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CdTe films have been prepared by close-spaced sublimation under different
conditions. When CdTe is deposited at a low temperature, grains with a single
predominant growth plane (111) adhere to the substrate and gather into
scattered particles. With increasing deposition temperature, the number of
CdTe grains on the substrate increases very quickly, the grains begin to form a
quasi-continuous film, and (220), (311), (400), and (331) growth planes of CdTe
begin to appear. When the deposition temperature and time are increased
further, the CdTe grains begin to accumulate, the pin-holes formed initially
begin to disappear, and grain boundaries with traces of layer growth can be
observed. Different transmittance of samples of different thickness is clearly
apparent but changes of the band gap, E, of the CdTe films is negligible. XPS
results suggest CdTeOs3 is generated on the CdTe film surface as the deposi-
tion time is increased.
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INTRODUCTION

CdTe with a band gap of 1.46 eV is a direct-band-
gap semiconductor material with a high absorption
coefficient; a film 1 ym thick can absorb more than
90% of sunlight, and its spectral response is almost
identical with the solar spectrum. Because of these
advantages, CdTe solar cells have been widely
researched in recent years. Because the p—n junc-
tion formed by the n-type CdS and the p-type CdTe
is a crucial component of high-quality CdTe solar
cells, CdS and CdTe thin films have been a focus of
study for CdTe solar cells.'™

Current research on CdTe focuses on two main
aspects, the method of preparation*® and CdTe
film treatment.” High-quality CdTe films can be
deposited by a variety of methods, for example
close-spaced sublimation (CSS), chemical vapor
deposition, screen printing, electron beam deposi-
tion, molecular beam epitaxy, sputtering, pulsed
laser deposition and electroplating, among others.
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Because of such obvious advantages as simple
equipment, rapid deposition, and low cost, CSS is
one of the most popular methods. To obtain high-
performance solar cells, the CdTe film must usu-
ally be annealed after deposition. Current research
on annealing mainly focuses on different annealing
methods, selection of different dopants, and the
annealing atmosphere.

The temperature difference between source and
substrate, the physical mechanism of CdTe subli-
mation, and the transport and deposition of CdTe
thin films deposited by close-spaced sublimation
have been reported in our previous paper.'® How-
ever, we did not further investigate growth of the
CdTe film throughout the deposition process. Jose
studied the deposition rate model for CdTe via close-
spaced sublimation spanning the sublimation and
diffusion-limited cases and obtained a good quanti-
tative fit with temperature, pressure, and substrate
source distance.'! In addition, growth rates, growth
morphology, and film quality for epitaxial CSS CdTe
thin films deposited on CdTe (111) B substrates
were analyzed over a range of experimental condi-
tions.'? We showed that deposition temperatures
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and time are important factors affecting film deposi-
tion. To enable reproducible fabrication of optimum
CdTe films of different thickness under different
conditions it is, therefore, very important to under-
stand the effect of different deposition temperatures
and times on variation of CdTe structure, surface
morphology, optical properties, and electronic char-
acteristics. Such analytical instruments as electron
microscopes can be used for visual observatlon of only
one plane of the crystal growth process.'® In this
work, a series of CdTe thin films were deposited by
using CSS at different temperatures for different
times, and scanning electron microscopy (SEM),
x-ray diffraction (XRD), ultraviolet—visible spec-
trophotometry (UV-Vis), and x-ray photoelectron
spectroscopy (XPS) were used to study the properties
of the polycrystalline thin films of CdTe. The results
provide an experimental foundation for preparation
of high-quality CdTe films for solar cells.

EXPERIMENTAL

CdTe films were deposited on quartz glass (com-
mercial silica, size 50 x 60 x 1 mm?®, supplied by
JNC, China) by use of a laboratory- des1gned CSS
system under a mixed Ar—O, atmosphere with O, at
a partial pressure of 3%. The deposition conditions
were: source 99.999% purity CdTe powder, pressure
2 kPa, and distance between substrate and source
2 mm. Deposition temperature and time are listed
in Table I.

The CSS process, a physical vapor deposition
method, is illustrated in Fig. 1.

