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Abstract—The results of studying the physical properties of thin CdTe films obtained by the thermal evapo-
ration method have been presented. The optical constants and the band gap of the films under study have been
determined (£, = 1.46 eV). It has been established based on the investigation of optical properties and the
Raman spectrum of the films that they possess high structural quality. The activation energy of the electrical
conductivity of CdTe films has been determined: E, = 0.039 eV. The measured spectral dependences of the
impedance of CdTe thin films are characteristic of the inhomogeneous medium with two time constants:

Tgb =
respectively.

DOI: 10.1134/51063783414100072

1. INTRODUCTION

Cadmium telluride (CdTe) is one of most promis-
ing materials for the fabrication of solar cells in view of
its high absorption coefficient (>10° cm™!) and optimal
band gap (1.5 eV). Currently, about ten methods of the
fabrication of thin CdTe films are developed [1—3].

Cadmium telluride films have been for a long time
used to develop heterostructure-based solar cells. An
increase in efficiency of such elements is directly asso-
ciated with an increase in quality of starting materials
for the development of heterostructures, as well as with
the understanding of their physical properties.

There are many publications on the investigation of
optical and electrical properties of CdTe films [2—11].
However, there are few results of complex experimen-
tal investigations of spectral dependences of funda-
mental optical constants. There are also few data on
the dc and ac electrical properties of high-quality
CdTe films grown by the thermal evaporation
method—one of cheapest. Therefore, our investiga-
tions are very important for the further development of
highly efficient devices based on heterojunctions for
electronics and solar power engineering [12—14].

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The CdTe films were deposited on preliminarily
cleaned glass substrates 24 x 24 x 0.15 mm in size using
a UVN-70 vacuum installation with the thermal evap-

RyCop = 1/0g, = 1.62 x 10~3 s and T, = R,Cy = 1/, = 9.1 x 107 s for grain boundaries and grains,

oration from a tungsten crucible in a quasi-closed vol-
ume. We used p-CdTe crystals grown by the Bridgman
method at low cadmium vapor pressures (Pcy =
0.02 atm) as the material for the film growth. The
room-temperature (295 K) electrical conductivity
and charge carrier concentration were ¢ = 8.9 x
102Q'ecm~'and p = 7.2 x 10" cm~3, respectively.

Before the deposition, the vacuum chamber was
pumped to a residual pressure of 5 x 1073 Pa. The dep-
osition was performed for ~10 min at a substrate tem-
perature of 570 K.

The samples for measuring electrical resistance had
two current ohmic contacts, which were formed by
deposition of molybdenum through a mask. To form
the ohmic contacts to the p-CdTe film, the contact
area was bombarded by argon ions [15] in the vacuum
chamber to create the p*-region due to the formation
of cadmium vacancies. After the surface was treated, a
molybdenum layer was deposited on it by magnetron
sputtering at a substrate temperature of ~400 K [15].

The temperature dependence of the electrical
resistance was measured in the temperature range 7' =
300—420 K. Film parameters can vary during measur-
ing the temperature dependences due to irreversible
processes; therefore, investigations were performed
both for heating and for cooling.

The spectral dependence of the impedance of
the films under study was measured using a
COMPACTSTAT.e: Portable Electrochemical Inter-
face & Impedance Analyser (IVIUM Technologies).
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Fig. 1. Raman spectrum of CdTe thin films.

Transmission spectra of thin films were recorded on
an SF-2000 spectrophotometer. Experimental curves
were measured in the wavelength range of 200—
1100 nm with a step of 1 nm.

The Raman spectra were measured using a
LabRAM Raman microscope at a laser radiation
wavelength of 632.82 nm.

3. RESULTS AND DISCUSSION
3. 1. Structural Properties

Figure 1 shows a typical Raman spectrum for CdTe
samples with inclusions of Te clusters. Modes A,

(115cm™") and E (137 cm™!) of tellurium as well as
weak first-order LO modes of cadmium telluride
(159 cm™!) and second-order 2LO modes of CdTe
(324 cm™!) are clearly seen in the spectrum. The posi-
tion of peaks agrees well with the results reported in
[16, 17]. A peak at 260 cm™! is caused by vibrations of
excess tellurium atoms [18]. The presence of excess tel-
lurium atoms is caused by the formation of cadmium
vacancies due to the use of the low-resistivity p-type base
material to obtain the films. The presence of pro-
nounced peaks indicates high structural quality of the
films. Such films can be single-crystalline or polycrystal-
line with large crystallites.

3.2. Optical Properties

Figure 2 shows the transmission spectrum of CdTe
films. Periodic peaks and valleys caused by interfer-
ence phenomena are observed, which also indicates
high structural quality of such films.

