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Photoluminescence spectroscopy and decay time measurements
of polycrystalline thin film CdTe ÕCdS solar cells

C. J. Bridge, P. Dawson,a) and P. D. Buckle
Department of Physics, UMIST, P.O. Box 88, Manchester M60 1QD, England

M. E. Özsan
BP Solar, 12 Brooklands Close, Windmill Road, Sunbury-on-Thames TW16 7DX, England

~Received 12 June 2000; accepted for publication 19 September 2000!

The results of room temperature photoluminescence spectroscopy and decay time measurements
carried out on CdTe/CdS solar cells are reported. The as-grown structures were annealed in air at
temperatures in the range 350–550 °C. For excitation via the CdTe/CdS interface, longer
photoluminescence decay times were observed as the anneal temperature was increased, this is
attributed to localized passivation of nonradiative states possibly due to the effect of S
interdiffusion. When the photoluminescence is excited via the CdTe free surface, the decay curves
consist of a fast and slow component. The fast component~,130 ps! of the photoluminescence is
attributed to nonradiative recombination at grain boundaries or the CdTe free surface. The slow
component is attributed to the effects of carrier drift and diffusion and subsequent recombination at
the CdTe/CdS interface. Modeling of the transport process has led to the extraction of a value of
0.2060.03 cm2 s21 for the minority carrier diffusion coefficient of the CdTe for the sample annealed
at 450 °C. These results are correlated with improvements in device efficiency determined from
illuminated current density–voltage measurements. ©2000 American Institute of Physics.
@S0021-8979~00!07024-9#
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I. INTRODUCTION

Thin film solar cells are of commercial interest becau
of their potential as a means of large scale, low cost, po
generation. CdTe is a promising thin film device mater
because of its near ideal room temperature band gap~1.5 eV!
and its high absorption coefficient. At present large a
CdTe solar cells are generally based on CdTe/CdS het
structures, in most cases heat treatment, either postgrow
during the film deposition stage, is required to achieve h
conversion efficiencies. The effects of such treatments, h
ever, are only qualitatively understood and vary for differe
deposition techniques.1

Efficiencies in excess of 16% have been reported2 for
small area~0.02 cm2! CdTe/CdS solar cells and large ar
modules (30 cm330 cm) can have efficiencies of 10%. Ce
tral to the achievement of high efficiencies is the postgrow
anneal in air at temperatures of up to 500 °C of as gro
material. Principally, the annealing leads to the formation
a p–n heterojunction through type conversion of then type
CdTe.3,4 However, S and Te intermixing in the junction re
gion, recrystallization, and grain growth have also be
reported5,6 and may be beneficial to device performance
the reduction of nonradiative recombination.

A particularly useful way to study nonradiative recom
bination processes is to monitor the photoluminescence
cay following excitation by a pulse of light. This techniqu
was used by Ahrenkiel and co-workers7 who showed that
nonradiative recombination at grain boundaries is an imp

a!Author to whom correspondence should be addressed; electronic
philip.dawson@umist.ac.uk
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tant recombination mechanism in polycrystalline CdTe/C
solar cells.

In this study we report photoluminescence decay m
surements that have been carried out on a range of C
CdS solar cell structures to investigate how the annea
temperature influences the carrier recombination dynam
In order to probe different regions of the structures the
periments were performed using either excitation of
CdTe free surface or excitation via the CdTe/CdS interfa
The results of the optical measurements have been corre
with device efficiency determined from illuminated curre
density–voltage measurements.

II. EXPERIMENTAL DETAILS

A schematic diagram of a device structure is shown
Fig. 1. The structures were fabricated as follows. First a t
~;1000 Å! ‘‘window’’ layer of n type CdS was deposited b
chemical bath deposition on a tin–oxide coated glass s
strate. This was then followed by the electrodeposition of
n type CdTe film (1.660.1mm). The as deposited sample
were annealed in air at temperatures up to 550 °C for 15
and then contacted using carbon paste. Current dens
voltage characteristics were carried out under 100 mW/c2

illumination using a quartz–halogen lamp to determine
device efficiency.