When the source temperature reaches 450°C,
CdTe on the source will decompose to Cd and Tes.
After several collisions with Ar the Cd and Te, are
transported to the substrate surface by the Oy and
are uniformly deposited on the surface. Cd and Te,
have different vapor pressures, which result in dif-
ferent vapor concentrations; as a result, a Te-rich
p-type CdTe film with a st01ch10metry of 1:1.1 can be
fabricated by CSS.'* The deposition process is rep-
resented by the equations:

The reaction of the source: 2CdTe (s) — 2Cd (g)
+ Teqs(g)
(D)

The reaction of the substrate: 2Cd (g) + Tea(g)
— 2CdTe (s)

(2)

when the substrate temperature is increased to
more than 450°C, CdTe on the surface of the sub-
strate will decompose and sublime just as it does on
the source. This process can reduce the amount of
CdTe on the substrate. So, to obtain CdTe thin films,
one must ensure that the amount of CdTe deposited
on the substrate is larger than the amount sublim-
ing from the substrate; this can be achieved when
the source temperature is higher than the substrate
temperature. Figure 2 shows the temperature curve
for the deposition process; all samples at different
stages during the deposition are marked on the
plots.

RESULTS AND DISCUSSION

Figure 3 shows the surface morphology of the
samples as revealed by SEM with 10,000x magni-
fication. Film thicknesses measured by use of an
SP2 profiler are listed in Table II. When the source
temperature is only 470°C and the deposition time

Substrate

O“ @®

Source
Fig. 1. Process of deposition of a thin film of CdTe by CSS.

Table I. Substrate temperature T, source temperature T, and the time held at those temperatures for six

different CdTe thin films

Sample no. Teup (°C)
440
470
500
530
530
530

DU WM

T, (°C) Time (min)

470
520
570
620
620
620

HWOoOOoOOoOO




2788

is short, no particles could be observed by SEM on
sample 1. So, the SEM image for this sample is not
shown.

In accordance with the basic equation for the rate

1
of evaporation, R, R « Ts?P.(T) and lg(P.(T)) = A
—B/Ts, where P.(T), the vapor pressure of the eva-
porant, is a function of source temperature, A and B
are experimental constants. When the deposition
temperature exceeds a specific value, a slight
increase in the temperature of the source can
cause the rate of evaporation to increase rapidly.'®
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Fig. 2. Substrate temperature Tg,, and source temperature Tg
curves for CdTe during the CSS deposition process.
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Although T for samples 2, 3, and 4 is increased only
slightly, by 50°C, the changes in film thickness and
morphology are obvious, as is apparent from Fig. 3
and Table II.

It is apparent from Fig. 3 that at the beginning of
CdTe thin film deposition, for example sample 2
(Fig. 3a), isolated and scattered spots of size
approximately 0.5 um become attached to the sur-
face of the glass. As the temperature increases, the
grains deposited on the substrate start to grow,
filling the gaps and forming a quasi-continuous
film. Pin-holes are present between the grains and
the size of the grains is approximately 1 um
(Fig. 3b). When the source temperature is
increased to 620°C and substrate temperature to
530°C, the grain size increases substantially, to
approximately 2 um (Fig. 3c). Meanwhile, the grain
boundaries begin to appear, and differences in grain
size becomes large. Compared with sample 3
deposited at a T, of 570°C and a Tg,, of 500°C
(Fig. 3b), compactness of the film has been
improved. For samples 5 and 6 T was maintained at
620°C for 3 min (Fig. 3d) and 6 min (Fig. 3e),
respectively; fewer smaller grains are present and the
uniformity of the film is improved, but clear grain
boundaries can be observed with layer growth occur-
ring perpendicular to the direction of the axis along
the obvious preferred growth orientation, and the
high-index surface becomes smaller or is completely
sequestered. Average grain size for sample 6is >3 um.

The surface topography of the samples changes
for two reasons:

Fig. 3. SEM images of CdTe thin films deposited at different temperatures or time summarized in Table I: (a) sample 2, (b) sample 3, (c) sample

4, (d) sample 5, and (e) sample 6.

