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Charge separation has been experimentally observed in a number of junction devices over the last decade,
but there has been little theoretical analysis of the phenomena that describes the detailed dynamics of the
effect. In this work, we use computer simulations to assess the ability of time-resolved photoluminescence,
resonant-coupled photoconductive decay, and other experimental techniques to characterize free-carrier recom-
bination and charge separation after an ultrafast laser pulse excites carriers in a homojunction or a heterojunc-
tion. The results indicate the experimental conditions where charge separation is likely to dominate these
measurements and several experimental signatures that can be used to distinguish charge separation from
free-carrier recombination. Time-resolved photoluminescence and resonant-coupled photoconductive decay
measurements on Si, GaAs/GaxIn1−xP, and other junctions confirm and illustrate the results.
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I. INTRODUCTION

Semiconductor and nanoscience technology is dependent
on our ability to understand and manipulate transport and
recombination processes in microstructures. Techniques de-
signed to observe carrier kinetics and recombination, such as
time-resolved photoluminescence(TRPL), resonant-coupled
photoconductive decay(RCPCD), and transient transmis-
sion, are critical tools in accomplishing this. The traditional
and most straightforward way to characterize recombination
in semiconductor materials is to inject excess carriers into
confinement devices such as a double heterostructure. Opti-
cal excitation is produced with a fast laser pulse, and one
observes the subsequent decay in photoluminescence, photo-
conductivity, or any other physical property related to the
excess carrier density. The confinement limits excess carriers
to the material under investigation, simplifies analysis, and
can help control surface recombination.1

Measurements of recombination in the presence of a
charge-separating field are more difficult to interpret. The
field sweeps excess carriers and quickly alters the spatial
profiles of the excess electrons and holes, thereby distorting
recombination rates and making analysis complex. Nonethe-
less, the emergence of ultrafast laser technology has stimu-
lated numerous experimental TRPL and photoconductivity
decay(PCD) studies to characterize the presence and rate of
charge separation in diverse materials such as superlattices,
blended acceptor-donor polymers, semiconductor-liquid in-
terfaces, quantum structures, conjugated-polymer/semi-
conductor-nanocrystal composites, and ordered/disordered
III-V and III-V:N semiconductors.2–14

The extension of TRPL and PCD experiments to charac-
terize bulk recombination, rather than charge-separation, in
completed semiconductor devices with charge-separating
fields is both lacking and needed. Completed devices may
have recombination properties due to interface, material, and
growth issues that cannot be observed in double heterostruc-
tures or other test configurations. For example, CdTe solar
cells are generally grown by depositing thin layers of tin

oxide(TO) and polycrystalline CdSs100 nmd on a glass sub-
strate, followed by a layer of polycrystalline CdTe.15 Cur-
rently, no method can create a confining double heterostruc-
ture for studying recombination in either polycrystalline CdS
or CdTe. Even when recombination in polycrystalline CdTe
and CdS can be characterized independently, it may not be
all that relevant, because recombination at the highly lattice-
mismatched CdS/CdTe interface may dominate device per-
formance. In spite of the many experimental studies of
charge separation in diverse systems, there is not enough
theoretical work to know if and under what conditions TRPL
or RCPCD measurements on a semiconductor homojunction
or heterojunction can give meaningful values of the underly-
ing bulk recombination rates.

The problem of electron-hole dynamics in the presence of
a charge-separating field following a short laser pulse gener-
ally does not have an analytical solution. So early analytical
treatments focused on low-injection conditions and replaced
the field in homojunction devices with a surface recombina-
tion or excess-carrier boundary condition, thereby failing to
capture the full role of the junction on recombination under
diverse experimental conditions.16–18 Rosenwakset al. pub-
lished results detailing the impact of electron-hole dynamics
on TRPL spectra for a semiconductor layer placed between a
larger-band-gap confining semiconductor layer on one side,
and air, solution, or another confinement layer on the other.19

Recent computer modeling has focused on depleted surface
layers and semiconductor-liquid interfaces.6,20,21

The computer simulations that we present here are de-
signed to describe how an internal field, charge separation,
and diffusion affect RCPCD, TRPL, and other lifetime mea-
surements on completep-n homojunction and heterojunction
devices. This understanding allows us to specify the signa-
tures of charge separation in lifetime measurements and the
conditions under which recombination or charge separation
are likely to dominate the decay signal. Although the simu-
lations and experimental data are specific to bulk heterojunc-
tions and homojunctions, the results provide some insights
about charge separation and lifetime measurements in other
material systems.
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II. NUMERICAL SIMULATIONS

