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Photoluminescence (PL) measurements were used to study the effect of postdeposition treatments
by annealing and CdCl, activation on polycrystalline CdS layer grown by close-spaced sublimation
(CSS) and chemical bath deposition (CBD). CdS films were either annealed in a temperature range
of 200-600 °C or CdCl, treated between 300—550 °C. The development of “red,” “intermediate
orange,” “yellow,” and “green” luminescence bands is discussed in comparison with PL assignments
found in literature. PL spectra from CdS layer grown by CSS are dominated by the yellow band with
transitions at 2.08 and 1.96 eV involving (Cd;-A), (Vs-A) complex states where A represents an
acceptor. Green luminescence bands are observed at 2.429 and 2.393 eV at higher annealing
temperature of 500—600 °C or CdCl, treatment above 450 °C, and these peaks are associated with
zero and a longitudinal optical phonon replica of “free-to-bound” transitions. As grown CBD-CdS
films show a prominent red band with four main peaks located at 1.43, 1.54, 1.65, and 1.77 eV,
believed to be phonon replicas coupled with local vibrational modes. This remains following
postdeposition treatment. The red luminescence is associated with Vg surface states and in the case
of CdCl, treatment with (V4-Clg) centers. Postdeposition treatments of CBD and CdS promote the
evolution of an intermediate orange band at 2.00 eV, most likely a donor-acceptor pair, and a yellow
band at 2.12 eV correlated with (Cd;-V,) centers. The green luminescence bands observed at 2.25
and 2.34 eV are associated with transitions from deep donor states (e.g., Cd,) to the valence band.
These states form due to crystallinity enhancement and lattice conversion during annealing or CdCl,
activation. Observed changes in PL bands provide detailed information about changes in radiative
recombination centers in CdS layer, which are suggested to occur during device processing of
CdTe/CdS thin film solar cells. © 2009 American Institute of Physics. [DOI: 10.1063/1.3074504]

I. INTRODUCTION

Polycrystalline CdS films are used as n-type window
layers in CdTe/CdS thin film heterojunction solar cells. A
range of CdS deposition methods have been used for the
preparation of efficient devices. However, two thin film
preparation techniques dominate in this context: chemical
bath deposition (CBD) and close-spaced sublimation (CSS).
The highest efficiency small area solar cell devices have
been achieved using CdS layers grown by CBD having
record conversion efficiencies of 16.5%." The CSS tech-
nique allows large area deposition of CdS and CdTe films
using high deposition rates. This technology was recently
established for manufacturing of CdTe/CdS thin film solar
modules.*

In the superstrate configuration, CdTe/CdS solar cell de-
vices involve the growth of polycrystalline CdS on transpar-
ent conductive coated glass followed by deposition of the
CdTe absorber onto the CdS window layer. For efficient de-
vice formation, CdTe/CdS layer stacks are annealed under
the influence of an “activation” agent CdCl, prior to back-
contact application. A p-n heterojunction consisting of a
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CdS,_,Te, interfacial layer between CdS and CdTe is formed
during the high temperature CdTe deposition6 and the subse-
quent postdeposition CdCl, heat treatment.” There is evi-
dence that the optoelectronic properties of the CdS layer un-
derneath the CdTe absorber are affected by the CdCl,
annealing8 as well as by indiffusion of Te originating from
CdTe and by ingress of other trace impurities.gf11 Similarly
the diffusion of S into the CdTe alters the optoelectronic
properties of the CdTe layer at the interface. There is evi-
dence that the presence of a CdS,_,Te, interfacial layer re-
sulting from interdiffusion of both S and Te produces more
efficient photovoltic (PV) devices'? and references therein.
In this work we study the changes in CdS layers ob-
served using low temperature photoluminescence (PL) mea-
surements to investigate the optical properties of CSS and
CBD grown layers and subsequently treated by annealing in
nitrogen or CdCl,. PL probes optically active recombination
centers in CdS. Some of these will contribute to losses in
photocurrent of solar cell devices due to optical absorption in
the CdS window layer. PL can also provide information
about impurity and defect centers which act as recombina-
tion centers for charge carriers which also reduces the PV
conversion efficiency. It is known that the CdS material is
highly compensated with comparable densities of shallow
donor and deep acceptor states. Therefore, a portion of car-
riers, photogenerated in the n-CdS window layer, does not

© 2009 American Institute of Physics

Downloaded 24 Oct 2012 to 129.234.252.65. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3074504
http://dx.doi.org/10.1063/1.3074504
http://dx.doi.org/10.1063/1.3074504

064515-2 Abken, Halliday, and Durose

create photocurrent due to radiative and nonradiative recom-
bination. In many cases solar cell device optimization is
done empirically rather than systematically. Typically, this
involves thinning the CdS in order to minimize absorption,13
reducing pin hole, or using CdCl, treatments of small-
grained CdS prior to CdTe deposition.e‘m_16

Several papers have reported on PL studies performed on
CdTe/CdS layer stacks.'” ™! The evolution of PL peaks dur-
ing device processing was correlated with the photovoltaic
performance of devices.'”*" In general, PL peaks originating
from CdTe are observed in the range of 1.3—1.5 eV. PL peaks
related to CdS appear in the range of 1.9-2.2 eV. Further
changes in the PL of CdS are due to the formation of a
CdS,_,Te, interfacial layer by interdiffusion of Te during the
CdCl, treatment. In some cases this can impact the entire
thickness of the CdS layer. This creates broad PL emission
bands in the range of 1.6—1.8 eV.?

