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The effects of proton irradiation on strained InRs_,/InP-based quantum well solar cells
(QWSCs have been investigated by the electron beam induced cur(E®IC) and
cathodoluminescenc€CL) techniques. From analysis of the EBIC data, capture rates within the
quantum well region have been estimated, from which the open circuit voltages of the cells were
calculated and shown to agree well with the measured values. Diffusion lengths have been estimated
from analysis of both the EBIC and CL measurements. The location of the energy levels of
proton-induced defects and their effectiveness as nonradiative recombination centers have been
determined from Arrhenius plots of the total CL intensity emitted from the quantum wells following
irradiation. The results suggest that deeper and narrower quantum wells increase the sensitivity of
QWSCs to radiation damage. @001 American Institute of Physic§DOI: 10.1063/1.1389755

I. INTRODUCTION cells. Recently, the collaborative efforts between NRL, UH,
and UCA have been combined in order to study carrier trans-
The US Naval Research LaboratdfyRL) and the Uni-  port behavior in the MQW region of INAB; _/INnP QWSCs
versity of Houston(UH) have been collaborating on the de- pefore and after proton irradiation. The results have been
velopment of quantum well solar celQWSCS for space incorporated into Anderson’s ideal theory to quantify the ef-

applications. The initial focus of this research has been t@ect of MQW structures on solar cell radiation response. This
develop a high-efficiency, radiation-resistant solar cell by in-article reports results from this research.

corporating a multiquantum-wellMQW) layer within the
depletion region of an InP solar cell grown heteroepitaxially
on a Si substrate. The radiation resistance of InP solar cells & EXPERIMENTAL DETAILS

well known? as are the advantages of an InP solar cell grown The QWSCs used in these studies were single junction
on lightweight, robust Si wafers for space applicatidns. InP structures, in which a ten period, strained-layer
However, the beginning-of-life efficiencies of InP/Si solar InAs,P,_,/InP MQW region was incorporated in the deple-

cells grown to date have been relatively low as a result of the,,, region between the emitter and the b&Bky. 1). The
effects of defects introduced by the lattice mismatch betweepgs were grown by chemical beam epitaxy at 510 °C on

InP and Si. The goal of the present research is to offset thig_yoned InR001) substrates. Details of the fabrication have
performance degradation by exploiting the efficiency in-peen described previousiyTable | shows some structural

crease provideg by the incorporation of MQWs within the ho 3 meters of the QWSCs, where the photoluminescence en-
device structuré.The strained-layer, InNA®;_,/InP MQW ergy corresponds to the MQW emission at 16 K.

system was chosen for study because of the potentially high “"the solar cells were irradiated through the front surface
efficiency enhancement predicted by Anderson’s ideal theory, i1, monoenergetic, normal incidence 3 MeV protons using

4
of QWSCs. . . ) the Pelletron Accelerator facility at the Naval Surface War-
'NRL also has an ongoing research collaboration with thg, e center at White Oak, Maryland. The fluences were de-
University of Cadiz(UCA) aimed at applying the techniques emined from the total charge striking the target plane using
of electron beam induced curre(EBIC) and cathodolumi- 5 ¢\rrent integrator. The accuracy of the dosimetry in all
nescencéCL) to the study of the effects of defects in solar cases was estimated to be about 10%.

For EBIC and CL measurements, the QWSCs were ob-
dElectronic mail: rwalters@ccf.nrl.navy.mil served in the(001) direction on to cleaved11( surfaces,
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FIG. 2. Configuration of the EBIC and CL measurements made on a JEOL-

