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Abstract — Thin film CdTe was deposited by pulsed dc
magnetron sputtering. Magnetron sputtering offers significant
advantages for the deposition of thin film photovoltaic
including low deposition temperatures and excellent coating
uniformity. However the films are susceptible to stress due to
the relatively high deposition energy. In this study, deposition
temperature and argon gas flows have been used to minimize
stress in the deposited films. TEM imaging was used to
investigate the crystalline structure of the deposited films and
XRD was used to measure strain. XRD analysis showed that
stress can be minimized by depositing the CdTe thin film at
temperatures of approximately 200°C using relatively high
argon gas flows of 60 sccm. Moreover, this increase in
substrate temperature has the further advantage of promoting
larger grain sizes up to 500nm in the deposited films.

Index Terms — CdTe, stress, thin film, XRD.

l. INTRODUCTION

Thin film CdTe solar cell technology is an important
source of high volume solar modules. Significant
developments have been made recently in the performance
of thin film CdTe. First Solar Inc. has reported a new
record cell conversion efficiency of 21.5% and module
efficiencies of 17% [1], [2]. Thin film CdTe solar cells
have the advantages of low manufacturing costs and high
energy yields. The method used to deposit CdTe in current
manufacturing is Vapour Transport Deposition (VTD).
However, there are many other techniques used to deposit
CdTe including electro-deposition, evaporation, close space
sublimation and magnetron sputtering [3]-[5]. The
advantages of magnetron sputtering include thin film
uniformity, thin film density and the use of relatively low
substrate temperatures. In magnetron sputtering using
radio-frequency power supplies, thin films of CdTe are
usually deposited at substrate temperatures of ~250°C [6]-
[8]. The thin films deposited by pulsed dc magnetron
sputtering are susceptible to higher stress due to the
relatively high energy of deposition. Substrate temperature
and the working gas deposition pressure are important tools
used to control stress. The stress can be source of void
formation in the film and can lead to damage of the
CdS/CdTe interface during the CdCl, recrystallization step.

1. EXPERIMENTAL DETAILS

Thin films of CdTe have been deposited by pulsed dc
magnetron sputtering on NSG-Pilkington TEC10 glass. The
glass substrates were first cleaned in 10% IPA solution in
DI water in an ultrasonic bath. This was followed by a rinse
in DI water and drying. The substrates were then further
cleaned and activated using a vacuum plasma treatment
(500W, Ar/N, ambient for 5min). CdS and CdTe thin films
were then sputtered on the plasma-activated TEC10 glass

by pulsed DC magnetron sputtering in a “PV Solar”
deposition system supplied by Power Vision Ltd., (Crewe,
UK). The system is equipped with up to four 150mm
circular magnetrons mounted vertically around a cylindrical
chamber, one of the magnetrons can be replaced with
plasma source. The substrates are mounted on a vertical
carrier which rotates to provide coating uniformity. The
CdS/CdTe thin films were sputtered using a pulsed DC
power supply (Advanced Energy Inc. Pinnacle plus 5kW)
in an argon environment. The deposition temperature and
Argon gas flow were controlled during the thin film CdTe
deposition to investigate stress formation in the as-
deposited layers.

Post annealing was also investigated as a way of reducing
the stress. The films were annealed using a hot plate in air
at temperatures between 300°C and 400°C.

The deposited films were characterized by transmission
electron microscopy (TEM), X-ray Diffraction (XRD) and
by using a UV-Vis spectrophotometer. TEM of device
cross-sections provided information about the grain size
and crystalline structure of the deposited films. XRD was
used to assess strain and stress. The stress can affect the
band gap and thus the transmission edge. The
spectrophotometer was used to monitor the transmission
edge of the deposited films.

The XRD data was collected using a Bruker D2
PHASER. The X-ray source is Cu Ka with a wavelength of
1.5406A and was set at 30kV and 10mA. The scanning
mode was continuous PSD fast with a scanning range of
20° ~ 90° (20). The matched scanning step size was 0.02°
and the speed was 0.1s/step. In addition, the 23.2° ~ 24.2°
(26) range was further scanned during the XRD experiment
to collect more detailed data for the (111) peak analysis
with a 0.01° step size and 1s/step speed.

