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Abstract

CdTe thin films have been deposited using spray pyrolysis technique without and with in situ CdCl treatment. Scanning
electron microscopy studies show enhanced grain growth in the presence of CdCl. Glancing angle incidence X-ray diffraction is
used for the micro structural study of poly crystalline CdSyCdTe hetero structure at different depths by changing the incident angle.
Spraying of CdCl on CdS prior to CdTe deposition promotes S diffusion throughout CdTe film and also Te diffusion into CdS.
Whereas spraying of CdCl in between CdTe deposition prevents S diffusion partially and Te diffusion completely. There is an
associated change in the microstress of the CdTe film at different layers. The films without CdCl treatment show compressive
microstress varying from y 9 8 to y158 MPa with increasing incident angle. CdCl spray during CdTe deposition shows
compressive microstress, which varies from y 98 MPa at the interface to y 19 MPa near the surface and CdCl spray prior to
CdTe deposition leads to a mildly tensile stress, from q 4 0 to q 2 0 MPa, which is very close to the standard shear stress of ; 10
MPa for CdTe.

PACS: 81.15.Rs; 81.05.Dz; 68.55.-a; 61.10.-i
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1. Introduction

CdCl treatment is an important activation step for
CdTeyCdS solar cell fabrication w1x. Improvements in
open circuit voltage (Vocsc) and short circuit current ( J )
result due to recrystallization, grain growth w2x and
interdiffusion at the CdSyCdTe interface w3,4x. The
chemical modulation in both the films due to interdif-
fusion has both beneficial and detrimental effects on the
device w5x. And a control on the interdiffusion is needed
in order to take the advantage of the beneficial effects
and to minimize detrimental effects.

Normally, CdCl treatment is an additional process
step for most of the device fabrication techniques and
involves wet treatment followed by annealing at 400
8C. The major disadvantages with this treatment are
non-uniform coating of CdCl and humid process, which

leads to the formation of oxy-chlorides of Te during
annealing on the surface w6x. Paulson et al. demonstrated
that an in-situ CdCl treatment affected the morpholog-
ical, structural and electrical properties of Close Space
Sublimated CdTe films with improvement in the device
properties w7x. For CdTe film deposition by spray pyrol-
ysis the in-situ CdCl treatment can be done easily by
spraying CdCl before, during and after CdTe deposition.
In this paper, we report our studies on the role of in situ
CdCl treatment on spray deposited CdTe films, its
influence on interdiffusion between CdS and CdTe and
microstress variation at different layers of CdTe film
using glancing angle incidence X-ray diffraction
(GIXRD).

The S diffusion into CdTe from CdS leads to a
C d T e S phase with x varying from the interface to
the surface. One can study this variation at different
depths by etching CdTe layer and taking X-ray diffrac-
tion pattern of the film w8x. Instead, if glancing angle
incidence X-ray diffraction is used with varying incident
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Substrate

Fig. 1. Schematic diagram of glancing angle incidence X-ray diffrac-
tion geometry.

angle, the change in chemical modulation inside the
film can be probed without destructing the sample w9-
11x. Conventional X-ray diffraction, however, can only
reveal average structural characteristics such as lattice
parameters for the entire film and the diffraction is only
from the planes parallel to the surface. However in
GIXRD (Fig. 1), the Bragg reflections originate from
the crystals planes inside the sample and not parallel to
its external surface, unlike in conventional Bragg-
Brentano geometry where the incident angle u is fixed
and 2u is rotating on a goniometer circle. If the incident
angle (aIc) is more than the incident critical angle (a)
of the material, the X-ray penetration depth changes
very rapidly. If aIc)a the refracted beam passes into
the film, the diffraction is from the near surface region.
If aI

c4a the refracted beam penetrates through the
sample into the interface layer or substrate w9x. This
critical angle can be calculated for any material by ac s
(2.6= 10~6 p r l ) y 2 where r is the density in kilogram
per cubic metre and l is the wavelength of incident X-
rays in Angstroms and a c ;0 .338 for CdTe.

