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Electron beam induced current and cathodoluminescence study of proton
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The effects of proton irradiation on strained InAsxP12x /InP-based quantum well solar cells
~QWSCs! have been investigated by the electron beam induced current~EBIC! and
cathodoluminescence~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. ©2001 American Institute of Physics.@DOI: 10.1063/1.1389755#
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I. INTRODUCTION

The US Naval Research Laboratory~NRL! and the Uni-
versity of Houston~UH! have been collaborating on the d
velopment of quantum well solar cells~QWSCs! for space
applications. The initial focus of this research has been
develop a high-efficiency, radiation-resistant solar cell by
corporating a multiquantum-well~MQW! layer within the
depletion region of an InP solar cell grown heteroepitaxia
on a Si substrate. The radiation resistance of InP solar ce
well known,1 as are the advantages of an InP solar cell gro
on lightweight, robust Si wafers for space application2

However, the beginning-of-life efficiencies of InP/Si sol
cells grown to date have been relatively low as a result of
effects of defects introduced by the lattice mismatch betw
InP and Si. The goal of the present research is to offset
performance degradation by exploiting the efficiency
crease provided by the incorporation of MQWs within t
device structure.3 The strained-layer, InAsxP12x /InP MQW
system was chosen for study because of the potentially
efficiency enhancement predicted by Anderson’s ideal the
of QWSCs.4

NRL also has an ongoing research collaboration with
University of Cadiz~UCA! aimed at applying the technique
of electron beam induced current~EBIC! and cathodolumi-
nescence~CL! to the study of the effects of defects in sol

a!Electronic mail: rwalters@ccf.nrl.navy.mil
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cells. Recently, the collaborative efforts between NRL, U
and UCA have been combined in order to study carrier tra
port behavior in the MQW region of InAsxP12x /InP QWSCs
before and after proton irradiation. The results have b
incorporated into Anderson’s ideal theory to quantify the
fect of MQW structures on solar cell radiation response. T
article reports results from this research.

II. EXPERIMENTAL DETAILS

The QWSCs used in these studies were single junc
InP structures, in which a ten period, strained-lay
InAsxP12x /InP MQW region was incorporated in the depl
tion region between the emitter and the base~Fig. 1!. The
cells were grown by chemical beam epitaxy at 510 °C
S-doped InP~001! substrates. Details of the fabrication ha
been described previously.5 Table I shows some structura
parameters of the QWSCs, where the photoluminescence
ergy corresponds to the MQW emission at 10 K.6

The solar cells were irradiated through the front surfa
with monoenergetic, normal incidence 3 MeV protons us
the Pelletron Accelerator facility at the Naval Surface W
fare Center at White Oak, Maryland. The fluences were
termined from the total charge striking the target plane us
a current integrator. The accuracy of the dosimetry in
cases was estimated to be about 10%.

For EBIC and CL measurements, the QWSCs were
served in the~001! direction on to cleaved$110% surfaces,
0 © 2001 American Institute of Physics
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which were perpendicular to the MQW~Fig. 2!. Prior to
loading into the scanning electron microscope, they w
mounted on a holder that had been modified so that pres
could be applied to the top and back contacts. The EBIC
detected using a head amplifier and a low input-impeda
Matelect ISM5A amplifier. The incident electron beam cu
rent was measured by a Faraday cup.

A semiparabolic mirror attached to an optical gui
yielded highly efficient collection of the CL excited by th
e-beam. Spectroscopic measurements were made usi
cryogenically cooled charge coupled device~Photometrics
SDS9000! attached to a modified Oriel 77400 spectrogra
The cells were typically cooled to 60 K during the CL me
surements. Since the cell arrangement was the same d
the EBIC and CL measurements, both signals can be
corded simultaneously.

