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Photoluminescence spectroscopy and decay time measurements
of polycrystalline thin film CdTe /CdS solar cells
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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 compo€@©B0 p3 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
0.20+0.03 cnts ! 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.2@0 American Institute of Physics.
[S0021-897€00)07024-9

I. INTRODUCTION tant recombination mechanism in polycrystalline CdTe/CdS
I - solar cells.

Thin film solar cells are of commercial interest because In this study we report photoluminescence decay mea-
of their potential asa means_o_f Iargg sc_ale, IOV\_’ cost, POWEL \rements that have been carried out on a range of CdTe/
generation. CdTe is a promising thin film device materialcyg solar cell structures to investigate how the annealing
because of its near ideal room temperature band3&eV) e mnerature influences the carrier recombination dynamics.

and its high absorption coefficient. At present large aregy o qer to probe different regions of the structures the ex-

CdTe solar cells are generally based on CdTe/CdS heter?)'eriments were performed using either excitation of the

struptures, i_n most cases heat tre.atment-, either pos_tgrow?h BldTe free surface or excitation via the CdTe/CdS interface.
during the film deposition stage, is required to achieve hlghl’he results of the optical measurements have been correlated

conversion efﬁuenqe_s. The effects of such treatmen_ts, hov‘(ivith device efficiency determined from illuminated current
ever, are only qualitatively understood and vary for d'fferentdensity—voltage measurements

deposition techniques.

Efficiencies in excess of 16% have been repdrtex
small area(0.02 cnf) CdTe/CdS solar cells and large area 'l EXPERIMENTAL DETAILS
modules (30 crx 30 cm) can have efficiencies of 10%. Cen- A schematic diagram of a device structure is shown in
tral to the achievement of high efficiencies is the postgrowttFig. 1. The structures were fabricated as follows. First a thin
anneal in air at temperatures of up to 500 °C of as grown~1000 A) “window” layer of ntype CdS was deposited by
material. Principally, the annealing leads to the formation ofchemical bath deposition on a tin—oxide coated glass sub-
a p—n heterojunction through type conversion of théype  strate. This was then followed by the electrodeposition of an
CdTe®* However, S and Te intermixing in the junction re- n type CdTe film (1.6:0.1um). The as deposited samples
gion, recrystallization, and grain growth have also beenyere annealed in air at temperatures up to 550 °C for 15 min
reported® and may be beneficial to device performance viaand then contacted using carbon paste. Current density—
the reduction of nonradiative recombination. voltage characteristics were carried out under 100 m\/cm

A particularly useful way to study nonradiative recom- jllumination using a quartz—halogen lamp to determine the
bination processes is to monitor the photoluminescence detevice efficiency.
cay following excitation by a pulse of light. This technique  The photoluminescence decay data were obtained by ex-
was used by Ahrenkiel and co-workéreho showed that citing the CdTe layexat the free surface or via the CdTe/
nonradiative recombination at grain boundaries is an imporeds interfacgwith a cavity dumped, mode-locked dye laser
(photon energy2.14 eV, i.e., less than the band gap of the

dAuthor to whom correspondence should be addressed; electronic maip_dg at a pulse repetition rate Of.300 kHz and with a'p.ulse
philip.dawson@umist.ac.uk width of <10 ps. The ¥ absorption depth of the exciting
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FIG. 1. Schematic cross section of the CdTe/CdS solar cell structures. Theo- 500C
arrows indicate the direction of the incident laser beam used for the different

excitation geometries. \\jo

radiation in the CdTe was estimated to be 0.1 this is 1‘;0 1.;0 1_20 1_'70

much less than the CdTe film thickness and so the majority Energy (eV)

of the photoexcited electron/hole pairs are created close to o )

the CdTe free surface or the CATe/CS interface. Time cori 2, %o lenpereire e iegrted photauminescence spets e &

related single photon counting was used to process the sign@lte/cds interface.

which was detected using a cooled S1 microchannel plate

photomultiplier via a 0.75 m single grating spectrometer.

The minimum measurable decay time using this arrangememtsing a commercial contacting procedure showed an effi-

was ~130 ps. Excitation densities were in the region ofciency of 11%. So we believe that the systematic changes in

10*?— 10" photons/crifpulse. device performance are caused by changes in the material
The time integrated photoluminescence spectra wergroperties as a function of the heat treatment temperature.

taken under identical conditions with the excitation choppedrhe marked improvement in efficiency between 400 and

by a mechanical wheel and lock-in detection used to measub0 °C is largely attributed to the- to p-type conversion

the photoluminescence intensity. The optical experiment®rocess in the CdTe leading to the formation ofpan

were carried out on samples annealed in the temperatuignction®* Additional improvements may be due to en-

range 350-550 °C for steps of 25 °C. For the sake of clarihanced quality of the heterointerface, e.g., from the effects of