FIG. 1. Schematic diagram of the InP-based QWSCs. These are strainetBM820 scanning electron microscope. The electron beam was incident on a
InAs,P,_, /InP layers. Details are given in Table I. freshly cleaved110} face, oriented perpendicular to the growth direction of
the MQW.
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which were perpendicular to the MQWFig. 2). Prior to
loading into the scanning electron microscope, they weravhich is representative of the cells studied. At zero applied
mounted on a holder that had been modified so that pressukdas, the intrinsic region acts as a perfect collector at electron
could be applied to the top and back contacts. The EBIC waBeam currents above500 pA, which corresponds to an ex-
detected using a head amplifier and a low input-impedanceess carrier density of- 10" cm 3. At a lower excitation
Matelect ISM5A amplifier. The incident electron beam cur-level (150 pA), there is a reduction of the signal in the MQW
rent was measured by a Faraday cup. region, thus, the saturation regime is not attained. The effect
A semiparabolic mirror attached to an optical guideof biasing is, in general, to change the excitation level at
yielded highly efficient collection of the CL excited by the which saturation occurs. An increase in the forward bias,
e-beam. Spectroscopic measurements were made usingWhich causes a decrease in the internal MQW electric field,
cryogenically cooled charge coupled devi(@hotometrics results in an increase in the excitation level required to satu-
SDS9000 attached to a modified Oriel 77400 spectrographrate the signal. The inverse is true when a reverse bias is
The cells were typically cooled to 60 K during the CL mea- applied.
surements. Since the cell arrangement was the same during The results of Fig. 3 show the carrier collection within

the EBIC and CL measurements, both signals can be réhe MQW region to be asymmetric in the unsaturated regime.
corded simultaneously. At the interface between the-type base and the intrinsic

region, carrier extraction is complete, but betweengtgpe

emitter and the intrinsic region, it is not. Nelsehal. have

. . _ presented an excellent model for the transport and recombi-

A. EBIC signal saturation regime nation of charge carriers in quantum well devices in Ref. 7.
Prior to irradiation, the current saturation regime of the Within, this model, the asymmetry of the EBIC signal is

QWSCs was investigated by imaging the EBIC at differentinterpreted as a significant background doping in the intrinsic
bias and excitation levels. The saturation regime is attaineffgion. The shift of the EBIC peak towards theype base

when 100% of the carriers generated within the MQW regiorf€9ion suggests-type doping, since in that case, the junction
are collected. This condition can be determined from analy€lectric field would not extend through the quantum wells at
sis of the EBIC signal. When the diffusion of carriers is
restricted by capture in the MQW region, a reduction of the

IIl. EXPERIMENTAL RESULTS

EBIC signal is observed. Under these conditions, the usual ‘ ‘ ‘ Maw .
assumption of 100% collection efficiency cannot be made. Base 5?%% Emitter
Away from the saturation regime, a detailed analysis of the § o
signal as descnbed. |n.the Appendlx leads to an esymate of = 5500 pA ay
the carrier capture lifetimer,,, in the MQW region. Figure E o 150 pA f’\ i

. . . = Qi b
3 illustrates the results of this analysis for QWSC UH716, g — Simulated 150 pA c 1

7] Zero bias, 5 keV
2 MQW Cell #716 i
TABLE |. Structural parameters of the strained IpRs_, /InP MQW solar = c%
cells studied here. The PL energy was measured at 10 K and represents the °
effective band gap of the well. y o%
PL energy  Well width Arsenic MQW region T
Cell ID (eV) A) fraction  thickness(um) ‘
-1 0 1

672 1.250 18 0.37 0.33 Distance to base-MQW Interface (um)

711 1.210 12 0.65 0.33

708 1.200 12 0.66 0.23 FIG. 3. EBIC line scans recorded under the two different excitation levels

716 1.180 31 0.32 0.33 noted in the legend for the QWSC UH716. Increasing the electron beam

718 1.125 20 0.53 0.35 current causes the signal to saturate. The solid curve represents simulated

data from which the MQW capture lifetimerf,) is estimated.
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mechanism governing carrier reduction is the capture of ex-
cess carriers in the MQW region instead of recombination in
the wells. In the rate equations shown in the Appendix, the
capture lifetime is representative of the capture rate within
the intrinsic region. Using the modeling approach developed
at UCAZ the experimental data measured in the unsaturated
regime have been fitted with.,, as a free parameter. The
solid line in Fig. 3 shows the results of such a procedure to
fit the experimental data for QWSC UH716. For all the
QWSCs cells studied here,,,was found to lie in the range

10 ps—1 ns. The capture of carriers at the MQW region,
which restricts diffusion across the intrinsic region between
the emitter and base, can be viewed as a reduced mobility.
PL energy (eV) , Since the mobility is a more convenient parameter to incor-
porate into Anderson’s theory, an effective mobility in the

