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Analysis of charge separation dynamics in a semiconductor junction
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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/Bg_,P, and other junctions confirm and illustrate the results.
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I. INTRODUCTION oxide(TO) and polycrystalline Cd$L00 nm) on a glass sub-
strate, followed by a layer of polycrystalline Cd¥eCur-

Semiconductor and nanoscience technology is dependergntly, no method can create a confining double heterostruc-
on our ability to understand and manipulate transport andure for studying recombination in either polycrystalline CdS
recombination processes in microstructures. Techniques d€f CdTe. Even when recombination in polycrystalline CdTe
signed to observe carrier kinetics and recombination, such &d CdS can be characterized independently, it may not be
time-resolved photoluminescen¢ERPL), resonant-coupled all that relevant, because recombination at the highly lattice-
photoconductive decagRCPCD, and transient transmis- mismatched CdS_/CdTe interface may dqmlnate devu_:e per-
sion, are critical tools in accomplishing this. The traditionalformance. In spite of the many experimental studies of

and most straightforward way to characterize recombinatior?r?arget. selparalt(l?n km dl\{;ersed ~°’y5dt(-3‘mst,1 t?ere dISt not _ﬁ;‘glﬂgh

in semiconductor materials is to inject excess carriers intd regggé%vr\aotarasgreﬁ;is%nn ;geﬁwrig\(l)nad ucc(:gr Ihlgrrr]]So function

igrfé?(i:?aignd;aSV|creosdzggz E\?\itﬁ gofl;bsltegi?roz};uem:rned grﬁ’ I heterojunction can give meaningful values of the underly-
- b ' Tng bulk recombination rates.

observes the subsequent decay in photoluminescence, photo*rye proplem of electron-hole dynamics in the presence of
conductivity, or any other physical property related to the, ¢arge-separating field following a short laser pulse gener-
excess carrier density. The confinement limits excess carrietgy does not have an analytical solution. So early analytical
to the material under investigation, simplifies analysis, angreatments focused on low-injection conditions and replaced
can help control surface recombinatibn. the field in homojunction devices with a surface recombina-
Measurements of recombination in the presence of @on or excess-carrier boundary condition, thereby failing to
charge-separating field are more difficult to interpret. Thecapture the full role of the junction on recombination under
field sweeps excess carriers and quickly alters the spatialiverse experimental conditiod%:'® Rosenwakset al. pub-
profiles of the excess electrons and holes, thereby distortiniished results detailing the impact of electron-hole dynamics
recombination rates and making analysis complex. Nonethesn TRPL spectra for a semiconductor layer placed between a
less, the emergence of ultrafast laser technology has stimlarger-band-gap confining semiconductor layer on one side,
lated numerous experimental TRPL and photoconductivityand air, solution, or another confinement layer on the dther.
decay(PCD) studies to characterize the presence and rate dRecent computer modeling has focused on depleted surface
charge separation in diverse materials such as superlatticdayers and semiconductor-liquid interfade®:2!
blended acceptor-donor polymers, semiconductor-liquid in- The computer simulations that we present here are de-
terfaces, quantum structures, conjugated-polymer/semsigned to describe how an internal field, charge separation,
conductor-nanocrystal composites, and ordered/disordereghd diffusion affect RCPCD, TRPL, and other lifetime mea-
l11-V and 1I-V:N semiconductorg14 surements on complefen homojunction and heterojunction
The extension of TRPL and PCD experiments to characeevices. This understanding allows us to specify the signa-
terize bulk recombination, rather than charge-separation, itures of charge separation in lifetime measurements and the
completed semiconductor devices with charge-separatingonditions under which recombination or charge separation
fields is both lacking and needed. Completed devices magre likely to dominate the decay signal. Although the simu-
have recombination properties due to interface, material, anthtions and experimental data are specific to bulk heterojunc-
growth issues that cannot be observed in double heterostruiens and homojunctions, the results provide some insights
tures or other test configurations. For example, CdTe solaabout charge separation and lifetime measurements in other
cells are generally grown by depositing thin layers of tin material systems.
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laser pulse ap
l l l l VJp=V(QMppE_quVP)=q G_R_E ) (2)
- i an
n-type material (100 nm) V.J,=V - (qunE +qD, Vn) = - q(G -R- E)
3
p-type material (5 pm) Here, g is the elementary electronic chargés the electrical
permittivity, n andp are the total free electron and hole den-
sities,Nq andN, are the ionized donor and acceptor concen-