2. Experimental details

For CdTe spray solution, the solvent is prepared from
a mixture of water and ammonia in the ratio of 4:1.
Cadmium and tellurium are added to this solvent in the
form of cadmium chloride (CdCl2) and tellurium oxide
(TeO2) with a concentration of ; 0 .02 M. For 100 ml
of spray solution 2 -3 ml of hydrazine hydride is used
as a reducing agent to reduce Te ions into Te ions
for reaction with Cd ions on hot substrate 2qw12x.
Solution pH value is adjusted to nearly 11.2 by adding
hydrochloric acid. CdTe films are deposited in a closed
spray chamber. The solution is sprayed for approximate-
ly 40 min with flow rate of ;1 to 1.5 mlymin on
chemical bath deposited CdS substrates kept at 400 8C.
The chemical bath deposited CdS substrates are prepared
from the bath having aqueous solution containing 0.04
M cadmium acetate and 0.05 M thiourea, the deposition
temperature is 75 8C, deposition time is 60 min and the

solution is continuously stirred during deposition. For
in situ CdCl treatment, 0.01 M CdCl dissolved in
methanol is sprayed for 3 min with a flow rate of 5 mly
min (i) on the hot CdS substrates and (ii) after 20 min
of CdTe deposition.

Surface morphology studies are carried out employing
Hitachi S-2300 Scanning electron microscope. Rigaku
RU-200B X-ray diffractometer having CuK radiation
source has been used in fixed u of glancing angle
incidence—2u scan (GIXRD) for depth profiling and
conventional Bragg-Brentano geometry (u-2u scan-
ning) for wide scan. In conventional diffraction geom-
etry the diffraction slit, soller slit and receiving slit
widths are 18, 18 and 0.15 mm, respectively, and the
scanning step is 0.018. For avoiding crystal grains
directional properties specimen rotation attachment has
been used. In the following discussion CdTe film dep-
osition without CdCl spray is referred to as sample A,
CdCl spray after 20 min of CdTe deposition as sample
B and with CdCl spray prior to the CdTe deposition as
sample C.

3. Results and discussion

Scanning electron micrographs in Fig. 2 clearly show
the expected improvement in grain size with the in-situ
CdCl treatment, similar to post deposition treatment.
Thus, the presence of CdCl during CdTe deposition
decreases the intergrain pore size and increases average
grain size. The treatment is very effective when CdCl2

is introduced prior to the CdTe deposition, in which
case the presence of CdCl facilitates the grain growth
in the CdTe film. This is clearly seen in Fig. 2c, which
shows the elongated grains at the surface. The grain
size is much less for as deposited CdTe films (Fig. 2a)
and it increases for in between CdCl spray (Fig. 2b)
due to grain growth by flux action of CdCl.

The X-ray diffraction patterns are shown in Fig. 3a,b
for CdSyCdTe structure which is deposited without
CdCl spray (sample A) and with CdCl spray prior to
CdTe deposition (sample C), respectively. CdTe (111)
plane is taken from 23 to 258, with a step of 0.018 at
glancing incident angles (u) s 1, 2, 4, 7 and 108. The
intensity of (111) peak increases with increase in inci-
dent angle, since the reflected X-ray intensity from the
plane is proportional to the effective volume of the
samples. A relatively intense (111) reflection can be
seen in sample C compared to sample A, which is due
to the oriented growth of CdTe in presence of CdCl. In
sample A there is no observable variation in peak
position for all incident angles, which means that similar
layer structure is present throughout the film. However,
for sample C with increasing incident angles the (111)
peak is shifted to higher 2u-angle side and a satellite
peak at 24.808 is also observed at higher glancing
incident angles. The right shift in main peak of sample
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Fig. 2. SEM micrographs of CdTe sample (a) without CdCl Spray
(b) with in situ CdCl spray inbetween the CdTe deposition and (c)
in situ CdCl spray prior to the CdTe deposition.

C is due to the formation of cubic C d T e S phase
with S diffusion into CdTe in presence of CdCl2 w13x,
and the satellite peak corresponds to hexagonal
C d S T e phase due to Te diffusion into CdS 1yyyw14x. For
sample deposited with CdCl spray in between CdTe
deposition (sample B) the (111) plane position is shifted
towards the lower 2u angle side with increase in glanc-
ing angle incidence and no C d S T e peak is observed.
Since CdCl spray prior to CdTe deposition also restruc-
tures CdS film, it promotes Te diffusion also into CdS.
Full width at half maximum for samples B and C is
lower than that for sample A, which is due to the
increment in crystallite size.