This paper focuses on PL measurement performed on
polycrystalline CdS films and discusses the development of
PL features according to deposition technique and postdepo-
sition treatments relevant to CdTe/CdS device processing.
This approach allows an in-depth understanding of the
changes in the optoelectronic properties of the n-type CdS
window layer, and how these changes are likely to occur
during solar cell preparation. This study will support the fu-
ture optimization of CdS films as window layers and will
close the gap between theoretical and experimental conver-
sion efficiencies achieved for CdTe/CdS thin film solar cell
devices.

Il. EXPERIMENTAL
A. CdS film deposition

CdS layers grown by CSS on In,05:SnO,/glass sub-
strates (Merck—Balzers) were provided by ANTEC GmbH.
The substrates were cleaned with Edisonit® and rinsed with
ultrapure water prior to CdS deposition. CdS powder of 7N
purity was used as source material. The substrate tempera-
ture was kept at 410 °C for a deposition time of 15 min; the
CdS evaporation source was held at 715 °C.

Polycrystalline CdS layers were also grown on soda-
lime glass and In,05: SnO,/ glass (Merck—Balzers) substrates
by CBD. The substrates were ultrasonically cleaned in a Mu-
casol® solution and rinsed with water before immersing
them into a CdS deposition bath containing an aqueous so-
lution of 9 X 10 m CdSO,, 4.5X% 107> m (NH,),CS, and
NH;. The bath was held at a temperature of 65 °C for a
deposition time of 45 min.

B. Postdeposition annealing and CdCl, treatment

CdS samples were annealed for 1 h in a nitrogen atmo-
sphere in a temperature range of 400—600 °C for CSS-CdS
and between 200—500 °C for CBD-CdS, respectively. CdCl,
activation treatments were performed by applying a CdCl,
(Aldrich, 99.999%)/methanol solution (1 wt %) onto the
CdS layers and followed by annealing for 1 h in a nitrogen
atmosphere. Shorter annealing times comparable to those
used for CdCl, processing of CdTe/CdS devices will lead to
PL signals low in intensity; in order to achieve sufficient PL
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FIG. 1. PL spectra of CSS-CdS films: (a) as grown, (b) 400 °C, (c) 500 °C,
and (d) 600 °C annealing in N, for 1 h. The inset shows green band for
sample (d).

intensity the annealing time was increased to 1 h. The CdCl,
annealing temperature range was 450—550 °C for CSS-CdS
and 300-500 °C for CBD-CdS.

C. Photoluminescence measurements

The CdS samples were mounted into a closed-cycle he-
lium cryostat, which was held at a temperature of 10 K. PL
emission was excited by illuminating the samples from the
film side using the 472.2 nm line of an argon ion laser pro-
viding an excitation density of between 4—10 mW cm™2 on
the sample surface.

Temperature dependent measurements were carried out
by varying the temperature of the cryostat between 10 and
200 K.

lll. RESULTS AND DISCUSSION

Low temperature PL measurements were performed on
polycrystalline CdS films and recorded in a wavelength
range between 510 and 1030 nm. There is an extensive lit-
erature on the luminescence of CdS. We have adopted a no-
menclature, that is, wherever possible, consistent with the
commonly used description of the different CdS PL emission
bands. PL features appearing in the range of 2.18-2.54 eV,
which is close to the band edge of CdS at 10 K, are called
“green” bands; features appearing between 2.07 and 2.18 eV
are typically referred to as “yellow” bands; the ‘“‘orange”
band is located between 2.00 and 2.07 eV, and luminescence
observed around 1.54-2.00 eV is called the “infrared/red”
band.