<4 Glass Substrate (3mm)

CdTe Excitation Via CdTe/CdS Interface

hotoluminescence Intensity

not all the data are presented in the following. recrystallization/grain growth or sulphur interdiffusion as de-
scribed later. The subsequent falloff in performance above
IIl. RESULTS AND DISCUSSION 500°C is caused by lift-off of the heterostructure from the

] tin—oxide rather than to any material degradation.
A. Device performance

For anneal temperatures below 350 °C the device effiB. Room temperature photoluminescence
ciency was found to be essentially zero. For anneal temper&pectroscopy and decay measurements
tures greater than 350 °C the results of the efficiency mea; gycitation via the CdTe 1CdS interface
surements are shown in Table |I. The measured efficiencies . . .
are significantly lower than the highest reported values for, The photoluminescence intensity was very weak or neg-

structures of this type. This is largely due to low fill factors, ligible for samples annealed below 350°C. The time inte-

believed to result from high resistance back contacts. Nonegram(j photoluminescence spectra_ for_anneal temperatures in
theless, the anneal temperature of 500 °C, for which the beél{}ehrange 350_?50 hC are sTown in 'IZ'% 2.3:I'5r2)eogea}kle5nserg\)//
device is obtained, is consistent with the optimum annea _tdespecl:trurr;] ort isampear;nsae at f oh 29 €

temperature reported previously for this type of structifre. Is identical to the peak energy of the spectrum for the same

In fact it should be stressed that solar cells fabricated fron’?ample when excited at the free surfdas discussed later

the same material used here grown at 500 °C and contact e attribute this recombination to_ being from the CdTe
ayer. The peak energy of 1.55 eV is greater than the band

gap of CdTe and we attribute the shift to higher energy of the
TABLE I. The dependence of device efficiency on anneal temperature. PL peak as being due to the effects of strain. However, an
additional low energy shoulder is observed at around 1.5 eV.

Anneal temperaturéc) Device efficiency(%) As the anneal temperature was increased this low energy
350 <0.1 shoulder was found to increase in intensity, such that for
400 0.2 anneal temperatures in excess of 400 °C it became the domi-
ggg ‘5‘:(2) nant transition. This low energy feature also shifts to lower
550 3.0 energy with increasing anneal temperature. We attribute the

peak at low energy to recombination at the CdTe/CdS inter-
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(@) initial decay for the samples annealed at 400 °C is an experi-
1000 mental artifact. As the anneal temperature is increased to
450 °C the decay curves become longer. The longer decay
times (and corresponding increase in photoluminescence in-
100 | tensity are attributed to a reduction in nonradiative recom-
bination in the CdTe/CdS region. The reason for this im-
provement has not been conclusively established although
10 H the involvement of S interdiffusion would be an obvious
possibility. Indeed, a reduction in the density of nonradiative
. \ CdTe/CdS interface states due to strain relaxation has been
1 previously suggested as a likely consequence of S
6 2 4 6 8 10 interdiffusion’® The subsequent shortening of the decay
Time (ns) curves at anneal temperatures of 500 °C is ascribed to in-

creased carrier sweepout. This would be expected due an
FIG. 3. Room temperature photoluminescence decay curves for excitatio[hcrease in the internal electric field at these anneal tempera-
via the CdTe/CdS free surface for anneal temperaturegap#00 °C, (b) .
450 °C, and 500 °C. tures through enhancement of the degree of type conversion
in the CdTe layef:*

face. The shift to lower energy is attributed to the effects of- CdTe free surface excitation
S interdiffusion into the CdTe from the CdS, which forms a For anneal temperatures below 350 °C no photolumines-
CdTe _,S, alloy at the CdTe/CdS interfacdrorx<0.3 this  cence could be detected at room temperature. The time inte-
leads to a reduction in the energy band gap of the Gd&e. grated spectra for this excitation configuration are shown in
shift of 10 meV relative to the original photoluminescenceFig. 4; for anneal temperatures350 °C photoluminescence
peak position corresponds to an increasexinf 0.01 for  spectra with a peak energyl.53 eV could be observed. The
small values ofx. Our results therefore indicate a S contentprogressive increase in photoluminescence intensity with an-
in the interface region of around 3% for an anneal temperaneal temperature indicates significant reductions in nonradi-
ture of 350 °C increasing to 5% for the highest anneal temative recombination. The reason for the shift in peak position
perature. Similar results have been reported previously for $1.54—1.52 ey with anneal temperature is unclear. One pos-
interdiffusion in CdTe/CdS heterostructures. sible explanation could involve recrystallization of the CdTe,
Figure 3 shows the photoluminescence decay curves farhich could lead to changes in strain within the CdTe grains.
excitation via the CdTe/CdS interface at a detection energy The decay of the photoluminescence observed from the
of 1.44 eV for samples annealed at 400, 450, and 500 °C. Fa@amples annealed at temperatures of 400, 450, and 500 °C
anneal temperatures400 °C all the decay curves were iden- are shown in Fig. 5. The decay curves were measured on the
tical to that shown in Fig. @); note the feature after the low energy sidédetection energy 1.44 g\6f the peak of the
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10000 whererp, is the measured decay time angland 7y are the
radiative and nonradiative lifetimes, respectively.
Assuming free carrier recombination, under low injec-
1000 tion conditions
1
100 p- TR:B_p’
whereB is the radiative decay coefficient apdis the free
10 B hole concentration. Estimatés? for B in CdTe lie in the
region of 10 °cm™3s™ L. Using a figure of 1&cm2 for the
1 free hole concentratidrsuggests a radiative lifetime in this
10000 material on the order of Ls for suitably low injection con-

