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The effects of particle irradiation on the electrical properties of high efficigriaylnP solar cells

have been studied using a variety of techniques including current—voltage and spectral quantum
efficiency measurement®QE), electron beam induced curren&BIC), and deep level transient
spectroscopy. A detailed analysis of the radiation response of the solar cell photovoltaic response is
presented, and the primary damage mechanisms are identified. Data measured after irradiation by
protons of various energies are correlated in terms of displacement damage dose to produce a
characteristic degradation curve for g InP technology. This characteristic curve is compared to

that of then/p InP technology to provide an assessment of the relative radiation hardnesi the
devices. Radiation-induced decreases in the minority carrier diffusion length in bothtyipe

emitter andn-type base at low damage levels have been extracted from the QE and EBIC
measurements, and damage coefficients have been determined. At high damage levels, EBIC
profiles suggest that the primary device degradation mechanism is an increase in bulk resistivity due
to electron trapping in the base. However, capacitance—voltage measurements did not indicate any
change in the junction capacitance. A model to account for these effects based on radiation-induced
defect kinetics is presented. @001 American Institute of Physic§DOI: 10.1063/1.1398592

I. INTRODUCTION tive InP region could be fabricated in tipén polarity, since
Th . q dati hanism | | IIthis would eliminate the need for a tunnel junction at the
€ primary gegradation mechanism In Space solar Celly,p;q; interface to overcome the counter diode formed by Si

S displa_cement Qar_nage caused by protons_ and ?IeCtro%todoping in InP. The/n polarity would also reduce de-
trapped in the radiation belts of the Earth or ejected in sola(,iCe sensitivity to the effects of high, emitter surface-

events. Thus, an important property for a space solar cell i?ecombination velocit). Recently, Hoffmanetal® have

the electrical conversion efficiency at the end of the miSSiorHemonstrated the capability of controlling the growth of
life, commonly referred to as the end-of-life efficiency. An type INP emitters and thereby of producing for the first

attractive space solar cell technology, therefore, is one th Fme p/n cells with efficiencies comparable to those with the
displays both high efficiency and superior radiation resis-n/p polarity

tance. InP zsolar cells have been Sh‘?V_V“ to be such a ™ g present article reports a detailed study of the radia-
technology; but due to the cost and _frag|I|ty of InP_ wafers, tion response of these cells apth InP solar cells produced
InP solar cells have not yet found wide use. To cireumventy, 1o other laboratories, which combines electron beam in-

these I|m|t.at|ons, attempts have begn que to grow InP SOl%fuced curren{EBIC) data with illuminated current versus
cells on Si wafers, although the efficiencies obtained to dat?/oltage (-V), spectral quantum efficiendfdE), and deep

n such_cells have been somewhat fow. level transient spectroscogipLTS) measurements.
Until recently, most efforts to develop InP cells has been

focused on cells with a-type emitter and @-type base, i.e.,

then/p polarity, due to difficulties in passivating and attain-

ing high dopant levels ip-type InP emitters. It would be Solar cells fabricated in three different laboratories were

advantageous, however, in producing InP/Si cells if the acstudied: Essential Research IN&RI), Spire Corporation,
and the Research Triangle Instit&TIl). The Spire and RTI

| A . cells were grown under contract with the U.S. Naval Re-

ectronic mail: rwalters@ccf.nrl.navy.mil .
bAlso at: Department of Physics, University of Maryland, Baltimore S€arch LabqratorSINRL)- The ERI cells were supplied under
County, Baltimore, MD 21225 a Cooperative Research and Development Agreement be-

Il. EXPERIMENTAL DETAILS
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TABLE |. Configuration of the thre@/n InP/InP solar cell structures studied here. Cells in configuration B and
C had step-graded emitters as indicated.

Configuration Manufacturer Emitter Base
Thickness(um) Dopant level  Thickness(um) Dopant level

(cm™d) (cm™3)

A Spire 0.15 %108 3 3x10°

RTI 0.15 2x 108 3 5x 10
0.05 5x 104
0.05 3x10Y
0.05 5x 106

C ERI 0.04 X108 2 1.5x 10"

0.11 7x 10%

tween NRL and ERI. The internal structure of the devices iscarrier diffusion length was determined using finite element
summarized in Table I. All of the cells were grown by met- analysis> was measured with the electron beam incident nor-
alorganic chemical vapor deposition o#type, Si-doped, NP mally upon the top surface of the cdFig. 1(@]. In this

wafers and include a heavily doped back surface field layetonfiguration, the EBIC gain, i.e., the ratio of the EBIC sig-

In all three cases, the base dopant species was Si, and 1, 1, the incident electron-beam current, could be recorded

emitter dopant species was ZNn. The ”.‘OSt S|gn|f|cant Vana“ogvith different electron-beam acceleration voltages between 1
among the three cell configurations is the emitter structure.