Table II. Representative characteristics of CdTe thin films

Intensity of each plane by XRD

Size of SEM

Sample Thickness (,um) image (ﬂm) Eg (eV) Eo (eV) 1(111) 1(220) 1(311) I(400) I(331)
1 — — — — — — — — —
2 - <0.5 — — - — - — -
3 0.4 ~1.0 1.485 0.739 1279 688 404 - -
4 2.9 1.0-2.0 1.492 0.739 4969 1445 1312 293 302
5 4.2 2.0-3.0 1.498 0.738 6175 2259 1736 392 468
6 4.7 ~3.0 1.492 0.721 8508 1970 1810 335 483
E, is the band gap of CdTe, E| is the dark conductivity activation energy, I is the intensity of the diffraction peak.
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Fig. 6. Typical plot of (xhv)? as a function of hv for CdTe thin film.
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Fig. 4. XRD patterns of CdTe thin films.
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Fig. 5. Transmittance spectra of CdTe thin films.

— First, when the source temperature is increased,
the density and kinetic energy of Cd and Te,
subliming from the source increase. When Cd and
Te, arrive at the substrate surface, their diffusion
velocity becomes faster and the range becomes
larger, resulting in an increase in the density of
islands on the substrate. This process is very
beneficial to growth of the CdTe film.

— Second, the increased substrate temperature
improves the thermal vibration of atoms on the
surface of the substrate. This process enhances
the activity of adsorbed atoms and is conducive to
nucleation and growth in a spiral manner, which
typically includes adsorption, surface diffusion,
and chemical binding on the surface.''"

Temperature and deposition time have a substan-
tial effect on grain shape and size during crystal
growth, and preferential growth of the (1 1 1) crystal
phase of CdTe can be observed at high substrate
temperatures.

XRD diffraction patterns of CdTe films are shown
in Fig. 4.

The XRD curves for samples 1 and 2 are just the
amorphous peaks of the substrate, glass, because
there is no uniform and continuous CdTe film on the
substrate. When deposition temperatures are
increased, a continuous CdTe film with a cubic
phase begins to grow on the substrate. For the other
CdTe films the prevalent preferred orientation
plane (111) is apparent. When the deposition tem-
perature is increased to 620°C higher-angle
diffraction peaks (56.8°, 62.7°) which are not
observed at low temperature begin to appear; these
are ascribed to the (400) and (331) crystal planes,
respectively. The intensities of the three narrowest
and most intense diffraction peaks are listed in
Table II; their ratios are:

I3111)/T5(220) /T3311) = 3.16/1.70/1.00, L4111
JLyo0)/Tag311) = 3.78/1.10/1.00

I5111) /I5(220) /I5(311) = 3.55/1.30/1.00, Ig(111) /L6 (220)
/311 = 4.7/1.08/1.00

It is apparent that as deposition temperature and
time are increased the preferred orientation (111)
crystal plane becomes more obvious; this is con-
firmed by the increase in the relative intensity ratio
from 3.16 to 4.70.'® This result indicates that crys-
tallinity has improved and no phase transition
occurs as the deposition temperature is increased.
The transmittance of the CdTe thin films was
investigated by UV-Vis spectroscopy. According to
Fig. 5, transmittance (7T") depends on the deposition
process. T for samples 1 and 2 is very high, espe-
cially that for sample 1. 7" for sample 1 is that of the
glass substrate. Because of the presence of black
particles on sample 2, T decreases, but remains
above 74%. T for the other samples decreases sub-
stantially. Sample 3 (0.4 ym) absorbs most of the
light below 830 nm, and sample 4 (2.9 ym) absorbs
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all the light below 830 nm, because of the con-
tinuous, compact, and thicker CdTe films. Sub-
stantial overlap is observed for samples 5 and 6. The
results indicate that the thickness of CdTe film can
be reduced to below 2 um by controlling the depo-
sition conditions.