trations, J, and J, represent the hole and electron current
. . . densities due to drift and diffusioi, is the electric fieldD,

. FIG._ 1. Schematic of the generic device structure used for th%md D, are the hole and electron diffusion coefficients, and
simulations. o !
Mp and u, are the hole and electron mobilities, respectively.
G describes the generation rate due to the laser pulse and is

proportional to

In each simulation, a 500-fs Gaussian laser pulse injects al (e, (4)
carriers into either an/p junction (see Fig. 1 with a 100
-nm n-type emitter and a tm p-type base, or a homog- Wwherel is the intensity of the laser pulse,is the coefficient
enous 5.1um layer of p-type material. During and after the of absorption, and is the depth into the sample relative to
laser pulse, excess electrons and holes recombine, diffuséie plane of incidence. Photoinjection is uniform in the plane
and drift simultaneously within the sample. Thermalizationparallel to the surface of the sampR.describes the total
occurs on a much faster time scale than these processes f&combination rate, which we have set equal to the sum of
the materials and physical parameters considered, and ttie rate of radiative recombination and Shockley-Read-Hall
effect of self-heating is negligible. Consequently, hydrody-(SRH) recombination. The radiative recombination rate per
manic equations are not necessary, and carrier transport Wit volume,R .4, is given by
modeled using a drift-diffusion model, where the governing

II. NUMERICAL SIMULATIONS

equations are given by the following forms of the Poisson Read(t) = BLp(r,Hin(r, 1) = po(r)ng(r)], (5)
and continuity equations: whereB is the radiative coefficient, ang, and n, are the
equilibrium hole and electron concentrations, respectively.
V.E= 9(p —n+Ng-N,), (1) The SRH recombin_ation rate per unit volunfi®g,, is mod-
P eled with the classic equatibn

p(r,Hn(r,t) — po(r)ng(r)
(DN, t) + ni(r)e B EX T+ 7 (r ) [p(r,t) + ny(r) e EE/KT]?

Rsri(t) = (6)

wheren; represents the intrinsic carrier densiy,represents decay curves.A full computation of these phenomena is

the energy level of a single trafg; represents the intrinsic extremely difficult and cumbersome. Here, we calculate the

Fermi energy level, and;, and 7, represent the hole and photoconductivity signad,, from the equation

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- Tpr(t) :CIJ dr [n(r,DAN(r, 1) + p(r HAP(r,Y],  (7)

surface recombination, settirt§ equal toE;, and makingr, v

and 7, equal and constant throughout the sample for most

simulations. So, from here forward, we will writg and7, ~ and the PL intensity at a given time by integrating the radia-

as 7ggry and refer to them simply as the SRH lifetime. tive recombination rate over the volume of the sample. This
The layer materials, carrier concentrations, injection levelapproach leaves out any dependence on the external experi-

laser wavelength, and material parameters were varied to umental configuration, but also excludes the role of optical

derstand how photoconductivity and photoluminescence ddssues such as internal absorption and photon recycling.

cay signals are altered by the presence of the junction iJpon analyzing the results and inspecting recombination

diverse conditions. Experimentally, the optical properties ofversus position, it is clear that these exclusions do not sig-

a sample and photon recycling can affect RCPCD and TRPAhificantly alter the results or conclusions to be presented.
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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. Equatighs«3)
were discretized using box discretization and the backward
Euler method>23 Saturation of the free-carrier drift velocity
due to high electric fields was accounted for using a satura-
tion velocity of 7.7x10° cm/s. Variation of the mobility
with doping for GaAs was accounted for using appropriate
parameters in the model described by Aretaal >