The location of the (111) peak in the XRD spectra was
monitored and used to assess the stress within the film. The
bulk stress free material has the (111) peak located at
20=23.758°. The strain and stress in the film can be
calculated by monitoring the shift of the peak in the XRD
spectra [9]. The lattice constant d has been calculated using:

nA = 2dsin® 1)

Strain can be calculated by comparing the bulk dq spacing

with measured values d:
e @)
TEM samples of the deposited films were prepared by
Focused lon Beam (FIB) milling using a dual beam FEI
Nova 600 Nanolab. A standard in situ lift out method was
used to prepare cross-sectional samples through the coating
into the glass substrate. A platinum over-layer was
deposited to define the surface of the samples and
homogenize the final thinning of the samples. TEM Images
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were obtained using a Jeol JEM 2000FX operating at 200
kV. High resolution TEM was carried out using a FEI
Tecnai F20.

The transmission of the deposited CdTe films was
measured using a Varian 5000 UV-Vis spectrophotometer.
The data was collected for wavelengths between 200nm
and 1400nm. Bulk CdTe has a band gap of 1.45eV which
corresponds to an 855nm absorption edge. The absorption
edge can be affected by a number of factors including film
stoichiometry, grain size and stress. The transmission data
has been used to calculate the band gap using the Tauc plot
method [10].

I1l. RESULTS

Two sets of CdTe thin films samples were deposited, one
to investigate the influence of the substrate temperature and
one to investigate the influence of the Ar gas flows on the
stress formation in the as deposited films. The Ar gas flow
was varied in the range between 20 sccm and 100 sccm
while the temperature was maintained constant at 250°C.
For the second set of samples, deposited for the
investigation of the effect of substrate temperature, the Ar
gas flow was fixed at 50sccm and the substrate temperature
was varied between ambient temperatures to 400°C. Fig. 1
shows an XRD spectrum (20=20°-90°) measured for the
magnetron sputtered CdTe thin film. The films showed
cubic phase with a (111) preferred orientation.
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Fig. 1 XRD spectrum of an as-deposited CdTe thin film.

a. Argasflow

The effect of Ar gas flow was investigated in the range
from 20 sccm to 100sccm during depositions to evaluate the
influence of the process pressure on the properties of the
deposited films.

The static deposition rate of CdTe thin films was
calculated from step height measurements which were
obtained using a stylus profilometer. Fig. 2 shows the
measured deposition rate; the deposition rate decreased
with the increase of the gas flow used. A deposition rate of
2.4nm/s was measured for the film deposited at 20sccm of
Ar and ~1.7nm/s deposition rate was measured for films
deposited at 70 and 100 sccm Ar gas flow.
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Fig. 2 Static deposition rate measured for CdTe thin films
deposited at different Ar flow rate.

The TEM images of cross sections, prepared using FIB
etching, were used to observe change in the film crystalline
structure in response to the Ar gas flow change. Fig. 3
shows the TEM images obtained for films deposited using
gas flows of 50sccm. The films have a distinct columnar
grain structure. The grains extend through the entire
thickness of the film with a grain diameter of ~ 100nm. The
parallel line features correspond to high densities of
stacking faults in the as-deposited material.

Fig. 3 TEM cross-section of CdTe films deposited using 50
sccm Ar gas flow rate.

Fig. 4 shows the TEM images obtained for films
deposited at 20, 50, 70 and 100sccm Ar gas flows without
substrate heating. The films deposited at low argon flow
rates showed a crystalline structure consisting of small
crystallites. The films deposited at higher argon flows show
material with a more distinct columnar grain structure. At
the higher process pressures, the grains extend through the
entire thickness of the film with a grain diameter of ~
100nm.



20sccm

increasing Ar working gas flow rates (20-100sccm) without
substrate heating.

XRD measurements were used to observe the shift of the
peak since this can be used to calculate strain in the film.
The peak position for stress free bulk material is marked for
reference. Fig. 4 Shows the XRD data measured for thin
films deposited at different Ar gas flows. The peak shift
towards lower diffraction angles indicates compressive
stress formation in the deposited film.
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Fig. 6 Strain measured for CdTe thin films deposited at
different argon flow rates. A clear minimum occurs at 60
sccm.