A. PL on CdS films grown by CSS

Figure 1 shows the PL spectra from CdS layers grown by
CSS and after annealing the films in the temperature range of
400-600 °C. The inset shows the presence of the green
band emission for a sample annealed at 600 °C in nitrogen.
A broad feature in the yellow luminescence band dominates
the PL spectrum. The yellow luminescence band exhibits a
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FIG. 2. PL spectrum and peak deconvolution for CSS-CdS layer annealed at
400 °C in N, for 1 h.

low energy asymmetry consisting of the superposition of a
main PL peak centered at 2.08 eV and a smaller shoulder
located at 1.96 eV in the red band. These transition energies
were determined by Gaussian deconvolution of the spectra
from a CdS sample annealed at 400 °C (see Fig. 2). The
intensities of these two peaks were strongly dependent on
annealing temperature. The intensity of the 2.08 eV peak
increases with increasing temperature of the heat treatment.
The red shoulder peak at 1.96 eV is only observed for
samples annealed at 400 and 500 °C and vanishes at higher
annealing temperatures of 600 °C. The yellow band be-
comes more prominent if the CdS films are coated with
CdCl, before annealing in a temperature range of
450-550 °C for annealing times of about 1 h. The position
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of the PL peaks observed for CdCl, treated samples is iden-
tical with the transition energy values found for annealed
samples: 2.08 eV for the main feature and 1.96 eV for the
satellite feature, and both peaks were observed for all CdCl,
treated samples. Table I summarizes the PL features found
for CSS-CdS layers as grown, annealed in nitrogen, and after
CdCl, heat treatment.

The radiative transition observed at 2.08 eV is discussed
in the literature as a donor-acceptor pair (DAP).* A donor
level of 0.21 eV below the conduction band is suggested to
be related to a cadmium interstitial Cd; or to a sulfur vacancy
Vs.23 The acceptor level located 0.29-0.30 eV above the va-
lence band™* is believed to originate from an impurity
rather than from a native defect in CdS. Hong et al.*® ob-
serve this transition at 2.09 eV. In contrast, some authors
propose that the PL peak observed at 2.07 eV for Cd-rich
CdS is caused by a “free-to-bound” transition from an un-
known donor level located 0.51 eV below the conduction
band to the valence band.”’** The recombination of a free
hole with an electron from native donor level, Cd; or Vg, 0.11
eV below the conduction band leads to a green emission
observed at 2.48 V.’ In our study the peak intensity of the
band at 2.08 eV increases with annealing temperature or
CdCl, treatment. This observation indicates that the 2.08 eV
peak is more likely to be due to native defects of CdS.

TABLE I. Summary of PL bands found for CSS-CdS, as grown, N, annealed, and CdCl, treated.

N, annealed

CdCl, treated

PL band As grown 400 °C 500 °C 600 °C 450 °C 500 °C 550 °C Origin Reference
Red band:
1.59-2.00 eV 1.59-1.60 eV Not Not Weak  Medium Found for DAP with V4 and [26,30,31]
observed observed all CdCl, impurity level, e.g., Clg;
treated samples;
1.96 eV
(shoulder peak Found for 1.94 eV: E,;,; distant DAP
of 2.08 eV Not Not all CdCl, with Cd; or Vg and
band) observed ~ Weak  Medium observed treated samples; impurity related acceptor; [29]
Orange band:
2.00-2.07 eV Not Not observed Not observed
observed in any sample; in any sample;
Yellow band:
2.07-2.18 eV 2.08 eV Dominant Dominant; Dominant; 2.08 eV: DAP with Cd; or Vg
increases with increases with donor (CB-0.21 eV) and
annealing treatment impurity related acceptor
temperature; temperature; (VB+0.29-0.30 eV); [23-25,29]
2.09 eV: DAP with Cd; or Vg donor; [26]
2.07 eV: alternative donor
(CB-0.51 eV) to VB transition; [27,28]
PL intensity increases
in Cd over-pressure [23]
Green band:
2.18-2.54 eV >2.44 eV Beyond Beyond Beyond 2.536 eV: 11 transition of exciton
detection detection limit; detection limit; bound to neutral acceptor; [32,33]
limit; 2.547 eV: 12 transition of
exciton bound to donor; [32,33]
Not Not
2429 eV observed observed Weak Medium Weak Medium 2.425 eV (4.2 K): eA° or HES; [32-37]
1LO phonon replica;
Not Not AE=0.037 eV (4.2 K) 0.038¢eV (77 K); [32,34,36]
2.393 eV observed observed Weak Medium Weak Medium 2.395 eV (4.2 K): DAP or LES; [33-35,37]
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Krustok® discusses the appearance of a shoulder peak at
the low energy side of the dominating yellow band by con-
sidering the geometric distance between donor and acceptor
in the CdS lattice. Transition energies of 2.08—1.94 eV were
calculated for this transition as the DAP distance increases.
This calculation suggests a large donor-acceptor separation
for the defect associated with the 1.96 eV transition observed
in our films. The difference of 120 meV between main and
shoulder peak might be due to local phonon coupling.