III. EXPERIMENTAL RESULTS

A. EBIC signal saturation regime

Prior to irradiation, the current saturation regime of t
QWSCs was investigated by imaging the EBIC at differe
bias and excitation levels. The saturation regime is attai
when 100% of the carriers generated within the MQW reg
are collected. This condition can be determined from ana
sis of the EBIC signal. When the diffusion of carriers
restricted by capture in the MQW region, a reduction of t
EBIC signal is observed. Under these conditions, the us
assumption of 100% collection efficiency cannot be ma
Away from the saturation regime, a detailed analysis of
signal as described in the Appendix leads to an estimat
the carrier capture lifetime,tcap, in the MQW region. Figure
3 illustrates the results of this analysis for QWSC UH71

FIG. 1. Schematic diagram of the InP-based QWSCs. These are str
InAsxP12x /InP layers. Details are given in Table I.

TABLE I. Structural parameters of the strained InAsxP12x /InP MQW solar
cells studied here. The PL energy was measured at 10 K and represen
effective band gap of the well.

Cell ID
PL energy

~eV!
Well width

~Å!
Arsenic
fraction

MQW region
thickness~mm!

672 1.250 18 0.37 0.33
711 1.210 12 0.65 0.33
708 1.200 12 0.66 0.23
716 1.180 31 0.32 0.33
718 1.125 20 0.53 0.35
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which is representative of the cells studied. At zero appl
bias, the intrinsic region acts as a perfect collector at elec
beam currents above;500 pA, which corresponds to an ex
cess carrier density of;1017 cm23. At a lower excitation
level ~150 pA!, there is a reduction of the signal in the MQW
region, thus, the saturation regime is not attained. The ef
of biasing is, in general, to change the excitation level
which saturation occurs. An increase in the forward bi
which causes a decrease in the internal MQW electric fie
results in an increase in the excitation level required to sa
rate the signal. The inverse is true when a reverse bia
applied.

The results of Fig. 3 show the carrier collection with
the MQW region to be asymmetric in the unsaturated regim
At the interface between then-type base and the intrinsi
region, carrier extraction is complete, but between thep-type
emitter and the intrinsic region, it is not. Nelsenet al. have
presented an excellent model for the transport and recom
nation of charge carriers in quantum well devices in Ref.
Within, this model, the asymmetry of the EBIC signal
interpreted as a significant background doping in the intrin
region. The shift of the EBIC peak towards then-type base
region suggestsp-type doping, since in that case, the junctio
electric field would not extend through the quantum wells

ed
FIG. 2. Configuration of the EBIC and CL measurements made on a JE
JSM820 scanning electron microscope. The electron beam was incident
freshly cleaved$110% face, oriented perpendicular to the growth direction
the MQW.

FIG. 3. EBIC line scans recorded under the two different excitation lev
noted in the legend for the QWSC UH716. Increasing the electron b
current causes the signal to saturate. The solid curve represents simu
data from which the MQW capture lifetime (tcap) is estimated.

the
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the emitter/intrinsic region interface. The excitation level f
saturation suggests a doping level is on the order
1016 cm23.

The results of repeating the analysis of the EBIC satu
tion regime for QWSCs with various structures are summ
rized in the three-dimensional plot shown in Fig. 4. Figure
shows the saturation regime at different excitonic transit
energies as given by the photoluminescence~PL! peak en-
ergy measured at 10 K~Table I!, different excess carrie
densities excited by the electron beam current, and diffe
electric fields produced by the applied biases. The excito
transition is an internal parameter of the cell that depends
the As composition and the width of the wells and barrie
In Fig. 4, solid squares indicate saturation of the EBIC s
nal, and open squares indicated an unsaturated signal.
data can be seen to fall into two separate regimes co
sponding to saturated conditions~top right corner!, and un-
saturated conditions~bottom left corner!. These two regimes
have to be taken into account when optimizing the design
a QWSC. As discussed by Serdiukovaet al.,6 a critical
built-in electric field exists for optimum carrier collectio
within QWSCs. Using the results shown in Fig. 4 for t
saturated/unsaturated boundary regions, the minim
built-in electric field can be determined for different exc
tonic transition energies and excitation levels. The excitat
level dependence is an important parameter in optimizin
QWSC for a particular solar intensity. Indeed, a QWSC o
timized for carrier collection at one sun illumination mig
become nonoptimized if the solar intensity drops as, in fa
happens during every orbit of a low-Earth-orbit satellite.