In each simulation, a 500-fs Gaussian laser pulse injects
carriers into either an/p junction (see Fig. 1) with a 100
-nm n-type emitter and a 5-mm p-type base, or a homog-
enous 5.1-mm layer ofp-type material. During and after the
laser pulse, excess electrons and holes recombine, diffuse,
and drift simultaneously within the sample. Thermalization
occurs on a much faster time scale than these processes for
the materials and physical parameters considered, and the
effect of self-heating is negligible. Consequently, hydrody-
manic equations are not necessary, and carrier transport is
modeled using a drift-diffusion model, where the governing
equations are given by the following forms of the Poisson
and continuity equations:

= ·E =
q

«
sp − n + Nd − Nad, s1d

= ·Jp = = · sqmppE − qDp = pd = qSG − R−
]p

]t
D , s2d

= ·Jn = = · sqmnnE + qDn = nd = − qSG − R−
]n

]t
D .

s3d

Here, q is the elementary electronic charge,« is the electrical
permittivity, n andp are the total free electron and hole den-
sities,Nd andNa are the ionized donor and acceptor concen-
trations, Jp and Jn represent the hole and electron current
densities due to drift and diffusion,E is the electric field,Dp
and Dn are the hole and electron diffusion coefficients, and
mp andmn are the hole and electron mobilities, respectively.
G describes the generation rate due to the laser pulse and is
proportional to

aIstde−az, s4d

whereI is the intensity of the laser pulse,a is the coefficient
of absorption, andz is the depth into the sample relative to
the plane of incidence. Photoinjection is uniform in the plane
parallel to the surface of the sample.R describes the total
recombination rate, which we have set equal to the sum of
the rate of radiative recombination and Shockley-Read-Hall
(SRH) recombination. The radiative recombination rate per
unit volume,Rrad, is given by

Rradstd = Bfpsr ,tdnsr ,td − p0sr dn0sr dg, s5d

whereB is the radiative coefficient, andp0 and n0 are the
equilibrium hole and electron concentrations, respectively.
The SRH recombination rate per unit volume,RSRH, is mod-
eled with the classic equation1

RSRHstd =
psr ,tdnsr ,td − p0sr dn0sr d

tpsr ,tdfnsr ,td + nisr desEt−Eid/kTg + tnsr ,tdfpsr ,td + nisr desEi−Etd/kTg
, s6d

whereni represents the intrinsic carrier density,Et represents
the energy level of a single trap,Ei represents the intrinsic
Fermi energy level, andtp and tn represent the hole and
electron SRH lifetimes, respectively. To make the role of the
junction on lifetime measurements as transparent as possible,
we simplified the interpretation by assuming minimal free-
surface recombination, settingEt equal toEi, and makingtp
and tn equal and constant throughout the sample for most
simulations. So, from here forward, we will writetp andtn
astSRH and refer to them simply as the SRH lifetime.

The layer materials, carrier concentrations, injection level,
laser wavelength, and material parameters were varied to un-
derstand how photoconductivity and photoluminescence de-
cay signals are altered by the presence of the junction in
diverse conditions. Experimentally, the optical properties of
a sample and photon recycling can affect RCPCD and TRPL

decay curves.1 A full computation of these phenomena is
extremely difficult and cumbersome. Here, we calculate the
photoconductivity signal,sph, from the equation

sphstd = qE
V

d3r fmnsr ,tdDnsr ,td + mpsr ,tdDpsr ,tdg, s7d

and the PL intensity at a given time by integrating the radia-
tive recombination rate over the volume of the sample. This
approach leaves out any dependence on the external experi-
mental configuration, but also excludes the role of optical
issues such as internal absorption and photon recycling.
Upon analyzing the results and inspecting recombination
versus position, it is clear that these exclusions do not sig-
nificantly alter the results or conclusions to be presented.