Nevertheless, the contribution of Cd; or Vg states to lu-
minescence in the yellow band seems plausible from our
observations. The intensity of the yellow band was reported
to increase if the partial pressure of cadmium was raised
during heat treatments of CdS single crystals.23 In our case
the increase in PL intensity of the yellow band during an-
nealing of CdS films in a nitrogen atmosphere can be ex-
plained by loss in sulfur in CdS while increasing the concen-
tration of Cd; and Vj states,

1
CdS—>Cd,~+VS+552T. (1)

Annealing under the influence of CdCl, promotes the forma-
tion of Clg states in addition to the increase in the Cd; defect
level concentration,

1
CdS +CdCl, — 2 Cls +2 Cd; + S, 2)

This model accounts for the increased PL intensity observed
for the yellow luminescence of CdCl, treated CdS. Follow-
ing this argument, the interpretation of the yellow lumines-
cence at 2.08 eV with a shoulder peak at 1.96 eV as a donor-
acceptor pair, (Cd;-A) or (Vg-A), seems to be most likely.

A very small but broad feature centered at 1.6 eV in the
red band is observed for CdS films annealed at temperatures
above 500 °C. For CdCl, treated CdS the red luminescence
is observed for all samples after annealing between 450 and
550 °C. It is proposed in the literature that these radiative
transitions involve V3 and defect levels introduced by
impurities;27‘30’3] for CdCl, treated samples the involvement
of Clg states’ seems to be most likely. However, the origin
of red luminescence features in single crystals and well crys-
tallized CdS layer is not fully understood.

Many papers describe the green luminescence for CdS
single cryst::1ls,32_35 and several authors observe the green
band for polycrystalline CdS films.***" In our study, we do
not observe luminescence in the green band for as grown
CSS-CdS films. A feature develops in this region only after
higher temperature nitrogen (600 °C) or CdCl, treatment at
450 °C and higher and has a weak signal. The postdeposi-
tion heat treatment time of 1 h and high annealing tempera-
tures compared to the short deposition time of 15 min during
the CSS deposition process promote healing of structural de-
fects and strain reduction in the CdS layer; overall, the crys-
tallinity of the film improves, and this promotes green lumi-
nescence. CdCl, added to the CdS film before annealing acts
as a fluxing agent and enhances recrystallization of CdS
grains at low annealing temperatures.m’15

J. Appl. Phys. 105, 064515 (2009)

The green band described in the literature for CdS single
crystals is divided into a series of equally spaced lines. Lines
related to excitons bound to neutral acceptors (“I1”°) or do-
nors (“I2”) are found to appear at 2.536 and 2.547 eV at 4.2
K.*** These lines are beyond the detection limit of 510 nm
for the PL setup used in our study. At lower energies but still
close to the “I” lines two additional series of PL peaks are
observed for CdS crystals.32*34 The so-called “high emission
series (HES)” is believed to arise from recombination of free
electrons with holes bound to acceptors (free to bound or
eA°) and is located typically at 2.425 eV (4.2 K). A “low
emission series (LES)” originating from the recombination
of electrons bound to donors with holes bound to acceptors
(“bound to bound” or DAP) is centered at 2.395 eV (4.2
K).*>37 This feature is described for CdS single crystals
and polycrystalline films.*

In our case, a small peak centered at 2.429 eV (10 K) is
observed developing in the green band after N, annealing at
temperatures of 500—600 °C and after CdCl, treatment be-
tween 450 and 550 °C. The inset in Fig. 1 shows the green
luminescence band for a sample N, annealed at 600 °C. This
feature can be identified as a zero-phonon line of a free-to-
bound transition. A second peak located at 2.393 eV might
suggest a bound-to-bound transition. The low energy peak
shows a lower intensity than the high energy peak, which
indicates that the low energy peak is a longitudinal optical
(ILO) phonon replica of the higher energy peak. The energy
difference of AE 0.037 eV (10 K) between both peaks is in
good agreement with values reported in the literature [AE
=0.037 eV (4.2 K) for CdS single crystals].**** We do not
observe any more that one phonon replica within the green
band presumably due to the polycrystalline nature of CSS-
CdS films. Furthermore, the low intensity of transitions
makes a reliable identification of distinct lines correlated
with the green luminescence band difficult. However, both
N, annealing and CdCl, treatment promote the development
of the green luminescence band in a similar way.

For evaporated CdS films Bleha and Peacockdiscuss a
PL peak of the green luminescence at 2.410 eV (77 K) as
being the 1LO phonon replica with AE=0.038 V. Compari-
son of the green luminescence with measurements performed
on CdS single crystals shows peak quenching and broaden-
ing for polycrystalline material, which was associated with
the random orientation of grains and higher defect and im-
purity densities.*® This is consistent with our measurements.

