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Abstract Cadmium stannate (Cd,SnOy4) thin films were
prepared by the RF magnetron sputtering technique on glass
substrates with substrate temperatures of room tempera-
ture (RT), 100°C, 200°C and 300°C. Photoacoustic analy-
ses were made to obtain the thermal diffusivity and the
optical bandgap values of the Cd;SnOy4 thin films. The
change in thermal diffusivity of the films with the sub-
strate temperature was analyzed. The optical bandgap val-
ues obtained from the photoacoustic spectroscopy were
compared with the values obtained from the optical trans-
mittance spectra. X-ray photoelectron spectroscopic (XPS)
studies confirm the formation of stoichiometric films. Sur-
face morphological studies by atomic force microscopy
(AFM) revealed the crystalline nature of the films deposited
at 100°C.
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1 Introduction

SnO;, InpO3 and ZnO are good examples of degener-
ate semiconductors which are highly transparent and con-
ducting binary metal oxide transparent conducting oxides
(TCOs). These materials have been thoroughly investigated
and employed in many applications. However, ternary ox-
ide TCOs such as Zn;SnOy4 [1], CdIn,Oy4 [2], ZnGay 04 [3]
and Cd;SnO4 [4] have eminent properties required for a
transparent conducting oxide (TCO). Amongst these TCOs,
n-type ternary CdSnOy thin films show low electrical resis-
tivity (10~* Qcm), high transmission (>90%) in the visible
region and smoother surfaces than conventional SnO, TCO
films [5, 6]. This aspect makes the Cd>SnO4 films an im-
portant material for the application of electrode material in
solar photovoltaics.

Though much work has been reported on the electrical
and optical properties of the material Cd>SnQOy, to the best
of our knowledge, no attempts have been made to under-
stand its thermal properties in addition to the optical prop-
erties. Thermal properties like thermal diffusivity, thermal
conductivity and the thermal effusivity of transparent con-
ducting oxides (TCO) used in various applications must be
determined very precisely and frequently. The thermal dif-
fusivity is an important physical parameter that determines
the heat transport through the material. This may be the
essential condition of the proper choice of material and
subsequently of the reliability and durability of the mate-
rial. Since the thermal diffusivity is a parameter which de-
pends closely on the microstructural variations, composition
and the processing condition of the samples [7], it should
be studied precisely. Photoacoustic spectroscopy (PAS) was
used to study the thermal and also the optical properties of
the transparent conducting Cd>SnO; films. Though the pho-
toacoustic technique has emerged as an important tool for
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the accurate evaluation of the thermal and optical properties
of a large variety of materials, especially semiconductors
[8, 9], the present report is an attempt to study the thermal
and optical properties of the transparent conducting oxides
(TCO) through photoacoustic spectroscopy.

The first report on the photoacoustic effect goes back to
the eighteenth century when Bell [10] heard the sound gen-
erated by the sample that was illuminated with the modu-
lated sunlight. Even though the first attempt of a modern
theory of photoacoustics was made by Parker in 1973 [11],
Rosencwaig and Gersho [12] derived the one-dimensional
analysis of the production of photoacoustic signal in a sim-
ple cylindrical solid-gas interface system. Tominaga and Ito
[13] proposed and Alvarado-Gil et al. [14] used the pho-
toacoustic technique to study the thermal properties of the
semiconductor (CdTe)—glass two layer system. This theory
laid the basis to the photoacoustics to the thin film analy-
sis. Marta et al. [15] used photoacoustic spectroscopy to de-
termine the thickness of the multilayer thin films consist-
ing of alternate layers of metal and oxide films prepared
by magnetron sputtering technique. Raji et al. [16] made
an attempt to deduce the thermal parameters of the nano
CdS thin films through a photoacoustic technique. In the
present study, an attempt was made to determine the ther-
mal and optical properties of the RF sputtered Cd;SnOj4 thin
films using PAS. The optical bandgap values estimated from
the photoacoustic spectra were also compared with the opti-
cal bandgap values estimated from the optical transmittance
spectra.

