 meV. These phenomena have alsaCICYT (Comisim Interministerial de Ciencia y Tecnologia

been observed after thermal annealing where ordering wasnder MAT94-0823-C03-02 and by the Junta de Andaluci

predicted and experimentally observed to cause a decreasethrough Group No. TEP-0120, and in the U.S. by the Office

the band-to-band transition energy and an increase of thef Naval Research.
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fits the temperature dependence of the InGaP peak energy
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