FIG. 4. Three-dimensional plot of the saturation regime at different exci-IntrInSIC region has been estimated from the capture lifetimes

tonic transition energies as given by the PL peak energy measured at 10 Ik',Sing_ the relationship_ between ﬂ;e diffusion lengththe
electric fields (i.e., applied biass and excess carrier densitigge., ~ mobility u, and the lifetime,r (L“=ukT7/q). For cells

electron-beam current levelsA solid square represents when the EBIC is UH716 and UH718 in particular, at an excitation level

saturated(100% carrier collection within the MQWand an open square ; - P L ~
when the EBIC is not saturate@<100% carrier collection within the equivalent to one sun AMO illumination, the lifetimes corre

MQW). Two regimes emerge, corresponding to saturation, top right, an(ﬁpond to effective mo_bi”ties of 2_0 and 30 W_S: respec-
lack of saturation, bottom right. tively. These values will be used in the calculations to follow.
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. . L _ B. Open circuit voltage analysis
the emitter/intrinsic region interface. The excitation level for P g Y

saturation suggests a doping level is on the order of According to Anderson’s theofyand considering only
10 cm~s, radiative recombination in the unity quantum-efficiency
The results of repeating the analysis of the EBIC saturalimit, the open-circuit voltage for a QWSC can be related to
tion regime for QWSCs with various structures are summathat of a base line celli.e., a cell grown without a MQW
rized in the three-dimensional plot shown in Fig. 4. Figure 4region by
shows the saturation regime at different excitonic transition KT reJ
energies as given by the photoluminescefRk) peak en- Vogow)= —In __GreB
ergy measured at 10 KTable ), different excess carrier q  1[Jo(1+TrB)
densities excited by the electron beam current, and differenvhereJ.g is the short-circuit current density of the baseline
electric fields produced by the applied biases. The excitonicell, Jy is the reverse saturation current densidy, is the
transition is an internal parameter of the cell that depends onontribution to the reverse saturation current from thermal
the As composition and the width of the wells and barriersgeneration and radiative recombination in the intrinsic re-
In Fig. 4, solid squares indicate saturation of the EBIC sig-gion, andkT/q is the thermal voltage. The quantityJ.gis
nal, and open squares indicated an unsaturated signal. Thige photocurrent of the QWSC while the quantidy(1
data can be seen to fall into two separate regimes corretrgB) is the QWSC reverse saturation current. It should be
sponding to saturated conditiof®p right corney, and un-  noted that this is essentially Anderson’s E840)® except
saturated conditiongottom left corner. These two regimes that the “+1” term within the argument of the logarithm
have to be taken into account when optimizing the design ofunction has been ignored. This is a valid approximation
a QWSC. As discussed by Serdiukoeaal,® a critical  since the ratio of the photocurrent to reverse saturation cur-
built-in electric field exists for optimum carrier collection rentis expected to be much larger than unity. The quangty
within QWSCs. Using the results shown in Fig. 4 for theis the generation enhancement ratio, defined as the fractional
saturated/unsaturated boundary regions, the minimurincrease in the carrier generation rate due to the incorpora-
built-in electric field can be determined for different exci- tion of the MQW. The factorg is the radiative recombina-
tonic transition energies and excitation levels. The excitatioriion enhancement ratio, which represents the fractional in-
level dependence is an important parameter in optimizing arease in the net intrinsic-region recombination rate due to
QWSC for a particular solar intensity. Indeed, a QWSC op-the presence of the QWSs. As required by detailed balance,
timized for carrier collection at one sun illumination might is expressed by
become nonoptimized if the solar intensity drops as, in fact, _ 2
happens during every orbit of a low-Earth-orbit satellite. rR=1+ful 78 YooseXMAR/KT) —1]. 2)
In EBIC experiments, the e-beam excites electron-hole In Eq. (2), f\, is the fraction of the depletion region
pairs in both the wells and the barriers. A decrease in theccupied by quantum wells anxE is the difference in band
EBIC would be observed if the recombination rate was highgap energy between the InP barrier and InAsP well. Fpe
in the MQW region. However, such a decrease is not obterm is the “oscillator enhancement factor” given by the
served in the QWSCs studied here. Thus, it seems that thatio of the recombination coefficient in the well to that in

, (€Y
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TABLE Il. Calculation of theV, for the QWSCs using Eq3) compared to the experimental values. The
experimental values were measured under 1 sun, AMO simulated solar light conditions. In the fourth column,
V. is calculated assuming the carrier mobility of the base line InP ge#t {500 cn?/V s). For the cells with

more shallow wells that showed saturation at zero bias, reasonable agreement is observed. For the cells with
deeper wells that did not show saturation, better agreement Wheis calculated using the effective MQW
mobility (data given in column Y6as determined fits of the EBIC signdig. 5).