In configuration A, the emitter was 0.15m thick and uni- and 30 kev to give informat_ion as a function of depth into
formly doped to a level of about’210*cm 2. In configu- the device. In other experiments, the electron-.beam was
ration B, the emitter was thicker by a factor of 2, but the Scanned across a freshly cleaj&d( face perpendicular to
dopant profile was step graded fromx20'® down to 5 the solar cell epilayers=ig. 1(b)] so that EBIC profiles could
x10%cm™3. In configuration C, the emitter was 0.J6m  be recorded.
thick with a two-step dopant profile. The solar cells were exposed to various proton irradia-
The photovoltaic response of the solar cells was meations at either the Pelletron facility at the Naval Surface War-
sured using an Oriel 1000 W Xe Arc Lamp Solar Simulatorfare Center in Silver Spring, MDnow located at Carderrock,
with AMO filtering. The simulator intensity was adjusted to 1 MD) or at NRL. The proton energies employed ranged from
sun intensity using an InP reference cell calibrated on thq to 5 MeV. Each solar cell was exposed to irradiation by

NASA Glenn Lear Jet fa<_:|I|ty. The spectral reSPONsSe Meay, i,ns at only one energy. In some experiments, the irradia-
surements were made using a standard lock-in amplifier sys-

tem, and the DLTS measurements were made using a BioR lons were performed incrementally with the devices being

DL4600 system, which employs a Boonton 72B capacitanc@lecmca"y characterized after each fluence increment. For
meter. analysis, the particle fluences were converted to displace-

For EBIC measurements, the cells were mounted on &ent damage doséd) using the appropriate nonionizing
modified sample holder of a JEOL-JSM820 scanning elecenergy loss(NIEL), according to the formalism developed
tron microscope. The EBIC signal, from which the minority by Summerset al®

e-beam
e-beam
top contacts
Y\
] e ] ]
( EBIC
\ Geh InP base
Bt = Subst.| InP ' EBIC
substrate L Base ] =

L back contact InP

emitter

(a) (b)

FIG. 1. Schematic diagram of the mounting configurations for the EBIC measurements is shown. The devices are mounted on an adapted holder of a
JEOL-JSM820 scanning electron microscope. The configuration for measurements made with the electron-beam incident normally upon the sell surface i
shown in(a). In this configuration, the EBIC gain was measured with increasing acceleration voltages to produce data as a function of depth into the cell. The
mounting for cross sectional measurement is showgbjirwhere the electron beam is scanned across a freshly cléa¥gdsurface.
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FIG. 2. Plot of the maximum electrical power outptR(,) of p/n solar FIG. 3. The data of Fig. 2 normalized to the respective preirradiation values
cells after proton irradiation is shown. The data are plotted as a function o&re shown. All of thep/n data collapse to a single curve as a function of Dd
displacement damage dodad) given by the product of the particle fluence (represented by the solid cupviedependent of the irradiating proton energy
with the NIEL (Ref. 6. The legend identifies thg/n cells according to the  or specific cell configuration. Following the methodology of Sumnegral.
internal cell structure as described in Table I. Also shown are data from &Ref. 6), this curve can be considered characteristic forgheInP technol-
state-of-the-ar(SOA) n/p InP/InP solar cel(Ref. 3. The data from cellsin  ogy and can be used to predict the cell response to irradiation by protons of
configuration C closely track those of the S@Ap device, indicating rela-  any energy or by a spectrum of energies as encountered in space. The fact
tively good radiation resistance. The collapse of g cell output at high  that thep/n characteristic curve is essentially independent of the initial cell
Dd levels is caused by the effects of carrier removal, but these effects are nperformance suggests that this radiation characteristic will be maintained
evident in thep/n cell data. even as the initial solar cell performance is further improved. Considering
that thep/n characteristic is only slightly below that of the proven radiation
hard SOAn/p device(Refs. 1 and 2, these results bode very well for future
p/n InP devices for space applications.
I1l. EXPERIMENTAL RESULTS