B. PL of CdS films grown by CBD

CBD allows the growth of small grained CdS films at
low temperatures, typically between 60 and 85 °C. PL mea-
surements reveal the dominance of a red band for CBD-CdS
films grown on glass or In,O5:Sn0,/glass substrates (Fig.
3). Table II summarizes the PL features found for CBD-CdS
layers as grown, nitrogen annealed, and CdCl, treated. The
red luminescence is still observed in PL spectra obtained for
CdS films after heat treatment (Fig. 4) or CdCl, activation
(Fig. 5). This band decreases in intensity with increasing
annealing temperature. The red PL feature becomes less
dominant after annealing CdS films at 500 °C, and this was
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TABLE II. Summary of PL bands found for CBD-CdS deposited on glassI and 111203:Sn02/glass:2 as grown, N, annealed, and CdCl, treated.

PL band As grown N, annealed CdCl, treated Origin Reference
200 °C 300 °C 400 °C 500 °C 300 °C 400 °C 450 °C 500 °C
Infrared band:
<1.59 eV . .
obsgsz 40 Not observed in any sample; Not observed in any sample; 1:20-124 €V: Veq to VB; [27,46]
Weak?* Not observed® Not Not Weak?® Weak® Not observed”
134 eV  Medium*® Medium® Medium® observed™®  observed™®  Medium® Medium®® Medium® Medium®
. ab Dominant; decreasing with increasing Not Dominant; minor decreisc? with 1.ncrea.smg ab
1.43 ¢V Dominant™ . ab ab treatment temperature”; increasing with Strong™
annealing temperature observed™ . . b
increasing treatment temperature
Red band: 1.54 eV . . iy .
1.59-2.00 eV . .b  Dominant; decreasing with increasing Medium® Dominant; minor deCI‘eilSB. with inereasing ab 1.67-1.80 eV:
Dominant™ annealing temperature™ Weak® treatment temperature”; increasing with Strong™ ” tate to VB: [30.31.3841]
J P increasing treatment temperatureb s'u ace state to V5, mo
1.65 eV involvement of Vg; [43,44,46]
1.77 eV Dominant™® o 1.69-1.72 eV: [Vs-Clg]; [30,31]
. a . ab Medium . ab ab . ab
1.87 eV Medium Medium™ Weak® Medium™ Weak™ Medium™
’ Weak® 1.83 eV: Vg to VB; [46]
Orange band:
2.00-2.07eV  2.00 eV Not Not Increases with annealing ~ Dominant® Not Not observed® Medium™® DAP; not described in literature;
observed™®  observed™® temperature™® Medium®  observed™® Medium®
Yellow band:
2.07-2.18eV 212 eV Medium® 2.11 eV: Cd; involved, e.g.,
Not Not Medium®* Medium™ Not Not observed® Medium®* (Cd;-V¢q) formed during cubic [39,43,44,47]
observed™” observed® Strongb observed™® Medium® Not observed” to hexagonal transformation [41,42]
) and S re-evaporation;
Green band:
2.18-2.54eV  225eV Not Not observed*® Strong" Not Not Not observed® Not observed™® Medium® 2.2 €V: donor (Cd,) to VB; [39,43]
observed™® Dominant®  observed®  observed® Medium"® Weak”
Weak”
Not Shift from 2.25 to 2.34 eV due [41,43]
Not Strong" Not observed" Dominant® to band gap shift in CdS during
234 eV observed™’ Not observed*® Dominant” observed™® Medium® Medium® cubic to hexagonal transformation;

“Reference 1.
PReference 2.
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FIG. 3. PL spectrum and peak deconvolution for CBD-CdS layer as grown
on In,05:Sn0,/glass.

found independent of the substrate used for CdS deposition.
For CdCl, activated samples the red band decreases less in
its intensity with increasing treatment temperature than ob-
served for annealed samples, but this was found only if glass
substrates were used. In contrast, the intensity of the red
luminescence increases with temperature for CdCl, treated
CBD-CdS layer grown on In,O5:SnO,/glass (Fig. 5). In
general, as grown CBD-CdS films deposited on glass and
In,053:Sn0,/glass substrates show a distinct substructure of
the red luminescence band, as shown in Fig. 3, for an as
grown CBD-CdS film on In,O5:Sn0,/glass. Peak deconvo-
lution and fitting the PL features with Gaussian curves reveal
the existence of four main peaks centered at 1.43, 1.54, 1.65,
and 1.77 eV, respectively. Adding less intense peaks at the
low (1.34 eV) and high (1.87 eV) energy sides of the feature
improves the fit. Heat treatment and CdCl, activation do not
shift the peak positions significantly. The four main peaks of
the red luminescence band show a constant energy separation
of 100-110 meV, which is consistent with local phonon be-
havior. However, the energy separation is much higher than
the energy of the LO (0.0377 eV), transversal optical (0.034
eV), and transversal acoustical (0.0206 eV) phonons in
CdS.* In our case we assume a coupling with local vibra-
tional modes will account for the observed energy difference.

