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Thin films of the CdTe,_,S, system (0<x<1) have been prepared by a thermal evaporation
technique, and their structural, optical and electrical properties have been measured in order
to characterize the system. Detailed X-ray analysis showed that the structures are polycrystalline
and the interplanar distances have been calculated for those systems. The CdTeg.4S0.6 System
showed a maximum optical absorption. It is observed that the optical gap, E,., is indirect for
(0 <x<0.5) while for (0.6 <x<1) itis direct. The variation of E,, with xin the CdTe,_,S, system
is not linear and the minimum value of E,, was for x=0.3. The addition of copper dopants up to
3% to the CdTeo.4So.6 system reduced the value of E,,. The electrical conductivity showed two
values of activation energy indicating different dominant conduction mechanisms in different

temperature ranges.

1. Introduction

The 11-VI compound materials are the oldest that
have been used on an industrial scale for the produc-
tion of semiconductors and related devices [1]. They
are used as cathode-ray tube screen materials, electro-
luminescent devices, ultraviolet responsive pigments,
flash detectors and even as photoconductors and solar
cells [2, 3]. During recent years the development of
thin-film solar cells for terrestrial use has been
documented because solar energy is an attractive en-
ergy alternative. Some efforts have been devoted to
producing graded layer systems from two compounds
differing in their energy gap. Indeed semiconductor
alloys have been used for years to tune band gaps and
average bond lengths to specific applications. By
changing the concentrations and under controlled
preparation conditions, it is possible to produce
graded layers having a series of different values of
energy gap, thus enhancing the absorption of the
wavelengths incident on this film. Systems such as
Zn,Cd; S [4], CdTe,_.S, and ZnS,Te; _, [5-8]
have been investigated. Radojcic et al. [9] have further
suggested that mixed or graded thin-film devices such
as solar cells, for example, based on CdS and CdTe
semiconductors may overcome the limitation of using
the two individual materials, by reducing the manu-
facturing costs and fabricating high-efficiency graded
band gap CdTe, .S, thin film solar cells.

In the present work the preparation techniques as
well as the structural, electrical and optical properties
of the CdTe, _, S, system have been investigated for
different x values (0 < x < 1), and the optimum value
for maximum solar absorption has been established.
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2. Experimental procedure

2.1. Sample preparation

Thin films of CdS and CdTe were prepared by thermal
evaporation from a covered molybdenum boat in
a Balzers BAL 370 coating unit with ultimate pressure
~1x1077 torr (! torr=133.322Pa) rising to
1x107° torr during the evaporation process. The
chamber and its components were initially cleaned
with pure ethanol followed by dry nitrogen gas in
a glow discharge. For aluminium electrode coat-
ing, an Edwards E 12 System with a vacuum
~ 1.5%x 1077 torr was used. Soda-lime slides were
used as substrates and were cleaned conventionally
[10]. Different film geometries were achieved by the
use of different mask shapes. Film thicknesses were
determined during evaporation by the use of the
quartz crystal monitor technique. This was comp-
lemented by a multiple beam interferometric method
outside the vacuum. Growth rate was about
0.8 nms™'. The values of x have been taken in steps
0.1,02,..., 1.0

2.2. Measurements

The weight percentages that constituted the different
compositions were pre-determined, and put together
in a molybdenum boat prior to evaporation. Films
were formed by condensation on substrates kept at
room temperature. X-ray diffractometry was used to
ascertain the crystal structure of all CdTe, _,S, com-
positions, and for calculating the lattice constants for
the crystal forms.
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The electrical conductivity of the samples was ob-
tained at different temperatures by measuring the cur-
rent through the sample and a series resistor using
a Keithley 616 electrometer. The temperatures were
determined with a thermocouple. The temperature
range was from room temperature to 523 K.

The optical absorption measurements were made at
room temperature using a Pye-Unicam PV 8800
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Figure 1 X-ray diffraction pattern of {a) CdTe and (b) CdS films
annealed at 443 K.

UV-visible spectrophotometer. The optical absorp-
tion coefficient, a(w), as function of the angular fre-
quency of radiation, ®, was calculated from the meas-
ured optical absorbance, 4, using the relation [11]

(o) = 2.303? (1)

where t is the actual film thickness.

