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Abstract

The structural and optical properties of vacuum deposited CdTe thin films on
glass substrates were investigated. The effect of the heat treatment in air over the
former properties of the layers was also examined. Grain sizes of air heated layers
estimated by net broading in the XRD spectra were found to be larger than as-
grown layers, confirming that grain growth had occurred during the heat treatment.
RHEED patterns of the layers grown at substrate temperatures between 150◦C and
170◦C had a distinct {111} preferred orientation. As-grown CdTe layers were slightly
p-type, but highly resistive. Air heat treated layers were p-type and slightly less
resistive than as-grown layers, possibly due to oxygen related Cd vacancy formation.
Optical bandgap values, determined by envelope function model, were found to be
1.53 eV and 1.51 eV for as-grown and heat treated layers, respectively.

1. Introduction

CdTe has long been identified as a candidate for the absorber layer in low cost thin
film photovoltaic solar cells because of its direct bandgap, high absorption coefficient, its
ability to be doped both n- and p-type and the possibility of a variety of preparation tech-
niques such as vacuum deposition [1,2], electrodeposition [3,4], molecular beam epitaxy
[5,6], metal-organic chemical vapour deposition [7,8], close-space sublimation [9,10] and
screen printing [11,12]. In the 1960’s, the first CdTe based solar cells with efficiencies of
4-6% were reported by Vodakov et.al. [13] and Nikolaev [14]. Due to difficulties of form-
ing a thin film shallow junctions with highly conducting surface layers, heterojunction
cells where CdS and/or (Cd, Zn)S as a window layer were developed and have proved
to be efficient and stable. Development led to best efficiencies in the range of 12-16%
[15,16,17]. An overview of the CdTe thin films have been written by Basol, Bonnet and
Chu [18,19,20].
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Cell performance is closely related to detailed understanding of morphology, crys-
tallinity and optical behaviour of the individual layers forming the cell. Therefore, in this
work, structural and optical assessments of CdTe layers grown on cleaned glass substrates
by vacuum deposition were investigated.

2. Experimental Procedure

The CdTe thin films were deposited onto cleaned glass substrates by vacuum evapo-
ration. The layers were generally grown with source and substrate temperatures between
650 − 800◦C and 150 − 250◦C, respectively. Selected layers were also heat treated in
air, usually for 30 min. at 400◦C. This is an essential process frequently used in CdTe
based solar cell fabrication for obtaining a CdTe layer with a higher p-type conductivity
and with improved crystallinity. The RHEED patterns from the surfaces of the layer
were obtained using a JEM 120 TEM fitted with a RHEED stage. The surface and cross
sectional morphologies and compositional analysis of the layers were performed using a
Cambridge Stereoscan S600 SEM fitted with a link system of EDAX analyser. A Philips
PW1130, generator/diffractometer assembly employing a Cu anode was used for XRD
analysis. SIMS analysis was also carried out using facilities provided by BP Solar in order
to identify elemental proportion of the composition through the depth of the layer.

The normal incidence optical transmission spectra were obtained by a double beam
Perkin-Elmer Lambda 19 UV/VIS/NIR spectrophotometer, and were taken with refer-
ence to air at room temperature.

3. Results and Discussion

3.1. X-Ray Diffraction Assessments

Figure 1a shows the x-ray diffraction trace using Ni-filtered Cukα radiation with a
wavelength of λ = 1.518Å from an as-grown CdTe thin film. Although the diffraction
peaks at 2θB angles of 23.8◦, 46.4◦, 76.2◦ are associated with corresponding planes of
cubic CdTe, the peaks at 2θB angles of 23.1◦, 25.9◦, 29.6◦ and 32.6◦ could not be so
identified. Their origin is not known, but this could be oxygen reacting with free deposits
of Te accumulated on the surface due to the higher vapour pressure of Cd in vacuum
evaporation [21].

Annealing the CdTe thin layers at 400◦C for about 30 min. in air showed a dramatic
change in the x-ray diffraction spectra, as shown in Figure 1b. The intensity of the
diffraction peak associated with the {111} planes of cubic CdTe increased due, possibly,
to grain growth resulting in a greater degree of preferred ordering. In addition, the rate of
increase in the intensity of the peak associated with the {511} planes as in the as-grown
case, was also found to be significant.