The photoluminescence decay data were obtained by
citing the CdTe layer~at the free surface or via the CdTe
CdS interface! with a cavity dumped, mode-locked dye las
~photon energy52.14 eV, i.e., less than the band gap of t
CdS! at a pulse repetition rate of 300 kHz and with a pu
width of <10 ps. The 1/e absorption depth of the exciting
il:
1 © 2000 American Institute of Physics

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

21 Feb 2014 10:21:38



ri
e
o

ign
la
er
e
o

e
e

su
n
tu
rit

ffi
er
e
ci
fo
s,
n

be
e
.
om
ct

ffi-
s in
erial
ure.
nd

n-
s of
e-
ove
he

eg-
te-
es in
rgy
eV
me

Te
and
the
an

eV.
rgy
for
omi-
er
the

ter-

T
re

.

as a
the

6452 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Bridge et al.

 [This a
radiation in the CdTe was estimated to be 0.1–0.2mm; this is
much less than the CdTe film thickness and so the majo
of the photoexcited electron/hole pairs are created clos
the CdTe free surface or the CdTe/CdS interface. Time c
related single photon counting was used to process the s
which was detected using a cooled S1 microchannel p
photomultiplier via a 0.75 m single grating spectromet
The minimum measurable decay time using this arrangem
was ;130 ps. Excitation densities were in the region
1012– 1013photons/cm2/pulse.

The time integrated photoluminescence spectra w
taken under identical conditions with the excitation chopp
by a mechanical wheel and lock-in detection used to mea
the photoluminescence intensity. The optical experime
were carried out on samples annealed in the tempera
range 350–550 °C for steps of 25 °C. For the sake of cla
not all the data are presented in the following.

III. RESULTS AND DISCUSSION

A. Device performance

For anneal temperatures below 350 °C the device e
ciency was found to be essentially zero. For anneal temp
tures greater than 350 °C the results of the efficiency m
surements are shown in Table I. The measured efficien
are significantly lower than the highest reported values
structures of this type. This is largely due to low fill factor
believed to result from high resistance back contacts. No
theless, the anneal temperature of 500 °C, for which the
device is obtained, is consistent with the optimum ann
temperature reported previously for this type of structure3,6

In fact it should be stressed that solar cells fabricated fr
the same material used here grown at 500 °C and conta

FIG. 1. Schematic cross section of the CdTe/CdS solar cell structures.
arrows indicate the direction of the incident laser beam used for the diffe
excitation geometries.

TABLE I. The dependence of device efficiency on anneal temperature

Anneal temperature~C! Device efficiency~%!

350 ,0.1
400 0.2
450 4.0
500 5.2
550 3.0
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using a commercial contacting procedure showed an e
ciency of 11%. So we believe that the systematic change
device performance are caused by changes in the mat
properties as a function of the heat treatment temperat
The marked improvement in efficiency between 400 a
450 °C is largely attributed to then- to p-type conversion
process in the CdTe leading to the formation of ap–n
junction.3,4 Additional improvements may be due to e
hanced quality of the heterointerface, e.g., from the effect
recrystallization/grain growth or sulphur interdiffusion as d
scribed later. The subsequent falloff in performance ab
500 °C is caused by lift-off of the heterostructure from t
tin–oxide rather than to any material degradation.

B. Room temperature photoluminescence
spectroscopy and decay measurements

1. Excitation via the CdTe ÕCdS interface

The photoluminescence intensity was very weak or n
ligible for samples annealed below 350 °C. The time in
grated photoluminescence spectra for anneal temperatur
the range 350–550 °C are shown in Fig. 2. The peak ene
of the spectrum for the sample annealed at 350 °C of 1.55
is identical to the peak energy of the spectrum for the sa
sample when excited at the free surface~as discussed later!.
We attribute this recombination to being from the Cd
layer. The peak energy of 1.55 eV is greater than the b
gap of CdTe and we attribute the shift to higher energy of
PL peak as being due to the effects of strain. However,
additional low energy shoulder is observed at around 1.5
As the anneal temperature was increased this low ene
shoulder was found to increase in intensity, such that
anneal temperatures in excess of 400 °C it became the d
nant transition. This low energy feature also shifts to low
energy with increasing anneal temperature. We attribute
peak at low energy to recombination at the CdTe/CdS in