In EBIC experiments, the e-beam excites electron-h
pairs in both the wells and the barriers. A decrease in
EBIC would be observed if the recombination rate was h
in the MQW region. However, such a decrease is not
served in the QWSCs studied here. Thus, it seems tha

FIG. 4. Three-dimensional plot of the saturation regime at different e
tonic transition energies as given by the PL peak energy measured at 1
electric fields ~i.e., applied biases!, and excess carrier densities~i.e.,
electron-beam current levels!. A solid square represents when the EBIC
saturated~100% carrier collection within the MQW! and an open square
when the EBIC is not saturated~,100% carrier collection within the
MQW!. Two regimes emerge, corresponding to saturation, top right,
lack of saturation, bottom right.
Downloaded 24 Mar 2006 to 150.214.231.66. Redistribution subject to AI
r
f

-
-

n

nt
ic
n
.
-
he
e-

f

m

n
a
-

t,

le
e
h
-

he

mechanism governing carrier reduction is the capture of
cess carriers in the MQW region instead of recombination
the wells. In the rate equations shown in the Appendix,
capture lifetime is representative of the capture rate wit
the intrinsic region. Using the modeling approach develop
at UCA,8 the experimental data measured in the unsatura
regime have been fitted withtcap as a free parameter. Th
solid line in Fig. 3 shows the results of such a procedure
fit the experimental data for QWSC UH716. For all th
QWSCs cells studied here,tcap was found to lie in the range
10 ps–1 ns. The capture of carriers at the MQW regi
which restricts diffusion across the intrinsic region betwe
the emitter and base, can be viewed as a reduced mob
Since the mobility is a more convenient parameter to inc
porate into Anderson’s theory, an effective mobility in th
intrinsic region has been estimated from the capture lifetim
using the relationship between the diffusion lengthL, the
mobility m, and the lifetime,t (L25mkTt/q). For cells
UH716 and UH718 in particular, at an excitation lev
equivalent to one sun AM0 illumination, the lifetimes corr
spond to effective mobilities of 20 and 30 cm2/V s, respec-
tively. These values will be used in the calculations to follo

B. Open circuit voltage analysis

According to Anderson’s theory,4 and considering only
radiative recombination in the unity quantum-efficien
limit, the open-circuit voltage for a QWSC can be related
that of a base line cell~i.e., a cell grown without a MQW
region! by

Voc~QW!5
kT

q
lnF r GJscB

J0~11r Rb!G , ~1!

whereJscB is the short-circuit current density of the baseli
cell, J0 is the reverse saturation current density,bJ0 is the
contribution to the reverse saturation current from therm
generation and radiative recombination in the intrinsic
gion, andkT/q is the thermal voltage. The quantityr GJscB is
the photocurrent of the QWSC while the quantityJ0(1
1r Rb) is the QWSC reverse saturation current. It should
noted that this is essentially Anderson’s Eq.~24c!3 except
that the ‘‘11’’ term within the argument of the logarithm
function has been ignored. This is a valid approximati
since the ratio of the photocurrent to reverse saturation
rent is expected to be much larger than unity. The quantityr G

is the generation enhancement ratio, defined as the fracti
increase in the carrier generation rate due to the incorp
tion of the MQW. The factorr R is the radiative recombina
tion enhancement ratio, which represents the fractional
crease in the net intrinsic-region recombination rate due
the presence of the QWs. As required by detailed balancer R

is expressed by

r R511 f W@gBgDOS
2 exp~DE/kT!21#. ~2!

