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1. Introduction

Polycrystalline CdTe thin films are intensively
investigated as potential candidates for high efficiency
photovoltaic applications [1]. Due to its almost ideal
bandgap and high optical absorption coefficient, the
conversion efficiency of 29% was theoretically predicted
for single-junction devices [2]. Aramoto ef al. reported
16% efficiency for CdTe/CdS solar cells, which seems
to be the highest efficiency for CdTe-based solar cells
[3]. The performance of solar cells on CdTe
polycrystalline films depends on nature of defect states.
The goal of this study is to investigate defect-related
photoluminescence (PL) in CdTe polycrystalline films in
order to understand better their impact on the solar cell
performance.

2. Experimental details

Preparation of CdTe polycrystalline films with stable
and predictable characteristics still to be a topical task
for device applications. Different kinds of vapor
deposition techniques have been used for growing CdTe
polycrystalline films on semiconductor and dielectric
substrates [1]. Among them, the close-spaced vapor
transport technique possesses several advantages. Since

the as-grown films have poor electrical properties, they
are annealed in CdCl, atmosphere. In this study, CdTe
polycrystalline films were prepared using the close-
spaced vapor transport technique modified in our
laboratory. Samples of mechanically polished sapphire
were used as substrates. These substrates have such
advantages as manufacturability, high transparency in a
wide spectral range, high thermal conductivity, thermal
and chemical stability. The substrates were etched in
aqueous solution of hydrofluoric acid and washed in
distilled water. For deposition, polycrystalline CdTe of
n-type conductivity doped with indium was used as a
source. The substrate holder and source container were
made from a high-density graphite block. Both of them
have individual heaters that allow one to regulate their
temperatures with the accuracy +3 °C. The distance £
between the substrate and surface of CdTe source was
chosen within one to three millimeters. The developed
technological module was placed in a silica ampoule and
mounted in a vacuum chamber (P = 10 Pa) by using
vertical arrangement.

The source and substrate temperatures (7o, Tub)
and the distance # were varied in order to find optimal
deposition conditions. Immediately before deposition,
the substrate was heated to approximately 600 °C and
maintained at this temperature for half an hour. After
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that, the substrate temperature was gradually decreased
to the required value 350-400 °C. Simultaneously, the
source temperature was increased up to 500-600 °C. The
films investigated in this study had the mean grain size
ranged from 10 up to 360 um. The freshly prepared films
were of n-type conductivity. The type of conductivity
was checked by measuring the photoresponse signal
polarity in Schottky contacts deposited on the films.
Previously, the polarity of photoresponse signal was
calibrated using a sample of CdTe film with known type
of conductivity. The contacts were prepared by
electrolytic deposition of Au. Ohmic contacts were
deposited by thermal vacuum evaporation of indium.

It is necessary to note that the investigated films
were not annealed. They exhibited high photosensitivity
and stable values of resistance after repeated temperature
cycling within the range 77 = 77-300 K. Moreover,
comparatively small changes in electrical and
photoelectrical characteristics were observed in the
investigated films after storage for five years under
ambient laboratory conditions. The deposition method
used in this investigation is also characterized by high
transfer efficiency of the starting material in the growth
chamber (losses were less than 5%).

Photoluminescence measurements were performed
at the temperature 77 K under CW excitation using the
630 nm line of a He-Ne laser. The luminescence
emission passed through a grating spectrometer and was
detected at the exit slit by using a non-cooled Ge
photodetector and photomultiplier tube. The signal was
subsequently processed by a lock-in amplifier. The
investigated films were illuminated from the free surface
side. The back-side illumination was also used, but
experimental results for this excitation geometry will be
analyzed elsewhere.

3. Results and discussion

The photoluminescence spectra measured at 77 K are
shown in Figs 1 and 2. The most intensive luminescent
lines were found to be centered at 1.580 and 1.440 eV.
The spectral lines at a higher energy are near the
bandgap of CdTe (1.590 eV at 77 K [4]). These lines are
usually ascribed to excitons localized at shallow donors
or acceptors [5-7]. As in single crystals the excitonic
luminescence lines are often used for characterization of
their quality, the emission from a single crystal of high
quality was also measured for comparison, Fig. 1.