PL intensity (arb. units)

IIl. RESULTS AND DISCUSSION

Numerous thin-film semiconductor materials, including
GaAs, InGaAs, InGaAsP, GaAsN, InGaAsN, GalnN, GaNP, 1 9 7
CdTe, and CUn,GaSe, typically have recombination life- @) b L 0 (gl (15()’ i
times in the range of 100 ps to 185 1%25-31|f 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,
2x 1010 cmd/s, is typical of 11I-V semiconductor® 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 cr/V s, respectively, and in these conditions, the
majority and minority carrier mobilities are taken to be 10"
equal. The electron and hole diffusion coefficients are calcu- 10" 107 107 10°
lated from the corresponding mobilities using the Einstein (b) Time (s)
relation. The absorption coefficient, 48n~%, corresponds
to an excitation wavelength of 600 nthThe effective elec- FIG. 2. PL and PCD decay curves for injection levels oPg0
tron and hole masses are 0.@§7and 0.48n,, respectively, (solid line and 0.0P, (dotted lines on a GaAs junction with,
wheremy is the mass of a free electron. The injection level=10 cm™ and py=10° cm™. The square, circle, triangle, and
was varied over many orders of magnitude. For easy refemgradient symbols represemgg,=100 ps, 1 ns, 10 ns, and 100 ns,
ence, we will defind®; as the injection level that corresponds respectively.
to 8.8 10* photons/crincident on the sample after front-
surface reflection. geneous layer gf-type GaAs withp,=1x 106 cm™3, which

Figure 2 illustrates the PCD and PL decay curves calcuis an ideal lifetime test structure. Figure 3 shows that at
lated for a GaAs homojunction withy=1x 10 cm™ and  100P,, the junction has virtually no visible effect on the
Po=1x 10" cm™3 in the emitter and the base, respectively,decay curves. At 1B, which corresponds to a uniform dis-
and a depletion width approximately 1.8n wide in equi- tribution that is roughly equal to the base equilibrium hole
librium. At an injection level of 0.0R,, the PCD and the PL  concentration, the initial transient of the PL decay curve is
curves are unchanged for samples with recombination ratesitered, but overall, the decay curves are still not heavily
that vary over three orders of magnitude. So it is clear that imaffected by the junction. AP,, the decay curves become
low injection, these measurements cannot measure carrigfiarginal indicators of recombination. At lower injection lev-
recombination. But at an injection level of Bg the PCD els, the PCD signal remains nearly constant for times much
and PL decay curves do reflect the underlying recombinatiotonger than the bulk lifetime, and the PL intensity is
rates in the samples. guenched on a time scale much faster than the bulk lifetime.

But it is not clear to what degree the decay curves are Figures 4 and 5 illustrate the excess electron and hole
distorted by the junction at different injection levels and howspatial distributions at distinct points in time to show the
the results extend to junctions with different doping levels. Inunderlying physics giving rise to the observed decay curves.
a second set of simulations, we fix the SRH lifetime through4n low injection, immediately after the laser pulse, some ex-
out the junction to 10 ns, sety=1x 10 cm™ and p,=1  cess electrons and holes have already been separated by the
X 10* cm™ in the emitter and the base, respectively, andjunction to opposite edges of the depletion region. After-
vary the injection level by factors of 10 from 0Bd to  wards, some excess electrons and holes continue to be swept
100P,. The effect of the junction is made apparent by com-across the junction to the opposing depletion edge, while
paring the results to corresponding simulations on a homoethers diffuse deeper into the base region. Careful inspection

10*4
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PL intensity (arb. units)

(b) Time (s)