Optical properties of thin films (refractive index
n(\), absorption coefficient a(A), and extinction coef-
ficient k(1)) and thickness d can be determined from
the transmission spectrum with interference phenom-
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Fig. 2. Transmission spectrum of the CdTe thin film depos-
ited on a glass substrate with convert curves for interfer-
ence maxima 7,,,,(A) and minima 7};,(1).

ena using the convert method [19—22]. This method
can be used under the condition of weak absorption by
a thin film and full transparency of the substrate,
which is much thicker than the film. Such conditions
are fulfilled in our study.

Convert curves T,,,(A) and T,,;,(A) are the basis of
the convert method. They are formed using parabolic
extrapolation of experimental points, which corre-
spond to the location of interference maxima and
minima in the transmission spectra (Fig. 2).

From the obtained convert curves, we can deter-
mine the dependence of the refractive index on the
wavelength n(A) of thin films under study using the
equation

n(h) = {(m( T = Ton) , 1+ 1)

Tk T, 2

max © min

(Qns( Toox— Toin) nf + 1)2 ) 3
% + —ns,
T T 2

max - min

where 7,,,, and T, are the functions of wavelength A
and n, is the substrate refractive index, which is deter-
mined by the following expression:

ng=——- [—-1. 2

T, \T? @

Here, T, is the substrate transmittance, which is

almost constant in the transparency region.

For the used glass substrates, we have 7, = 0.91;
therefore, we derive from Eq. (2) that n, = 1.554.

It should be noted that Eq. (1) can be used only

within the interference band. The refractive index out-

side of this region can be determined by extrapolation
of calculated data [20].
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Fig. 3. Wavelength dependence of the refractive index of
CdTe thin films. The inset shows the wavelength depen-
dence of the extinction coefficient for the same films.

It is seen from Fig. 3 that the refractive indices n(A)
of CdTe films calculated by Eq. (1) decrease as the
wavelength increases. An abrupt increase in the refrac-
tive index at wavelengths A < 850 nm is caused by a
decrease in the transmittance near the self-absorption
edge of cadmium telluride thin films.

To determine the thickness of the films under study;
we can use the equation

_ Ay
2[n(A)Ay — (A )T

where A, and A, are wavelengths corresponding to
neighboring extreme points in the transmission spec-
trum and A = 1 for two neighboring extrema of one
type (max—max, min—min) and 4 = 0.5 for two neigh-
boring extrema of opposite types (max—min, min—
max). The average thickness of the CdTe film calcu-
lated by Eq. (3) is 3.585 um for all combinations of
extreme points.

(3)

The absorption coefficient a.(A) of CdTe films can
be calculated using the equation

(1(7\,) - lll’l (n_l)(n_ns)(/\leax/Tmin+ 1)i|’ (4)
4L+ D)+ 1) T/ Toia = 1)

where n, T,,.,, and T, are functions of wavelength A.

The absorption coefficient (L) is depicted in inset
to Fig. 4. It is seen from Fig. 4 that the absorption
coefficient abruptly increases in the vicinity of the self-
absorption edge and smoothly decreases as wavelength
increases.

The extinction coefficient can be easily determined
using equations k(A) = Aa.(A)/4m. The extinction coef-
ficient also abruptly increases in the vicinity of the
self-absorption edge of the films under study (inset in
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Fig. 4. Dependence (ochv)2 = f(hv) for CdTe thin films.
The inset shows the absorption spectrum of CdTe thin
films.

Fig. 3). However, it is almost invariable in the trans-
parency region (A > 900 nm).

The convert method can be used only in the trans-
parency region limits of a thin film. The following
conditions are valid in a wavelength region near the
self-absorption edge of CdTe films: strong absorption
in the film material, a completely transparent sub-
strate, and n? > k2. Starting from the aforesaid, we can
conclude that the absorption coefficient o(A) (in the
strong absorption region by the material of CdTe
films) can be determined using the equation [23]

(X(}\,) — (ljlnl:(l _ Rl)(1 _TRZ)(] _ Rl2)j|’

where T, R;, R, and R, are the functions of wave-

(&)

2
length A; T is transmittance; and R, = (M) ,
n(h)+1

n,—n(A))? 1 —n)?

R, = (S—() ,and R, = ( 3) are the coeffi-
n,+n(h 1+ ny

cients of reflection from the air—film, film—substrate,

and substrate—air interfaces, respectively.

We established that the absorption coefficient of
the CdTe film in the self-absorption region is
described well by the following dependence:

a(hv) = A(hv-E)", (6)

where A is a certain coefficient, which depends on
effective masses of charge carriers. Such dependence
o(hv) indicates that the material of the CdTe film
deposited by the thermal evaporation method is the
direct-gap semiconductor. We determined the band
gap of the CdTe thin film (E, = 1.46 eV) by extrapola-

tion of the linear segment of dependence (ahv)? =
f(hv) to the intersection with energy axis Av (Fig. 4).
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Fig. 5. Temperature dependence of the electrical resis-
tance of CdTe films upon their heating and cooling.