For a typical thin layer of cubic CdTe, the lattice parameter a0 was estimated to be
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6.48 Å by using the equation [22]:

sin2 θB =
λ2

4a2
0

(h2 + k2 + l2), (1)

where (hkl) are the Miller indices and λ is the particular incident wavelength of the
radiation.

X-ray diffraction was also used to obtain the estimates of grain size (i.e. crystallite
size) in the CdTe thin films. The method relies on the fact that small grains produce
line broadening in x-ray diffraction spectra. In order to distinguish the line broadening
observed in principal diffraction peaks associated with small grain size from that due to
the instrument, a reference XRD spectrum was taken from a bulk single crystal of GaAs.
The net broadening, βhkl, is

βhkl =
√
B2
hkl − b2hkl, (2)

where Bhkl is the measured line width (FWHM) and bhkl is the instrumental broadening.
The grain size εhkl can then be obtained as [23]

εhkl =
Kλ

βhkl cos θB
, (3)

where K is a shape factor and is utilized to take account of the crystallite shape factor
and orientation, with an average value of 0.9 is generally used for polycrystalline films;
and θB is the Bragg angle.
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Figure 1a. X-ray diffraction spectrum of an

as-grown CdTe thin film.

Figure 1b. X-ray diffraction spectrum of a

heat treated CdTe thin film.

Grain sizes for the as-grown CdTe thin layers were estimated to be 78-85 nm, and
for thin layers annealed in air at 400◦C for about 30 min. The average grain size was
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estimated to be ∼100 nm. This suggests that some limited grain growth had occurred
during the heat treatment in air. This is a comparatively low temperature for grain
growth/re-crystallization to occur even in a film, suggesting that grain growth may be
more accelerated in the presence of oxygen.

3.2. RHEED Assessments

Reflection high energy electron diffraction (RHEED) patterns were obtained from the
surfaces of CdTe thin layers grown on glass substrates in order to determine the crystal
degree of preferred orientation of crystallites at the surface. The RHEED patterns of the
CdTe thin films were indexed in the usual way by combining the equation for inter-planar
spacing dhkl and the Camera equation [24]. Hence for one set of {hkl} planes, it can be
written as

Rhkl
a0√
Nhkl

= λL, (4)

where Nhkl = h2+k2+l2 and Rhkl is the radial distance from the central (i.e. undiffracted)
spot. Thus for two sets of planes (hkl) and (h′k′l′), one obtains;

Rhkl
Rh′k′l′

=
√
Nhkl√
Nh′k′l′

=
dhkl
dh′k′l′

. (5)

Comparison of the ratios of experimentally observed arc radii (i.e. with respect to the
first and brightest arc associated with {111} planes) yielded

√
Nhkl ratios without the

necessity for a calibration standard. The surface of layers grown at substrate temperatures
≥ 180◦C had a random polycrystalline texture with a weaker preferred orientation along
the {111} planes although layers grown at substrate temperatures ≤ 170◦C had a distinct
{111}-preferred orientation which was stronger at the lower substrate temperatures.

Figure 2 shows the indexed pattern for a typical as-grown CdTe thin film grown at
a substrate temperature of 150◦C on a glass substrate. The indexing was confirmed
by comparing the measured angle subtended by a given arc with respect to the normal
through the principal {111} arc with the calculated value. These are related to the
respective Miller indices by the equation [22]:

cos φ =
h1h2 + k1k2 + l1l2√

(h2
1 + k2

1 + l21)(h2
2 + k2

2 + l22)
. (6)

All of the measured and calculated angles were in good agreement with the indices
in Figure 2, and it was concluded that the film is polycrystalline and the arc pattern
contained diffracted intensity analogous to the [112] and [110] beam directions and {111}
planes were parallel to the substrate (i.e. there is a {111} preferred orientation).

The RHEED patterns of the heat treated CdTe layers were also investigated. The
patterns of arcs were almost identical to those of as-grown {111} oriented CdTe layers,
except for an additional arc which was located just above the {111} arc. Calculation of
the d-spacing for this arc yielded a value of 3.24 Å which corresponds closely to the
values of d-spacing for either Te or TeO2.
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Figure 2. RHEED pattern from an as-grown CdTe thin film grown on glass at a substrate

temperature of 150◦C.