FIG. 3. PL and PCD decay curves for injection levels of 0.01,
0.1, 1.0, 10, and 1@®),. As the injection level increases, the PL and
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PCD signals increase. The solid lines correspond to the GaAs junc- (b) Depth (um)

tion with 7ggy=10 ns, ny=10% cm 3, and py=10%cm™. The

dashed lines correspond to a layer of GaAs without a junction, FIG. 4. Excesga) electrons andb) holes vs time and position

where 7ggy=10 ns andoy=10' cm3,

of Fig. 4(b) shows that just 1 ns after the pulse, long before

bulk recombination is prevalent, the majority of the excess® ) .
P jortty Oﬁ{ter the laser pulse, respectively. The dashed lines represent the

holes have accumulated in the base edge of the depleti
layer.

for an injection level of 0.0B, into a GaAs homojunction with
Tsry=10 ns, np=10' cm3, and py=10*° cm™3. The solid lines
with the square, gradient, triangle, plus, and circle symbols repre-
ent the carrier distributions 0 ps, 30 ps, 90 ps, 1 ns, and 10 ms

equilibrium electron and hole concentrations.

We will look at recombination at the base edge of the4(h), both radiative and SRH recombination fall precipi-

depletion edge and deeper into the base. Substityting,
+Ap andn=ny+An into Eqg.(5) gives
Rrad(t) = B[po(r)An(r,t) + ng(r)Ap(r,t) + Ap(r, ) An(r,t)].
(8)

The productnyAp in this region is much smaller than the
other terms and can be neglected so that(Bgbecomes

Rrad(t) = B[po(r) + Ap(r,t)JAn(r,t). (9

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

Romlt) = (10

tously, and excess holes in the base become long lived. A
similar process occurs in the emitter region. As a result, tech-
nigques 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 thate 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

So, both SRH and radiative recombination are proportionaspatial extent by the excess carriers. Throughout the junction,
to the excess-electron density in this region. Consequently, atiffusion is the dominant transport mechanism, and excess
excess electrons are swept out of the base, as shown in Figoles are nearly equal to excess electrons. As carriers diffuse
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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

1016

10"

10"

Carrier concentration (cm-3

1010

10° = - injection at early times. This implies that recombination in
(b) 10 0 Depth (um) the depletion region and at the interface will contribute to
experimental decay curves.
FIG. 5. Excesga) electrons andb) holes vs time and position Heterojunctions have junction properties and band bend-