Vo V)
AE VodV) VodV) Calc. Eq.(3) Saturation at
Cell ID (meV) fw exp. Calc. Eq.(3) w/carrier capture zero bias?
672 171 0.05 0.73 0.74 Yes
711 211 0.04 0.71 0.73 Yes
708 221 0.05 0.70 0.73 Yes
716 241 0.09 0.61 0.69 0.64 No
718 296 0.06 0.61 0.65 0.60 No

the barrier. Theyppg term is the density of state®OS  After 3 MeV proton irradiation up to a fluence of 4
enhancement factor given by the ratio of the effect volumex10*®* cm 2, L was degraded to~0.08 um. For cell
DOS in the well to that in the barrier. Equati¢h) can be  UH672, the base diffusion length before and after irradiation

written as were estimated to be 0.35 and 0.4@n, respectively. The
KT degradation of the EBIC signal from the MQW region at the
Vo=Vt —[INrg—IN(1+r1gB)]1, ©) emitter/MQW region interface is understood to occur as a
q

whereV, g refers to the open-circuit voltage for an InP base
line cell, which is taken to be 0.75%°Anderson shows that

Base #

=l

the parametep can be expressed as Emitter
53
B=\ oW, @ £l
M E o Before Irrad. & |2
whereW is the depletion widthBy is the radiative recombi- = o After Irad. 639:? 3%
nation coefficient in the barrier (for InP, Bg & | zerobias, 5 kev, 150 pA - 5%
=101 cm¥s), andN is the effective doping concentration, é MQW Cell #711 S o 20

~10' cm 3, The mobility, , for the base line cell is taken 3 MeV proton irrad.
as 1500 criV s. Using this value ofu, V.. was calculated 4x10"%em2
for the MQW cells, and the results are given in Table Il. The
AE values given in Table Il were determined from the PL
energy data taken at 10 @able ) and extrapolated to 300
K. The experimental values for,. of the QWSCs were (@) Distance to base-MQW Interface (um)
determined from photovoltaic measurements made on the
cells under simulated, 1 sun, AMO solar illuminatith.

mﬂnnn of
E: 000"

' MQw
For the QWSCs that exhibited saturation at zero bias, the Base ° Emitter

V. values calculated using the mobility of a base line cell
match the measured values reasonably well. However, the ﬁ
remaining two devices, nhamely UH716 and UH718, did not 5 o “Before rad. Et':c
exhibit saturation at zero bias, suggesting significant carrier ‘—é o After Irrad. E%
capture within the relatively deep wells. Noting that a higher & Zero bias, 5 keV, 150 pA g S
capture rate can be understood as a decrease in the eﬁectiveg MQW Cell #672 :‘%%
carrier mobility within the depletion regionV/,. was recal- = 3 MeV proton irrad. & %?3

in)

o°°°°
o

culated for these cells using the effective mobilities deter- xi0Vem? &
mined above from the capture lifetime at the MQW region
(7cap - Using these values for the mobilities, much better fits
to the experimental values &f,. are obtainedTable ).