PL emission in a polycrystalline system may be
significantly influenced by grain boundaries (GBs). One
effect of GBs is that the photoluminescence bands are
broadened by the variety of recombination centers that
can exist in a polycrystalline film. Also, as GBs can
provide an effective channel for non-radiative
recombination, in polycrystalline material radiative
transitions are expected to be less effective as compared
to those in single crystals. As shown in Fig. 1, in the
investigated films the amplitude and the half-width
(FWHM) of the excitonic lines depend on grain sizes.

The FWHM is decreased from 25 meV in the film with
the smallest grain size of 10 um up to 10 meV in that
one with the grain size of 360 um. The value of 10 meV
was also observed in a sample of single crystal. At the
same time, as seen from Fig. 1, the most intensive
excitonic line is observed in the film composed of the
smallest grains. With increase in the grain size the
intensity of the excitonic lines is monotonically
decreased.

Variation in the PL intensity versus laser power for
the PL lines at 1.580 eV measured in two films with
different sizes of grains is shown in Fig.2. The
dependence of the PL emission on the laser power can
be fitted using the relationship Ip,~ IF, where I and 1
are the luminescence and laser intensities, respectively.
Values of the exponent k£ between one and two are
usually observed in CdTe. In the investigated films, &
was within the range from 1.5 up to 2.0. In order to
explain the observed values, two models have been
proposed by Taguchi efal. [8] and Cooper efal. [9].
Taguchi et al. predicted that k=1 for free excitons and
k=1.5 for bound excitons. However, if the laser
excitation is resonant with the bound-exciton energy, it
is found that £ = 1. Cooper et al. suggested that since the
rate of excitons should be proportional to the product of
the electron concentration and that of holes, the
exponent k should be equal to 2. The measured values of
k support the suggestion that the PL emission peaks at
1.580 eV have exciton nature.
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Fig. 1. PL spectra measured at 77 K in CdTe polycrystalline
films with the average crystallite size 10, 150 and 360 um as
well as in a bulk crystal (sc).
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Fig. 2. PL intensity of excitonic lines in CdTe polycrystalline
films with the average sizes of crystallites 10(/) and
360(2) pm. The intensity of PL has been calculated as the total
area under the lines shown in Fig. 1.

However, the most intensive emission was
observed at the energies around 1.44 eV, Fig. 3. The
broad spectral bands centered at 1.44 eV had the FWHM
of the order of ~100 meV, which is independent of the
grain size. The amplitude of these bands is increased by
three orders of magnitude with decreasing the grain sizes
from 360 down to 10 pum.

The emission between 1.40 and 1.49 eV, also
known as the Y-band, was observed in single crystals,
epitaxial and polycrystalline films of CdTe by many
authors (see e.g. [10] and citations therein).The peak
wavelength was found to depend on temperature and
growth conditions. For the first time, the relatively broad
spectral band peaking at 1.476 eV was observed by Dean
et al. [11]. A number of recombination mechanisms with
participation of bulk and surface defects have been
proposed to explain this emission [12—19].

Despite the fact that exact nature of defects
involved in this emission is not finally ascertained, weak
phonon coupling and a relatively broad zero-phonon line
clearly indicate that this emission is related to extended
defects. A strong correlation between the 1.47 eV
emission band and dislocation density in bulk CdTe has
been observed by Seto et al. [20]. Also, it was shown
that the Y-band may be related not only to dislocations,
but also to point defects such as the Frenkel ones. The
strain field induced in the vicinity of these defects is

responsible for recombination centers providing the
1.47 eV band [20]. As shown by Babentsov [21], the
intensity of this photoluminescence band is increased in
CdTe single crystals with mechanically polished
surfaces. In the cathodoluminescence studies performed
by Leipner et al. [22], generation of point defects by
moving dislocations was observed. These authors argued
that the emission at 1.48 eV is caused by point defects
that are probably vacancies. These defects are generated
near dislocations by a jog dragging mechanism. The
correlation between the Y-band and the dislocation-
induced defects generated by moving dislocation was
observed by Babentsov et al. [23].