In Eq. ~2!, f W is the fraction of the depletion regio
occupied by quantum wells andDE is the difference in band
gap energy between the InP barrier and InAsP well. ThegB

term is the ‘‘oscillator enhancement factor’’ given by th
ratio of the recombination coefficient in the well to that

i-
K,

d
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Downloaded 24 Ma
TABLE II. Calculation of theVoc for the QWSCs using Eq.~3! compared to the experimental values. Th
experimental values were measured under 1 sun, AM0 simulated solar light conditions. In the fourth c
Voc is calculated assuming the carrier mobility of the base line InP cell (m51500 cm2/V s). For the cells with
more shallow wells that showed saturation at zero bias, reasonable agreement is observed. For the c
deeper wells that did not show saturation, better agreement whenVoc is calculated using the effective MQW
mobility ~data given in column 5! as determined fits of the EBIC signal~Fig. 5!.

Cell ID
DE

~meV! f W

Voc~V!
exp.

Voc~V!
Calc. Eq.~3!

Voc~V!
Calc. Eq.~3!

w/carrier capture
Saturation at
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
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the barrier. ThegDOS term is the density of states~DOS!
enhancement factor given by the ratio of the effect volu
DOS in the well to that in the barrier. Equation~1! can be
written as

Voc5VocB1
kT

q
@ lnr G2 ln~11r Rb!#, ~3!

whereVocB refers to the open-circuit voltage for an InP ba
line cell, which is taken to be 0.75 V.9,10Anderson shows tha
the parameterb can be expressed as

b5AqNBB

4kTm
W, ~4!

whereW is the depletion width,BB is the radiative recombi-
nation coefficient in the barrier ~for InP, BB

510210 cm3/s), andN is the effective doping concentration
;1017 cm23. The mobility,m, for the base line cell is taken
as 1500 cm2/V s. Using this value ofm, Voc was calculated
for the MQW cells, and the results are given in Table II. T
DE values given in Table II were determined from the P
energy data taken at 10 K~Table I! and extrapolated to 300
K.11 The experimental values forVoc of the QWSCs were
determined from photovoltaic measurements made on
cells under simulated, 1 sun, AM0 solar illumination.10

For the QWSCs that exhibited saturation at zero bias,
Voc values calculated using the mobility of a base line c
match the measured values reasonably well. However,
remaining two devices, namely UH716 and UH718, did n
exhibit saturation at zero bias, suggesting significant car
capture within the relatively deep wells. Noting that a high
capture rate can be understood as a decrease in the effe
carrier mobility within the depletion region,Voc was recal-
culated for these cells using the effective mobilities det
mined above from the capture lifetime at the MQW regi
(tcap). Using these values for the mobilities, much better
to the experimental values ofVoc are obtained~Table II!.

C. Effects of proton irradiation on the EBIC signal

The effects of irradiation on the EBIC signal from ce
UH711 and UH672 are shown in Fig. 5. Fits of the EB
signal collected from the base region yield an estimate of
base minority carrier~hole! diffusion length, L. For cell
UH711, prior to irradiation,L is estimated to be 0.42mm.
r 2006 to 150.214.231.66. Redistribution subject to AI
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After 3 MeV proton irradiation up to a fluence of 4
31013 cm22, L was degraded to;0.08 mm. For cell
UH672, the base diffusion length before and after irradiat
were estimated to be 0.35 and 0.10mm, respectively. The
degradation of the EBIC signal from the MQW region at t
emitter/MQW region interface is understood to occur as

FIG. 5. Effect of proton irradiation on the EBIC linescans recorded fro
QWSC UH711~a! and UH672~b! ~e-beam energy and current of 5 keV an
150 pA, respectively! at zero applied bias. Within the base, the decrease
the EBIC signal is associated with diffusion length degradation. Within
depletion region, the reduction in collection efficiency is attributed to
creased carrier capture and recombination in the MQW region due
radiation-induced defect levels.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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result of an increase in carrier capture and recombina
caused by radiation-induced defects acting as recombina
centers. The slightly greater degradation observed in
UH711 may suggest increased radiation sensitivity for c
with higher As content and deeper wells. However, this m
also be attributed to the thinner wells of cell UH711 as w
be discussed further in Sec. IV.