FIG. 1. Schematic of the generic device structure used for the
simulations.
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A numerical solution was obtained with the device simu-
lator DESSIS from Integrated Systems Engineering, Inc.,
which uses the finite-difference method. Equations(1)–(3)
were discretized using box discretization and the backward
Euler method.22,23Saturation of the free-carrier drift velocity
due to high electric fields was accounted for using a satura-
tion velocity of 7.73106 cm/s. Variation of the mobility
with doping for GaAs was accounted for using appropriate
parameters in the model described by Aroraet al.24

III. RESULTS AND DISCUSSION

Numerous thin-film semiconductor materials, including
GaAs, InGaAs, InGaAsP, GaAsN, InGaAsN, GaInN, GaNP,
CdTe, and CusIn,GadSe2, typically have recombination life-
times in the range of 100 ps to 10ms.15,25–31If lifetime mea-
surements on junction devices using these materials are any
indication of underlying recombination rates, the decay
curves should at least vary with the lifetime values assigned
to the underlying materials. In our first four simulations, we
model a GaAs homojunction and assign a SRH lifetime
value of 100 ps, 1 ns, 10 ns, or 100 ns throughout the entire
sample. The radiative recombination coefficient for GaAs,
2310−10 cm3/s, is typical of III-V semiconductors.30 So, for
the simulations presented here, the overall lifetime is deter-
mined largely by the SRH lifetime. The low-field, low-
carrier-concentration electron and hole mobilities are 8000
and 350 cm2/V s, respectively, and in these conditions, the
majority and minority carrier mobilities are taken to be
equal. The electron and hole diffusion coefficients are calcu-
lated from the corresponding mobilities using the Einstein
relation. The absorption coefficient, 4.8mm−1, corresponds
to an excitation wavelength of 600 nm.32 The effective elec-
tron and hole masses are 0.067m0 and 0.48m0, respectively,
wherem0 is the mass of a free electron. The injection level
was varied over many orders of magnitude. For easy refer-
ence, we will defineP0 as the injection level that corresponds
to 8.831011 photons/cm2 incident on the sample after front-
surface reflection.

Figure 2 illustrates the PCD and PL decay curves calcu-
lated for a GaAs homojunction withn0=131017 cm−3 and
p0=131015 cm−3 in the emitter and the base, respectively,
and a depletion width approximately 1.5mm wide in equi-
librium. At an injection level of 0.01P0, the PCD and the PL
curves are unchanged for samples with recombination rates
that vary over three orders of magnitude. So it is clear that in
low injection, these measurements cannot measure carrier
recombination. But at an injection level of 10P0, the PCD
and PL decay curves do reflect the underlying recombination
rates in the samples.

But it is not clear to what degree the decay curves are
distorted by the junction at different injection levels and how
the results extend to junctions with different doping levels. In
a second set of simulations, we fix the SRH lifetime through-
out the junction to 10 ns, setn0=131018 cm−3 and p0=1
31016 cm−3 in the emitter and the base, respectively, and
vary the injection level by factors of 10 from 0.01P0 to
100P0. The effect of the junction is made apparent by com-
paring the results to corresponding simulations on a homo-

geneous layer ofp-type GaAs withp0=131016 cm−3, which
is an ideal lifetime test structure. Figure 3 shows that at
100P0, the junction has virtually no visible effect on the
decay curves. At 10P0, which corresponds to a uniform dis-
tribution that is roughly equal to the base equilibrium hole
concentration, the initial transient of the PL decay curve is
altered, but overall, the decay curves are still not heavily
affected by the junction. AtP0, the decay curves become
marginal indicators of recombination. At lower injection lev-
els, the PCD signal remains nearly constant for times much
longer than the bulk lifetime, and the PL intensity is
quenched on a time scale much faster than the bulk lifetime.

Figures 4 and 5 illustrate the excess electron and hole
spatial distributions at distinct points in time to show the
underlying physics giving rise to the observed decay curves.
In low injection, immediately after the laser pulse, some ex-
cess electrons and holes have already been separated by the
junction to opposite edges of the depletion region. After-
wards, some excess electrons and holes continue to be swept
across the junction to the opposing depletion edge, while
others diffuse deeper into the base region. Careful inspection

FIG. 2. PL and PCD decay curves for injection levels of 10P0

(solid lines) and 0.01P0 (dotted lines) on a GaAs junction withn0

=1017 cm−3 and p0=1015 cm−3. The square, circle, triangle, and
gradient symbols representtSRH=100 ps, 1 ns, 10 ns, and 100 ns,
respectively.
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of Fig. 4(b) shows that just 1 ns after the pulse, long before
bulk recombination is prevalent, the majority of the excess
holes have accumulated in the base edge of the depletion
layer.