Bubulac et al. [24] investigated the spatial origin of
the exciton and defect PL lines in CdTe at 77 K. It was
concluded that the exciton and defect luminescence lines
in CdTe can originate from the different spatial locations
in the sample. The excitonic emission appears to
originate from the clustered dislocations associated with
grain boundaries, and the deep-level emission originates
from the internal parts of the grains [24]. The results
obtained in this study are in some contradiction with
those obtained by Bubulac ef al. As seen from Figs 1 and
3, both excitonic and defect-related emissions are
increased with decreasing the grain sizes. However, the
intensity of the 1.44 eV PL band is proportional to the
density of the GBs, whereas such propotionality is not
observed for the excitonic lines. This result seems to be
observed for the first time in polycrystalline films of
CdTe.
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Fig. 3. Y-emission bands in CdTe polycrystalline films with
different sizes of crystallites and in a bulk crystal (sc).
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The GBs in polycrystalline films are known to
consist of various kinds of dislocation arrangements [25-
27]. When the misorientation between two grains is
small, the grain boundary can be described by a
relatively simple configuration of dislocations (e.g., an
edge dislocation line). In the case when misorientation is
large (high-angle grain boundary), more complicated
structures arise. Interaction of point defects with
dislocations results in formation of point defect clouds
also known as Cottrell’s atmospheres [25-27]. This may
be the reason for the observed correlation between the
intensity of the 1.44 eV PL band and the density of the
GBs. A very high defect states density (> 10" cm ) at
the GBs in CdTe polycrystalline films was observed
experimentally [28].

4. Conclusions

Photoluminescence spectra have been investigated in
CdTe polycrystalline films grown using the modified
close space sublimation technique on sapphire
substrates. Correlation between the intensity of the
1.44 eV photoluminescence spectral band and the
density of grain boundaries have been observed in the
polycrystalline films with the mean grain sizes ranged
from 10 up to 360 um. It has been supposed that the
1.44 eV band is related to defects localized around
dislocations.
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1. Introduction 

Polycrystalline CdTe thin films are intensively investigated as potential candidates for high efficiency photovoltaic applications [1]. Due to its almost ideal bandgap and high optical absorption coefficient, the conversion efficiency of 29% was theoretically predicted for single-junction devices [2]. Aramoto et al. reported 16% efficiency for CdTe/CdS solar cells, which seems to be the highest efficiency for CdTe-based solar cells [3]. The performance of solar cells on CdTe polycrystalline films depends on nature of defect states. The goal of this study is to investigate defect-related photoluminescence (PL) in CdTe polycrystalline films in order to understand better their impact on the solar cell performance.


2. Experimental details

Preparation of CdTe polycrystalline films with stable and predictable characteristics still to be a topical task for device applications. Different kinds of vapor deposition techniques have been used for growing CdTe polycrystalline films on semiconductor and dielectric substrates [1]. Among them, the close-spaced vapor transport technique possesses several advantages. Since the as-grown films have poor electrical properties, they are annealed in CdCl2 atmosphere. In this study, CdTe polycrystalline films were prepared using the close-spaced vapor transport technique modified in our laboratory. Samples of mechanically polished sapphire were used as substrates. These substrates have such advantages as manufacturability, high transparency in a wide spectral range, high thermal conductivity, thermal and chemical stability. The substrates were etched in aqueous solution of hydrofluoric acid and washed in distilled water. For deposition, polycrystalline CdTe of n-type conductivity doped with indium was used as a source. The substrate holder and source container were made from a high-density graphite block. Both of them have individual heaters that allow one to regulate their temperatures with the accuracy ±3 ºС. The distance h between the substrate and surface of CdTe source was chosen within one to three millimeters. The developed technological module was placed in a silica ampoule and mounted in a vacuum chamber (P = 10–4 Pa) by using vertical arrangement. 