A. IV measurements averageV . values of 0.840 V, 0.820 V and 0.860 V, respec-

A plot of the response of the maximum power outputtively. Considering cells in configuration C, this is oni2%
(Pmay of thep/n InP solar cells to proton irradiation is given less than that of the best/p cells. Overall, the radiation
in Fig. 2. Also shown for comparison are data from a stateresponse oY/, of the p/n cells appears to be superior to that
of-the-art(SOA) n/p InP/InP solar celf. The beginning-of-  of then/p cell, especially in the higher Dd regime where the
life (BOL) Pnax values for the cells in configuration C were, n/p cell voltage collapses at a much lower Dd level. Also,
on average;-24 mW/cnf. This is about 20% higher than the when plotted on a normalized scale, all of fn data col-
other deviceg~20 mW/cnf) and only about 8% less that lapse to a single curve, so that, as just discussed, this degra-
than that of the SOA/p devices(~26 mWi/cn?). Note that,  dation curve is characteristic for tign InP technology.
as expected from the formalism of Summetsl.® the data
measured after irradiation by protons of various energies cor-

0.9Fﬁ|’

08l

T TTTIT

relate directly in terms of Dd.

In Fig. 3, the radiation data have been normalized to the
respective BOL values and then plotted as a function of Dd.
When plotted in this fashion, all of the data collapse to es-
sentially the same curve, which therefore, can be considered
characteristic for th@/n technology. The solid curve in Fig.

3 represents a fit of thp/n data to the standard expression < 7|
given in the Solar Radiation Handbobkxpressed as a func-

T !HHI‘

i {IFIIIIl

I\lllll\l T TT

p*n InP/InP |

3 MeV protons L g B

tion of Dd rather than fluence. For Dd levels less than about ™ [{ © gg:: 82::: ;’é : ;;z\f\;rz;z:’s"s .
1x10*2MeV/g, thep/n curve lies only slightly below the ocll & Conf.C-celiaa | * 2Mev protons .
n/p curve. Considering the proven radiation hardness of the || ® Conf B-cell 56-2| X 1 MeV protons -

n/p InP device§™ this indicates excellent radiation toler- { IRl B oul °
ance for thep/n cells as well. Furthermore, for higher Dd T— mf‘d — L.H.H.l A
levels, thep/n devices show better performance thantle 05 (71/03 10° 1010 Loh 102 1013

cells. In particular, the collapse of th€p cells at a Dd of
about 2x 10?MeV/g due to carrier removal effeét$ does
not seem to be evident in thEn cells.

Displacement Damage Dose (MeV/g)

FIG. 4. The degradation of thé,. of the p/n InP solar cells due to proton

The response of the/n solar cell open circuit voltage irradiation is shown. The solid curve represents data from a S8(AINP
p P P g solar cell(Ref. 2. The radiation response of tipén cells is superior to that

(\_/oc_) to proton irrz_idiation_ is Sh_OWh in Fig. 4. Prior_to irra- of then/p cells, especially at the very high Dd levels where carrier removal
diation, the cells in configurations A, B, and C displayed causes the collapse of tiép cells.
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FIG. 6. Spectral response measurements made qw' theolar cells prior to
r{'{radiation is shown. Light biasing was achieved by illuminating the cell
with a 541 nm HéNe) laser during the measurements. The response of the
configuration C cell is especially good at shorter wavelengths indicating
efficient current collection from the emitter. Applying the light bias caused
the cell response to increase further, with the increase being more pro-
nounced at shorter wavelengths. This is thought to occur as a result of

. Lo . . photogenerated charges passivating interstitial Zn defects in the emitter re-
The effect of proton irradiation on the short circuit cur- gion, as investigated further in Fig. 7.

rent () of the p/n cells is shown in Fig. 5. Prior to irra-
diation, cells in configurations A and B displayéd values

around 30 mA/crh The preirradiatiori 4, of the cells in con- ) ]
figuration C were~36 mA/cr?. which is essentially equal to and emitter. Reasonable fits of the measured data were ob-

that of the besh/p cells. However, thé of the configura- tained for Dd levels up to X10_12|\/|6'V/g. The diffusion
tion C cells degrades more rapidly under irradiation than thatendth values obtained from the fits are shown in Fig. 9. This
of the other cells. The abrupt increase and subsequent dénalysis was also performed using data measured in a con-
crease to zero observed in thép cell data is due to the figuration B cell, but because these measurements were made
effects of carrier remova&® which are not apparent in the yvithout a light bias, only the base diffusion length data are

p/n cell data. included. N L .
The decrease in diffusion length with increasing Dd was

found to be described reasonably well by the standard

. o expressior':
Typical QE measurements made before irradiation on

solar cells in configurations B and C are shown in Fig. 6. For
the configuration C cell, two data sets are shown—one mea-

