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The CMPO method for growing CdTe films with different compositions. Isolated Cd and Te sources with a
purity of 99.9% and 99.999%, respectively, were used. The films were deposited on glass and a molybdenum
substrate and kept at a temperature of 500 ° C. The samples were grown at atmospheric pressure in a hydrogen or
nitrogen flow. The thickness of the obtained films varied from 0.5 to 1.5 um. The effects of heat treatment on the
electrophysical properties of CdTe films obtained by the CMPO method were investigated and the physical
properties were comprehensively investigated . To study the physical properties of CdTe films, the authors used a
comprehensive research method. The conductivity type of the obtained films, electrical conductivity and its tem-
perature dependence, the Hall Effect and measurement of the I-V characteristics of the heterostructure were de-
termined. Optical metallography, X-ray diffraction and atomic force microscopy were also used.
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Introduction . As is known, thin-film solar cells
based on CdTe are the main contenders for global com-
mercialization in the field of semiconductor photovol-
taics. Recently, much attention has been paid to the re-
search and development of thin-film solar cells based
on CdTe. This is due to the direct band gap and high
absorption coefficient of the semiconductor, in which
the incident radiation is completely absorbed in the mi-
cron thickness. Therefore, significant progress has been
achieved in this area in the field of research of CdTe-
based materials, in the production of photovoltaic de-
vices and the development of technology for creating
semiconductor solar cells.

Currently, the world achievement of the efficiency
of thin-film CdTe solar cells is 16.5% using a modified
device structure [ 1-3]. Most of the methods have been
used to fabricate CdTe layers, such as sublimation in a
closed volume, electrodeposition, magnetron sputter-
ing, chemical vapor deposition, metal-organic chemical
vapor deposition. It should be noted that the efficiency
of 16.5% was obtained by the sublimation method in a
closed volume. However, it has been shown that the ef-
ficiency of thin-film CdS-CdTe solar cells can be
achieved up to 20-25%. To achieve such high efficien-
cies, it is necessary to have a detailed understanding of
the basic properties of the materials and the processes
involved in the fabrication of the structures. One of the

key points in the fabrication of the structures is the dep-
osition of CdTe films with a controlled composition,
since a thin layer of tellurium-rich material on the sur-
face is necessary to form a high-quality ohmic contact.

Production of CdTe films. We have previously
reported on a new low-cost method of chemical molec-
ular beam deposition for the production of films of "' —
VI compounds and binary compounds at atmospheric
pressure in a gas flow [2]. X-ray structural analysis of
CdTe films shows that grain orientation predominates
in these structures [3]. A linear dependence between the
ratio of the molecular beam intensity in the vapor phase
and the film composition has also been shown [ 4,8,9].
This monograph presents the results of studies of the
properties of CdTe, CdS and Mo/ CdTe / CdS hetero-
structures grown by CMBD methods both enriched
with cadmium and with a close stoichiometric compo-
sition.

CdTe films of different composition obtained at
a low condensation temperature. Currently, the most
efficient thin-film solar cells are created on the basis of
CdTe, Cu (In, Ga) Se 2 semiconductor materials , the
record efficiency values of which are 16-17% and 19-
20%, respectively [ 1,5,4]. Despite the significant pro-
gress achieved in this area, none of the existing more
than 10 technologies allows controlling the composi-
tion of CdTe films, since their physical properties are
mainly determined by their own point defects. It should
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be noted that when choosing a technology for the man-
ufacture of thin-film solar cells for terrestrial use , in
addition to the physical and technological capabilities
of these processes, special attention should be paid to
their cost-effectiveness, the degree of reproducibility of
the manufactured films, the possibility of full automa-
tion of the processes, as well as the possibility of de-
positing films on large areas for use in mass production.

