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Structural and optical properties of CdTe thin films were investigated applying atomic force microscopy (AFM),
XRD powder technique, Raman spectroscopy and far-infrared spectroscopy. CdTe thin films were prepared by
using thermal evaporation technique. In the analysis of the far — infrared reflection spectra, numerical model for
calculating the reflectivity coefficient for system which includes films and substrate has been applied. Effective
permittivity of film mixture (CdTe and air) was modeled by Maxwell — Garnet approximation. We reveal the
existence of surface optical phonon (SOP) mode and coupled plasmon-SOP modes (CPSOPM).

1. Introduction

II — VI semiconductor compounds, especially thin films, have be-
come very popular because of their applications in numerous electronic
and optoelectronic devices. Due to low production cost, thin films
nowadays enjoy great attention in basic research and solid state tech-
nology.

The interest in various properties of photonic CdTe is well justified,
as this material plays an important role in expanding variety of appli-
cations as in: integrated optics, optoelectronics, or solar energy con-
version [1].

Two main properties of CdTe thin film are its high optical absorp-
tion coefficient (a thin film of CdTe with thickness of approximately
2 um will absorb nearly 100% of the incident solar radiation) and its
near ideal band gap for photovoltaic conversion efficiency of 1.45eV
[2]. Also, its ease of film fabrication and low cost make it a re-
presentative material among II — VI semiconductors.

For fabrication of the CdTe films, various techniques have been
applied: RF magnetron sputtering [3], molecular beam epitaxy (MBE)
[4], pulsed laser deposition (PLD) [5], successive ionic layer adsorption
and reaction method (SILAR) [6], metal organic chemical vapor de-
position [7], screen printing [8], thermal evaporation method [9] etc.
Thermal evaporation method shows some advantages such as: mini-
malization of impurities proportional to the growing layer, reduced
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chances of oxidation and direction of propagation (occurs from the
source to the substrate) [9,10]. This makes thermal evaporation tech-
nique the most suitable method, thanks to very high deposition rate,
low material consumption and low cost of fabrication [11].

In the case of crystal with relatively small dimension, in the fre-
quency range between bulk longitudinal optical phonon frequency
(wro) and transversal optical phonon frequency (wro), a new mode
known as a surface phonon mode appears [12,13]. It is known for the
case of real crystal, that when its dimension is relatively small, surface
modes and effects of dimension will be manifested in addition to the
normal modes of infinite lattice. But, when crystal is reduced to ex-
tremely small dimensions, only the surface mode will persevere
[12-14].

On the other side, electron — phonon interaction takes an important
place in semiconducting materials [15]. In our earlier work we have
registered plasmon (collective electron excitation) and LO phonons
interaction in different systems [16-19]. Besides that, we have studied
the impact of damping on interaction appearance [20], interaction
between plasmon and different phonons [21,22], as well as interaction
between plasmon and impurity local phonons [23-25].

In this work we report experimental studies of CdTe thin films
prepared by thermal evaporation technique. Existence of nanodimen-
sional structures in these thin films enabled us to observe effects asso-
ciated with interactions between surface optical phonon (SOP) and
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plasmon for the first time.

Samples characterization was performed using atomic force micro-
scopy (AFM). Structural properties were analyzed using XRD powder
technique, and optical properties were characterized using Raman and
far-infrared spectroscopy.

2. Sample preparation and characterization methods

CdTe single crystal was grown by the Bridgman technique. Different
thickness of CdTe thin films were deposited by thermal evaporation
from a resistance heating quartz glass crucible onto glass substrates
using high vacuum coating unit type Edward 306 A. Films were grown
at a pressure of 106 Pa. The mechanical rotation of the substrate holder
during deposition produced homogeneous film. The distance between
the source heater and substrates holder is 21 cm, in order to avoid any
heat flow from the source to the substrates.

The morphology of the four CdTe thin films of different thicknesses
was investigated by Atomic force microscopy (AFM). Atomic force
microscopy measurements were performed using NT-MDT system
NTEGRA Prima. Imaging was done in tapping mode using NSGO1
probes. All AFM measurements were done at ambient conditions. For
the sake of statistical analysis of sample surface, we calculated histo-
grams and bearing ratios for each topographic image. The histogram
represents a height distribution density of all points in a two-dimen-
sional topographic image, or in other words, it is a number of points
with height given on x-axis. On the other hand, the bearing ratio curve
gives a percent of points in a corresponding two-dimensional topo-
graphic image with a height less than the number given on x-axis.