FIG. 5. The degradation of the short circuit curreint)(of the p/n InP solar
cells due to proton irradiation is shown. The solid curve represents data fro
a SOAN/p InP solar cell(Ref. 2. The preirradiation performance of the
configuration C cells is essentially equal to that of thi@ cell, but these
cells appear to degrade more rapidly under irradiation.

B. QE measurements

sured with and the other without a light bias. The light bias [~ 1~ 1 — 1~ 1T~ T~ T ]
was achieved by illuminating the cell with a 541 nm(Ne) 09~ conf-Ceell -
laser during the measurement. The configuration C cell dis- g4 i
plays better response, especially at shorter wavelengths, ants [ £ A N\ | emitter ]
the light bias resulted in a further increase in the shortwave- § | 7/ ¢ -/ (wilight bias) |~ depletion 4
length response. These data have been fit to the equations OE LL G S A 7]
Hovef*® from which the response of the emitter, base, and “EJ 05| —
depletion regions have been estimated. Examples of the fit-3 , [ & /7 > = 7 b
ting results are shown in Fig. 7. The results indicated that the § - 1
increased short wavelength response could be attributed al-© 03 ]
most exclusively to increase in the emitter response, and in 0.2 4 \ ]
particulgr, to an increased emitter diffusic_m Igngth. The |n 01l _,.-'.,.-"‘(‘same for both data sets) ]
crease in emitter response with the application of a white- T S R N BT A P9 S
light bias has been attributed to the passivation of Zn inter- 300 400 500 600 700 800 900 1000
stitial defects' Wavelength (nm)

QE measurements were made on e solar cells after FIG. 7. Analysis of the spectral response data from a configuration C cell
irradiation with incremental fluences of 3 MeV protons. A setprior to irradiation measured both with and without a light bias is shown.
of QE curves measured in a configuration C cell with light The data have been fit to the equations of HoWRef. 10 from which an
bias is shown in Fig 8. These data were also fit to the Hove?stimate of the response of the emitter, depletion region, and base are ob-

. 0 T . . tained. For both data sets, the fits produced essentially the same depletion
equaﬂon% where the effect of the irradiation was modeled region and base response, while the emitter response was found to be sig-
as a decrease in minority carrier diffusion length in the basaificantly higher for the data taken with light bias.
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FIG. 8. Spectral response data measured with a light bias in a configuration!G. 10. EBIC data measured in configuration C cells after irradiation by 3
C cell after irradiation with incremental fluences of 3 MeV protons is MeV protons are shown. These data were measured in the normal incidence

shown. For Dd levels up to:210'2MeV/g, the data were well described by ~configuration[Fig. 1(a)]. The symbols represent the measured data, and the
the Hovel equationéRef. 10 where the radiation-induced degradation was lines show calculations made using the methodology developed atUCA.
modeled through a decrease in the diffusion length in the emitter and basé€ calculations, the base diffusion length data predicted byEdor each

At the higher Dd levels, however, the degradation of the cell response coul®d level were used. The calculated data agree well with the measured data,

not be accurately modeled by diffusion length degradation alone. except in the heavily irradiated case, where the calculations over estimate
the cell response.

1 2 2
(L(Dd)> _(LO) +K,Dd, @ structure. However, in agreement with theV parameter
wherel is the preirradiation value and, is the diffusion analys!s, this structure change dges not appear to_be a rgsult
. . . . of carrier removal, as the sharp increase in depletion region
length damage coefficient. A fit of the data to this expression .
. A . response that would occur if the base became depleted was
(represented by the lines in Fig) produced an estimate of
. not observed.
K, for the emitter and the base.
The degradation in the QE response after irradiation ugc. EBIC measurements
to Dd levels above & 10?MeV/g could not be modeled by
degradation in the diffusion length alone. Using diffusion