ditions. The fact that the fast component decay time is many
orders of magnitude shorter than this suggests that recombi-
nation is predominantly nonradiative. The identification of

>
=4
»
c
O
et
£
o 1000 > e g +HIHHLC
o the particular nonradiative procées involved is difficult
g and can be only the subject of speculation. While bulk non-
[z 100 radiative recombination cannot be ignored, the polycrystal-
8 line nature of the CdTe together with the exposed free sur-
£ face suggest that grain boundary or surface recombination
£ 10 are likely to be the dominant decay processes. Indeed, non-
= radiative recombination at grain boundaries was held to be
8 1 the dominant process in previous photoluminescence decay
_8 10000 measurements on polycrystalline CdTe/CdS solar cells car-
o ried out by Ahrenkiel and co-workefsin the work of Ahr-
a y
enkiel et al. the measured lifetimes showed a geometric de-
1000 b pendence on grain size with the excitation of larger gréns

um) at the interface, leading to longer lifetimgs1 ng
compared to the excitation of smaller grains at the free sur-
100 face(<1 n9. These results were explained using a spherical
grain model where the photoluminescence lifetime was de-
pendent on grain diameter, minority carrier diffusion coeffi-

10H cient, and surface recombination veloc{§RV).
This type of analysis has been applied to our CdTe films.
1 1 L AW A A/\ I The grains in our structures are columnar in structure and
o 2 4 & 8 10 much narrower(~0.15 um acros§® than the spherical

grains described by Ahrenkiel al. To a first approximation
such grains can be described as cuboids with dimensipns
FIG. 5. Room temperature photoluminescence decay curves for excitatio: @andc. Van Opdorp’s analyst$ of nonradiative recombi-
via the CdTe free surface for anneal temperature&a#00 °C,(b) 450 °C,  nation between two plan parallel surfaces of infinite SRV

and (c) 500 °C. The resul{——) from the carrier transport model is shown and Separated by a distanadeads to a surface recombina-
for the sample annealed at 450 °C. tion lifetime given by

Time (ns)

2
spectra; the reason for this is explained in Sec. Ill. Depend- i: ﬂ

ing on the anneal temperature the decays curves consist of 7a @

either a single fast compo.nen.t ora compmauon of fast an‘i’vhereD is the minority carrier diffusion coefficient. By ex-
slow components. Determination of the time constant of th

fast ¢ limited by th ¢ ) 1ef nding this expression to three dimensidns., the three
ast component was fimited by the syos €M response, 1.€., L3%airs of surfaces that comprise the cubpttie surface/grain
ps. For anneal temperatures of 450 °C and above, a long

oundary lifetimer can be showh to be given b
secondary decay component was also observed; this will be y T g y

discussed in detail in Sec. Ill. For the purposes of the dis- 1 )
cussion in this section we ascribe the fast decay component == 7 D
to carriers that recombine in the CdTe layer.

In general the photoluminescence decay time can be déubstituting the value ob determined in Sec. Il into this
scribed in terms of the sum of radiative and nonradiativeexpression yields a surface/grain boundary recombination

1,11
a?’ b? 2

recombination lifetimes such that lifetime of ~50 ps. Therefore, grain boundary/surface re-
combination could easily account for the short photolumines-
iz i+ i cence decay lifetime§<130 pg observed in our measure-

ToL TR TNR ments.
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and diffusion of carriers excited at the CdTe free surface.
These transport effects are responsible for causing the time
delay following excitation that causes the “hump” in the
data in Fig. 6b). Measurements carried out on the samples
annealed at higher temperatures also showed qualitatively
the same behavior.