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions, using
a Philips PW 1050 diffractometer equipped with a PW 1730 generator,
40kV x 20 mA, using Ni filtered Co Ka radiation of 0.1778897 nm at
room temperature. Measurements were carried out in the 2 h range of
10-100° with a scanning step of 0.05° and 10 s scanning time per step.
Crystallite size was determined by using XFIT computing program
which is based on Fundamental Parameter convolution approach [26].

Raman measurements were performed using commercial NTegra
Spectra system from NT-MDT. A linearly polarized semiconductor laser
operating at a wavelength of 532 nm was used. All the spectra were
obtained by setting the laser power to 2 mW within the ~0.5 X 0.5 um
sized focus with exposure time of 600 s.

The far-infrared (FIR) reflectivity measurements were performed at
room temperature with a BOMEM DA-8 Fourier-transform infrared
spectrometer. A Hyper beamsplitter and deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wave number re-
gion from 80 to 650 cm ™.

3. Results and discussion
3.1. Atomic force microscopy

Three dimensional topographic images of all four samples are
shown in the left side of Fig. 1. As can be seen, sample surfaces are
rather flat, but still they are characterized with bright protrusions and
dark holes (which represent air) resulting in a small surface roughness
of several nanometers.

In order to characterize fraction of both observed topographic fea-
tures, the statistical analysis have been performed by calculating his-
tograms and bearing ratios from two dimensional topographic images.
The results for all four samples are given in the right side of Fig. 1. They
show that the peaks in the histograms are positioned in the middle of
bearing ratio curves. Therefore, from these curves we can conclude that
the fraction of holes and protrusions are rather similar, around 50%.

In order to estimate thicknesses of studied films, their step edges
were measured by AFM. 3D AFM topographic images of the step edges
are depicted in Fig. 2(al-d1). The films are brighter and the substrates
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are dark in the images, while the step edges are clearly resolved. Based
on the AFM images, height distributions were calculated and presented
in Fig. 2 (a2-d2). In all histograms, there are two characteristic peaks: a
lower one corresponds to the substrate, while a higher one corresponds
to the film. Therefore, the film height can be then approximately cal-
culated as a difference between these two peaks. Estimated film
thicknesses are given in Fig. 2 (a2-d2). The best resolved height peaks
were found on CdTe 1 in Fig. 2 (a2) due to a smooth sample surface as
can be seen in Fig. 2 (al).

3.2. XRD

Structures of four synthesized CdTe thin films with different thick-
nesses were identified by XRD pattern as shown in Fig. 3. The dif-
fractograms confirm that all samples are monophased, and that they
crystallized in sphalerite type structure in 216. space group, F43m. All
of the observed diffraction peaks are indexed according to this space
group. Therefore, in our thin film samples there is no other structures
other than CdTe. In this structural type, Cd ions occupy 4a Wyckoff
positions, [[0, 0, 0]] with local symmetry 43m, while Te ions occupy 4c
Wyckoff positions [[1/4, 1/4, 1/4]] with the same local symmetry. Cd
ions are in tetrahedral surrounding of Te ions (and vice versa). The
tetrahedrons are regular and share common vertices. Crystallite size (R)
is determined and presented in Fig. 2 and Table 1.

3.3. Raman spectroscopy

The cubic face-centered structure of balk crystal CdTe is char-
acterized by the 216. space group F43m and contains four formula
units, while the primitive cell is one fourth as many. Optical modes
consist of one three fold —~degenerated mode F, which is active in IR and
Raman spectra. The dipole mode F, is split into the transverse (TO) and
longitudinal (LO) modes in the vibrational spectra. It is very well
known that reduction of the particle dimensions to nanoscale results in
a breakdown of phonon selection rules and allows phonons with [ # 0
to contribute to Raman scattering [27-31]. Consequently, some new
forbidden vibration modes (low frequency region, acoustic modes, and
high frequency region, surface optical modes) occur due to imperfec-
tions, impurity, valence band mixing and/or nonspherical geometry of
the nanostructures [14].