Previously, we reported on the production of CdTe
films of various compositions at a deposition tempera-
ture of 600 ° C by means of chemical molecular beam
deposition (CMBD) in a hydrogen flow, and their com-
plex physical properties were also investigated. In this
paper, the production of CdTe films of various compo-
sitions at a lower temperature of 500 °€is discussed and
their electro physical properties are investigated [2].

To study the physical properties of CdTe films, the
authors used a complex research method. The complex
study of the films consisted of studying the type of con-
ductivity, electrical conductivity and its temperature
dependence, the Hall Effect, and measuring the current-
voltage characteristics of the heterostructure. The
methods of optical metallography, X-ray diffraction,
and atomic force microscopy were also used.

To perform electrical measurements, ohmic con-
tacts were applied to freshly deposited films by vacuum
deposition. Silver and silver paste were used as ohmic
contacts for hole-type films, and indium or indium-gal-
lium alloy for electron-type films. The sign of the
thermo-EMF determined the conductivity type of the
samples. Using a VV7-30 electrometer with an input re-
sistance of more than 10 * Ohm to indicate the sign of
the thermo-EMF made it possible to determine the con-
ductivity type of high-resistance samples with a spe-
cific resistance of more than 10 8 Ohm - cm.

The ohmic properties of the contacts were checked
by measuring the current-voltage characteristics and
studying the potential along the sample. The samples
whose current-voltage characteristics did not show rec-
tification in the range of measured voltages and temper-
atures, and whose potential distribution along the sam-
ple was linear, were considered high quality for further
studies. The geometric dimensions of the samples and
the distance between the probes were measured using a
microscope. The specific resistance ( p) and the Hall
constant ( R x) in the films were measured using the
Van der Pauw method. Measurements pat low temper-
atures of 80-300 K were carried out in a specially de-
signed vacuum cryostat using a ceramic terminal with
an insulation resistance of more than 10 *3-10 * Ohm,
which made it possible to measure pin samples with a
specific resistance of more than 10 8 Ohm-cm. The cry-
ostat is distinguished by its reliability, simplicity and
economy of operation (the consumption of liquid nitro-
gen for measurements in pone sample in the range of
80-300 K was 0.5 1).

Film thicknesses (up to 2-3 um) were determined
using an MII-4 microinterferometer and precision mi-

croweighing using a VLR-20 balance. A MIM-7 metal-
lographic microscope was used to measure the thick-
ness of thicker films and the grain size, as well as to
study the surface morphology. The microstructure of
the films was studied using an atomic force microscope
( AFM ) JEOL 6400. Energy dispersive spectroscopy
based on a JEOL 6400 was used to determine the film
composition. X-ray structural analysis was performed
using a Philips APD 3720 device.

To study the electrophysical properties of CdTe
films, the specific resistance, Hall constant ( R x) and
temperature dependence were measured using the
above-mentioned Vander Pauw method.

Samples with the composition Cd/Te = 0.5 had p-
type conductivity, and with the composition Cd/Te =
1.16 had n-type conductivity, due to the cadmium va-
cancy V ¢q~and the tellurium vacancy V e **, respec-
tively. While the stoichiometric composition of CdTe
films has the highest specific resistancep ~10 ® Ohm
-cm.

Heat treatment of the CdClI 2 soiution Significantly re-
duced the resistivity of the stoichiometric CdTe film
from 10 ° O m.cm to 10 ® O m.cm. While the resistivity
of the samples enriched in Cd and Te is small, the
changes and remained ~10 ® Ohm.S. These results sug-
gest that heat treatment of CdCl > does not always result
in grain enlargement , especially for coarse-grained
films , but it does affect the intrinsic point defects in
cadmium telluride.