for an injection level of 10B, into a GaAs homojunction with INg that are determined not only by the carrier concentra-
7sru=10 ns,ny=10 cm 3, and py=10*% cm 3. The dashed lines tions, but also by intrinsic material properties. However, for
with the square, triangle, circle, plus, cross, and gradient symbol& simple type-II heterojunction, such as that indicated in Fig.
represent the carrier distributions 0 ps, 90 ps, 10 ns, 100 ps, 1 6, the effect of the junction on lifetime measurements is
and 10 ms after the laser pulse, respectively. The solid lines repregualitatively the same as it is for homojunctions in both low
sent the equilibrium electron and hole concentrations. and high injection. As an example, we model a CdTe/CdS
heterojunction assuming a band diagram similar to that
into the base, the excess-carrier concentrations around tisdown in Fig. 6. The emitter parameters EE_}GZZA eV, un
junction decrease, and the electric field regains some magn&25 cnf/V's, w,=100 cnt/V's, ng=1x10Y cm 3, rgry
tude and width. But even 10 ns after the pulse, the degree &f100 ns,B=2x 101 cm?®s, andy=4.5 eV, wherey is the
charge separation is smé#hRig. 5), and the number of excess electron affinity. The base parameters &g=1.5 eV, u,,
electrons is nearly equal to the number of excess holes40 cn?/V's, u,=320cnt/Vs, py=2X10"cm3, 7y
throughout the sample. Because the SRH lifetime is set a100 ns,B=2x10°cm®s, andy=4.4 eV. These param-
10 ns, and the radiative lifetime is roughly 5 ns in the emit-eters are based primarily on the material properties of CdTe
ter, minority carriers begin to recombine in significant num-and CdS'? but the lifetime has been made much larger for
bers about 10 ns after the pulse. As recombination continuedlustrative purposes. The simulations allowed for current
the junction field recovers size and spatial extent and beginsontributions from thermionic emission and tunneling. Fig-
to separate some charge. This can be seen clearly 100 nse 7 indicates the PL decay curves from two different exci-
after the pulse. However, throughout much of the sample, theation wavelengths, 600 and 830 nm, that are transparent in
excess electron and hole densities are still nearly equal, artle emitter and correspond to absorption coefficients of 5.0
the rate of minority carriers removed by charge separation iand 0.36um™ in the base, respectively. For comparison, the
still small relative to recombination. Figure 3 indicates thatPL decay curve for a single 54m layer of the base mate-
1 us after the high-injection pulse recombination rates daial is shown, as well. A typical TRPL experiment would
become distorted by the influence of the nearly completelyune to only one emission wavelength using a monochro-
recovered junction field on the balance of majority and mi-mator, so here we include only the PL emitted from the base
nority carriers. However, this region is beyond the dynamicin the PL decay curves. In high injection, the 830-nm exci-
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105 and the PCD signal is sensitive to the number of excess
= carriers throughout the sample, not recombination rates.
_10%
2 IV. CASE STUDIES
S 103
s The simulations focused on just two material systems, but
8 102 the trends and concepts apply to a broad range of semicon-
2> ductor materials and interfaces and can lead to new physical
% i insights in diverse contexts. A few examples will be given
i (1w here.
ol The band alignment of Gln,_,P/GaAs heterostructures
Qi has attracted enormous interest due to numerous device ap-
plications. However, measured values for the conduction
(o 0 | band offset, defined asAE.=E.(Galn;_P)—E.GaAs,
1011 105 range from 30 to 390 meV for~ 0.532 Outside of intrinsic
(2) experimental limitations, some of the experimental scatter
el may be due to the spontaneous ordering frequently observed
in Galn,_,P and other IlI-V alloys. By varying growth con-
gl L] ditions, the Ga and In atoms can form ordered arrangements
o e e s S on the lattice, the most common being a spontaneously gen-
iy T erated monolayer superlattice with alternating Ga-rich and
1071 ? ;
) In-rich layers of Gg,5In;,oP and Ga.,IN1 0P, re-
5 il spectively, along one of thgl11] directions, wherey is the

| order parameter and varies from 0 to h@x,(1-x)].

i The spontaneous ordering has been reported to reduce the
! Galn,_,P band gap, alter the band offsets, and form polar-

¢ ization fields33-3% Within the Galn,_,P material, micro-

PL intensity (arb. units)
=)
1

1071 ] : ; . ; .
A domains can form, creating potential fluctuations in the
10" ! Galn,_P layer and a very complex @n;_P/GaAs inter-
e s s P I face that is difficult to model.
(b) (RO 10 Tirr:g(s) 10 10 10 To analyze the effects of ordering on lifetime measure-
ment, isotype Ggsidng 4P/ GaAs/Gasdng 4P double het-

o erostructures were grown by metalorganic chemical vapor
FIG. 7. PL decay curves for injection levels of B0(@ and  geposition at 650 and 750 °C on undoped GaAs substrates
0.01P; (b) on the heterojunction described in the text witkgy miscut 2° toward(110 from (100). The Ggsdngsd and