The source and substrate temperatures (Tso, Tsub) and the distance h were varied in order to find optimal deposition conditions. Immediately before deposition, the substrate was heated to approximately 600 ºС and maintained at this temperature for half an hour. After that, the substrate temperature was gradually decreased to the required value 350-400 ºС. Simultaneously, the source temperature was increased up to 500-600 ºС. The films investigated in this study had the mean grain size ranged from 10 up to 360 μm. The freshly prepared films were of n-type conductivity. The type of conductivity was checked by measuring the photoresponse signal polarity in Schottky contacts deposited on the films. Previously, the polarity of photoresponse signal was calibrated using a sample of CdTe film with known type of conductivity. The contacts were prepared by electrolytic deposition of Au. Ohmic contacts were deposited by thermal vacuum evaporation of indium. 

It is necessary to note that the investigated films were not annealed. They exhibited high photosensitivity and stable values of resistance after repeated temperature cycling within the range T  = 77-300 K. Moreover, comparatively small changes in electrical and photoelectrical characteristics were observed in the investigated films after storage for five years under ambient laboratory conditions. The deposition method used in this investigation is also characterized by high transfer efficiency of the starting material in the growth chamber (losses were less than 5%). 

Photoluminescence measurements were performed at the temperature 77 K under CW excitation using the 630 nm line of a He-Ne laser. The luminescence emission passed through a grating spectrometer and was detected at the exit slit by using a non-cooled Ge photodetector and photomultiplier tube. The signal was subsequently processed by a lock-in amplifier. The investigated films were illuminated from the free surface side. The back-side illumination was also used, but experimental results for this excitation geometry will be analyzed elsewhere. 

3. Results and discussion


The photoluminescence spectra measured at 77 K are shown in Figs 1 and 2. The most intensive luminescent lines were found to be centered at 1.580 and 1.440 eV. The spectral lines at a higher energy are near the bandgap of CdTe (1.590 eV at 77 K [4]). These lines are usually ascribed to excitons localized at shallow donors or acceptors [5-7]. As in single crystals the excitonic luminescence lines are often used for characterization of their quality, the emission from a single crystal of high quality was also measured for comparison, Fig. 1. 


PL emission in a polycrystalline system may be significantly influenced by grain boundaries (GBs). One effect of GBs is that the photoluminescence bands are broadened by the variety of recombination centers that can exist in a polycrystalline film. Also, as GBs can provide an effective channel for non-radiative recombination, in polycrystalline material radiative transitions are expected to be less effective as compared to those in single crystals. As shown in Fig. 1, in the investigated films the amplitude and the half-width (FWHM) of the excitonic lines depend on grain sizes. The FWHM is decreased from 25 meV in the film with the smallest grain size of 10 (m up to 10 meV in that one with the grain size of 360 (m. The value of 10 meV was also observed in a sample of single crystal. At the same time, as seen from Fig. 1, the most intensive excitonic line is observed in the film composed of the smallest grains. With increase in the grain size the intensity of the excitonic lines is monotonically decreased. 

Variation in the PL intensity versus laser power for the PL lines at 1.580 eV measured in two films with different sizes of grains is shown in Fig. 2. The dependence of the PL emission on the laser power can be fitted using the relationship IPL ~ Ik, where IPL and I are the luminescence and laser intensities, respectively. Values of the exponent k between one and two are usually observed in CdTe. In the investigated films, k was within the range from 1.5 up to 2.0. In order to explain the observed values, two models have been proposed by Taguchi et al. [8] and Cooper et al. [9]. Taguchi et al. predicted that k = 1 for free excitons and k = 1.5 for bound excitons. However, if the laser excitation is resonant with the bound-exciton energy, it is found that k = 1. Cooper et al. suggested that since the rate of excitons should be proportional to the product of the electron concentration and that of holes, the exponent k should be equal to 2. The measured values of k support the suggestion that the PL emission peaks at 1.580 eV have exciton nature. 
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Fig. 1. PL spectra measured at 77 K in CdTe polycrystalline films with the average crystallite size 10, 150 and 360 (m as well as in a bulk crystal (sc). 
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Fig. 2. PL intensity of excitonic lines in CdTe polycrystalline films with the average sizes of crystallites 10(1) and 360(2) (m. The intensity of PL has been calculated as the total area under the lines shown in Fig. 1.