The (111) peak of samples A and C are deconvoluted
into two sub-peaks corresponding to CdTe and
C d T e S , the area under the curve for each material
is used to estimate the relative proportions. The resolved
peaks for samples A and C for glancing angle incidence
us108 are shown in Fig. 4a,b. The relative proportion
of C d T e S phase is plotted in Fig. 5 for samples A,
B and C. It can be observed that the distribution of
C d T e S is nearly uniform in sample C and is decreas-
ing from the interface towards the surface for samples
A and B. The variation in samples A and B is similar
to the observed by Jensen et al for ex situ CdCl treated
electroplated CdTe films w15x. The high proportion and
uniformity of C d T e S phase in sample C means that
the presence of CdCl during CdTe film growth pro-
motes uniform S diffusion. Similar observation is also
reported for electrodeposited CdTe films w16x.

The x value in C d T e S phase is calculated using
Vegards's law for sample C and is found ; 5 . 3 % . This
value is very much consistent with the value calculated
from the change in near band edge photoluminescence
peak position for sample C, which is also due to the S
diffusion w17x. The observed S content is expected to
be limited by the solubility of S in CdTe at the deposition
temperature. It should be noted that Jensen et.al studied
the CdTeS1yxxyCdS device with x s 5 % and found that

23.5 24.0
29 (deg.)

24.5 25.0 23.5 24.0
26 (deg.)

24.5 25.0

Fig. 3. X-ray diffractograms at glancing incidence angles of u s 1, 2, 4, 7 and 108 for CdTe samples (a) without CdCl spray and (b) with in
situ CdCl spray prior to the CdTe deposition. Dotted vertical line is standard CdTe peak position (23.768).
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Fig. 4. Resolved CdTe and C d T e S peaks in X-ray diffractogram
at glancing incidence angle us 108 (a) samples without CdCl spray
and (b) with in situ CdCl spray prior to the CdTe deposition.

the photovoltaic characteristics similar to the conven-
tional CdTeyCdS device w18x. The diffused S also
passivates grain boundaries in CdTe film, which can
cause an improvement in the device performance w19x.

Lattice parameters are derived from the curve fitted
peak positions for samples A, B and C. A large variation
is observed in lattice parameters with different glancing
angle incidence for sample A and B as compared to C.
It clearly shows inhomogenity in microstress in addition
to the chemical modulation in the CdTe sample at
different depths. This intrinsic microstress arises due to
lattice mismatch (Dayas 10.8%), the difference in crys-
tallography and different thermal expansion coefficients
between CdS and CdTe films. The magnitude of in-
plane stress ( s ) is estimated using the formula suggested
for thin films w20,21x. The strain at an angle c with
respect to the surface normal (n) for the (111) plane is

d0

A 3 + Y s i r

where dc is the atomic plane spacing for a particular set

of planes with normal at an angle c with respect to the
surface normal, d0 is the unstrained plane spacing,
sbiax is the biaxial stress and s is the compliance elastic
constant, slu s12 and s values for CdTe are
+ 4.27=10cmy 122ydyn, y1.73=10cm y 122ydyn and
+ 5=10cm y 122ydyn, respectively, w22x. Positive and
negative signs of stress correspond to tensile and com-
pressive stress, respectively. Since the formula is valid
for (111) plane in FCC structure, it is also applicable
for CdTe films having zinc blende structure. It can also
be applied for maximum (111) oriented poly crystalline
film even the film is not perfectly textured, because the
strains are more or less homogeneous in the film w23x.
The value of 3.74181 A [24] for d0 is taken to be the
basic single crystal CdTe (111) plane d-spacing and the
value of l for CuK is 1.540592 A [25]. The calculated
microstress values for samples A, B and C is plotted
against glancing incident angles (Fig. 6). In sample A,
the compressive microstress value varies from y98 to
— 158 MPa with increasing glancing angle. This means
that the decrease of stress from interface to surface. For
sample B, the compressive microstress varies from y
98 MPa at the interface to y19 MPa near the surface.
For sample C, it is a mildly tensile stress varying from
+ 40 to q20 MPa.