2 Experimental
2.1 Preparation of CdySnOy thin films

Cd;Sn0Oy4 films were deposited on glass substrates by RF
magnetron sputtering from the target prepared from a well-
blended mixture of the required quantities of CdO (99.99%
pure) and SnO; (99.99% pure) in the atomic weight ratio
of 2:1. The RF power maintained in the HINDIVAC planar
magnetron DC/RF sputtering unit (Hidhivac, Bangalore, In-
dia) was 200 W. The sputtering chamber was evacuated to a
base pressure of 6 x 1076 mbar and was backfilled with pure
argon up to the sputtering pressure of 5 x 10~3 mbar and
the sputtering pressure was maintained constant throughout
the coating. The target to substrate distance was fixed at 6.5
cm. The duration of the deposition was 30 min and the sub-
strates were kept at room temperature (RT), 100°C, 200°C
and 300°C.

2.2 Structural, optical and electrical characterization

X-ray diffraction (XRD) patterns were recorded using the
PANalytical X’Pert PRO MPD diffractometer with CuK,
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radiation. The thickness of the films was measured with a
Mitutoyo SJ-301 surface roughness tester. Optical transmit-
tance spectra were recorded with Ocean Optics HR—2000
fiber optic spectrometer with the integration time of 5 ms.
Hall effect measurements were done using the Ecopia Hall
effect measurement system model number HMS 3000.

2.3 Surface characterization

The surfaces of the RF magnetron sputtered CdySnO4 thin
films were analyzed by atomic force microscopy for the
surface morphology and with X-ray photoelectron spec-
troscopy (XPS) for the surface composition. Atomic force
micrographs were obtained from the Veeco Digital Instru-
ments DI-II with the silicon carbide tips in the contact mode
to the surface of the films. The chemical composition and
binding states of the cadmium tin oxide (CdySnO4) thin
films were characterized by AIK, radiation at 1.486 keV
using the ESCA 2000 spectrometer.

2.4 Theoretical consideration and photoacoustic
investigation

The photoacoustic (PA) effect has been used for measuring
the thermal properties of Cd,SnO4 samples. An open pho-
toacoustic cell (OPC) configuration [17, 18] is employed
in the heat transmission configuration in the present study.
In the OPC configuration, the sample is enclosed in an
air-tight cell with the electret microphone to keep the cell
from the outside atmosphere. The sample is mounted on
the top of the electret microphone, leaving a small air gap
between the sample and the microphone. The sample is
exposed to a chopped beam of polychromatic light. After
absorption of light, it is converted into heat through non-
radiative de-excitation processes. The pressure fluctuations
produced in the gas which surrounded the sample and the
microphone inside the OPC cell cause deflections on the
microphone diaphragm, which generates the voltage in the
output of the microphone. This voltage is fed to the lock-
in amplifier to record the signal amplitude and the phase
with respect to the chopping reference of the light inci-
dent.

According to Rosencwaig—Gersho theory [12] the ex-
pression for the photoacoustic (PA) signal from 1-D heat
flow model for a solid sample can be obtained as

Polo(agas)'/? (T 0
= X R
2l Toks f sinh(sog) LI\ 7 2

Here Py is the ambient pressure, 7, the ambient temperature,
Iy the absorbed light intensity and w = 2w f, where f is
the modulation frequency and /;, k; and oy are the length
(thickness), thermal conductivity and the thermal diffusivity
of the sample, respectively. Here the i = s subscript denotes
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the sample and i = g denotes the gas medium. Also o3 =
(1 + j)as where ag = (a)/20{s)1/2 is the complex thermal
diffusion coefficient of the sample.

If the sample is thermally thick, such that Ilya; > 1, (1)
reduces to

sp o Folotesay)? expl—L(rf/ag)/?]
a mlyToks f

T
X exp[j (a)t -5~ lsas>] 2)

Equation (2) means that, for a thermally thick sample, the
amplitude of the PA signal decreases exponentially with the
modulation frequency as (1/f)exp(—a/+/f) and the phase
decreases as (—a/+/f), where a = (rrlsz/ots)l/z.

Hence, the thermal diffusivity « can be obtained either
from the amplitude data or from the phase data (PA depth
profile analysis) by exponentially fitting it to the ampli-
tude data or linearly fitting it to the phase data respectively.
Knowing the coefficient ‘a’ from the fitting procedure, o is
readily obtained from

l 2
aszﬂ<§> 3)

If the temperature gradient is generated within the sample
along its thickness, there is a chance of thermoelastic bend-
ing (drum effect) [19] where the phase of the signal has the
dependence of modulation frequency

1/2
¢:¢0+tan_l[i<ﬁ) — 1} 4)

Iy \ o

In this case, thermoelastic bending is also to be considered.
The thermoelastic bending effect could be dominant when
the thickness of the sample is large and also when the ther-
mal diffusivity of the samples is very low.