3. Results and discussion

3.1. Structural study

Figs 1 and 2 show the X-ray diffraction patterns of
CdTe, CdS and CdTe, _, S, thin films before and after
annealing at 7 = 443 K for about 30 min. They are of
polycrystalline structure and from them we have cal-
culated the interplanar distances, d. These distances,
however, vary with the displacement of the Bragg
angles for all CdTe, _ .S, systems and according to the
ASTM index and Fig. 1, it is found that CdTe has
a cubic unit cell (zinc blende) while CdS is of a wiirtzite
unit cell {12, 13]. For the CdTe, _ S, system, on the
other hand, no ASTM information is available and
therefore we have relied on the spectral analysis of the
X-ray diffractometer in finding the Bragg angles. It
has been observed that this angle is displaced towards
CdS angles as the value of x in the system is increased.
It has also been noted that a change in the structures
between the zinc blende and wiirtzite occurs at x > 0.5
which confirms what has earlier been pointed out by
Ohata er al. [7, 8] but they claimed the change is at
x = 0.2, while in our work the change to the wirtzite
structure was for x > 0.5 which is more legitimate.
Annealing up to 7' = 443 K did not change the maxi-
ma of Bragg peaks for all compositions (0 < x < 1)
under examination, and this is because annealed films
of low thickness (t ~ 200 nm) do not increase the
growth of the grains. Instead they are attached to-
gether. This, in fact, explains the lack of change of
Bragg peaks for all the CdTe, .S, system. Table
I details the information obtained for the CdTe, _ .S,
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Figure 2 X-ray diffraction patterns of the CdTe, _ S, system where 0.1 < x < 0.9 before and after annealing at 443 K.

252



TABLE [ The constants of the CdTe,_ S, system from X-ray
diffraction patterns

X 26 d(nm) hkl a(nm) ¢ (nm)
(deg)
0 23.7 0375 111 Zinc blende 0.6496
39.1 0.2301 220 Zinc blende
4595 01973 311 Zinc blende
0.1 239 03719 111 Zinc blende 0.6443
39.2 02296 220 Zinc blende
46.3 0.1947 311 Zinc blende
02 24 03704 111 Zinc blende 0.6416
39.25 02293 220 Zinc blende
4645 01953 311 Zinc blende
0.3 2415 03682 111 Zinc blende 0.6377
40 02252 220 Zinc blende
4565 0.1985 311 Zinc blende
0.4 24.4 03644 111 - 0.6311
40.3 02235 220 Zinc blende
47 0.1931 311 Zinc blende
0.5 248 03586 100 Wirtzite 0.3586
26 03424 002 Wiirtzite 0.6848
27.1 03287 101 Whirtzite
35.1 0.2554 102
4035 02233 110
45 02012 103
0.6 24.9 03572 100 Wirtzite 0.3572
2605 03417 002 0.6834
27.05 03293 101 Wirtzite
36.2 0.2479 102 Whirtzite
42 02149 110 Wirtzite
45.5 02991 103 Wirtzite
0.7 254 03503 100 Wirtzite 0.3503
26 03424 002 Wiirtzite 0.6758
27.2 03275 101 Wirtzite
36.1 02485 102
43 02101 110 Wdrtzite
46 0.1971 103 Wirtzite
0.8 248 0.3586 100 Wiirtzite 0.3586
2635 03379 002 Wirtzite 0.6758
27.2 03275 101 Wirtzite
36 02492 102 Wirtzite
439 0206 110 Wairtzite
47 0.1931 103 Wairtzite
09 257 03463 100 Wirtzite 0.3463
26.3 03385 002 Wiirtzite 0.677
27.2 0.3275 101 Wirtzite
3625 02475 102 Wilrtzite
4345 0208 110 Wirtzite
479 0.1897 103 Wiirtzite
1.0 2438 03586 100 Wiirtzite 0.3586
26.5 0336 002 Wirtzite 0.6721
279 03195 101 Wirtzite
36.65 02449 102 Wirtzite
435 02078 110 Wirtzite
478 0.1901 103 Wirtzite