Fig. 6 shows the Tauc plot analysis of the CdTe films
deposited at different Ar gas flow rates.
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Fig. 5 XRD spectra showing (111) peak location measured for
films deposited at different Ar gas flow.

The XRD data was used to calculate the d spacing and
strain. The results of the calculations are summarized in

Table 1.

Table 1 Strain of the CdTe thin films deposited at various
argon flow rates.

Ar [sccm] | 20 30 50 60 70 100
I(“l). 23684 |23.692 |23.732 |23.745 |23.732 |23.667
ocation

Strain 3.09e-3 | 1.06e-3 | 1.06e-3 | 5.456-4 | 1.06e-3 | 3.77e-3

Fig. 3 shows how the strain changed as the Ar gas flow
increased during the film deposition. The strain was lowest
at 60 sccm Ar gas flow.
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Fig. 7 Tauc plot, derived from transmission measurements for
thin films deposited at different gas flows.

The band gaps calculated for thin CdTe thin films
deposited at various Ar gas flow rates are plotted in Fig. 6.
The analysis shows that the bandgap of the deposited films
decreased as the Ar gas flow increased. In the range of
conditions investigated the films deposited at 20 sccm
resulted in the highest band gap of 1.425 eV.
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Fig. 8 The band gap of the deposited CdTe thin films as a
function of the gas flow used during deposition.
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b. Deposition temperature

The influence of the substrate temperature on the films
was investigated by depositing a range of films at the
substrate temperatures between ambient and 400°C. The Ar
gas flow was fixed at 50sccm during these experiments.

The static deposition rate of CdTe thin films deposited at
different temperatures was calculated from step height
measurements taken using stylus profilometer. Fig. 8 shows
the measured deposition rate as function of the substrate
temperature; the deposition rate decreased as the substrate
temperature increased. Without additional substrate heating
a deposition rate of 2.8nm/s was measured; the deposition
rate reduced to 1.6nm/s when the substrate temperature was
increased to 400°C.
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Fig. 9 Static deposition rate measured for films deposited at
different substrate temperature. The data point marked at
50°C was deposited without substrate heating.

The TEM images of cross sections of CdTe thin films
deposited at 300°C and 400°C are shown in Fig. 9. The
crystalline structure of the films showed increased grain
size. A grain size up to 300nm was measured in the TEM
cross-sections of the thin films deposited at 300°C and up to
500nm for the thin films deposited at 400°C.

XRD measurements were used to observe the shift of the
peak to calculate the strain in the film. The peak position
for stress free material is marked for reference. Fig. 10
shows the XRD data measured for thin films deposited at
different substrate temperatures. For the film deposited
without substrate heating the (111) peak was shifted
towards lower diffraction angles indicating compressive
stress in the as deposited films. The (111) peak shifted
closer to the bulk material values for substrate temperatures
between 200°C and 300°C. For the film deposited at 400°C
the peak shifted towards the lower angles.

The XRD data was used to calculate the d spacing and
strain in the deposited CdTe thin films. The results of the
calculations are summarized in Table 2.

Table 2 The d spacing of the CdTe thin films deposited at
various substrate temperatures.

Temp. |ambient | 100°C |200°cCc [250°C [ 300°C | 400°C
(111)

Iocation | 23704 | 23708 | 237652 |23.732 (23732 | 23716
Strain | 2.24e-3 | 2.08¢-3 | 2.99e-4 |1.06e-3 |1.06e-3 |1.74e-3

Fig. 10 TEM images of cross-section of CdTe films deposited
at 300°C and 400°C.
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Fig. 11 XRD spectra showing the (111) peak location
measured for thin films deposited at different temperatures.
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Fig. 12 The strain measured for films deposited at different
substrate temperatures.

Fig. 11 shows the change in the calculated strain for the
deposited films based on the measured shift of the (111)
peak. The calculations show that the strain was highest for
the sample deposited without additional substrate heating.
The strain reduced as the temperature was increased, with
minimum reached at 200°C. For the temperature above
200°C the strain increased with the increase in the substrate
temperature.

Fig. 12 shows Tauc plot analysis made for the CdTe thin
films deposited at different substrate temperatures.
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Fig. 13 A Tauc plot analysis of the CdTe thin films deposited
at various substrate temperatures.
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Fig. 14 The band gap of CdTe thin films as a function of
substrate temperature.