=100 ns. The square and circle symbols correspond to an excitatioGaAS double heterostructure layers were 0.05 angn?
wavelength of 600 nm, the triangle and the gradient symbols CoMmen ok respectivelv. The Gadno 4P PL peaks at.4 K were at
spond to 830 nm. The solid lines correspond to a heterostructur ' P Y- B2No.4 P

whereas the dashed lines correspond to a single layer of the 1. 89 ar:.d 1|99 %V fo_r thehsamples Igrown at 650 ?28 Z?;Oh %
-eV material withpy=2x 10 cm™3 throughout. respectively, indicating that samples grown at a
little or no ordering (d), whereas the sample grown at

tation gives identical PL decay curves. At 600 nm, the pen750 °C had considerable orderiiig).>®

etration depth is much shorter, so both carrier diffusion and Time-resolved photoluminescence measurements were
high-injection effects give rise to early decay transients thaperformed at room temperature using the single-photon
are not observed at 830 nm. The junction sweeps more miounting techniqué® Excitation was provided by a mode-
nority carriers to the emitter region where PL is not detectedlocked cavity-dumped dye laser firing pulses at a repetition
so the overall PL signal is less for the junction at 600 nmrate set between 40 kHz and 1 MHz, at a wavelength of
than the single layer. However, the shapes of the decay80 nm, and with a beam diameter of roughly 1 mm. The
curves are very similar. In low injection, the decay curves aphotoluminescence was passed through appropriate long-
600 and 830 nm are nearly the same and correctly reflegass filters and a spectrometer to a photomultiplier tube. The
bulk recombination. The junction, once again, shows a fasoverall time resolution was about 30 ps. Room-temperature
decay curve that indicates charge separation rather than rRCPCD measuremerifswere performed with an excitation
combination. At 600 nm, carriers are generated near thwavelength of 750 nm with a pulse rate of 20 Hz using an
junction, creating a much more favorable carrier distributionoptical parametric oscillatofOPO) driven by a tripled yt-

for fast charge separation relative to the more uniform initialtrium aluminum garne¢YAG) laser. The RCPCD time reso-
distribution generated at 830 nm. Consequently, the PL inlution was similar to the pulse width of the laser system,
tensity is quenched much more quickly at the shorter excitaroughly 5 ns.

tion wavelength. PCD decay curves show little dependence Figure 8 shows typical behavior for ad-

on excitation wavelength in low injection, because the mo-Gay sJdng 4d°/ GaAsl-Ga sJng 4 double heterostructure.
bilities in the emitter and the base are of similar magnitude;The low-injection TRPL and RCPCD measurements give
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FIG. 8. RCPCD and TRPL decay curves for d FIG. 9. RCPCD decay before and after a junction is formed by

-Galn,_,P/GaAsH-Galn,_ P double heterostrucure and am  phosphorus diffusion.

-Galn;P/GaAsb-Galn,_P heterostrucure. L . .
and the lifetime was measured again. As expected, the life-