0
(b) Distance to base-MQW Interface (um)
C. Effects of proton irradiation on the EBIC signal

FIG. 5. Effect of proton irradiation on the EBIC linescans recorded from

The effects of irradiation on the EBIC signal from cells Qwsc UH711(a) and UH672(b) (e-beam energy and current of 5 keV and
UH711 and UH672 are shown in Fig. 5. Fits of the EBIC 150 pA, respectivelyat zero applied bias. Within the base, the decrease of
signal collected from the base region yield an estimate of th%“e EBIC signal is associated with diffusion length degradation. Within the

. . . . . epletion region, the reduction in collection efficiency is attributed to in-
base minority carrierthole) diffusion length,L. For cell  (reased carrier capture and recombination in the MQW region due to
UH711, prior to irradiationl is estimated to be 0.42m. radiation-induced defect levels.
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1.2 10°
_ |=—— Before Irrad. - i
= 081~ . After Irrad. 2 Lines are fits to Eq. 5
& - = o Cell 711
3 MQW Ceii #711 §10-1 — o Cell672 —]
© . ]
g 3 MeV proton irrad. b - 5 ?\/IAQ\\;V Cetll #?1 1d .
£ p _ B eV proton irrad. ]
S 0.4 4x10"3cm™ 1
Z o [ 4x10"%em2 ]
4
I
0.0 10 i ) I 10_2 L ! i ! L | L | L I .
-1 ] 1 4 5 6 7 8 9 10 11 12 13
Distance to base-MQW Interface (um) 1000/T (K'1)

FIG. 6. Effect of proton irradiation on CL line scans measured in QWSCFIG. 7. Arrhenius plots of the total integrated CL signal emitted from cells
UH711. Analysis of these data enables an estimate of the degradation idH711 and UH672 after irradiation. The solid lines are fits of the data to Eq.

both the base and MQW regions. (5). The data reveal three thermally activated recombination channels, and
the data fits yielded estimates of the defect paraméTexsle 111).
E* EA
result of an increase in carrier capture and recombination 7=|1+«“exp — T + kP exp — T
B B

caused by radiation-induced defects acting as recombination
centers. The slightly greater degradation observed in cell E”
UH711 may suggest increased radiation sensitivity for cells trrexpg — kB_T

with higher As content and deeper wells. However, this may . . o o )
also be attributed to the thinner wells of cell UH711 as will Wherek is the ratio of radiative to nonradiative recombina-

be discussed further in Sec. IV. tion lifetimes for each recombination mechanisms Tat
=300 K, andE®, E#, andE” are their thermal activation
energies. Fits of the CL data to E() are shown in Fig. 7,
and the fit parameters are given in Table IlI.
The shallowy level (E?=48 me\) is common in both
D. Effects of proton irradiation on the CL signal cells UH672 and UH711, and can be tentatively associated
with an acceptor impurity. This is consistent with the sugges-
Linescans of the CL emitted from the quantum wellstjon of a p-type background doping in the intrinsic region
were recorded at various temperatures. Figure 6 shows thgat came out of the EBIC saturation regime analysis. Zhe
effect of proton irradiation on room-temperature line scanseye| also has a similar energy amdvalue for both InAsP
for the QWSC UH711. The decay of the signal far from the\ye|is. Since the well width is below 20 A and the wells are
wells gives an estimate of the diffusion length of carriers aSelatively shallow AE~0.2 e\) and since the3 and y de-
they recombine radiatively in the QW& (). This parameter  fect levels appear to be insensitive to the As content, these
should be dependent both on the base diffusion length angefects could be within the barriers instead of within the
the radiative recombination rate in the quantum wells, withye|is. On the other hand, the characteristics of the defect
the latter also being dependent on the injection level. Theeye| |abeledn is sensitive to the As composition, suggesting
base diffusion length degradation coefficient has been founghat this defect level may reside within the wells. Due to the
to be similar in all the QWSCs studied here, so any differ-high efficiency of this level as a recombination channef (
ences observed amongst the cells are attributed to thg yejatively large, this near-midgap level is expected to be

radiation-indu.ced changes in.the QW recombination rate. FOhainly responsible for the observed quantum well degrada-
cell UH711, fits of the experimental data produced an estitjgn.

mate ofL, of 0.55 um prior to irradiation and 0.1um
afterwards. For cell UH672, with similar structural param-
eters to UH711 but with lower As content and thus shallower™BLE llIl. Parameters determined from fits of integrated CL signal as a

wells, L, was determined to be 0.40 and 0,20 before and fu_nct!on of inverse temperature tg .E@). The data revea!ed .three recom-
bination channels, labeled B, y. E* is the defect level activation energy,

after irradiation, reSpeCt'Ve|Y-_ T_hese results again SU9gest ihe ratio of the radiative to the nonradiative lifetime for each recombina-
that deeper wells may result in increased cell radiation senion channel.