Ie_ngth values obtaln_ed _f_rom an extrap(_)latlon of Ej. to measured in the normal incidence configurafiBiy. 1(a)]| as

higher Dd values significantly overestlmate_d the_ cell 3 runction of electron beam acceleration voltage are shown

sponse. The data seem to suggest a change in the internal qﬁl Fig. 10. The symbols in Fig. 10 represent the measured
data, and the solid curves represent calculations made with

, , J l ‘ various values of ,. The calculations were made using the

-~ Conf. C cell - emittet C modeling routine developed at University of CadizCA).>

300 -1 Conf. C cell - base — For all but the highest Dd level, the calculations agree rea-

M Conf Bcell - base sonable well with the measured data, and the estimateg of

r - . are in reasonable agreement with those obtained from analy-

- sis of the QE data. However, as found in the analysis of the

Emitter K, = 1.2x10°° g/MeVium? | QE data, modeling the EBIC response of the most heavily

irradiated cell proved difficult. Using the damage coefficient

determined in Fig. 9, the base diffusion length for =8l

X 10?MeV/qg is estimated to be about 0.Qan, but using

this value in the EBIC simulations significantly overesti-

mates the cell response.

Base K = 4.8x10"'° g/MeV/um*] Cross sectional EBIC measuremeiifég. 1(b)] were

EBIC measurements were made on configuration C cells
before and after irradiation with 3 MeV protons. EBIC data

| , | | 1 | made on freshly cleavedl00) surfaces of configuration C
0.0 0.5 10 15 20 25 solar cells. As the electron beam was scanned across the
Displaceme nt Damage Dose (x10 " MeVig) cleaved edge, the EBIC signal was averaged laterally across

FIG. 9. Degradation of the emitter and base diffusion length as determineyf‘e device am_j recorded as a function Of.pOSItI(_)n. Cross sec-
from fits of the Hovel equation&ef. 10 to spectral response data measured tional EBIC micrographs thus measured in devices after pro-
with a light bias(Fig. 8) is shown. The lines represent a linear least squareston jrradiation up to two Dd levels(2x 10 and 8

fit of the data, from which a damage coefficient has been determined acs 2 ; ;
cording to Eq.(4). Base diffusion length data from a configuration B cell is 10t MeV/g) are shown in Fig. 11. The peak of the EBIC

also shown, which was determined from spectral response data measurédgnal corresponds to the pOSitiOI’l of thén junction. At the _
without a light bias. lower Dd level, the EBIC signal was reduced from the preir-
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FIG. 11. EBIC images recorded in cross sectional view of configuration CFIG 13. Capacitance vs voltage measurements made fifmadiode in

solar cells[Fig. 1(b)] after 3 MeV proton irradiation is shown. Shown are ¢, ration A before and after proton irradiation, plotted as the inverse
average EBIC linescans superimposed upon the measured micrographs. T, are of the capacitance are shown. Within the one sided, abrupt junction

peak in the EBIC linescan indicates the location ofpthe junction. At a Dd approximation, the slope of these lines is expected to be inversely propor-

0 . .
level of 2X 10**MeV/g, the EBIC intensity was reduced from the pre- iona| to the majority charge carrier concentration in the base. After irradia-
irradiation level(not shown, but the shape and location of the linescan peak o, 5 very small decrease in slope is observed.

was unchanged. At the higher Dd level, a significant broadening of the peak
is observed, with the signal peak now located nearfyni into thep-type
base region.
(linescan A in Fig. 12 At the higher Dd level, calculations
o - made using the diffusion length of 0.Qdn that is predicted
radiation level(not shown, but thg shape and position of the py Eq. (1) yield a poor fit to the experimental dafinescan
peak were unchanged. At the higher Dd level, on the otheB in Fig. 12). To obtain a reasonable fit to the heavily irra-
hand, the peak was much broader and appeared to exte@fhted data, it was necessary to also assume a reduction
almost 1um into the base. _ of the majority charge carrier density tox3.0%cm3
Attempts to model the cross-sectional EBIC scans ofand an order of magnitude reduction in the base mobility
Fig. 11 were made using the methodology developed afinescan G.
UCA® (Fig. 12. At the lower Dd level, a good fit was ob-

tained assuming the diffusion length determined from&jy. _
D. Capacitance versus voltage and DLTS

measurements

— Capacitance versus voltag€{V) measurements were

o 2x10"° Mevig
- | O 8x10'? Mevig
| |— Calc. Linescan A
......... Calc. Linescan B

Conf. C cell

3 MeV proton irradiation—

made on ap/n diode in configuration A before and after
proton irradiation. In Fig. 13, the values ofCH are plotted
as a function of applied reverse bias. According to the

------- Calc. Linescan C|

abrupt-junction, parallel plate capacitor approximafibthe
slope of these lines are expected to be inversely proportional
to the base carrier concentration. The data show a small de-
crease in the slope after irradiation.