he
nt

FIG. 2. Room temperature time integrated photoluminescence spectra
function of sample anneal temperature obtained using via excitation of
CdTe/CdS interface.
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face. The shift to lower energy is attributed to the effects
S interdiffusion into the CdTe from the CdS, which forms
CdTe12xSx alloy at the CdTe/CdS interface.5 For x,0.3 this
leads to a reduction in the energy band gap of the CdTe8 A
shift of 10 meV relative to the original photoluminescen
peak position corresponds to an increase inx of 0.01 for
small values ofx. Our results therefore indicate a S conte
in the interface region of around 3% for an anneal tempe
ture of 350 °C increasing to 5% for the highest anneal te
perature. Similar results have been reported previously fo
interdiffusion in CdTe/CdS heterostructures.9

Figure 3 shows the photoluminescence decay curves
excitation via the CdTe/CdS interface at a detection ene
of 1.44 eV for samples annealed at 400, 450, and 500 °C.
anneal temperatures,400 °C all the decay curves were ide
tical to that shown in Fig. 3~a!; note the feature after th

FIG. 3. Room temperature photoluminescence decay curves for excit
via the CdTe/CdS free surface for anneal temperatures of:~a! 400 °C, ~b!
450 °C, and 500 °C.
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initial decay for the samples annealed at 400 °C is an exp
mental artifact. As the anneal temperature is increased
450 °C the decay curves become longer. The longer de
times ~and corresponding increase in photoluminescence
tensity! are attributed to a reduction in nonradiative reco
bination in the CdTe/CdS region. The reason for this i
provement has not been conclusively established altho
the involvement of S interdiffusion would be an obviou
possibility. Indeed, a reduction in the density of nonradiat
CdTe/CdS interface states due to strain relaxation has b
previously suggested as a likely consequence of
interdiffusion.10 The subsequent shortening of the dec
curves at anneal temperatures of 500 °C is ascribed to
creased carrier sweepout. This would be expected due
increase in the internal electric field at these anneal temp
tures through enhancement of the degree of type conver
in the CdTe layer.3,4

2. CdTe free surface excitation

For anneal temperatures below 350 °C no photolumin
cence could be detected at room temperature. The time
grated spectra for this excitation configuration are shown
Fig. 4; for anneal temperatures.350 °C photoluminescenc
spectra with a peak energy;1.53 eV could be observed. Th
progressive increase in photoluminescence intensity with
neal temperature indicates significant reductions in nonr
ative recombination. The reason for the shift in peak posit
~1.54–1.52 eV! with anneal temperature is unclear. One po
sible explanation could involve recrystallization of the CdT
which could lead to changes in strain within the CdTe grai

The decay of the photoluminescence observed from
samples annealed at temperatures of 400, 450, and 50
are shown in Fig. 5. The decay curves were measured on
low energy side~detection energy 1.44 eV! of the peak of the

on

FIG. 4. Room temperature time integrated photoluminescence spectra
function of sample anneal temperature obtained from excitation via
CdTe free surface.
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spectra; the reason for this is explained in Sec. III. Depe
ing on the anneal temperature the decays curves consi
either a single fast component or a combination of fast
slow components. Determination of the time constant of
fast component was limited by the system response, i.e.,
ps. For anneal temperatures of 450 °C and above, a lon
secondary decay component was also observed; this wi
discussed in detail in Sec. III. For the purposes of the d
cussion in this section we ascribe the fast decay compo
to carriers that recombine in the CdTe layer.

In general the photoluminescence decay time can be
scribed in terms of the sum of radiative and nonradiat
recombination lifetimes such that

1

tPL
5

1

tR
1

1

tNR
,

FIG. 5. Room temperature photoluminescence decay curves for excit
via the CdTe free surface for anneal temperatures of:~a! 400 °C,~b! 450 °C,
and ~c! 500 °C. The result~––! from the carrier transport model is show
for the sample annealed at 450 °C.
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wheretPL is the measured decay time andtR andtNR are the
radiative and nonradiative lifetimes, respectively.