system from X-ray examination. Furthermore, the
CdTe, _,S, system has been doped with different per-
centages of copper atoms. The reason for this is to
obtain a p-type semiconductor of this system by the
substitutional doping of copper atoms instead of cad-
mium atoms. Fig. 3 shows that the intensity of the
Bragg peaks increased systematically with increasing
copper up to 1% Cu in the system and then reduced
for 2%-3% Cu. It is believed that the high copper
content leads to difficulties in obtaining a regular
distribution of the copper atoms which hampers
Bragg reflections and, in turn, reduces the intensity, as
is evident from Fig. 3.
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Figure 3 The X-ray diffraction pattern of a copper-doped
CdTe, ,S, , film.

0.470.6

3.2. The electrical conductivity

Fig. 4 shows the change of conductivity, o, versus x at
room temperature for the CdTe, _,S, system. Obvi-
ously the variation is not linear and o changes steeply
at nearly constant temperature when x approaches 0.5
from 277x107°Q 'em™! to 2.839Q 'em ™' for
CdTe and CdS respectively. This is in fair agreement
with previously published data [14-16]. It is clear
from points of the graph [5] that it exhibits the con-
ductivity of the films as-deposited and after annealing.
The annealing process has reduced the conductivity
for all compositions and this is due to the process of
attachment of the granules, especially in low-dimen-
sional films. The resistance of the areas separating
those islands is quite high, giving rise to the reduction
in conductivity after the first annealing. This is also
supported by the X-ray result in the previous section,
while during the increase of temperature from
303443 K, log o varies with inverse temperature
which is a property known for semiconductors where
the temperature coefficient of resistance is negative.
The increase of ¢ with 7'is attributed to the growth of
larger grain sizes which, in turn, increases the electron
mean free path and reduces the scattering effect. The
value of the activation energy, E,, is obtained from the
equation

o = Goexp( — E,/kT) 2)
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Figure 4 The variation of electrical conductivity with composition
for the CdTe, _ S, system (O) before and (@) after the first anneal-
ing process.
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Figure 5 The variation of conductivity of a CdTe thin film with
inverse temperature after the (M) first and (W) second annealing
processes (x = 0).

where G, is a constant and k is the Boltzmann con-
stant. Figs 5-7 show a typical variation of In & versus
1000/T in accordance with Equation 2 for the CdTe,
CdS and the CdTeq ¢S4 systems. The values of E,
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Figure 6 The variation of conductivity for the CdTe, _ S, system
with inverse temperature after the (M) first and (W) second anneal-
ing processes.
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Figure 7 The variation of conductivity of a thin CdS film with
inverse temperature after the (M) first and () second annealing
processes (x = 1).

" obtained for all CdTe, -, S, systems after the first and

second annealing processes are listed in Tables IT and
I11, respectively. All the samples exhibit two linear
regions ie. two values of E,. The first at the lower



TABLE 11 The values of activation energies in the temperature range studied for the CdTe, _ S, system after the first annealing process

X E,, (V) Temperature E_, (eV) Temperature E,; (V) Temperature
range (K) range (K) range (K)

0 0.025 303-357 0.550 357454

0.1 0.243 327-370 0427 384-444

0.2 0.127 333-370 0.555 384-444

0.3 0.452 333-392 0.702 400-434

04 0.027 303-344 0.728 344-443

0.5 0.255

0.6 0.204 298-317 0.144 322-353 0.102 353-443

0.7 0.245 298-322 0.036 333-443

0.8 0.168 298-357 0.076 357443

0.9 0.125 298-357 0.069 357443

1.0 0.102 298-344 0.184 357-443

TABLE III The values of activation energies in the temperature range studied for the CdTe, _ S, system after the second annealing process

x E,, (eV) Temperature E,, (eV) Temperature E , (eV) Temperature
range (K) range (K) range (K)