In the present photoacoustic spectroscopy experiment,
a 450 W Xe-lamp (Horiba Jobin Yvon, USA) is used
as the source. The sample (film + substrate) is placed in
the photoacoustics (PA) cell and the mike is placed very
close to the sample. To get modulated light, a mechani-
cal chopper (C-995, Tetrahertz technologies Inc., USA) is
used with the source. The PA signal from the microphone
is fed to a lock-in amplifier (SR—830 DSP Stanford Re-
search, USA). The light is allowed to fall on the sample
through a monochromator (Triax 180, Horiba Jobin Yvon,
USA) as shown in Fig. 1. The whole setup and the pho-
toacoustic spectrometer is indigenously integrated and auto-
mated with the PC for the fastest data acquisition and better
accuracy.

The depth profile analysis by PAS is carried out for two
cases: (i) glass plate deposited with the film and (ii) glass
plate alone (without the film). Firstly the glass plate with

Xenon Photoacoustic| .©
lamp —0— Monochromator Cell s

-

Chopper
3
&
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g
2
o
v
Lock-in
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Fig. 1 Schematic diagram of the photoacoustic spectrometer

thin film deposited is taken inside the PA cell and the PA
signal is observed for different chopping frequencies. Ther-
mal diffusivity is then calculated for the sample from the
slope ‘a’ of the curve for the thermally thick region, using
(3). Since the film deposited on the glass substrate is used
as the sample, the thermal diffusivity measured here will be
the effective thermal diffusivity of glass plate and the film.
Now for the glass plate alone, the PA signal was observed
and with these data of thermal diffusivity of the glass plate
(ag) and the effective thermal diffusivity (o), thermal diffu-
sivity for the film alone («s) is computed from the equation
[13]

) lg I
VRN S
where Iy, [5 are the thickness of glass and sample and ag and
as are their thermal diffusivities, respectively.

The optical bandgaps of the Cd;SnOy thin films were es-
timated with a PA wavelength scanning experiment (photoa-
coustic spectrum), which is a measure of the PA intensity to
the wavelength of the incident light keeping the chopping
frequency constant, say 30 Hz, in the present experiments.
The PA spectrum measured for the sample (CdySnO4) with
the substrate was normalized with the PA spectrum of the
glass to obtain the PA spectrum of the Cd>SnOy4 film only.
At photon energies above the bandgap, ‘dips’ will be there
in the PA amplitude, which is evidence of resonant absorp-
tion via interband transitions [20]. From the dips, the optical
bandgap can be directly found.

&)

3 Results and discussions

Figure 2 shows the X-ray diffraction patterns of the Cd,SnOy4
films coated at room temperature (RT), 100°C, 200°C and
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300°C. The XRD analysis shows that the film coated on
glass substrate maintained at RT was in its first state of crys-
tallization. The small hump present in the diffraction data
at 23.4° is due to the glass substrate. The films prepared
at 100°C, 200°C and 300°C were crystalline in nature hav-
ing the cubic spinel phase. It is in good agreement with the
results of Wang et al. [21]. The films coated at substrate
temperatures 100°C, 200°C and 300°C were preferentially
oriented along (311) plane.

The thickness of Cd>SnOy4 thin films coated at substrate
temperatures as RT, 100°C, 200°C and 300°C are tabulated

Relative Intensity (a.u)

10 20 30 40 50 60 70 80

2-Theta (degree)

Fig. 2 X-ray diffraction patterns of the Cd,SnOj thin films deposited

in Table 1. The thickness of the samples is in the range of
one micrometer. The value of thickness is used for the calcu-
lation of the thermal diffusivity of the Cd,SnO4 films coated
at various substrate temperatures.

Figure 3a and b shows the AFM micrographs of the
Cd;Sn0y4 films coated at RT and 100°C respectively. The
three-dimensional AFM images show that the room tem-
perature coated films are amorphous in nature, whereas the
films coated at 100°C consisted of grains with size in the
nano meter range, which supports the results of the X-ray
diffraction analysis. The rms roughness of the film coated
with the substrate temperature of 100°C was about 9.16 nm
whereas for the film coated at room temperature it was
5.93 nm.