D. Effects of proton irradiation on the CL signal

Linescans of the CL emitted from the quantum we
were recorded at various temperatures. Figure 6 shows
effect of proton irradiation on room-temperature line sca
for the QWSC UH711. The decay of the signal far from t
wells gives an estimate of the diffusion length of carriers
they recombine radiatively in the QWs (Lr). This parameter
should be dependent both on the base diffusion length
the radiative recombination rate in the quantum wells, w
the latter also being dependent on the injection level. T
base diffusion length degradation coefficient has been fo
to be similar in all the QWSCs studied here, so any diff
ences observed amongst the cells are attributed to
radiation-induced changes in the QW recombination rate.
cell UH711, fits of the experimental data produced an e
mate of Lr of 0.55 mm prior to irradiation and 0.16mm
afterwards. For cell UH672, with similar structural param
eters to UH711 but with lower As content and thus shallow
wells, Lr was determined to be 0.40 and 0.22mm before and
after irradiation, respectively. These results again sug
that deeper wells may result in increased cell radiation s
sitivity.

Figure 7 shows Arrhenius plots of the total integrated
signal intensity from cells UH672 and UH711. In both cas
the plots appear to result from three thermally activated, n
radiative recombination channels, labeled asa, b, andg. The
emission efficiencyh can be therefore be described by

FIG. 6. Effect of proton irradiation on CL line scans measured in QW
UH711. Analysis of these data enables an estimate of the degradatio
both the base and MQW regions.
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h5F11ka expS 2
Ea

kBTD1kb expS 2
Eb

kBTD
1kg expS 2

Eg

kBTD G21

, ~5!

wherek is the ratio of radiative to nonradiative recombin
tion lifetimes for each recombination mechanisms atT
5300 K, andEa, Eb, and Eg are their thermal activation
energies. Fits of the CL data to Eq.~5! are shown in Fig. 7,
and the fit parameters are given in Table III.

The shallowg level (Eg548 meV! is common in both
cells UH672 and UH711, and can be tentatively associa
with an acceptor impurity. This is consistent with the sugg
tion of a p-type background doping in the intrinsic regio
that came out of the EBIC saturation regime analysis. Thb
level also has a similar energy andk value for both InAsP
wells. Since the well width is below 20 Å and the wells a
relatively shallow (DE;0.2 eV! and since theb andg de-
fect levels appear to be insensitive to the As content, th
defects could be within the barriers instead of within t
wells. On the other hand, the characteristics of the de
level labeleda is sensitive to the As composition, suggesti
that this defect level may reside within the wells. Due to t
high efficiency of this level as a recombination channel (ka

is relatively large!, this near-midgap level is expected to b
mainly responsible for the observed quantum well degra
tion.

in
FIG. 7. Arrhenius plots of the total integrated CL signal emitted from ce
UH711 and UH672 after irradiation. The solid lines are fits of the data to
~5!. The data reveal three thermally activated recombination channels,
the data fits yielded estimates of the defect parameters~Table III!.

TABLE III. Parameters determined from fits of integrated CL signal a
function of inverse temperature to Eq.~5!. The data revealed three recom
bination channels, labeleda, b, g. Ea is the defect level activation energy,k
is the ratio of the radiative to the nonradiative lifetime for each recombi
tion channel.

a b g

E ~eV! k E ~eV! k E ~meV! k

711 0.8 1021 0.27 53107 48 231012

672 0.6 1016 0.26 23107 48 102
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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IV. DISCUSSION

The effect of proton-induced defects on the operatio
characteristics of solar cells can be incorporated into And
son’s ideal theory4 by adding the contribution of the
radiation-induced defects to the nonradiative recombina
lifetime. Following Anderson, theJ–V relation for a QWSC
including nonradiative recombination is

JQW~V!5J0~11r Rb!FexpS qV

kBTD21G2r GJSCB

1r NRqW
h iB

tNRB
FexpS qV

2kBTD21G . ~6!