3.3. SEM Assessments

Routine assessment of the surface morphology of the thin films was performed using
the secondary electron (SE) mode of a SEM. As-grown CdTe thin layers showed a smooth
surface (see Figure 3a). They displayed columnar growth, with the growth axis tilted by
about ∼ 15◦ to the substrate normal, as shown by the cross section in Figure 3b.

Figure 3a. Secondary emission micrograph

of an as-grown CdTe thin layer surface grown

on a glass substrate.

Figure 3b. Secondary emission micrograph

of a cross section through an as-grown CdTe

thin film grown on a glass substrate.

EDAX scans (see Figure 4) confirmed that as-deposited undoped CdTe layers com-
prised only Cd and Te. No other elements were observed within the limits of sensitivity
(i.e. elements with atomic number less than 11 or with concentrations less than 1% would
not be detected by EDAX scans).
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3.4. Secondary Ion Mass Spectroscopy (SIMS)

The quality of a layer depends on the uniformity of the individual components through-
out the depth of the layer. Hence, a depth profile assessment by SIMS was undertaken
to investigate the concentration of Cd and Te through the depth of the layer. Figure 5
shows a depth profile for the Cd and Te of a typical heat treated CdTe layer. It displayed
nearly a stoichiometric CdTe with a higher Cd concentration near to the glass interface
(i.e. first a few layers contained more Cd than Te).
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Figure 4. EDAX scan of an as-grown CdTe

thin layer surface grown on a glass substrate.

Figure 5. SIMS depth profile of an as-grown

CdTe thin film grown on a glass substrate.

3.5. Spectrophotometric Assessments

Figures 6a and 6b show transmission spectra for typical as-grown and heat treated
CdTe layers, respectively. Both show good transparency (T≥80%) exhibiting interference
pattern in the spectral region between 0.9-2.5 µm and display a clear explicit absorption
edge interrelated to the optical bandgap. This was much sharper and had shifted to
longer wavelengths as in the heat treated layers.

The absorption coefficient as a function of photon energy was determined by envelope
function model [25,26,27]. Employing the assumption that the transition probability
becomes constant near the band edge, the absorption coefficient for the allowed direct
transitions may, in general, be written as a function of photon energy as [28]:

α ∝
(
hv − Eg
hv

)1/2

, (7)

in which Eg is the bandgap and hv is the photon energy.
Figure 7 shows the variation of (αhv)2 against photon energy obtained from the as-

grown and heat treated CdTe layers. Bandgap values were obtained as 1.53 eV and 1.51
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eV for the as-grown and heat treated layers, respectively. The shift observed at absorption
edge towards lower photon energies for the heat treated layers could be attributed to the
change in the grain size and the stoichiometry due to loss of Cd resulting formation of
shallow acceptor levels [29,30]. The bandgap value of heat treated layers was also found
to be in good agreement with those published in the literature for bulk CdTe [31-33].
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Figure 6a. Normal incidence transmission

spectra for a typical as-grown CdTe thin layer

grown on a glass substrate.

Figure 6b. Normal incidence transmission

spectra for a typical as-grown CdTe thin layer

grown on a glass substrate.
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Figure 7. (αhv)2 vs hv characteristics of as-grown (dashed) and heat treated (continuous line)

layers.

4. Conclusion

The XRD revealed that the layers were {111} preferred oriented. Heat treatment in
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air resulted in a small increase in grain size. In addition, there were peaks (relatively
small in intensity) associated with possibly pure Te or TeO2.

RHEED patterns of the as-grown layers had a distinct {111} preferred orientation,
as well as heat treated layers, except that an additional arc, located above {111} arc
appeared. This could be associated with either Te or TeO2. The layers displayed columnar
growth with the growth axis tilted to the substrate normal and showed a smooth surface.
EDAX scans also confirmed that undoped CdTe layers comprised only Cd and Te. A
depth profiling by SIMS also showed that layers were nearly stoichiometric. Heat treated
layers exhibited much sharper band edge. This could be attributed to the increased grain
size and the change in the stoichiometry due to the loss of Cd. The optical bandgap values
for as-grown and heat treated layers were found to be 1.53 eV and 1.51 eV, respectively.

Acknowledgements

The author, M. Bayhan, is grateful to Dr. A. W. Brinkman Dr. K. Durose, Dr. J. Lewis
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