The chemical composition of the Cd;SnO4 films was
characterized by XPS analysis, for the samples coated at
RT and 300°C. 5 nm of the material was sputtered off of
the samples prior to XPS data collection, in order to re-
move the adsorbates on the surface due to the air expo-
sure. Figure 4 shows the survey scan spectra of Cd;SnOg4
thin films coated for different substrate temperatures. The
measured binding energies of Cd 3ds,2, Cd 3d3,2, Sn 3ds,>
and Sn 3d3,2 in the CdySnO4 thin films are tabulated in
Table 2. These values are well in agreement with the lit-
erature [22]. Quantitative XPS analysis was carried out by
calculation of the area of Cd 3ds,2 and Sn 3ds, core level

peaks of CdySnO4 thin films. The concentration ratio of
Csn

at various substrate temperatures

Sn/Cd was calculated from the equation R = Co

, where

Table 1 Thermal and optical

results of Cd,SnOy films Substrate Thickness Thermal Carrier Bandgap Bandgap
deposited at various substrate temperature of the diffusivity concentration measured obtained from
temperatures (°C) CdpSnOy4 (x107% m2/s) (x10%0 cm™3) through optical transmittance
films (um) PAS (eV) spectra (eV)

RT 1.03(4) 0.116(3) 0.140 3.37(1) 3.32(1)

100 0.99(5) 1.053(3) 6.980 3.09(2) 3.07(1)

200 1.2(7) 1.859(3) 9.620 3.21(1) 3.21(1)

300 1.04(4) 1.973(3) 13.41 3.29(1) 3.30(1)

Fig. 3 Atomic force
micrograph of the Cd,SnOy thin
films deposited at: a room
temperature, b 100°C
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Fig.4 Comparison of XPS survey scan spectra of CdySnOy thin films
deposited at different substrate temperatures
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Fig. 5 Comparison of narrow scan XPS spectra of Cd 3ds;2 and Sn
3ds2 of the Cd2SnOy4 thin films

Table 2 Binding energies of Cd and Sn obtained from the XPS analy-
sis

Substrate temperature  Cd 3ds;»  Cd3ds2  Sn3ds,  Sn3dsp
RT 405.43 412.23 486.73 495.13
300°C 405.61 412.41 487.05 495.46
p @
Ced = 5 s> Csn = a5 gy » Acd and Agy are the area
TIca " Tsn TIcqg " Tsn

measured under the Cd 3ds;> and Sn 3ds,> peaks respec-
tively, and Icq and Is;, are the ionization cross sections for
the particular shells of cadmium and tin, respectively. Fig-
ure 5 shows the narrow scan XPS spectra of the Cd 3ds/,
and Sn 3ds; of the Cd,SnOy thin films coated at room tem-
perature and 300°C. The ratio of Sn/Cd in the Cd;SnOy4 thin
films coated at room temperature and at 300°C was deter-
mined to be 0.74 and 0.57. XPS analysis results show that
the near-stoichiometric films can be produced at higher sub-
Sstrate temperature.

The plots of PA phase versus the square root of modula-
tion frequency of the light for Cd,SnOy4 thin films coated at
the substrate temperature of RT, 100°C, 200°C and 300°C
are shown in Fig. 6. It is clear from the figure that there is
a curvature indicating the evidence of thermoelastic bend-
ing. Since the thickness of the sample is very low, the pro-
nounced thermoelastic bending is due to the much lower
value of the thermal diffusivity of the Cd>SnOy thin films.
This makes CdySnOy thin films a candidate with good reli-
ability and it keeps the durability of the photovoltaic mate-
rials in which the Cd;SnQOy films are used as the transparent
electrodes. The thermoelastic bending also depends on the
degree of crystallinity of the sample [23]. However, since
the R—G theory is valid for the thermally thick regime, the
curve was fitted to the higher modulation frequency region
to obtain the thermal diffusivity.