A Monte Carlo simulation was developed to model the
secondary photoluminescence decay process observed from
free surface excitation of the CdTe film. Although experi-

mentally the initial injection density per pulse is around an
order of magnitude greater than the CdTe free carrier
density, the proportion of photoexcited carriers that contrib-
ute to the slow decay process is orders of magnitude less
than those that contribute to the initial fast photolumines-
cence decay. Consequently, it is assumed that the problem
can be treated in terms of minority carrier transport and re-

FIG. 6. (a) Time resolved photoluminescence spectra for the(fas) and

the slow(—) time windows for the sample annealed at 450 (1§ the decay

of the photoluminescence intensity detected at a energy of 1.44 eV with th
fast decay componerit-——) and the slow decay componefnt—).

3. Secondary decay component from CdTe free
surface excitation combination.

The two decay components observed using CdTe free A One dimensional array was used to represent the CdTe
surface excitation is due to the photoluminescence spectrufifm @nd @ narrow CdTesS region. Photoexcitation-ad was
consisting of two overlapping components. Of particular rel-"éPresented by filling the array according to an exponentially
evance is the fact that the secondary slow decay observélfcaying carier concentration profile determined using an
using free surface excitation for anneal temperature@PSOrption coefficient of &10*cm™. By assigning a nu-
>450°C is similar to the photoluminescence decay curvénerical range for movement left, right, or not at all within
observed using interface excitation at the same anneal terifl® array, carrier diffusion was modeled using a random
peratures. Figure 4 shows the time integrated photolumineglUmbPer generator to define the motion of each carrier in the
cence spectrum obtained using CdTe free surface excitatiotyStem for every time step. Probabilities were weighted in
for the sample annealed at 450 °C. The peak of the spectruﬁpe dlrect!on to gccount for the effect of the electric field in
is at 1.52 eV. The form of the photoluminescence decay!® depletion region. _ _ o
associated with the free surface excitation was found to ex- 1he extent of the depletion region and the electric field
hibit a distinct spectral dependence. Measurements made Gif€ngth were estimated frggn Poisson’s equation using a car-
the high energy tail of the photoluminescence spectrun}€" concentration of 1jt§cm_ . Inf|n!te SRV was assumed at
showed a single fast decay of130 ps. However, using tr_]e CdTe free_surface while carriers reaching the mterf_ace
lower detection energigs<1.5 eV) saw the emergence of an Side were fed into the narrow CdTesS layer. The recombina-
additional, slower component which became progressivel)tr'on time for carriers in the CdTe'fllm was included using a
more dominant as the detection energy was reduced. FiguMlue of 130 ps(albeit an upper limit i.e., the decay time
6(b) shows the photoluminescence decay curve for a detedl€asured using the free surface excitation geomelry.

tion energy of 1.44 eV where the fast and slow componentd '€ recombination rate in the CdTeS layer was included
can be easily seen. using the decay rate observed from interface excitation

Using time resolved spectroscopy the spectra associatéaeasurenjents. The diffusion coefflc_lemiwas mcorporated
with the two decay components can be identified by definind*S & variable parameter. By varying the position of
“fast” (0—-250 p$ and “slow” (3500—8000 psdetection he “hump” characterizing the _delay associated Wl_th the
windows; the results of the time resolved spectroscopy aréecondary decay could be fitted to the experimental
shown in Fig. 6a). The fast decay component gives rise to a ata. ) '
luminescence spectrum with the same peak position as the A comparison of the results of our model with the ex-
time integrated photoluminescence spectrum. The sloweP€limental datgshown in Fig. 3 was complicated by the

secondary component however, is associated with a mudpfésence of the fast initial photoluminescence decay which
weaker, overlapping feature with a peak energy of 1.48 eymasked the rise of the secondary component. Nevertheless,

This is at the same energy as the peak of the spectrum mellie best fit to the 450 °C annealed sample yielded a value of

sured using interface excitation that has been ascribed prev? ©f 0.20+0.03 cni/s. It was not possiE)Ie to estimaiefor
ously to recombination involving the CgBe,  layer (see anneal temperatures other than 450 °C with any degree of

Fig 2). Not only is the time integrated spectrum using CdTe/f€asonable accuracy.

CdS interface excitation and the slow time resolved spectrum

u_sing free surface excitation the same, but. the form of theN_ SUMMARY AND CONCLUSIONS

time decay curves are also the same, ignoring the fast com-

ponent in the free surface excitation geometry. Thus we pro- Photoluminescence time decay measurements have been
pose that the slowly decaying component with a peak energgarried out on polycrystalline CdTe/CdS solar cells for a
at 1.48 eV observed using the free surface excitation geonrange of postgrowth anneal temperatures. For anneal tem-
etry is due to recombination in the intermixed G@§, _, peratures of 400 °C and below, the decay of the CdTe band
layer. This we believe is due to the combined effects of driftedge photoluminescence, using both CdTe free surface and
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