In Eq. ~6!, the contribution of the nonradiative recomb
nation to the current density is represented by the last te
wheretNRB is the nonradiative lifetime in the barrier andniB

is the carrier concentration in the barrier. The quantity,r NR,
is the nonradiative enhancement ratio, which models the c
tribution to the recombination current due to the radiatio
induced traps, and is given by the following expression:

r NR511 f wFgNRgDOSexpS DE

2kBTD21G . ~7!

Similar to the oscillator enhancement factor,gB @see Eq.
~2!#, the termgNR is the lifetime reduction factor, which
accounts for the difference in the non-radiative lifetimes
the wells and barriers (gNR5tNRB/tNRW).

In a previous study of the radiation response of th
cells,12 the rate at which the open-circuit voltage degrad
under proton irradiation was found to be higher for UH7
than UH672 for a 3 MeV proton fluence of 131013 cm22.
At this fluence level, theVoc of UH672 was approximately
20 mV higher than that of UH711. At higher proton fluence
quantum efficiency measurements showed that the thi
emitter of UH672 played a dominant role in the degradat
mechanism of the cell. To estimate the contribution to
voltage drop due to nonradiative recombination enhancem
within the wells, an expression of the rate of nonradiat
recombination derived from the emission efficiency@Eq. ~5!#
can be used

RNR}kaexp@2Ea/kBT#. ~8!

The ratio between the rates expressed by Eq.~8! for cells
UH711 and UH672, yields a value between 1 and 50. T
large range is due to the uncertainty of60.1 eV in the esti-
mate of the energy of thea level. This result suggests tha
the nonradiative recombination rates are roughly equa
these cells. Therefore, the increased radiation sensitivit
Voc in UH711 is more likely to be a result of the increased
InAsP well depth compared to cell UH672 instead
changes in the nonradiative lifetimes, as was discussed
lier in relation to Eq.~7!.

The data presented here suggest that, given a sim
base line cell structure, a QWSC with deeper wells will
more sensitive to irradiation than one with shallower we
This is in good agreement with Anderson’s ideal theo4

where the introduction of a nonradiative recombination ch
nel lowersVoc more rapidly with increasing well depth. Thi
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effect seems to be a result of the radiation-induced, nonr
ative recombination centers within the wells acting to low
the effective well gap, thus pushing the well gap below t
‘‘deep-well’’ limit where the QW efficiency enhancement b
come quenched. Indeed, the EBIC measurements sho
that the capture of carriers in the wells was enhanced and
saturation regime at zero bias was not achieved after irra
tion. Also, the increase inka with higher As content suggest
increased activity of thea level in cells with higher As con-
centrations.

It is worth noting that although both cells UH711 an
UH672 were designed to provide nearly identical confin
energy states in the quantum wells, the well thickness of
UH711 was substantially smaller than that of cell UH672.
a result, the electron wave function of cell UH711 is e
pected to spread further into the barriers, hence, rende
the device more sensitive to effects in the barriers and at
well-barrier interfaces. Thus, the difference between the
diation response of the two cells may also be partly attr
uted to radiation-induced defects in the barrier region and
radiation-induced degradation of the well-barrier interfa
In this case, it may be that theb defect level is also involved
in the cell response, as it appears to be located in the ba
material.

V. SUMMARY AND CONCLUSIONS

An in-depth study of the carrier transport properties
InAsP/InP QWSCs using the techniques of EBIC and CL h
been presented. Prior to irradiation, EBIC was used to a
lyze the saturation regime at the MQW region as a funct
of electric field strength, QW confinement energy, and exc
carrier density. From the EBIC analysis, carrier lifetim
within the QWs have been estimated. Using the formalism
the ideal theory of Anderson,4 these values were used t
accurately model the measuredVoc of the QWSCs.