0 0.077 303-377 0.709 384454

0.1 0.258 344-377 0.494 384-444

0.2 0.126 333-370 0479 389-444

03 0.462 344-392 0.787 400-434

04 0.024 303-348 0.661 357-443

0.5 0.299 298-357 0.491 377-443

0.6 0.230 298-338 0.171 338-384 0.131 384443

0.7 0.322 298-322 0.070 333443

0.8 0.163 298-370 0.108 370443

0.9 0.158 298-357 0.166 370-443

1.0 0.098 298--344 0.083 357-443

temperatures is believed to be due to the transitions 0

from the trapping levels in the band gap to the bottom
of the conduction band or the top of the valence band,
and the second is due to electron or hole transitions to
conduction or valence bands, respectively. From
Tables II and III, it is seen that in some films the value
of E,, is lower than E,; (particularly for the
CdTeq.,So.5 sSystem) and this is due to the re-arrange-
ments of atoms at high temperature which leads to an
increase in the scattering of conduction electrons
where the vibrational range will be wider around its
old or new positions at higher temperatures. It is also
observed that the CdTeq 4Sy.¢ system exhibits a fur-
ther slope E,; in the high-temperature range, and this
is attributed to electron transitions through the ex-
tended states in the conduction band. As we shall see
later, CdTe .4 So.¢ has the highest optical absorbance
which is essential for the present study, and thus this
system will be considered in some detail.

Fig. 8 shows the variation of o with different cop-
per-doping levels. The lowest value obtained for con-
ductivity occurred for the 0.25% Cu : CdTeq 4 S ¢ Sys-
tem and starts to increase up to 3% Cu incorporation.
Figs 9 and 10 show the variation of log o versus
inverse temperature for CdTe, 4Sg.¢ doped with dif-
ferent copper concentrations after the first and second
annealing processes. Table IV summarizes the values
of E, obtained from Figs 9 and 10. It is seen that the
disturbance in the curves of Fig. 9 for the doping levels
0.25%, 1% and 3% are smoothed out after the second
annealing, as shown in Fig. 10. This may be because of
a higher stability in the atomic arrangement. Two

-1 T Y T T T
0 0.5 1.0 1.5 2.0 2.5 30
Copper content (%)

Figure 8 The variation of log conductivity with copper content for

three samples of CdTe S, . with different copper contents; {®)

before annealing, (O) after annealing.

values of E, are also observed (Table I'V). These arise
from the presence of several doping and trapping
levels within the band gap and the dominance of each
in a particular temperature interval. The exception
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Figure 9 Variation of log conductivity with inverse temperature for
the CdTe, S, . system doped with different copper contents after
the first annealing. (W) 0.25% Cu, (A) 0.5% Cu, (O) 1% Cu, (L1)
2% Cu, (@) 3% Cu.

was 3% Cu which showed only one value of E,. This
may be due to incorporation of high copper content
into the crystalline configuration and this view is also
supported by the X-ray study.

3.3. The optical absorption

The optical absorbance of the CdTey ,Sq.s system
(0 < x < 1) in the wavelength range A ~ 300-850 nm
has been measured. Fig. 11 shows that the
CdTeg 4So.¢ system has the highest optical absorption
at A =496 nm. The optical band gap, E,,, of the
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Figure 10 The variation of log conductivity with inverse temper-
ature for the CdTe, ,S, , system doped with different copper con-
tents after the second annealing. (M) 0.25% Cu, (&) 0.5% Cu, (O)
1% Cu, () 2% Cu, (®) 3% Cu.

material has been obtained from the relation [17].
aho ~ (ho — Egy)" 3

where hiw is the energy of the incident photon and the
exponent n may take values 1, 2, 3, 4, 3 depending on
the electronic transitions in k-space. A linear fit was
obtained for the CdTe; _ .S, system (0 < x < 0.5) with
n=2 (Equation 3), indicating indirect optical
transitions were involved. A value of E,, ~ 1.56 eV
for x = 0 is obtained, which agrees well with other
findings [9, 18]. For the CdTe,_,S, system
(0.6 < x < 1), the best fit was found using n = § which