The radiation-induced DLTS spectra within the base re-
gion of thep/n InP solar cells after proton irradiation are
shown in Fig. 14. In Fig. 14, a positive signal indicates ma-
...... . jority charge carriei(electron capture while a negative sig-

- nal indicates capture of a minority charge carrieole). A

total of four electron traps and one hole trap were detected,
and the activation energy determined for each peak is shown.
FIG. 12. Analysis of the cross sectional EBIC linescans of Fig. 11 is shown.The peak position and activation energies of two of the elec-
Shown as the open symbols are the EBIC linescan data measured in a c&lon trapping centers observed in the present samples, EB
irradiated up to X10'°MeV/g and in another cell irradiated up to 8 and ED, are quite similar to those of electron tapping centers

X 10'2MeV/g. The lines are calculations made using the UCA methodology, ; ; ; I ; 2,13
> A= 2 2O9Yobserved as minority carrier traps in irradia e InP?
(Ref. 5. At the lower irradiation level, the base diffusion length obtained y P FEWP

from Eq.(1) was used in the calculations, and a good match to the measure@d are labeled accordingly. The hole trap observed here
data was obtained. At the higher irradiation level, linescan B represents€ems to correspond to the large H4 peak observed as a
calculations made using the base diffusion length given by(&q.and a majority carrier peak in irradiatep-type InPY1213Note that

poor fit to the measured data is observed. A much better fit is obtained wittEhe H4 peak observed here is scaled by a factor of 25 to
calculated linescan C, where in addition to the diffusion length reduction, a

reduction in the base majority charge carrier concentration and mobility wagnake it Visible when plotted with the el_ectron _trgps, ind_icat'
included. ing a relatively small defect concentration. This is consistent

Normalized EBIC signal

................

15 0.5 0.5 | 1.5
Distance to the p/n junction (um)
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800 ent in the QE and,. data. The configuration C cells display
i excellent photoresponse across the full wavelength range.
600 7] This is especially true for the shorter wavelength light that is
B absorbed in the emitter where the electric field established by
__ 400 — the step grade and the reduced Zn interstitial defect density
ol 1 result in significantly enhanced performance.
Fé 200 - The radigtio_n data presented here show thalplzheln!?
o g solar cells with improved as-grown performance also display
3 0 good radiation resistance. The rate of degradafigg, under
5 i . irradiation was found to be similar to that of a radiation hard
o 200k H4 (x25) _ n/p InP cell. Moreover, theP,,,, degradation rates of the
| E,=E,+0.35eV | three differenp/n cell configurations were essentially equal,
, i ) 1 | , | independent of the preirradiation performance. Thus, the im-
-40%00 150 200 250 300 proved performance of the configuration C cells is expected
Temperature (K) to be maintained in a space radiation environment. It should

FIG. 14. Typical DLTS spectra measured in thype base of the@/n InP .be n_Otl_i'd that throughout Fhe analysis, .data measured after
cells after proton irradiation are shown. A positive signal indicates majoritylf@diation by protons of different energies have been suc-
charge carrieelectron capture, and a negative signal indicates minority cessfully correlated in terms of Dd. Thus, the conclusions
charge carrierthole) capture are presented. The activation energy deter-drawn here can be considered general in nature and are ex-

mined for each of the observed peaks is indicated. When possible, the pea : : o
have been identified with peaks measured in irradigkggbe InP and la- b%Cted to accurately describe the cell response to irradiation

beled accordingly. The peak labeled H4 has been scaled by a factor of 25 3y Protons of any energy or by a spectrum of proton energies
make it more visible. as encountered in the space radiation environment.

For Dd levels below about210*>MeV/g, the primary
radiation-induced degradation mechanism in e InP
Bells is a decrease in the diffusion length. The base diffusion
Yength values determined from the QE data from cells in
configurations B and C are similar, so the base diffusion
length damage coefficient determined from these data is ex-
pected to be generally applicable. The excellent emitter re-
sponse of the configuration C cells allowed for an analysis of
the emitter diffusion length as well.