Assuming free carrier recombination, under low inje
tion conditions

tR5
1

Bp
,

whereB is the radiative decay coefficient andp is the free
hole concentration. Estimates11,12 for B in CdTe lie in the
region of 1029 cm23 s21. Using a figure of 1015cm23 for the
free hole concentration3 suggests a radiative lifetime in thi
material on the order of 1ms for suitably low injection con-
ditions. The fact that the fast component decay time is m
orders of magnitude shorter than this suggests that reco
nation is predominantly nonradiative. The identification
the particular nonradiative process~es! involved is difficult
and can be only the subject of speculation. While bulk no
radiative recombination cannot be ignored, the polycrys
line nature of the CdTe together with the exposed free s
face suggest that grain boundary or surface recombina
are likely to be the dominant decay processes. Indeed, n
radiative recombination at grain boundaries was held to
the dominant process in previous photoluminescence de
measurements on polycrystalline CdTe/CdS solar cells
ried out by Ahrenkiel and co-workers.7 In the work of Ahr-
enkiel et al. the measured lifetimes showed a geometric
pendence on grain size with the excitation of larger grains~2
mm! at the interface, leading to longer lifetimes~.1 ns!
compared to the excitation of smaller grains at the free s
face~,1 ns!. These results were explained using a spher
grain model where the photoluminescence lifetime was
pendent on grain diameter, minority carrier diffusion coef
cient, and surface recombination velocity~SRV!.

This type of analysis has been applied to our CdTe film
The grains in our structures are columnar in structure
much narrower~;0.15 mm across!13 than the spherica
grains described by Ahrenkielet al. To a first approximation
such grains can be described as cuboids with dimensiona,
b, andc. Van Opdorp’s analysis14 of nonradiative recombi-
nation between two plan parallel surfaces of infinite SR
and separated by a distancea leads to a surface recombina
tion lifetime given by

1

ta
5

p2D

a2 ,

whereD is the minority carrier diffusion coefficient. By ex
tending this expression to three dimensions~i.e., the three
pairs of surfaces that comprise the cuboid!, the surface/grain
boundary lifetimet can be shown15 to be given by

1

t
5p2DF 1

a2 1
1

b2 1
1

c2G .
Substituting the value ofD determined in Sec. III into this
expression yields a surface/grain boundary recombina
lifetime of ;50 ps. Therefore, grain boundary/surface
combination could easily account for the short photolumin
cence decay lifetimes~,130 ps! observed in our measure
ments.

on
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3. Secondary decay component from CdTe free
surface excitation

The two decay components observed using CdTe
surface excitation is due to the photoluminescence spec
consisting of two overlapping components. Of particular r
evance is the fact that the secondary slow decay obse
using free surface excitation for anneal temperatu
.450 °C is similar to the photoluminescence decay cu
observed using interface excitation at the same anneal
peratures. Figure 4 shows the time integrated photolumin
cence spectrum obtained using CdTe free surface excita
for the sample annealed at 450 °C. The peak of the spec
is at 1.52 eV. The form of the photoluminescence de
associated with the free surface excitation was found to
hibit a distinct spectral dependence. Measurements mad
the high energy tail of the photoluminescence spectr
showed a single fast decay of;130 ps. However, using
lower detection energies~,1.5 eV! saw the emergence of a
additional, slower component which became progressiv
more dominant as the detection energy was reduced. Fi
6~b! shows the photoluminescence decay curve for a de
tion energy of 1.44 eV where the fast and slow compone
can be easily seen.

Using time resolved spectroscopy the spectra associ
with the two decay components can be identified by defin
‘‘fast’’ ~0–250 ps! and ‘‘slow’’ ~3500–8000 ps! detection
windows; the results of the time resolved spectroscopy
shown in Fig. 6~a!. The fast decay component gives rise to
luminescence spectrum with the same peak position as
time integrated photoluminescence spectrum. The slow
secondary component however, is associated with a m
weaker, overlapping feature with a peak energy of 1.48
This is at the same energy as the peak of the spectrum m
sured using interface excitation that has been ascribed p
ously to recombination involving the CdSxTe12x layer ~see
Fig 2!. Not only is the time integrated spectrum using CdT
CdS interface excitation and the slow time resolved spect
using free surface excitation the same, but the form of
time decay curves are also the same, ignoring the fast c
ponent in the free surface excitation geometry. Thus we p
pose that the slowly decaying component with a peak ene
at 1.48 eV observed using the free surface excitation ge
etry is due to recombination in the intermixed CdSxTe12x