-1

: ®)

sitivity.

Figure 7 shows Arrhenius plots of the total integrated CL @ B Y
signal intensity from cells UH672 and UH711. In both cases, E (eV) K E (eV) K E (meV) K
the plots appear to result from three thermally activated, non=_— 08 P 027 10 8 X 102
radiative recombination channels, labeledag, andy. The 672 0.6 106 026  2x10 48 16

emission efficiencyy can be therefore be described by

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. 90, No. 6, 15 September 2001 Walters et al. 2845

IV. DISCUSSION effect seems to be a result of the radiation-induced, nonradi-
) ) ative recombination centers within the wells acting to lower

The effect of proton-induced defects on the operationalne effective well gap, thus pushing the well gap below the
characteristics of solar cells can be incorporated into Ander"deep-well" limit where the QW efficiency enhancement be-

son’s ideal theordy by adding the contribution of the c,me quenched. Indeed, the EBIC measurements showed
radiation-induced defects to the nonradiative recombinationy,5; the capture of carriers in the wells was enhanced and the
lifetime. Following Anderson, the-V relation for a QWSC  ga¢ration regime at zero bias was not achieved after irradia-
- rGJSCB centrations.
It is worth noting that although both cells UH711 and
qVv
ex m —1].
o ° o ~ UH711 was substantially smaller than that of cell UH672. As
In Eq. (6), the contribution of the nonradiative recombi- g result, the electron wave function of cell UH711 is ex-
is the carrier concentration in the barrier. The quantigg,  well-barrier interfaces. Thus, the difference between the ra-
is the nonradiative enhancement ratio, which models the contiation response of the two cells may also be partly attrib-
In this case, it may be that th@defect level is also involved
(7) in the cell response, as it appears to be located in the barrier

including nonradiative recombination is tion. Also, the increase irR® with higher As content suggests
Jow(V)=Jo(1+T1Rp)

UH672 were designed to provide nearly identical confined
nation to the current density is represented by the last terpected to spread further into the barriers, hence, rendering
tribution to the recombination current due to the radiation—uted to radiation-induced defects in the barrier region and to

material.

qVv increased activity of thex level in cells with higher As con-
7B - |
+ rNRqWTNRB (6) energy states in the quantum wells, the well thickness of cell
whererygg is the nonradiative lifetime in the barrier angg  the device more sensitive to effects in the barriers and at the
induced traps, and is given by the following expression:  radiation-induced degradation of the well-barrier interface.

I‘NR=1+fW

AE
YNRYDOSEX m -1

Similar to the oscillator enhancement factgg, [see Eq.
(2)], the term yyg is the lifetime reduction factor, which V. SUMMARY AND CONCLUSIONS
accounts for the difference in the non-radiative lifetimes in
the wells and barriersyyr= nre/ TnrW) -

In a previous study of the radiation response of thes
cells!? the rate at which the open-circuit voltage degrade
under proton irradiation was found to be higher for UH711

An in-depth study of the carrier transport properties of
INAsP/InP QWSCs using the techniques of EBIC and CL has
een presented. Prior to irradiation, EBIC was used to ana-
yze the saturation regime at the MQW region as a function
than UH672 fo a 3 MeV proton fluence of % 102 cm 2. ofellectric fie!d strength, QW confinemenlt energy, an'd excess
carrier density. From the EBIC analysis, carrier lifetimes

At this fluence level, thé/,. of UH672 was approximately .. . : ; .
20 mV higher than that of UH711. At higher proton ﬂuences,W'th'.n the QWs have been estimated. Using the formalism of
the ideal theory of Anderschthese values were used to

guantum efficiency measurements showed that the th|ckearCCurately model the measurk, of the QWSCs.

emitter of UH672 played a dominant role in the degradation From EBIC measurements made on cells before and af-

mechanism of the cell. To estimate the contribution 1o thet r proton irradiation, estimates of the base diffusion length

voltage drop due to nonradiative recombination enhancemeref . o
- . .. _degradation were made. It was found that radiation-induced
within the wells, an expression of the rate of nonradiative