However, the most intensive emission was observed at the energies around 1.44 eV, Fig. 3. The broad spectral bands centered at 1.44 eV had the FWHM of the order of ~100 meV, which is independent of the grain size. The amplitude of these bands is increased by three orders of magnitude with decreasing the grain sizes from 360 down to 10 (m. 

The emission between 1.40 and 1.49 eV, also known as the Y-band, was observed in single crystals, epitaxial and polycrystalline films of CdTe by many authors (see e.g. [10] and citations therein).The peak wavelength was found to depend on temperature and growth conditions. For the first time, the relatively broad spectral band peaking at 1.476 eV was observed by Dean et al. [11]. A number of recombination mechanisms with participation of bulk and surface defects have been proposed to explain this emission [12–19].


Despite the fact that exact nature of defects involved in this emission is not finally ascertained, weak phonon coupling and a relatively broad zero-phonon line clearly indicate that this emission is related to extended defects. A strong correlation between the 1.47 eV emission band and dislocation density in bulk CdTe has been observed by Seto et al. [20]. Also, it was shown that the Y-band may be related not only to dislocations, but also to point defects such as the Frenkel ones. The strain field induced in the vicinity of these defects is responsible for recombination centers providing the 1.47 eV band [20]. As shown by Babentsov [21], the intensity of this photoluminescence band is increased in CdTe single crystals with mechanically polished surfaces. In the cathodoluminescence studies performed by Leipner et al. [22], generation of point defects by moving dislocations was observed. These authors argued that the emission at 1.48 eV is caused by point defects that are probably vacancies. These defects are generated near dislocations by a jog dragging mechanism. The correlation between the Y-band and the dislocation-induced defects generated by moving dislocation was observed by Babentsov et al. [23]. 

Bubulac et al. [24] investigated the spatial origin of the exciton and defect PL lines in CdTe at 77 K. It was concluded that the exciton and defect luminescence lines in CdTe can originate from the different spatial locations in the sample. The excitonic emission appears to originate from the clustered dislocations associated with grain boundaries, and the deep-level emission originates from the internal parts of the grains [24]. The results obtained in this study are in some contradiction with those obtained by Bubulac et al. As seen from Figs 1 and 3, both excitonic and defect-related emissions are increased with decreasing the grain sizes. However, the intensity of the 1.44 eV PL band is proportional to the density of the GBs, whereas such propotionality is not observed for the excitonic lines. This result seems to be observed for the first time in polycrystalline films of CdTe. 
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Fig. 3. Y-emission bands in CdTe polycrystalline films with different sizes of crystallites and in a bulk crystal (sc). 


The GBs in polycrystalline films are known to consist of various kinds of dislocation arrangements [25-27]. When the misorientation between two grains is small, the grain boundary can be described by a relatively simple configuration of dislocations (e.g., an edge dislocation line). In the case when misorientation is large (high-angle grain boundary), more complicated structures arise. Interaction of point defects with dislocations results in formation of point defect clouds also known as Cottrell’s atmospheres [25-27]. This may be the reason for the observed correlation between the intensity of the 1.44 eV PL band and the density of the GBs. A very high defect states density (> 1018 cm–3) at the GBs in CdTe polycrystalline films was observed experimentally [28]. 

4. Conclusions


Photoluminescence spectra have been investigated in CdTe polycrystalline films grown using the modified close space sublimation technique on sapphire substrates. Correlation between the intensity of the 1.44 eV photoluminescence spectral band and the density of grain boundaries have been observed in the polycrystalline films with the mean grain sizes ranged from 10 up to 360 (m. It has been supposed that the 1.44 eV band is related to defects localized around dislocations. 
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