layer. This we believe is due to the combined effects of d

FIG. 6. ~a! Time resolved photoluminescence spectra for the fast~––! and
the slow~—! time windows for the sample annealed at 450 °C;~b! the decay
of the photoluminescence intensity detected at a energy of 1.44 eV with
fast decay component~–––! and the slow decay component~ !.
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and diffusion of carriers excited at the CdTe free surfa
These transport effects are responsible for causing the
delay following excitation that causes the ‘‘hump’’ in th
data in Fig. 6~b!. Measurements carried out on the samp
annealed at higher temperatures also showed qualitati
the same behavior.

A Monte Carlo simulation was developed to model t
secondary photoluminescence decay process observed
free surface excitation of the CdTe film. Although expe
mentally the initial injection density per pulse is around
order of magnitude greater than the CdTe free car
density, the proportion of photoexcited carriers that contr
ute to the slow decay process is orders of magnitude
than those that contribute to the initial fast photolumine
cence decay. Consequently, it is assumed that the prob
can be treated in terms of minority carrier transport and
combination.

A one dimensional array was used to represent the C
film and a narrow CdTeS region. Photoexcitation att50 was
represented by filling the array according to an exponenti
decaying carrier concentration profile determined using
absorption coefficient of 53104 cm21. By assigning a nu-
merical range for movement left, right, or not at all with
the array, carrier diffusion was modeled using a rand
number generator to define the motion of each carrier in
system for every time step. Probabilities were weighted
one direction to account for the effect of the electric field
the depletion region.

The extent of the depletion region and the electric fie
strength were estimated from Poisson’s equation using a
rier concentration of 1015cm23. Infinite SRV was assumed a
the CdTe free surface while carriers reaching the interf
side were fed into the narrow CdTeS layer. The recombi
tion time for carriers in the CdTe film was included using
value of 130 ps~albeit an upper limit!, i.e., the decay time
measured using the free surface excitation geome
The recombination rate in the CdTeS layer was includ
using the decay rate observed from interface excitat
measurements. The diffusion coefficientD was incorporated
as a variable parameter. By varyingD the position of
the ‘‘hump’’ characterizing the delay associated with t
secondary decay could be fitted to the experimen
data.

A comparison of the results of our model with the e
perimental data~shown in Fig. 5! was complicated by the
presence of the fast initial photoluminescence decay wh
masked the rise of the secondary component. Neverthe
the best fit to the 450 °C annealed sample yielded a valu
D of 0.2060.03 cm2/s. It was not possible to estimateD for
anneal temperatures other than 450 °C with any degre
reasonable accuracy.

IV. SUMMARY AND CONCLUSIONS

Photoluminescence time decay measurements have
carried out on polycrystalline CdTe/CdS solar cells for
range of postgrowth anneal temperatures. For anneal t
peratures of 400 °C and below, the decay of the CdTe b
edge photoluminescence, using both CdTe free surface

he
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CdTe/CdS interface excitation, is dominated by a fast dec
This suggests that carrier recombination is predomina
nonradiative which we attribute to grain boundary/surfa
recombination.

At anneal temperatures of 450 °C and above, a lon
photoluminescence decay is measured using interface ex
tion. The lengthening of the interface photoluminescence
cay is believed to be a result of the passivation of nonra
tive interface/grain boundary states in the CdTe/C
interface region. This observation coincides with a consid
able increase in device efficiency although this is, in p
believed to be due to type conversion of the CdTe.

The interface photoluminescence decay is also m
fested as a delayed secondary component in photolumi
cence decay curves measured using free surface excita
suggesting carrier transport across the CdTe film to
CdTe/CdS interface. Modeling of this process has allowe
CdTe minority carrier diffusion coefficient of 0.2
60.03 cm2 s21 to be extracted from the delay for the samp
annealed at 450 °C.
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