Red luminescence in polycrystalline and amorphous CdS
films is described in the literature for layers grown by rf
sputtering,38 evaporation,”’40 or CBD.*!™# Depending on the
growth method and CdS grain size the red luminescence is
found centered at 1.67,44 1.7,31’39’40 1.72,30’44 1.77,38 and 1.8
eV. % It is believed that the red luminescence is caused by

sa03
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PL intensity / arab, units

emergy / eV

FIG. 4. PL spectra of CBD-CdS films grown on In,O3:Sn0O,/glass with
annealing at (a) 200, (b) 300, (c) 400, and (d) 500 °C in N, for 1 h.
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FIG. 5. PL spectra of CBD-CdS films grown on In,05:Sn0O,/glass with
CdCl, annealing at (a) 300, (b) 400, (c) 450, and (d) 500 °C in N, for 1 h.

transitions of electrons trapped in surface states to the va-
lence band,39’40 and this effect is therefore correlated with the
accumulation of crystallographic defects in CdS layers
grown at low deposition temperatures. Annealing of small-
grained CdS films increases grain size, decreases the number
of grain boundaries, heals lattice defects, and reduces strain
in the layer.38’39 As a result of the reduction in surface sites,
a decrease in the red-band PL intensity is observed as recom-
bination via these states becomes less significant. In general,
the red emission band is associated with the involvement of
sulfur vacancies in radiative recombination.*"** Vigil et al.*®
describe luminescence observed at 1.83 eV with transitions
from V3' states to the valence band.

CdCl, has a significant effect on recrystallization of
CBD-CdS grains and acts as a fluxing agent at low tempera-
tures; we thus expected to see a reduction in the red lumi-
nescence with CdCl, treatment. We observed a smaller de-
crease in intensity of the red band than expected for this
effect for CBD-CdS films grown on glass and an increase in
red luminescence for CBD-CdS  deposited on
In,05:Sn0,/glass (Fig. 5). This suggests the formation of
impurity related defect states® ™! leading to an increase in
radiative recombination. Shiraki e al.*' discuss the appear-
ance of red luminescence peak centered at 1.7 eV (4.2 K)
with the formation of self-activated centers. These centers
are based on a cadmium vacancy and a neighboring Clg state.
If this is the case we expect that the ratio of surface defect
density to self-activated (V4-Clg) states determines the ab-
solute values for the observed red PL intensity for CdCl,
treated CdS films as CdCl, treatment is likely to introduce
significant amounts of Cl into CdS films.

Some authors report the appearance of an infrared lumi-
nescence peak at 1.20%7 and 1.24 eV.* In our study, no evi-
dence for the appearance of these PL bands was found.

Annealing CBD-CdS films at temperatures of 300 °C
and higher or treating them with CdCl, at 400 °C and above
promotes the development of an intermediate orange band
centered at 2.00 eV, and this feature is typically accompanied
by a yellow PL peak located at 2.12 eV (Figs. 6 and 7, Table
I). The evolution of the orange and yellow luminescences is
observed for CdS films grown on both glass and
In,05:Sn0,/glass substrates, but these features are typically
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FIG. 6. PL spectrum and peak deconvolution for CBD-CdS layer grown on
In,05:Sn0,/ glass with CdCl, treatment at 450 °C in N, for 1 h.

less pronounced for layers grown on glass. The intensity of
both orange and yellow bands increases with annealing in a
temperature range of 300—400 °C. At high treatment tem-
peratures of 500 °C the intensity of the orange and yellow
bands decreases in favor of the appearance of two green
luminescence bands centered at 2.25 and 2.34 eV, which is
observed for CBD-CdS/In,05:Sn0,/glass samples exclu-
sively. The PL spectra of CBD-CdS/glass structures annealed
between 400 and 500 °C were redominated by the interme-
diate orange band at 2.00 eV accompanied by the yellow PL
peak at 2.12 eV (Fig. 7). Low intensity features in the green
luminescence band appear due to annealing at 400 °C lo-
cated at 2.25 eV. Heat treatment at 500 °C promotes the
appearance of a PL peak at 2.34 eV. In PL spectra of CdCl,
treated CBD-CdS films grown on In,05:Sn0O,/glass the in-
termediate orange band at 2.00 eV and the yellow band at
2.12 eV are observed after CdCl, treatment of the films in a
temperature range of 400-500 °C. However, the intensities
are lower than those observed for the green luminescence
bands located at 2.25 and 2.34 eV. Yellow and orange lumi-
nescences appear for CdCl, treated CBD-CdS samples
grown on glass at a treatment temperature of 500 °C exclu-
sively. However, orange and yellow PL features are observed
along with the red and the green bands, and this was found
independent of the substrate used for film deposition. In gen-
eral CdCl, treatment seems to suppress the development of
orange and yellow luminescences depending on the substrate
used.