We will look at recombination at the base edge of the
depletion edge and deeper into the base. Substitutingp=p0
+Dp andn=n0+Dn into Eq. (5) gives

Rradstd = Bfp0sr dDnsr ,td + n0sr dDpsr ,td + Dpsr ,tdDnsr ,tdg.

s8d

The productn0Dp in this region is much smaller than the
other terms and can be neglected so that Eq.(8) becomes

Rradstd = Bfp0sr d + Dpsr ,tdgDnsr ,td. s9d

A similar analysis of Eq.(6) indicates that the SRH rate of
recombination gives

RSRHstd =
Dnsr ,td

tSRH
. s10d

So, both SRH and radiative recombination are proportional
to the excess-electron density in this region. Consequently, as
excess electrons are swept out of the base, as shown in Fig.

4(b), both radiative and SRH recombination fall precipi-
tously, and excess holes in the base become long lived. A
similar process occurs in the emitter region. As a result, tech-
niques that measure a signal proportional to the total excess-
carrier density, such as transient absorption and PCD, show a
very slow decay that defies realistic bulk recombination life-
times. On the other hand, TRPL and any other technique that
measures a signal that is proportional to therate of
recombination—rather than the number of excess carriers—
will have a very fast decay curve that reflects the removal of
minority carriers by charge separation and not bulk recombi-
nation.

In high injection, the photoinjected carriers drastically al-
ter the carrier concentrations and distort the equilibrium elec-
tric fields. The electric field due to the junction is still
present, but has been significantly reduced in magnitude and
spatial extent by the excess carriers. Throughout the junction,
diffusion is the dominant transport mechanism, and excess
holes are nearly equal to excess electrons. As carriers diffuse

FIG. 3. PL and PCD decay curves for injection levels of 0.01,
0.1, 1.0, 10, and 100P0. As the injection level increases, the PL and
PCD signals increase. The solid lines correspond to the GaAs junc-
tion with tSRH=10 ns, n0=1018 cm−3, and p0=1016 cm−3. The
dashed lines correspond to a layer of GaAs without a junction,
wheretSRH=10 ns andp0=1016 cm−3.

FIG. 4. Excess(a) electrons and(b) holes vs time and position
for an injection level of 0.01P0 into a GaAs homojunction with
tSRH=10 ns, n0=1018 cm−3, and p0=1016 cm−3. The solid lines
with the square, gradient, triangle, plus, and circle symbols repre-
sent the carrier distributions 0 ps, 30 ps, 90 ps, 1 ns, and 10 ms
after the laser pulse, respectively. The dashed lines represent the
equilibrium electron and hole concentrations.

METZGER et al. PHYSICAL REVIEW B 71, 035301(2005)

035301-4



into the base, the excess-carrier concentrations around the
junction decrease, and the electric field regains some magni-
tude and width. But even 10 ns after the pulse, the degree of
charge separation is small(Fig. 5), and the number of excess
electrons is nearly equal to the number of excess holes
throughout the sample. Because the SRH lifetime is set at
10 ns, and the radiative lifetime is roughly 5 ns in the emit-
ter, minority carriers begin to recombine in significant num-
bers about 10 ns after the pulse. As recombination continues,
the junction field recovers size and spatial extent and begins
to separate some charge. This can be seen clearly 100 ns
after the pulse. However, throughout much of the sample, the
excess electron and hole densities are still nearly equal, and
the rate of minority carriers removed by charge separation is
still small relative to recombination. Figure 3 indicates that
1 ms after the high-injection pulse recombination rates do
become distorted by the influence of the nearly completely
recovered junction field on the balance of majority and mi-
nority carriers. However, this region is beyond the dynamic

range of most lifetime measurements, and bulk recombina-
tion has dominated most of the PCD and PL decay signals.
Therefore, high-injection lifetime measurements in the pres-
ence of a junction will generally characterize the recombina-
tion properties of the underlying materials. The emitter is
generally small in spatial extent, and as minority carriers
recombine there, the junction limits the diffusion of more
minority carriers into the region; consequently, the emitter
will generally contribute only a small portion of the decay
signal. Figure 3 indicates this, as do identical simulations
except that the GaAs homojunction has SRH lifetimes of
100 ps in the emitter and 10 ns in the base. Figure 5 illus-
trates that contrary to its name, the depletion region will
actually have a substantial number of excess carriers in high
injection at early times. This implies that recombination in
the depletion region and at the interface will contribute to
experimental decay curves.