CdTe films can be considered as a compensating ma-
terial containing an acceptor level EV +015eV and a donor
level EC .0.48 eV. The physical properties, especially the
resistivity of CdTe films are controlled depending on the
activity of these levels. The level EC .0.48 eV is a tellu-
rium vacancy, predominant for Cd-enriched films and the
samples had n-type conductivity. The level EV +15€V is
a cadmium vacancy, predominant for Te-enriched films
and the samples had p-type conductivity. We observed a
significant decrease in the resistivity of stoichiometric
CdTe films upon treatment with CdCl ,. This occurs due
to the formation of a new level EV .915€V, which is asso-
ciated with VVTe **tellurium vacancy and oxygen .

However, the reduction in resistivity of CdTe films
by treatment with CdCI2 solution s limited to approxi-
mately ~106 ¢ cm. The efficiency improvement of CdS-
CdTe thin film solar cells requires much less resistivity.
Resistivity of CdTe films up to 104 - 106 ©c¢m can be
achieved by deviating the film composition from stoichi-
ometry during the growth process by CMBO methods.
Therefore, there is no need for heat treatment with CdCI2
solution r CdTe films grown by CMBO method. This
new and low-cost CMBO method can be successfully
used to fabricate CdS-CdTe thin film solar cells with
high productivity.

The morphological properties of CdTe films of
different compositions obtained by the CMPO method
were investigated. Morphological studies were carried
out using an atomic force microscope (AFM ), by ob-
taining a 3D image .
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Fig.1.3 D AFM images of CdTe film obtained by the CMPO method

Figure 1 isa 3D image of the AS M for CdTe sam-
ples obtained at a substrate temperature of 500 °C. As
can be seen from the presented 3D image in Fig. 1, with
an increase in the deposition rate at a constant substrate
temperature, the grain sizes of the CdTe films decrease.
and leads to deterioration of the crystalline structures of
the samples. While with an increase in the condensation
temperature and film thickness At a constant sedimen-
tation rate, the grain sizes increase and the morpholog-
ical properties of the samples improve.

The dependence of the grain size and crystallinity
of the films on the deposition rate (condensation tem-
perature) can be explained by the fact that at high mo-
lecular beam intensity (MBI), i.e. density, the condens-
ing atoms on the substrate surface do not have time to
migrate at the required speed over the surface. Since

each condensing layer of atoms is under the pressure of
the next incoming layer, i.e. each incoming layer of
molecules limits the mobility of the molecules of the
previous layer. This prevents the formation of crystals
and leads to the formation of a fine- grained structure.
Therefore, to obtain high-quality coarse-grained films,
it is necessary to ensure the following condition: the
density of the incident flows must be equal to the den-
sity of the condensing flow R~ R  This also causes a
decrease in the minimum condensation temperature of
crystalline films at low IMF. Since in this case the prob-
ability of collision of particles that hit the substrate de-
creases, and, consequently, their surface mobility in-
creases. Therefore, the atoms have time to complete the
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construction of the crystal lattice. As a result, crystal-
line films are formed. These processes are described in
detail in our article [6].

Based on the analysis of the films by AFM, ob-
tained 3D images (Fig. 1a, b), it was revealed that the
films obtained at a substrate temperature of 500 ° C had
a well-oriented polycrystalline structure, the desired
grain size of 2-3 um, and were more densely packed
than the films grown at a substrate temperature of 600
0 C. This makes it possible to grow CdTe films with
deposition rates of 0.9 ~ 1.5 Afsec at a substrate
temperature of 5000 C , which are suitable for the man-
ufacture of photovoltaic devices.

The deposition of CdTe was successful, but our
goal is to use it in multilayer solar cells with adjustable
band gap. It is reported in the literature that multilayer
solar cells provide higher efficiency due to the higher
internal electric field ( E i) generatea inSide the device. The
CdTe film grown in this work is rich in Te as shown by
Raman, XPS and EDX measurements. Further work is
needed to improve the layer and obtain stoichiometric
CdTe, which is necessary for good devices.