Some authors associate the yellow luminescence peak
observed at 2.11 eV,43’47 those between 2.04-2.11 eV,44 and
the green band at 2.20 eV with the formation of deep donor
levels formed by Cd; states.*”* CdS layer grown by CBD
typically appears amorphous in a metastable cubic crystal
structure’’ and in a mixed cubic and hexagonal structure*®
depending on processing parameters. These films transform

PL intensity / arab, units
EEEEEE

125 150 L5 200 25
aagy/eV

FIG. 7. PL spectrum and peak deconvolution for CBD-CdS layer grown on
glass with annealing at 500 °C in N, for 1 h.

J. Appl. Phys. 105, 064515 (2009)

18 20 22 14
emergy ! eV

FIG. 8. Temperature dependent PL spectra of CBD-CdS layer grown on
In,05:Sn0,/glass with CdCl, treatment at 450 °C in N, for 1 h.

due to annealing in a temperature range of 240—-300 °C into
a stable hexagonal structure of CdS.*"*® Phase transforma-
tion is accompanied by rearrangement of native defects as
well as by formation of defect complexes such as
(Cd;-Vey).*" Then, transitions from Cd; donor levels to Vgy
acceptor levels are assumed to be the origin of yellow lumi-
nescence bands in annealed CdS films.*"** As a result of the
loss in sulfur, additional Cd; and V4 defect levels are formed
during annealing; CdCl, processing leads to sulfur re-
evaporation and introduces Clg and Cd; states in CdS. Thus,
development of the yellow luminescence band is correlated
with both effects: phase transformation and sulfur deficiency
caused by heat treatment or CdCl, activation. Nevertheless,
the chemical nature of defect states leading to the intermedi-
ate orange peak centered at 2.00 eV is unknown. The inten-
sity of the intermediate orange luminescence band shows
strong PL measurement temperature dependence; the PL in-
tensity decreases with increasing temperature used for mea-
surement until peak quenching occurs at temperatures above
150 K (Fig. 8). An activation energy of 129 meV was deter-
mined using an Arrhenius plot. The center of the peak shifts
with temperature of the PL measurement with the same de-
pendence observed for the band gap shift in CdS.* Overall,
this behavior indicates that the intermediate orange band is
presumably caused by a donor-acceptor recombination.

As mentioned above, N, annealing at temperatures of
400 °C and above on both types of substrate used in this
study results in the development of intermediate orange (2.00
eV) and yellow (2.12 eV) bands and the evolution of a green
band centered at 2.25 ¢V in CBD-CdS films (Figs. 4 and 5,
Table II). Annealing at higher temperatures of 500 °C can
lead to the appearance of a second green luminescence band
located at 2.34 eV. For CBD-CdS films grown on glass the
PL feature observed at 2.25 eV vanishes in favor of the de-
velopment of the 2.34 eV peak (Fig. 7). In contrast, CdS
films grown on In,05:Sn0,/glass allow the coexistence of
both green bands.

CdCl, treatment at 400 °C promotes the development of
green luminescence at 2.25 eV, and this is observed for CdS
layers grown on In,O3:SnO,/glass. The appearance of the
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second green luminescence peak centered at 2.34 eV requires
CdCl, treatments at 450 °C and above. The feature at 2.25
eV decreases in PL intensity with increasing treatment tem-
perature with the band at 2.34 eV dominating the PL spec-
trum (Figs. 5 and 7). Using glass as substrate, high CdCl,
treatment temperatures of 500 °C are necessary in order to
promote both green luminescence bands.

However, for both substrates, glass and
In,05:Sn0,/glass used for CBD-CdS deposition, the red lu-
minescence band remains the most prominent feature up to
CdCl, activation temperatures of 450 °C. The coexistence of
the red band with the intermediate orange at 2.00 eV, the
yellow PL band at 2.12 eV, and the green band at 2.34 eV
was observed for CdS layer grown on In,05:Sn0O,/glass af-
ter CdCl, treatment in a temperature range of 450-500 °C
(Figs. 5 and 6).

Several studies report about the appearance of a PL fea-
ture located at 2.25 eV for CdS films grown by CBD** and
by sputtering,38 respectively. Agata et al.*® find this band
centered around 2.2 eV for evaporated CdS films. It is be-
lieved that this luminescence band is caused by a transition
from a donor level (e.g., Cd,) to the valence band.”>* As
mentioned above, CdS films convert during heat treatment
from a cubic into a hexagonal lattice structure. The lattice
conversion is accompanied by rearrangement of donor and
acceptor states as well as by an increase in CdS band gap
provided these films are annealed at temperatures above
300 °C.*! In this case, the increase in CdS band gap leads to
a shift in the green luminescence peak from 2.25 toward 2.34
eV when raising the annealing temperature from 400 up to
500 °C. The same effect is observed for CdCl, treated CdS
layers deposited on In,O5:Sn0O,/glass substrates. Neverthe-
less, CdCl, treatment at high annealing temperatures seems
to suppress lattice conversion of CdS grown directly on glass
and presumably allows the coexistence of both lattice types,
which is indicated by the appearance of both green lumines-
cence bands, one feature centered at 2.25 eV and one peak
found at 2.34 eV. In general, the intensity of green lumines-
cence bands exhibits a strong dependence on the PL mea-
surement temperature. Peak quenching was observed at tem-
peratures of 150 K and above (Fig. 8) and an activation
energy of 210 meV was determined for the second green
band. The shift toward higher energies at higher PL. measure-
ment temperatures corroborates the assumption that the
green luminescence is explained by a free-to-bound transi-
tion; there was no evidence for phonon replicas. We assume
that this feature is caused by a defect level introduced by an
impurity. However, the chemical nature of the impurity re-
lated defect state is unknown, but CBD is known to intro-
duce non-negligible amounts of impurities into the films,”""
which are likely to form recombination centers in CdS.