At higher irradiation levels, additional damage mecha-

with the p-type InP results since the H4 peak has been show
to be substantially reduced, but not completely removed b
minority carrier injection and since the majority carrier trap
DLTS scans in thes@/n devices induces minority carrier
injection at this defect level.

The electron trap peaks labeled EN3 and E&4—for
electron and N—fom-type materigl could not be directly
correlated with any data fromp-type InP. It is possible that

thes_e peaks are present bUt. not observable_in the minomﬁ(isms were seen to emerge, as more solar cell degradation
carrier trap spectrum of irradiatq@type InP. Given the lo- was observed than could be accounted for by diffusion

cation of these two peaks in the spectrum, they would b h : | :
. . .M I f the EBI -
expected to lie almost directly below the peaks labeled H%ngt degradation alone. Modeling of the C data sug

d H5 in thep-t forit X ¢ Thus th ests a reduction in the base majority carrier concentration
an In thep-type majority carmier spectrum. 1hus e 4 mobility with a subsequent increase in resistiviigs.

posmv'e signal from th? Ha 'and H5 peaks would obscurell and 12 These effects are typically interpreted as carrier
detection of the negative signal from the EN3 and ENA'removaI, caused by radiation-induced defect levels acting as
8ompensation centers, depleting and eventually type convert-
ing the base as has been shown explicitlygdype InP and
p-type Si'® However, the presenC-V data (Fig. 13
showed a decreased slope of th€24¥s V curve, suggesting

an increasein carrier concentration. The EBIC sample of
Fig. 11 experienced a much heavier irradiation thanGhé&/

The results presented here clearly demonstrate the adample, leaving the possibility of a carrier removal mecha-
vantages gained from the improved emitter structure of th@ism emerging with increased defect concentration. How-
p/n InP solar cells in configuration C, fabricated by ERI. ever, Weinberget al!® and Sibillé’ have observed similar
Because no suitable passivation scheme has yet been deviglereases in capacitance in similar samples after irradiation
oped for InP, a thicker emitter generally results in an in-up to a Dd levels as high as Z30'?MeV/g, which they
creased dark current contribution from the emitter andjnterpreted as an increase in the base majority charge carrier
hence, a reduce¥,.. This is evident in the fact that the density.
configurations A and C cells, with emitters that were only In the model proposed by Sibille, the primary radiation-
half as thick as the configuration B cells, displayed higherinduced defect level, corresponding to the DLTS peak here
V.. values. The configuration C cells displayed the highestabeled EB, is produced by a defect complex consisting of a
Vo values as a result of the+/p step-graded structure that positively charged, radiation-induced phosphorous vacancy
minimized the Zn interstitial defect density while maintain- (V;) and an ionized Zn shallow acceptor (gn The shal-
ing a low bulk resistivity in the emittér. The largest im- low acceptor ions are present in theype base due to dif-
provement is seen in the carrier collection efficiency apparfusion from the emitter. Sibille argues that when the defect

be removed by thermal annealing a860 K and 450 K,
respectively* but at those temperatures, the H4 and H5
peaks are still present in significant concentration.

IV. DISCUSSION
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complex forms, the shallow acceptor level is pushed so deep At higher Dd levels, radiation-induced increase in resis-
into the forbidden gap that it re-emits trapped electrongivity and decrease in mobility was observed along with a
within milliseconds at room temperature, thus appearing temall increase in junction capacitance. By extending the
act as a deep donor and increasing the majority charge carrierodel of Sibillel” a self-consistent model for these effects
concentration. However, this does not explain the increase ihas been presented in which the primary radiation-induced
resistivity that Weinberget al. observed concurrently with phosphorous vacancy defect neutralizes ionized Zn atoms in
the capacitance increase, and it is not consistent with théhe base region thereby increasing the space charge density.
EBIC results presented hefe. Once the Zn concentration in the base region has been ex-
To better understand these effects, it is noted that théausted, the primary radiation-induced defect remains iso-
junction capacitance is a measure of the space charge denslsited, acting as an electron trap that is electrically neutral
created by the fixed, ionized dopant atoms, not the freevhen full of electrons thereby reducing the carrier concen-
charge carrier density itself. Therefore, it may be more aptration without altering the junction capacitance.
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