S : . . recombination centers reduced the collection efficiency in
::Z%Og]ebll;]s;gn derived from the emission efficiengy. (5] the intrinsic regions. Analysis of the CL data taken in the
irradiated cells revealed three nonradiative recombination
Ryr* k%exd — E¥/kgT]. (8)  levels. The effects of these radiation-induced defects on the
. QWSC performance was shown to be consistent with Ander-
The ratio between the rates expressed by(Bcfor cells  gqn5 theory when nonradiative recombination effects were
UH711 and UH672, yields a value between 1 and 50. Thenciyded. The results suggest that for nearly identical quan-
large range is due to the uncertainty00.1 eV in the esti- 1, \ell confinement levels, the radiation hardness of a
mate of the energy of the level. This result suggests that q\sc will decrease with an increase in As content and well
the nonradiative recombination rates are roughly equal ienih and a decrease in well thickness. This seems to be a
these cells. Therefore, the increased radiation sensitivity Qfggyit of radiation-induced defects acting as nonradiative re-

Vocin UH711 is more likely to be a result of the increased incompination channels and possible well/barrier interface
InNAsP well depth compared to cell UH672 instead Ofdegradation.

changes in the nonradiative lifetimes, as was discussed ear-
lier in relation to Eq.(7).

The data presented here suggest that, given a simiIszcKNOWLEDGMENTS
base line cell structure, a QWSC with deeper wells will be  This work was supported in Spain by the CICYTomi-
more sensitive to irradiation than one with shallower wells.sion Interministerial de Ciencia y Tecnologiander MAT94-
This is in good agreement with Anderson’s ideal théory 0823-C0O3-02 and by the Junta de Andalucia through TEP-
where the introduction of a nonradiative recombination chan0120. In the US, the work was supported at NRL by the U.S.
nel lowersV,. more rapidly with increasing well depth. This Office of Naval Research. The work at the University of

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



2846 J. Appl. Phys., Vol. 90, No. 6, 15 September 2001 Walters et al.

as carriers within the wells escape and are extracted by the
e-beam o I, ;
FS electric field. Therefore, a specific rate equation rate for the
MQW region needs to be included. The continuity equation
Gey, was then modified in the QW region
BC 2 TC
% 2 % W W B
g5 | 1 neW QW
g & |2 G—-R+=VJ=| g(x,y,2)dV—|—+ -—
—L g & q TR Tesc Tcap
FIG. 8. The FEM is applied to solve the continuity equations for estimating +—-VJ=0 (A3)
the EBIC. This is illustrated here for a QWSC in the experimental arrange- q
ment.
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APPENDIX 1 B nB 1
: i ; G—R+—VJ=J X,y,z)dV— +—|+=VJ
Extraction of the capture lifetime in the MQW region of q 9(x,y TRouk  Teap

QWSCs requires a detailed analysis of the EBIC. The finite

element method FEM) was applied to solve the Poisson =0, (A4)
equation
2 € . . L
VV=—-—(p—n+N) (A1) wheren®" andn® are the carrier densities within and above
€s e
_ _ the wells, andrescand 7.4 are the lifetimes for the escape of
and the electron and hole current density equations carriers from the wells and capture of carriers by the wells,
VJ,=e(R—G),J,=e(— u,nVV+D,Vn), respectively. For extraction of the carriers excited within the
(A2) MQW region, the capture has to be minimized at the same
VIp=—eR=G),Jp=e(—uppVV—D,Vp) time as escape from the wells has to be maximized. When

for estimating the EBIC response. The rate of charge generdhe diffusion of carriers is restricted by capture at the MQW,
tion (G, cm 3s7Y) in the continuity equations is the density a reduction of the EBIC signal is observed. Computing
of electron-hole pairs produced by the incident electrorsingle scans at different capture lifetimes in E¢&3) and
beam, whose spatial distribution has been previously estiA4) and comparing them with the measurements, allows
mated. The rate of recombinatidR, cm 3s™1) has contri-  this parameter to be estimated.
butions from several mechanisms such as Shockley—Read—
Hall and radiative recombination. The method is illustrated
in Fig. 8. First, a FEM generator breaks down the QWSC
into finite elements, whose properties can be defined in de-
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