Heterojunctions have junction properties and band bend-
ing that are determined not only by the carrier concentra-
tions, but also by intrinsic material properties. However, for
a simple type-II heterojunction, such as that indicated in Fig.
6, the effect of the junction on lifetime measurements is
qualitatively the same as it is for homojunctions in both low
and high injection. As an example, we model a CdTe/CdS
heterojunction assuming a band diagram similar to that
shown in Fig. 6. The emitter parameters areEg=2.4 eV,mh
=25 cm2/V s, mn=100 cm2/V s, n0=131017 cm−3, tSRH
=100 ns,B=2310−10 cm3 s, andx=4.5 eV, wherex is the
electron affinity. The base parameters areEg=1.5 eV, mh
=40 cm2/V s, mn=320 cm2/V s, p0=231014 cm−3, tSRH
=100 ns,B=2310−10 cm3 s, andx=4.4 eV. These param-
eters are based primarily on the material properties of CdTe
and CdS,42 but the lifetime has been made much larger for
illustrative purposes. The simulations allowed for current
contributions from thermionic emission and tunneling. Fig-
ure 7 indicates the PL decay curves from two different exci-
tation wavelengths, 600 and 830 nm, that are transparent in
the emitter and correspond to absorption coefficients of 5.0
and 0.36mm−1 in the base, respectively. For comparison, the
PL decay curve for a single 5.1-mm layer of the base mate-
rial is shown, as well. A typical TRPL experiment would
tune to only one emission wavelength using a monochro-
mator, so here we include only the PL emitted from the base
in the PL decay curves. In high injection, the 830-nm exci-

FIG. 5. Excess(a) electrons and(b) holes vs time and position
for an injection level of 100P0 into a GaAs homojunction with
tSRH=10 ns,n0=1018 cm−3, and p0=1016 cm−3. The dashed lines
with the square, triangle, circle, plus, cross, and gradient symbols
represent the carrier distributions 0 ps, 90 ps, 10 ns, 100 ns, 1ms,
and 10 ms after the laser pulse, respectively. The solid lines repre-
sent the equilibrium electron and hole concentrations.

FIG. 6. Band diagram for a simple type-II heterostructure. CBM
is the conduction-band minimum; VBM is the valence-band
maximum.
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tation gives identical PL decay curves. At 600 nm, the pen-
etration depth is much shorter, so both carrier diffusion and
high-injection effects give rise to early decay transients that
are not observed at 830 nm. The junction sweeps more mi-
nority carriers to the emitter region where PL is not detected,
so the overall PL signal is less for the junction at 600 nm
than the single layer. However, the shapes of the decay
curves are very similar. In low injection, the decay curves at
600 and 830 nm are nearly the same and correctly reflect
bulk recombination. The junction, once again, shows a fast
decay curve that indicates charge separation rather than re-
combination. At 600 nm, carriers are generated near the
junction, creating a much more favorable carrier distribution
for fast charge separation relative to the more uniform initial
distribution generated at 830 nm. Consequently, the PL in-
tensity is quenched much more quickly at the shorter excita-
tion wavelength. PCD decay curves show little dependence
on excitation wavelength in low injection, because the mo-
bilities in the emitter and the base are of similar magnitude,

and the PCD signal is sensitive to the number of excess
carriers throughout the sample, not recombination rates.

IV. CASE STUDIES

The simulations focused on just two material systems, but
the trends and concepts apply to a broad range of semicon-
ductor materials and interfaces and can lead to new physical
insights in diverse contexts. A few examples will be given
here.

The band alignment of GaxIn1−xP/GaAs heterostructures
has attracted enormous interest due to numerous device ap-
plications. However, measured values for the conduction
band offset, defined asDEc=EcsGaxIn1−xPd−EcsGaAsd,
range from 30 to 390 meV forx,0.5.33 Outside of intrinsic
experimental limitations, some of the experimental scatter
may be due to the spontaneous ordering frequently observed
in GaxIn1−xP and other III-V alloys. By varying growth con-
ditions, the Ga and In atoms can form ordered arrangements
on the lattice, the most common being a spontaneously gen-
erated monolayer superlattice with alternating Ga-rich and
In-rich layers of Gax+h/2In1−x−h/2P and Gax−h/2In1−x+h/2P, re-
spectively, along one of the[111] directions, whereh is the
order parameter and varies from 0 to minf2x,s1−xdg.