TO (142cm™1) and LO (170.5cm™ 1Y) modes for the CdTe bulk
crystal are both active in the Raman spectra. Also, the modes in band
near 120 cm ! correspond to phonons of Te on the CdTe surface and
can be seen in the Raman spectra [32].

Raman spectra of CdTe thin films of different thickness at room
temperature are presented in Fig. 4.

For analyzing obtained spectra Lorentz profiles were used. Solid
lines are their sums. In the top right corner Raman spectra of bulk CdTe
crystal for ambient conditions is presented [32]. The observed Raman
spectra for all samples among characteristic CdTe TO mode at
142 cm ™! and phonon of Te of the CdTe surface (127 cm ™~ 1), show the
LO phonon like frequency shift from 170.5 cm ™' to 164 cm ™ *. That can
be attributed to the surface optical phonon (SOP) mode effect [33-38].
It is clear that SOP phonon is wider compared to LO phonon of bulk
crystal, as well as when it's compared to phonon of nanodimensional
film. This effect is associated with interaction between SOP and
plasmon, which will be mentioned later on.

In order to analyze the surface optical phonon we have to take into
account that a part of crystallites are surrounded by air. We will analyze
the dependence of the SOP mode position on filling factor (f) of the
mixed material.

Surface phonon modes can be detected in systems where particle
size is much smaller when compared to wavelength of exciting light
source [39]. These modes can be obtained for in the case of polar
crystals [40], so we consider expression for dielectric function which
describes optical properties of polar semi - insulating semiconductor in
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Fig. 1. Three-dimensional topographic image (left) and corresponding histogram and bearing ratio (right) for (a) CdTe 1, (b) CdTe 2, (c) CdTe 3, and (d) CdTe 4. Scan

size is 2 pm.
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®TO and ®wLO represent transverse and longitudinal optical bulk pho-
nons, respectively; e is the dielectric constant at high frequencies, wP
is plasma frequency and y and I' are the damping constants. Surface
phonons can be considered similarly to phonons in infinite crystals, but
with adapted wave functions to the geometry of the small particle.
Here, we will apply effective medium theory: Because the size of
semiconducting nanoparticles, L, (with dielectric function &5, and are
distributed in a medium with dielectric constant ¢;) is considerably
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smaller than the interacting wavelength of visible light, A (A > L), we
treat the heterogeneous composite as a homogeneous medium.

Even though there are numerous models for the effective dielectric
permittivity for these kinds of mixtures [41], we decided to use Max-
well — Garnet model, because all our samples are thin films with well
defined and separated nanosized grains. According to the Maxwell —
Garnet mixing rule [42,43], effective permittivity of mixture, including
spherical geometry of particles is given with:

& —§

E =&+ 3fo—m o
7 f152+251 —fla—-&)

@

In this case, nanoparticles are spheres with permittivity e, and are
randomly distributed in homogeneous environment, with permittivity
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Fig. 2. (al-d1) 3D AFM topographic images of step edges of studied films, and (a2-d2) corresponding height histograms. Average films thicknesses are denoted in the

histograms.

e; and occupy a volume fraction f.
Position surface optical phonon (SOP) mode frequencies are ob-
tained from Ref. [44]:

—

The result is shown in Fig. 5. The practical liner dependence of the
position of the SOP mode on the filing factor f has been obtained. For
the frequency of the SOP mode determined in Fig. 4 we have f = 0.53.
This result is in accordance with the one obtained from the AFM
measurements.

1

Eeff 3)

3.4. Far-infrared spectroscopy

Thicknesses of our films, as we will see, are in a range from
~0.39um to ~0.72um, so reflectivity spectra contain information
about CdTe films together with information about substrate.
Representative scheme of our layered structure can be presented in
Fig. 6 [45]. Medium 1 is air, medium 2 is thin bulk CdTe crystal layer
and medium 3 is substrate glass, with dielectric functions ¢; (¢; = 1), €2
and &3, respectively. We can now write [46]:

_ rpe 4 nel®

C)

€7 + Rore®
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Fig. 3. XRD analysis of CdTe thin films of different thickness. Obtained crys-
tallite sizes (R) are presented too.