It is also apparent from Fig. 5 that the change in
T for each sample is almost at the same position,
which corresponds to the band gap () of CdTe. E,
can be calculated by use of the Tauc formula:

ahv = A(hv — Eg)", 3

where hv is the photon energy, A is a constant, and
the value of n depends on the energy band structure
of the material. For direct energy band semicon-
ductor material, for example CdTe, n =0.5.
Figure 6 shows a typical plot of (¢hv)? as a function
of hv. The linear fit to the straight line part of this
plot gives the value of the E, from the x-axis inter-
cept. The band gaps for samples 3-6 are listed in
Table II. The change of E, for films prepared by use

-1

Inc (Qcm)

4

2.0 22 24 2.6 2.8
1000/T (K™")

Fig. 7. In (o) versus 1000/T curves of CdTe deposited at different
temperatures and times.
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of different temperatures and times is negligible,
and E, is very close to the theoretical value of 1.5 eV.

The room temperature conductivity (o¢) and dark
conductivity activation energy (E,) are obtained by
measuring the conductivities (¢) of the films as a
function of temperature. The electron affinity of
CdTe is 4.28 eV, so the work function (>5.6 eV) is
higher than for most metals. Thus, CdTe is in direct
contact with the metal, which produces a Schottky
junction resulting in an increase of the contact
resistance. To minimize the effect of the contact
barrier, Au (work function: 5.1 eV) has been
deposited as a co-planar electrode on top of the
CdTe. Furthermore, changes of dark resistance as a
function of temperature were measured and the
dark conductivity (o) was calculated. Figure 7
shows the relationship between In (¢) and 1000/7.

For CdTe polycrystalline film, E, is calculated by
use of the formula o4, = g0e?/ET: the results are
listed in Table II:

Ej is slightly higher for CdTe deposited at a low
temperature for a short time than for that deposited
at a high temperature for a long time. It is known
that Eg is composed of Fermi energy and activation
energy of carrier mobility. CdTe is a unipolar
semiconductor with a large number density of
defects, because of Cd vacancies and Te interstitials,
so it is difficult to change the Fermi energy level
because of Fermi-level pinning. The results show
that all E, are almost half the band gap, which
means that both the Fermi energy and activation
energy of carrier mobility are independent of depo-
sition temperature and time, even if the defect
concentration changes with increasing deposition
temperature and time. Annealing is an effective
way of reducing E, for CdTe thin films.'*%°

The elemental composition of CdTe was deter-
mined by XPS (XSAM-800) with Al K« radiation
under UHV and operating at 12 kV and 12 mA. All
the binding energy is referenced to the signal for
adventitious carbon at 284.4 eV. Figure 8 shows the
binding energies of the Te and Cd levels on the sur-
face of CdTe. The Te peaks are split into doublets.
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Fig. 8. Photoemission spectra of (a) Te (3d) and (b) Cd (3d) levels for CdTe samples 4 and 6.
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The Te 3ds/, peak at 572.1 eV corresponds to the Te—
Cd bond and the Te 3ds» peak at 575.6 eV corre-
sponds to the Te—O bond (Fig. 8a). With increasing
deposition time, the Tes;o 1 ov peak area changes. We
can estimate the relative change of different bonds
by considering the area under each sample. The area
ratio Are, 572.1 ev/ATe, 575.6 ev decreases from sample
4 to 6, which indicates that the Te oxidation state
increases in the film and this oxide corresponds to
CdTeOgs. The Cd peaks (Fig. 8b) with binding energy
of 404.7 eV are characteristic of Cd 3ds/s.

Although we increased the deposition time there
was no significant energy shift for Cd, which means
there was no change in the chemical state of Cd
when CdTe is oxidized to form CdTeOs because of
the Cd2+.21_23

CONCLUSIONS

The properties of CdTe thin films prepared at
different temperatures and for different times were
studied. We found that temperature and deposition
time have substantial effects on grain shape and
size during crystal growth. When CdTe was
deposited at low temperature, isolated, scattered,
and small CdTe formations, only, became attached
to the surface of the glass, and preferred orientation
in the (111) plane could not be observed. Trans-
mittance was substantially affected by film thick-
ness. As the temperature was increased, grains
deposited on the substrate began to grow and fill
the gaps between each other, and then gradually
formed a continuous film. As a result, clear grain
boundaries and five narrower and more intense
diffraction peaks could be observed, indicating that
crystallinity has been improved. It is worth noting
that the band gap, dark conductivity activation en-
ergy, and structure of CdTe did not change with
increasing deposition temperature. However, when
the sample was deposited at high temperature for a
long time Te oxide was generated on the surface.
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