CdTe was deposited on glass/ FTO / ED - CdS and
molybdenum substrates using a low-cost gas transport
method under hydrogen flow. PEC measurements con-
firmed that the electrodeposited layers produce CdTe n-
, i- and p -type simply by changing the deposition volt-
age. The XRD results for both as-deposited and heat-
treated materials confirm a cubic structure with a pre-
ferred (111) orientation. Near the stoichiometric
growth region, only the (111) peak is dominant, indi-
cating better crystallinity due to the presence of a single
CdTe phase. Far from the stoichiometric region, the
crystallinity is poor due to the presence of two phases:
Te or Cd, in addition to the CdTe phase .

SEM studies show that the deposited layers had
small holes between the crystallites. Their proportion
depends on how far from the stoichiometric position.
3D-AFM images show that the CdTe has a highly or-
dered and closely packed column perpendicular to the
substrate. From the Raman spectroscopy data, two
peaks attributed to CdTe and one peak of Te were iden-
tified, indicating the presence of excess Te and TeO
compound of the ,.i interface layer in the CdS / CdTe
heterostructure . The XPS work shows that the depos-
ited CdTe has a spectrum similar to that of pure cleaved
CdTe , except for the additional presence of C and O
peaks , which may be due to surface contamination.

It was found that the thickness of CdTe affects the
performance of the solar cell. For comparison, six sam-
ples grown with different thicknesses were characterized
by different methods. 1V measurements for the finished
glass/ FTO/ED - CdS/ CdTe / Au devices yield a max-
imum efficiency of 7.60% at V o~ 660 mV, J ;c~24 mA
cm 2and FF ~0.48 were achieved in 5 h of CdTe growth
. The efficiency decreases as the thickness increases or
decreases. Based on the log | and V , rectification factor
(RF)~10%nvalue . ~1.88 and ¢ g were achieved ~1.20
eV . Capacitance-voltage measurement gives V ¢~1.35
eV and doping concentration (N p)~2.0 x 10 Ycm 3.

It is shown that intergranular barriers are formed
due to accumulation of localized charges at grain

boundaries. It is established that the current through in-
tergranular boundaries in large-block CdTe polycrys-
tals obeys the laws of thermionic emission.
Conclusions. The barrier height at intergranular
boundaries in large-block p - CdTe polycrystalline
films has been experimentally determined . It has been
shown that exposure to white light significantly in-
creases the mobility of the majority charge carriers,
which can facilitate the production of low-resistance
substrates from CdTe polycrystals . The conducted pho-
toconductivity studies show that the electron states of
extended defects, exciting electric fields and elastic
stress fields around themselves, are most likely deter-
mined by the atomic structure of extended defects, in
particular, the presence of dangling bonds. For final
confirmation (or refutation) of this opinion, it will be
necessary to use more complex research methods in the
future , primarily local-structural ones. It has been es-
tablished that the value of p, tp for the nCdS / pCdTe
heterostructure increases with increasing temperature .
For example, the value pofpt ~1.43-10 "cm?/Vat T =
293 K,andat T =353 K — up1p 3.9 -10 "cm 2/V.
The authors succeeded in obtaining CdTe films of
various compositions at reduced substrate temperatures
using the CMPO method . It was found that after heat
treatment in a CdCl 2 sowtion , the resistivity of a stoichi-
ometric CdTe film decreased significantly from 10 °
Ohm.cm to 10 8 Ohm.cm. While the resistivity of sam-
ples enriched with Cd and Te is small, the and remained
~10 8Ohm.cm. It is shown that for CdTe films obtained
by chemical molecular beam deposition there is no
need for such treatment. Based on atomic force micros-
copy images , it was found that the films obtained at a
substrate temperature of 500 ° C had a well-oriented
polycrystalline structure, where the grain size was 2-3
pum, and more densely packed than the films grown at a
substrate temperature of 600 © C. This makes it possible
to grow CdTe films with a deposition rate of 0.9 ~ 1.5
Alsec at a substrate temperature of 5000 C , which are
suitable for the manufacture of photovoltaic devices.
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