The band gap values calculated from the Tauc plot for the
CdTe thin films deposited at different substrate
temperatures is shown in Fig. 13. The band gap approached
the CdTe bulk value of 1.45eV for the film deposited at the
substrate temperature of 300°C.

c. Sample annealing

The deposited samples were post-annealed at 300 °C, 350
°C and 400 °C in an attempt to remove the stress introduced
during the deposition. The films were annealed on a hot
plate in air ambient for 10 minutes. Table 3 summarizes
changes in the d-spacing values measured for three films
investigated. The films were deposited at 100 °C and
50sccm Ar gas flow, and 300 °C and 50sccm Ar and 2 sccm
0, gas flow and annealed at 300 °C, 350 °C and 400 °C. Fig.
14 shows the effect of sample post annealing on the
properties of the deposited films. The experiment showed
that it was possible to reduce the stress by post-annealing.

Table 3 CdTe Samples Treated at Various Annealing
Temperatures for 10 min.

Samples d-spacing value (A) at various | Baseline
P annealing temperatures (111)
@substrate 300°C 350°C 400°C Stress-free

temperature state
CATe@100°C | 57605 | 37435 | 37408 | 3.742
50sccm Ar
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Fig. 15 The variation of d-spacing at increasing substrate
temperatures

V. CONCLUSIONS

The influence of the argon gas flow and process pressure
used and substrate temperature on the stress formation in
CdTe thin films deposited by pulsed dc magnetron
sputtering has been investigated. The position of the (111)
peak has been measured in the XRD spectra for a variety of
process conditions. Spectroscopic transmission
measurements were used for Tauc plot analysis and band
gap calculations. The TEM images of device cross-sections
were used to analyze the crystalline structure of the as
deposited materials.

When the Ar gas flow was varied during the deposition
the deposition rate decreased with increase in Ar gas flow.
The highest deposition rate of 2.4 nm/s was measured for
thin films deposited using a 20 sccm Ar flow and reduced
to 1.7 nm/s measured at 100 sccm (all films deposited at
250 °C). The TEM cross-sectional analysis showed that the
films deposited at 50 sccm Ar gas flow have a crystalline



structure consisting of columnar grains. The grains extend
through the thickness of the deposited films. The TEM
cross-sectional analysis of films deposited without substrate
heating showed that the films deposited at 20 sccm Ar gas
flow have a crystalline structure consisting of small
crystallites. As the gas flow was increased the thin films
formed a more distinct columnar grain structure. The grains
extend through the thickness of the deposited films.

The XRD measurements showed that the (111) peak
position was closest to the stress free bulk values for the
CdTe thin films deposited using an Ar gas flow of 60 sccm.
The highest value of band gap (1.425) was produced for the
thin film deposited at 20 sccm Ar gas flow. The band gap
decreased linearly with increasing Ar gas flow.

The deposition rate decreased with increasing substrate
temperature during the growth of the CdTe thin films. The
highest rate was 2.8 nm/s measured for the thin films
deposited without the use of substrate heating. The
deposition rate decreased to 1.6 nm/s for films deposited at
400 °C (all the films were deposited at 50 sccm Ar flow).
The cross-sectional TEM analysis showed that the substrate
temperature has a significant effect on the crystalline
structure of the deposited films. The grain size increased to
~500 nm in diameter for depositions carried out at the
substrate temperature of 400 °C. The XRD measurements
showed that the (111) peak position was closest to the bulk
value for the CdTe thin films deposited between 200 °C and
300 °C. The band gap of the deposited films approached
bulk values of 1.45eV for the films deposited at 300 °C.

It was possible to remove the stress from the deposited
films by annealing on a hot plate. A 10 minute annealing t
350°C on a hot plate was sufficient to remove the stress
from the deposited films.

The experiments have shown that the stress introduced
during deposition in magnetron sputtered CdTe thin films
can be controlled by manipulating working gas pressure
and the temperature of the substrate. Films deposited at
200°C and Ar gas flows of 50 sccm revealed the smallest
strain. However, even at this optimized value, the d spacing
was still higher than the d spacing of stress-free bulk
material.
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