Table 1
Parameters obtained from XRD measurements and FIR reflection spectroscopy.
Thin films thickness - d, Crystallite size — R.

Name d[pm] R[nm] oy (@:) op@-) oplem™'1 o fem™'] f
[em™']  [em™']
CdTe 4 0.39 31.0 187 103 137.5 140.0 0.53
CdTe 2 0.43 33.0 174 78 96.6 140.5 0.53
CdTe 3 0.71 42.0 170 65 79.5 139 0.53
CdTe1 0.72 20.3 165 30 35.2 140.5 0.53
f" % BULK CdTe - LO region
A 170.5
4000
E
s, 3000 -
oy
[7]
[
2
£
2000
1000 -
» T L T ¥ T 1 1
120 140 160 180 200
v[em™]

Fig. 4. Raman spectra of CdTe thin films of different thickness. Experimental
spectra are shown by open dots. Solid lines are sums of three Lorentz profiles as
it shown for spectrum of CdTe 1. In the top right corner LO region of bulk CdTe
is presented, taken from the literature [32].

ri = —n)/(n + ny) = (& — \/?j)(\/s—,- + \/E_j) describe Fresnel coef-

ficients, A; and A, represent amplitudes of incident and reflection

beams, n is complex index of refraction, ¢ is the dielectric constant and

a = 2nwd(e;)"/? is the complex phase change related to the absorption

in the crystal layer with the thickness d.
Reflectance, R, is given with:

R = [R4 %)

In this case we decided to use dielectric function which takes into
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consideration the existence of plasmon — phonon interaction in ad-
vance.
The dielectric function of the CdTe crystal layer is:

2

& (@) = Excare H

j=1

2 ; 2
W + iyw — )

w(w + i) (@? + iy — )

(6)

The wy and v;; (j = 1, 2), parameters of the first numerator are the
eigenfrequencies and damping coefficients of the longitudinal plasmon-
phonon (LP + LO) waves, that arise as a result of the interaction of the
initial phonon (w;0,care = 170.5 em™ 1) and plasmons (wp) modes. The
parameters of the denominator correspond to the similar characteristics
of the transverse vibrations (@, v, and plasmon damping I'p. As a result
of the best fit, we obtain coupled mode frequencies (w;; and w;z).

The dielectric function of the glass substrate is:

n

(W) = e sup H

k=1

wior — @ + iy
Wfor — @ + i@ @)
where wrp and w;o are the transversal and longitudinal optical vibra-
tions, and yro and y;o are damping parameters, respectively.

In our case, layer 2 consists of a CdTe crystals and air (see Fig. 6).
The size of the crystallites (R) is given in Fig. 2 and Table 1. These
crystallites are described by a dielectric function given in Eq. (1) or Eq.
(6) and located randomly in homogeneous environment &; (air) and
occupy a volume fraction f, so we can use effective medium theory and
Maxwell - Garnet mixing rule, given with Eq. (2).

The far - infrared reflectivity spectrum of the glass substrate is
shown in Fig. 7(e). The calculated spectrum, presented by solid line,
was obtained using the dielectric function given by equation (7). As a
result of the best fit we obtained three modes, whose characteristic
frequency are wro; = 60cm™!, wio; = 140em ™), wrop = 441cm ™Y,
Wro; = 443 cm ™! and wroz = 471 ecm ™!, wos = 522cm . Frequency
values of these modes have remained the same during the fitting pro-
cedure for all CdTe thin film samples.

The parameters obtained by the best fit between the experimental
results and the models for CdTe film described earlier are also given in
Table 1. The far-infrared spectra of CdTe thin films, in the spectral
range of 80-600 cm ™!, at room temperature, are presented in Fig. 7.
Experimental data are presented by circles, while the solid lines are
calculated spectra obtained by a fitting procedure based on the pre-
viously presented model. Experimental and theoretical spectra show an
excellent match.