The thermal diffusivity of the Cd;SnQOy4 thin films coated
at room temperature (RT), 100°C, 200°C and 300°C was
calculated through the photoacoustic spectroscopy with an
accuracy of 0.0032 x 10~7 m?/s. The calculated thermal
diffusivity is tabulated in Table 1 and is shown in Fig. 7 as a
function of the substrate temperature. Since no other exper-
imental data of thermal diffusivity («s) are available in the
literature for Cd;SnO4 thin films; we cannot compare our
results with others. The photoacoustic depth profiling mea-
surements gave away that the thermal diffusivity increases
with increase in substrate temperature. The increase in the
thermal diffusivity with the substrate temperature may be
due to the increase in the degree of crystallinity of Cd;SnOy4
thin films. As the crystallinity of the samples increases with
the substrate temperature, there may be a decrease in lat-
tice distortion [24]. This further pronounces the decrease in
phonon scattering due to the decrease in the grain boundary
scattering, resulting in the increase in the thermal diffusivity
of the samples.

The PA spectra of the Cd>SnOy thin films coated at var-
ious substrate temperatures were shown in Fig. 8. From the
origin of the absorption (dips), the optical bandgap values
are obtained. The optical bandgap values are also measured
from the optical transmittance measurements which were
obtained from the optical transmittance spectra (Fig. 9a).
The plot of («hy)? against hy for all the samples is shown
in Fig. 9b. The optical bandgap values obtained from the
photoacoustic measurements were compared with the opti-
cal bandgap values measured from the optical transmittance
measurements (Fig. 10).

The optical transmittance spectra show that the Cd;SnO4
thin films were highly transparent in nature as its trans-
parency is about 90%. The optical bandgap values estimated
from the PA spectra and also from the optical transmittance
spectra increase with the increase in substrate temperature.
But for the samples coated at 100°C they show a signifi-
cant decrease in optical bandgap. This is due to the note-
worthy increase in the crystallinity of the samples coated
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Fig. 6 Plots of PA phase as a 3.2 3.2
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Fig.7 Thermal diffusivity of Cd2SnOy4 films deposited at various sub-
strate temperatures

at 100°C when compared to the RT coated samples, which
are amorphous, explained by X-ray diffraction analysis and
AFM analysis. When the substrate temperature is increased
from 100°C to 300°C, the bandgap is shifted to the higher
energy region related to the Moss—Burstein effect, which is
due to the increase in the carrier concentration [25]. Our
Hall effect measurements showed that the carrier concentra-
tion was increased from 0.140 x 10%° to 13.41 x 10*° cm 3
with increasing substrate temperature. According to Segev
et al. [26], when the system is n-type doped, the optical
transition can occur between the conduction band minimum
(CBM) and states with energy higher than the CBM energy,
for k points away from the Brillouin zone center. The en-
ergy of the transition between the first conduction band and
the other conduction band decreases with increasing car-
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Fig. 8 PA spectra of the Cd;SnOy thin films deposited at room tem-
perature (27°C), 100°C, 200°C and 300°C

rier concentration. Our results showed an increase in opti-
cal bandgap with the substrate temperature, which may be
mainly due to the Moss—Burstein shift. Our results make
evident the theoretical predictions of Segev et al. [26] that
the Moss—Burstein shift (apparent bandgap) as a result of
transitions from valence band states to unoccupied conduc-



Thermal and optical properties of Cd,SnOy thin films using photoacoustic spectroscopy 925

Transmittance (%)

0 r r r T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

a
25
—RT =3.32eV
204 — 100°C=3.07 eV
o {—200°C=3.21eV
£15] — 300°C=3.30 eV
>
K
%101
=
2
5.
0 ' =il
20 24 28 32 36 4.0
Photon Energy (eV)
b
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Fig. 10 Comparison of optical bandgap values obtained from PA and
optical transmittance measurements

tion states, away from the Brillouin zone center, causes an
increase in the optical bandgap, when measured by opti-
cal absorption spectroscopy and also by photoacoustic spec-
troscopy.

4 Conclusion
Broad bandgap CdySnOy4 thin films were prepared with a

high degree of transparency (~90%). The photoacoustic
analysis made on the samples shows that the substrate

temperature significantly affects the material properties of
Cd;Sn0Oy thin films. Photoacoustic spectroscopic measure-
ments made on the Cd,SnO4 films for thermal and optical
properties are more reliable than any other methods: because
of the non-destructive technique the sample is not damaged.
The PA analysis results provide optical bandgap values that
are very close to values calculated from optical transmission
studies. Our results suggest that photoacoustic spectroscopy
can be used to find the optical bandgap of the transparent
conducting oxides also.
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