3.3. Electrical Properties

The temperature dependence of the electrical
resistance of freshly deposited CdTe films for two
directions of varying the temperature is presented in
Fig. 5. It is seen that variations occur in films due to
heating, which lead to an increase in their resistance.
The activation energy determined by straight-linear
segments of experimental dependences R = f(T) for
the CdTe film is 0.039 eV, which agrees well with the
depth of acceptor levels formed by cadmium vacancies
(E, + 0.05 eV) [24, 25]. The presence of the latter is
confirmed by the excess of tellurium, which is
observed in the Raman spectra (Fig. 1).

It should be noted that the activation energy did
not varied due to heating, and only the film resistance
increased. An increase in resistance is caused by a
decrease in the number of cadmium vacancies due to
film annealing during the measurement.

3.4. Impedance Spectroscopy

The spectral dependences of real Z' and imaginary
Z" parts of the impedance of the film under study are
depicted in Figs. 6 and 7, respectively.

Measured spectral dependences of impedance (two
steps and two minima in dependences for Z' and Z",
respectively) of the CdTe thin film are characteristic of
an inhomogeneous medium with two time constants,
which is simulated in frameworks of the equivalent cir-
cuit depicted in inset to Fig. 6 [26, 27]. Segments R,C,
and R,,Cy, qualitatively take into account the influ-
ence of connected in series grains and grain bound-
aries on the conditions of charge transfer through a
thin film under study. The influence of grain bound-
aries dominates in a low-frequency region, while the
influence of grains dominates in a high-frequency
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Fig. 6. Spectral dependence of the real part of the mea-
sured impedance Z' of the CdTe thin film.

region [27]. Taking into account the selected equiva-
lent circuit (inset in Fig. 6), the spectral dependence of
measured impedance Z can be quantitatively
described using the following expression [26, 27]:

R R
Z:|: 2gb2 2 + Zg 2 2j|
l+0 CypRy 1+0 CR,

R X (7)
~ { 0Cy o, ®C,R.
1+ 0°ChRs, 1+ 0°CoR;
where o = 2nv is a cyclic frequency of a low-ampli-
tude variable signal (10 mV); Ry, and R, are resistances
of grain boundaries and crystallites, respectively; and

Cy, and G, are capacities of grain boundaries and crys-
tallites, respectively.
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Fig. 7. Spectral dependence of the modulus of the imagi-
nary part of the measured impedance Z" of the CdTe thin
film.
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Using expression (7), we can show that resistances
Ry, and R, are determined by extrapolation of corre-
sponding horizontal segments of spectral dependence
Z' or are found from corresponding extreme values of
spectral dependences Z" as shown in Figs. 6 and 7,
respectively [28—30]. Positions of minima of the spec-
tral dependence for the impedance imaginary part Z"
(Fig. 7) determine time constants for the correspond-
ing chain of the equivalent circuit and, therefore, for
the electric component of the material of the CdTe
thin film [28]: time constant of grain boundaries Ty, =
R.Cyp = 1/00g, = 1.62 x 107% 5, and time constant of
grains 1, = R,C, = 1/w, = 9.1 x 10~7 s. From here, we
can easily determine the values of capacities Cy, =
268x10°FandC,=1.18 x 100 F.

4. CONCLUSIONS

The CdTe thin films are grown on glass substrates
by the thermal evaporation of the powder of p-CdTe
crystals.

The investigation of the Raman spectrum of the
films shows the presence of pronounced peaks, which
indicate high structural quality of films as well as show
the presence of excess tellurium atoms in films. The
presence of excess tellurium atoms is possibly caused
by the formation of cadmium vacancies in a low-
ohmic base p-type material, which was used to prepare
the films.

Using the convert method, we determined optical
constants of CdTe thin films (refractive index n(1),
absorption coefficient a(L), and extinction coefficient
k(1)) as a function of the wavelength, as well as the
band gap of the films under study: £, = 1.46 eV.

We measured the temperature dependence of the
electrical resistance of the films under study R = (7).
Activation energy of 0.039 eV for CdTe films is deter-
mined in the temperature range of 300 K < 77< 420 K,
which agrees well with the depth of acceptor levels
formed by cadmium vacancies (£, + 0.05 eV).

The measured spectral dependences of the imped-
ance of the CdTe thin film are characteristic of the
inhomogeneous medium with two time constants
(Tgp = RpCop = 1/, = 1.62 x 103 s and 1, = R,C, =
1/w, = 9.1 x 107" s), which quantitatively take into
account the influence of connected in series grain
boundaries and crystallites, respectively, on the condi-
tions of charge transfer through the thin film under
study.
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