nearly identical results and are accurate assessments of thime increased to 722s (Fig. 9). Next, the phosphorus layer
recombination in the GaAs region. This is expected for awas etched away and the lifetime was remeasured. If the
type-I alignment between the @a,_ P and the GaAs. This phosphorus diffusion had truly eliminated or gettered de-
disordered sample was lightly doped, and the long lifetimefects, the lifetime would remain long. However, if charge
4.7 us, manifests excellent material quality. separation had increased the observed lifetime, and there was
For a type-1l band alignment, the simulations predict thatno real change in the recombination rates of the Si material,
in low-injection conditions the PL decay will be very fast, the lifetime would return to near its original value. The life-
and the PCD decay will be very slow. Figure 8 shows thetime did return to its original valuénot shown, indicating
decay curves for the ordered sample. The PL decay is verihat charge separation was the primary reason why the mea-
fast, on the order of 1 ns, while the RCPCD is very slow, onsured lifetime had increased, and that no lifetime improve-
the order of 1 ms. The measurements clearly indicate that theaent could be attributed to the phosphorus diffusion process.
ordering of the Ggdn;_,P has shifted the band alignment It was stated in the introduction that CdTe solar cells are
from type | to type Il, and that the two techniques are nogenerally grown by depositing thin layers of tin oxide and
longer measuring the recombination lifetime. A more in-polycrystalline CdS100 nm) on a glass substrate, followed
depth study could be used to track the crossover from typedby a layer of polycrystalline CdT€. Currently, no method
to type-Il alignment as a function of order parameter, domaircan create a confining double heterostructure for studying
size, alloy composition, and growth conditions. These resultsecombination in either polycrystalline CdS or CdTe, and
give one example of how the trends and concepts from th®CPCD measurements cannot resolve the decay times, on
simulations can be applied to elucidate complex interfacéhe order of 1 ns, generally seen in this material. Conse-
physics. quently, researchers have forged ahead and measured PL de-
Another example stems from the observation that phoseay curves on completed CdTe/CdS junctions. However, in-
phorus diffusion on p-type Czochralski-grown single- terpreting the TRPL results has always been impeded by not
crystalline Si wafers can increase the lifetime measured bknowing the role of the junction on the measurements. But
RCPCD on the Si wafers by more than an order of magni<CdTe is weakly doped, with free hole concentrations on the
tude (single-crystalline Si generally cannot be measured userder of 13“4to 10°cm™. Consequently, reaching high-
ing TRPL). An initial explanation was that defects that are injection conditions, where the simulation results predict that
fast recombination centers are gettered or removed duringecombination will dominate TRPL decay curves, is not dif-
the diffusion process and perhaps by the phosphorus near tfieult. In fact, we did a recent survey and found that the
surface. However, the simulation results indicate thatra  decay times measured with high-injection TRPL measure-
junction formed by the phosphorus diffusion could increasements on more than 80 different CdTe/CdS samples are
the measured lifetime because of charge separation and nstrongly correlated with open-circuit voltage in a mathemati-
reflect true changes in the recombination lifetime. cal form consistent with recombination lifetimes and device
To experimentally determine which of these theories wagphysics model$®> Consequently, provided measurements are
correct, lifetime was measured by the RCPCD technique usdone in high injection, future studies can begin to address
ing an excitation wavelength of 1000 nm on a high-qualityhow recombination is affected by the many complex pro-
10 Q) cm p-type Si wafer. After the wafer was cleaned with cesses that occur both in the bulk and at the interface of
HF acid and immersed in an iodine/methonal solution to re<CdTe and CdS.
duce the surface recombination to very low valéfethe life- There is currently debate about the role of grain bound-
time was 85us. Phosphorus was then diffused into the waferaries in polycrystalline thin film&? Potentials due to defect
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charges at grain boundaries may form charge separatingeased, lifetime measurements become dominated by re-
junctions. In addition to separating charge, these potentialsombination, and the decay times associated with the two
can exclude one carrier type, and the grain boundary catechniques converge. The PL decay time may show a dra-
form a low-recombination current channel for either holes omatic increase as the injection level is increased, whereas the
electrong’®41 By measuring RCPCD and TRPL signals, andPCD decay may show a dramatic decrease. In the presence
varying injection levels, it may be possible to characterizeof charge separation, the observed TRPL lifetime can in-
grain boundary potentials and their ability to separate chargerease dramatically as the wavelength is pushed toward the
For p-n junctions in general, study of the long PCD decayband edge, whereas the PCD decay curve will change very

after charge separation may offer a means to characteriditle provided the mobilities in the emitter and the base are
junction leakage currents. These examples should give a feef similar magnitude.

for the diverse physical situations where the simulation re-

sults can be applied and provide new insights.

V. CONCLUSIONS

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,

The simulations indicate both the conditions under which?nd junctions that feature important physical processes that

recombination and charge separation dominate lifetime med:
g6 double heterostructures.

surements on a junction and the experimental signatures

these processes. In low injection, lifetime measurements are

annot be readily observed in simple test configurations such
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