IV. CONCLUSION

CdS films grown by CSS and CBD exhibit differences in
their optoelectronic properties during film growth and during
postdeposition treatments such as annealing and CdCl, acti-
vation. These changes in material properties of CdS are sug-
gested to have a non-negligible impact on the performance of

J. Appl. Phys. 105, 064515 (2009)

CdTe thin solar cell devices. Low temperature PL measure-
ments provide a powerful tool for detecting defect states in
CdS films provided these defect levels are involved in radia-
tive recombination. However, interpretation of observed PL
spectra may not be straightforward in every case, but the
approach adopted in this work provides important informa-
tion about recombination centers and their changes due to
processing in polycrystalline CdS.

PL spectra of CdS films grown by CSS are dominated by
a yellow band, a superposition of a main luminescence peak
centered at 2.08 eV, and a red shoulder peak located at 1.96
eV. Donor-acceptor pairs, (Cd;-A) and (Vg-A), are suggested
to be responsible for these transitions. CSS-CdS films be-
come sulfur deficient during annealing in N, and CdCl, ac-
tivation, which increases the Cd; and V, defect density lead-
ing to an increase in PL intensity of the yellow luminescence.
Green luminescence bands associated with zero phonon and
ILO replicas of free-to-bound (eA°) transitions located at
2.429 and 2.393 eV develop after annealing CSS-CdS films
with or without CdCl, at high temperatures.

PL spectra of CdS layers grown by CBD are dominated
by a broad red luminescence band, a zero-phonon transition
with phonon replicas resulting from local vibrational modes.
Transitions of the red band are observed on films as grown,
after N, annealing, or CdCl, treatment and involve surface
states or in the case of CdCl, treatment self-activated
(Veg-Clg) centers. High temperature postdeposition treatment
of CBD-CdS films grown on In,05:Sn0,/glass, N, anneal-
ing at temperatures higher than 300 °C, or CdCl, treatment
at temperatures of 400 °C and above all promote the devel-
opment of an intermediate orange band located at 2.00 eV, a
yellow band at 2.12 eV, and two green bands centered at 2.25
and 2.34 eV. These bands appear in CBD-CdS layers grown
directly on glass in the same temperature range used for N,
annealing while CdCl, treatment inhibits the development of
these features up to annealing temperatures of 500 °C. The
intermediate orange PL feature centered at 2.00 eV indicates
a donor-acceptor recombination and the yellow band ob-
served at 2.12 eV is correlated with (Cd;-Vy) complexes.
Deep donor Cd; state density increases due to sulfur defi-
ciency of CdS after N, annealing or CdCl, activation and
due to phase transformation of CBD-CdS from cubic to hex-
agonal during annealing at temperatures above 300 °C.
Green luminescence bands centered at 2.25 and 2.34 eV are
suggested to be transitions from donor levels (e.g., Cd;
states) to the valence band. An increase in band gap due to
lattice conversion from cubic to hexagonal may account for
the observed shift in the green PL peak toward higher ener-
gies. A significant annealing temperature difference for de-
veloping PL features of the yellow, orange, and green lumi-
nescences is indicated between CBD-CdS layers grown on
In,05:Sn0,/glass and glass substrates; the impact of the
substrate used for CBD-CdS film growth becomes more evi-
dent during CdCl, treatment.

Overall, this work contributes substantially to our
knowledge on the optoelectronic properties of CdS films
grown by techniques, which are successfully used for prepa-
ration and manufacturing of high efficiency CdTe/CdS solar
cell devices. Special emphasis was focused on changes in the
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defect structure of CdS, which are likely to occur during
postdeposition treatments such as annealing and CdCl, acti-
vation. The increase in n-type doping of polycrystalline CdS
films and resolving the problem of collection losses in CdS
are key objectives of engineering CdS window layers form-
ing a heterojunction with the p-CdTe absorber. These issues
are of significant importance for the optimization of CdTe
thin film solar cells providing improved long-term perfor-
mance.
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