The thicknesses of our films obtained by Far — infrared spectroscopy
are 20% greater, which is within the limits of error for both techniques.
When using Far - infrared spectroscopy for calculating thickness of
layered structured, we bring errors in absolute measurements, because
we calculate effective thickness. The important thing is, the trend is the
same, the films does not differ in the relative thickness, i.e. thickness
ratios between films are the same.

We note that the thickness (d) of the film changes in the range of
~0.39-~ 0.7 um. While the thickness of the film is in the 0.40 um re-
gion, the crystallite size is about 32nm, and for a film thickness of
about 0.72 um, we have two sizes of crystallites different for a factor of
2. In addition, from Table 1, we have for thicker films CdTe 1 and CdTe
3, that the position of the coupled plasmon-phonon mode w; is below
the values of w;o,care = 170.5 cm ™ L. On the other hand, these values
are above wio care for thin films CdTe 2 and CdTe 4. In both cases
plasmon damping (I';) is relatively low. The obtained eigenfrequencies
of the plasmon - phonon coupled modes for CdTe thin films are pre-
sented in Fig. 8. As a result of the best fit from Fig. 7, we obtained the
frequencies of coupled modes (w;; and w;;) marked by open circles and
transverse mode frequencies which are denoted by - x. Value of wp are
calculated by Refs. [16-18]:

_ Wnwp

(8

Wy
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Fig. 6. Schematic presentation of a three layer structure [46].

The calculated lines at Fig. 7 are solution of a real part of uncoupled
dielectric function (Eq. (1)). However, for plasma-phonon modes posi-
tions are obtained:

w. = wp + wip + \/(w}% + wio)’ — wpwro
* 2 4 ©
The full lines in Fig. 7 were obtained for the case

Wro,cate = 170.5 cm ™ L It is clear that all values of w;; and w;, are out of
this theoretical model. Best fit, dashed lines in Fig. 7, was obtained for
wsop = 164 cm ™! which in Eq. (9) plays a role w;o. Shift of about
7Zem™ ! s registered in relation to wpocdre, just like in the case of
Raman spectra. As we said earlier, the LO phonon shift of CdTe crystal
is attributed to the surface optical phonon (SOP) mode effect.

Based on these results, it is clear that in the case of CdTe thin films,
prepared by using thermal evaporation technique, the filing factor is
constant and does not depend on film thickness, crystallite size and
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Fig. 7. Far - infrared reflection spectra of: CdTe thin films with thickness of (a)
0.39pum, (b) 0.71um, (c¢) 0.43pum, (d) 0.72pum, and glass substrate (e).
Experimental spectra are presented by circles while solid lines are calculated
spectra obtained by a fitting procedure based on the model given by Egs. (2)
and (4)-(7).
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concentration of free carriers. On the other hand, the reflection spectra
depend on the thickness of the film and the concentration of free car-
riers in the film, which is expected. In general, thin films have a higher
concentration of free carriers (~a,) (see Table 1). The linear depen-
dence of the position of the SOP mode on the filing factor causes the
existence of a modified plasmon — phonon interaction, where the SOP
has the role of the LO phonon.

Of course, there are many models that can describe the registered
frequency shift of the LO phonon in CdTe e.g. a continuum model of the
optical phonon confinement [47,48] would also give a shift of 7 cm Y,
but for spherical nanoparticles of about 5nm, which is far from our
case.

4. Conclusion

In this paper, we present results of investigation of CdTe thin films
prepared with thermal evaporation technique, with different thick-
nesses. Sample's surfaces are rather flat, but still they are characterized
with bright protrusions and dark holes (air) resulting in a small surface
roughness of several nanometers. We showed that, when using thermal
evaporation technique we get high quality thin films, especially for
thicker films with greater crystallite size. We conclude that the filling
factor of our thin films is constant and does not depend on film thick-
ness, crystallite size or concentration of free carriers, but yet has linear
dependence on SOP position. This kind of morphology, with filling
factor of ~50% causes existence of surface optical phonon and its in-
teraction with plasmon, because of the free surface around nano-
particles. A numerical model for calculating the reflectivity coefficient
for complex system, which includes films and substrate, has been ap-
plied, and CdTe thin film were treated as a mixture of homogenous
spherical inclusion in air modeled by Maxwell — Garnet formula.
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