CdTe layer in case of sample A is highly stressed
close to the interface with CdS and the value y158
MPa is very much larger compared to the critical shear
value of CdTe (approx. 10 MPa) w26x. The microstress
values in sample A are large enough to generate struc-
tural defects such as intrinsic stacking faults and dislo-
cations into the film during the growth process w27x
which then introduce interface states in the film. The
relieving of the compressive microstress in sample B
and its becoming nearly constant tensile stress in C are
due to the change in strain energy in presence of
CdCl. Polycrystalline films inherently show the non-
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Fig. 5. C d T e S concentration as a function of glancing angle inci-
dence us1, 2, 4, 7 and 108 for CdTe samples (a) without CdCl2

spray, (b) with in situ CdCl spray inbetween the CdTe deposition
and (c) in situ CdCl spray prior to the CdTe deposition.

Fig. 6. Microstress values as a function of glancing angle incidence
us 1, 2, 4, 7 and 108 for CdTe samples (a) without CdCl spray, 2(b)
with in situ CdCl spray inbetween the CdTe deposition and (c) in
situ CdCl spray prior to the CdTe deposition.
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Fig. 7. X-ray diffractograms of the CdTe (511) plane for sample A
without CdCl spray and sample C with in situ CdCl spray prior to
the CdTe deposition.

uniform stress in the film, but the uniform stress values
in sample C show the importance of in situ CdCl2

treatment for CdTeyCdS cell. The reduction of stress in
sample C could be due to the averaged Cd-(TeS1yxx)
bond length which is closer to Cd-S bond length. Bonnet
et al. mentioned that the reduction in dislocations and
stacking fault densities at the junction of CdTeyCdS
structure was observed after the CdCl treatment 2w28x.
It seems that the relieved stress energy is giving principle
contribution to the grain growth and recrystallization
and is also promoting the interdiffusion. The relieved
strain energy may also help in (111) oriented grain
growth in CdCl treated film, whereas film without
CdCl having the high density of imperfections in the
lattice may not have the preferential grain growth w27x.

The above observations are also confirmed from the
conventional Bragg-Brentano diffraction geometry. A
higher angle diffraction peak of CdTe (511) is chosen
for detailed analysis under the same experimental con-
ditions for samples A and C. Generally at higher 2u
angle one can minimize the instrument alignment effects
and the better resolution can be obtained to reveal more
clearly the changes of lattice spacing caused by variation
in micro-stress and interdiffusion. The evolution of
(511) peak for CdSyCdTe structure can be seen in Fig.
7 for samples A and C. The broad peak for sample A
is characteristic of a single-phased material. Broadening
effects could be due to particle size and lattice imper-
fections w27x. The lattice constant variation for different
layers of the film (Fig. 6) supports this line broadening
in diffraction peak. It should be noted that the uniform
strain results in line shifts but no line broadening.
Therefore, the decreased peak width and the movement
of the peak to the right with CdCl spray in sample C
correspond to the reduction and uniformity in in-plane
stress. We can also see the two completely resolved

peaks, the component at lower diffraction angle corre-
sponds to pure CdTe, whereas the one at higher diffrac-
tion angle corresponds to CdTeS1yxx w3x. The line shapes
of the two resolved peaks are similar, this suggests that
the S diffusion into the CdTe film and the distribution
of C d T e S is nearly uniform in the direction perpen-
dicular to the film. If the S diffusion is limited to region
near the CdSyCdTe junction, which is buried under a
pure CdTe layer, we would expect a much lower
intensity of the second peak in the thin film.

4. Conclusions

In situ CdCl treatment is promoting the grain growth,
recrystallization and interdiffusion in CdTe and CdS
films. It allows uniform line-of sight delivery of CdCl2

for uniform reaction in the CdTeyCdS structure, which
also leads to chemically clean surface for back contact
formation. Reduction of CdS film thickness due to S
diffusion will also help to reduce the optical absorption
loss in window layer. For controlled interdiffusion one
can introduce CdCl at various stages of CdTe deposi-
tion. This treatment also relieves residual compressive
stress in CdTe film and creates a nearly standard shear
stress, which can lead to further improvement in the
photovoltaic performance.
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