The spontaneous ordering has been reported to reduce the
GaxIn1−xP band gap, alter the band offsets, and form polar-
ization fields.33–35 Within the GaxIn1−xP material, micro-
domains can form, creating potential fluctuations in the
GaxIn1−xP layer and a very complex GaxIn1−xP/GaAs inter-
face that is difficult to model.

To analyze the effects of ordering on lifetime measure-
ment, isotype Ga0.52In0.48P/GaAs/Ga0.52In0.48P double het-
erostructures were grown by metalorganic chemical vapor
deposition at 650 and 750 °C on undoped GaAs substrates
miscut 2° towardk110l from k100l. The Ga0.52In0.48P and
GaAs double heterostructure layers were 0.05 and 2mm
thick, respectively. The Ga0.52In0.48P PL peaks at 4 K were at
1.89 and 1.99 eV for the samples grown at 650 and 750 °C,
respectively, indicating that samples grown at 750 °C had
little or no ordering sdd, whereas the sample grown at
750 °C had considerable orderingsod.35

Time-resolved photoluminescence measurements were
performed at room temperature using the single-photon
counting technique.36 Excitation was provided by a mode-
locked cavity-dumped dye laser firing pulses at a repetition
rate set between 40 kHz and 1 MHz, at a wavelength of
580 nm, and with a beam diameter of roughly 1 mm. The
photoluminescence was passed through appropriate long-
pass filters and a spectrometer to a photomultiplier tube. The
overall time resolution was about 30 ps. Room-temperature
RCPCD measurements37 were performed with an excitation
wavelength of 750 nm with a pulse rate of 20 Hz using an
optical parametric oscillator(OPO) driven by a tripled yt-
trium aluminum garnet(YAG) laser. The RCPCD time reso-
lution was similar to the pulse width of the laser system,
roughly 5 ns.

Figure 8 shows typical behavior for ad-
Ga0.52In0.48P/GaAs/d-Ga0.52In0.48P double heterostructure.
The low-injection TRPL and RCPCD measurements give

FIG. 7. PL decay curves for injection levels of 100P0 (a) and
0.01P0 (b) on the heterojunction described in the text withtSRH

=100 ns. The square and circle symbols correspond to an excitation
wavelength of 600 nm, the triangle and the gradient symbols corre-
spond to 830 nm. The solid lines correspond to a heterostructure,
whereas the dashed lines correspond to a single layer of the 1.5
-eV material withp0=231014 cm−3 throughout.
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nearly identical results and are accurate assessments of the
recombination in the GaAs region. This is expected for a
type-I alignment between the GaxIn1−xP and the GaAs. This
disordered sample was lightly doped, and the long lifetime,
4.7 ms, manifests excellent material quality.

For a type-II band alignment, the simulations predict that
in low-injection conditions the PL decay will be very fast,
and the PCD decay will be very slow. Figure 8 shows the
decay curves for the ordered sample. The PL decay is very
fast, on the order of 1 ns, while the RCPCD is very slow, on
the order of 1 ms. The measurements clearly indicate that the
ordering of the GaxIn1−xP has shifted the band alignment
from type I to type II, and that the two techniques are no
longer measuring the recombination lifetime. A more in-
depth study could be used to track the crossover from type-I
to type-II alignment as a function of order parameter, domain
size, alloy composition, and growth conditions. These results
give one example of how the trends and concepts from the
simulations can be applied to elucidate complex interface
physics.

Another example stems from the observation that phos-
phorus diffusion on p-type Czochralski-grown single-
crystalline Si wafers can increase the lifetime measured by
RCPCD on the Si wafers by more than an order of magni-
tude (single-crystalline Si generally cannot be measured us-
ing TRPL). An initial explanation was that defects that are
fast recombination centers are gettered or removed during
the diffusion process and perhaps by the phosphorus near the
surface. However, the simulation results indicate that ap-n
junction formed by the phosphorus diffusion could increase
the measured lifetime because of charge separation and not
reflect true changes in the recombination lifetime.