From EBIC measurements made on cells before and
ter proton irradiation, estimates of the base diffusion len
degradation were made. It was found that radiation-indu
recombination centers reduced the collection efficiency
the intrinsic regions. Analysis of the CL data taken in t
irradiated cells revealed three nonradiative recombina
levels. The effects of these radiation-induced defects on
QWSC performance was shown to be consistent with And
son’s theory when nonradiative recombination effects w
included. The results suggest that for nearly identical qu
tum well confinement levels, the radiation hardness o
QWSC will decrease with an increase in As content and w
depth, and a decrease in well thickness. This seems to
result of radiation-induced defects acting as nonradiative
combination channels and possible well/barrier interfa
degradation.
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APPENDIX

Extraction of the capture lifetime in the MQW region o
QWSCs requires a detailed analysis of the EBIC. The fin
element method~FEM! was applied to solve the Poisso
equation

¹2V52
e

es
~p2n1N! ~A1!

and the electron and hole current density equations

¹Jn5e~R2G!,Jn5e~2mnn¹V1Dn¹n!,
~A2!

¹Jp52e~R2G!,Jp5e~2mpp¹V2Dp¹p!

for estimating the EBIC response. The rate of charge gen
tion ~G, cm23 s21! in the continuity equations is the densi
of electron-hole pairs produced by the incident elect
beam, whose spatial distribution has been previously e
mated. The rate of recombination~R, cm23 s21! has contri-
butions from several mechanisms such as Shockley–Re
Hall and radiative recombination. The method is illustrat
in Fig. 8. First, a FEM generator breaks down the QW
into finite elements, whose properties can be defined in
tail. Second, the rate of generation of electron-hole pair
evaluated using a beam scattering model. In the meas
ments, the electron beam is scanned across the expose
face of the QWSC and electron-hole pairs are produced
derneath the incidence coordinate. Third, the continu
equations are solved for the boundary conditions applica
to the QWSC. In Fig. 8, the boundary conditions at the ba
and top contacts were established from both neutrality
equilibrium conditions, whereas for the free surface a N
mann condition was assumed, modified to take into acco
surface recombination. Solving the continuity equatio
yields estimates of the current densities (Jn and Jp). These
current densities correspond to the EBIC at the particu
incidence coordinate. Moving the incidence coordinate of
beam in the code, enabled the EBIC to be calculated fo
single scan.

The insertion of a MQW in the depletion region of
single junction solar cell has a major effect on the transp
of excess carriers excited by the electron beam as they
fuse above the wells and are captured in the MQW region

FIG. 8. The FEM is applied to solve the continuity equations for estima
the EBIC. This is illustrated here for a QWSC in the experimental arran
ment.
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as carriers within the wells escape and are extracted by
electric field. Therefore, a specific rate equation rate for
MQW region needs to be included. The continuity equat
was then modified in the QW region

G2R1
1

q
¹J5E g~x,y,z!dV2FnQW

tR
1

nQW

tesc
2

nB

tcap
G

1
1

q
¹J50 ~A3!

and barriers

G2R1
1

q
¹J5E g~x,y,z!dV2F nB

tR,bulk
1

nB

tcap
G1

1

q
¹J

50, ~A4!

wherenQW andnB are the carrier densities within and abo
the wells, andtescandtcap are the lifetimes for the escape o
carriers from the wells and capture of carriers by the we
respectively. For extraction of the carriers excited within t
MQW region, the capture has to be minimized at the sa
time as escape from the wells has to be maximized. W
the diffusion of carriers is restricted by capture at the MQ
a reduction of the EBIC signal is observed. Computi
single scans at different capture lifetimes in Eqs.~A3! and
~A4! and comparing them with the measurements, allo
this parameter to be estimated.
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