TABLE IV The values of E, for the CdTe, ,Sq ¢ system doped with copper

Annealing Cu E, (V) Temperature E,, (V) Temperature E,, (eV) Temperature
process content range (K) range (K) range (K)
(%)
1 0 0.204 298--317 0.144 322-353 0.102 353-443
0.25
0.5 0.403 303-416 0.590 425-443
1.0
20 0.287 303-357 0.245 357-443
3.0
2 0 0.230 298-338 0.171 338-384 0.131 384-443
0.25 0.022 303-350 0.612 357-443
0.5 0.396 303-370 0.601 370-443
1.0 0.295 303-400 0.408 400443
2.0 0.295 303-357 0.248 357443
30 0.360 303443
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Figure 11 Variation of optical absorbance with x for a CdTe, _ S,
sample (@) before and (O) after annealing (A = 496 nm).
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Figure 12 (ahw)''* versus hw for the CdTe, _ S, system before an-
nealing (indirect transitions). E,: (@) 1.56 eV, x = 0; (A) 1.53 eV,
x=01; (MAN) 1.40eV, x =0.2; (0O) 1.29eV, x =0.3; (V) 1.50 eV,
x = 04(0) 189 eV, x = 0.5.

indicates that direct optical transitions were involved.
For x = 1, however, the value of E,,, ~ 243 eV and
this agrees with earlier work [19-217. Figs 12 and 13
show the optical transitions in the CdTe; _, S, system

0 f T T T
1.0 1.5 2.0 2.5 3.0 3.5

' Awlev)

Figure 13 (ahw)''? versus ke for the CdTe, _ S, system before an-
nealing (direct transitions). E,: (W) 2.24¢eV, x = 0.6; ((J) 2.28 eV,
x =07 (O) 2236 eV, x = 0.8; (@) 2.39 eV, x = 0.9; (M) 2.34 ¢V,
x =10

TABLE V (a) The variation of E, for the CdTe, _ S, system with
composition

x E, V) Eop'l (eV)
(before annealing) (after annealing)
0 1.56 1.76
0.1 1.53 1.68
0.2 1.40 1.47
03 1.29 1.35
04 1.50 1.77
0.5 1.89 2.00
0.6 2.24 2.66
0.7 2.28 2.58
0.8 2.36 2.56
0.9 239 2.68
1.0 243 2.63

(b) The variation of E,,, with copper content in the CdTe, S,
system

Cu E, V) E . (V)
content (before annealing) (after annealing)
(%)

0 2.40 2.66

02 2.64 2.76

0.5 2.60 2.68

1.0 2.54 2.63

2.0 244 2.52

2.5 240 2.48

and Table V lists the values of E,, before and after
annealing. From this table, it is observed that for
unannealed samples, the values of E,, lie in the range
1.56-2.43 eV and vary non-linearly with the value of x.

257



30

Eopt (eV)

1.0

0O 01 02 03 04 05 06 07 0.8 09 10
X

Figure 14 Variation of Eopl for a CdTe, __S, sample (@) before and
(O} after annealing.

The lowest value was at x = 0.3 while Hill and
Richardson [6] and Ohata et al. [7, 8] found it at
x = 0.2 and 0.25, respectively. On annealing, E,, has
increased in general; the maximum E., within
0 < x < 1,was 1.77 eV for x = 0.5. Fig. 14 exhibits the
variation of E,, with x for the CdTe, _,S, system and
fits the following equation

Eqp(x) = 1.62 — 3.14 x + 10.361 x?—647x> (4)

It is also seen from Table V that the value of E,, has
increased with annealing because the size of the crys-
tallites has increased as well as the reduction of trap-
ping levels inside the forbidden gap. The change in the
optical transition from direct to indirect when chang-
ing the composition (i.e. x in the system) is also sup-
ported by X-ray examination as the structure has
changed from zinc blende to wiirtzite at x = 0.5.
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For the CdTe, 4, Sg ¢ system doped with copper, the
value of E,p, varied from 2.64-2.40 eV for 0.25% Cu
and 3% Cu doping ratio, respectively. Table V repres-
ents the variation of E,,, with the copper doping ratio.
From these results, one may conclude that on the
addition of copper atoms, the doping levels will in-
crease inside the band gap and the value of E,, is thus
reduced.
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