To experimentally determine which of these theories was
correct, lifetime was measured by the RCPCD technique us-
ing an excitation wavelength of 1000 nm on a high-quality
10 V cm p-type Si wafer. After the wafer was cleaned with
HF acid and immersed in an iodine/methonal solution to re-
duce the surface recombination to very low values,38 the life-
time was 85ms. Phosphorus was then diffused into the wafer

and the lifetime was measured again. As expected, the life-
time increased to 722ms (Fig. 9). Next, the phosphorus layer
was etched away and the lifetime was remeasured. If the
phosphorus diffusion had truly eliminated or gettered de-
fects, the lifetime would remain long. However, if charge
separation had increased the observed lifetime, and there was
no real change in the recombination rates of the Si material,
the lifetime would return to near its original value. The life-
time did return to its original value(not shown), indicating
that charge separation was the primary reason why the mea-
sured lifetime had increased, and that no lifetime improve-
ment could be attributed to the phosphorus diffusion process.

It was stated in the introduction that CdTe solar cells are
generally grown by depositing thin layers of tin oxide and
polycrystalline CdSs100 nmd on a glass substrate, followed
by a layer of polycrystalline CdTe.15 Currently, no method
can create a confining double heterostructure for studying
recombination in either polycrystalline CdS or CdTe, and
RCPCD measurements cannot resolve the decay times, on
the order of 1 ns, generally seen in this material. Conse-
quently, researchers have forged ahead and measured PL de-
cay curves on completed CdTe/CdS junctions. However, in-
terpreting the TRPL results has always been impeded by not
knowing the role of the junction on the measurements. But
CdTe is weakly doped, with free hole concentrations on the
order of 1014 to 1015 cm−3. Consequently, reaching high-
injection conditions, where the simulation results predict that
recombination will dominate TRPL decay curves, is not dif-
ficult. In fact, we did a recent survey and found that the
decay times measured with high-injection TRPL measure-
ments on more than 80 different CdTe/CdS samples are
strongly correlated with open-circuit voltage in a mathemati-
cal form consistent with recombination lifetimes and device
physics models.15 Consequently, provided measurements are
done in high injection, future studies can begin to address
how recombination is affected by the many complex pro-
cesses that occur both in the bulk and at the interface of
CdTe and CdS.

There is currently debate about the role of grain bound-
aries in polycrystalline thin films.39 Potentials due to defect

FIG. 8. RCPCD and TRPL decay curves for ad
-GaxIn1−xP/GaAs/d-GaxIn1−xP double heterostrucure and ano
-GaxIn1−xP/GaAs/o-GaxIn1−xP heterostrucure.

FIG. 9. RCPCD decay before and after a junction is formed by
phosphorus diffusion.
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charges at grain boundaries may form charge separating
junctions. In addition to separating charge, these potentials
can exclude one carrier type, and the grain boundary can
form a low-recombination current channel for either holes or
electrons.40,41 By measuring RCPCD and TRPL signals, and
varying injection levels, it may be possible to characterize
grain boundary potentials and their ability to separate charge.
For p-n junctions in general, study of the long PCD decay
after charge separation may offer a means to characterize
junction leakage currents. These examples should give a feel
for the diverse physical situations where the simulation re-
sults can be applied and provide new insights.

V. CONCLUSIONS

The simulations indicate both the conditions under which
recombination and charge separation dominate lifetime mea-
surements on a junction and the experimental signatures of
these processes. In low injection, lifetime measurements are
dominated by charge separation. As a result, PL decay is
very fast, PCD decay is very slow, and the two experiments
produce very different results. As the injection level is in-

creased, lifetime measurements become dominated by re-
combination, and the decay times associated with the two
techniques converge. The PL decay time may show a dra-
matic increase as the injection level is increased, whereas the
PCD decay may show a dramatic decrease. In the presence
of charge separation, the observed TRPL lifetime can in-
crease dramatically as the wavelength is pushed toward the
band edge, whereas the PCD decay curve will change very
little provided the mobilities in the emitter and the base are
of similar magnitude.

Although lifetime measurements are distorted and compli-
cated by the presence of a junction, they can provide mean-
ingful information about both charge-separation kinetics and
recombination, provided the experimental conditions are cor-
rect. This is critical for characterizing interfaces, surfaces,
and junctions that feature important physical processes that
cannot be readily observed in simple test configurations such
as double heterostructures.
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