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Abstract

Cadmium tin oxide Cd,Sn0, thin films with a thickness of 228.5 nm were prepared by RF magne-
tron sputtering technique on glass substrates at room temperature. AFM has been utilized to study
the morphology of these films as a function of annealing temperature at the nanoscale. The optical
properties of these films, such as the transmittance, T(41), and reflectance, R(A), have been studied
as a function of annealing temperature. The optical constants, such as optical energy gap, width of
the band tails of the localized states, refractive index, oscillatory energy, dispersion energy, real
and imaginary parts of both dielectric constant and optical conductivity have been found to be af-
fected by changing the annealing temperature of the films.
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1. Introduction

Tin oxide SnO,, Indium oxide InOs, and Zink oxide ZnO are good examples of degenerate semiconductors
which are highly transparent and conducting in the family of binary transparent conducting oxides (TCOSs).
However, ternary oxide TCOs such as Zn,SnQ, [1], CdInO,4 [2], ZnGa,O4 [3] and Cd,SnO, [4] have eminent
properties required for a transparent conducting oxide. It is reported that Cd,SnO, thin films show electrical re-
sistivity of about 10™* Q-cm, high transmission (>90%) in the visible region and smoother surface than conven-
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tional SnO, TCO films [5] [6]. This aspect makes Cd,SnO, films an important material for the application as
electrode materials in photovoltaic devices. It is known that transparent conducting oxides are a class of material
that transmit visible radiation and conduct electricity. It is found that it has wide applications as transparent
electrode, flat panel display, heat reflective coatings on energy-efficient windows, and electrochromics in smart
windows [7]-[9] solar cells [10] [11], abrasion resistance coatings [12], corrosion resistant coatings [13], gas
sensors [14], ohmic contacts to surface-emitting lasers [15] [16], ohmic contacts to photodetectors [17] [18],
Shottky contacts to photodetectors [19]-[23], and heat mirrors for energy efficient windows and light bulbs [24].
The properties of these films are highly dependent on the technique of deposition and the substrate upon which
they are deposited. Cadmium oxide is an n-type semiconductor, with direct band gap of between 2.4 and 2.7 eV,
and has a poor optical transmittance in the visible spectral region [25]. Tin oxide (SnO,) is an n-type semicon-
ductor, which possesses perfect physical properties. In addition, it shows high variations of electrical resistance
in the presence of oxidizing and reducing gases. Thin tin oxide films exhibit high optical transparency (>80%) in
the visible region [26]. In a previous study [27], it is found that the direct optical gap of Cd,SnOy thin films de-
creases from 3.2 eV to 3.13 eV with increasing y-irradiation dose up to 100k Gy. The direct optical gap which is
calculated from optical absorption measurements is higher than that obtained from Photoluminescence (PL)
measurements EgpL =2.82¢eV [27]. It is also found that the obtained values of Eg are independent on the
film thickness in the utilized thickness range and that the discrepancy is within the estimated experimental errors
Ej =291eV [28].

The present work shows the possibilities of successfully prepare Cadmium Stannate (Cd,SnQ,) thin films us-
ing RF sputtering technique. The obtained thin films have been studied under various conditions especially as a
function of annealing temperature that to our knowledge has been paid a little attention.

2. Experimental Technique

Thin films of Cd,SnO, with thickness of 228.5 nm are prepared using a target constitute of (Cd:SnO, ratio of
2:1), the targets was purchased from Cathay Advanced Materials Limited (China). The films were deposited
onto ultrasonically cleaned glass substrates using UNIVE 350 sputtering unit with RF power model Turbo drive
TD20 classic (Leybold), RF power model CESAR, RF power generator and rate thickness monitor model
INFICON SQM-160. The deposition conditions were: base pressure of about 2 x 10 ® Pa, substrate to target dis-
tance of 10 Cm, RF power of 150 W, self bias 400 V, deposition pressure of 2 Pa, argon flow rate of 10 SCCM.
The substrate temperature during deposition was kept at room temperature. The prepared Cd,SnO, films were
annealed in air at different temperatures in the range from 150°C to 550°C. Atomic force microscope model
(Veeco-di Innova Model-2009-AFM-USA) was used to obtain the topographical images of the film surface and
to describe the changes of the grain size with changing the annealing temperature. The optical transmittance,
T(4), and reflectance, R(1), of the films under investigation were measured by means of a computer programma-
ble Jasco V-570 (Japan) double beam spectrophotometer in the wavelength range from 200 to 2000 nm at nor-
mal incidence. In case of reflectivity measurement, an additional attachment model ISN-470 was used. The ab-
sorption coefficient a of the films was determined directly from the spectrophotometer measurements using the

formula [29]:
2.303 1-R
a= ] Loglo( T ) Q

where d is the film thickness, T is the transmittance and R is the reflectance of the films.

The optical energy band gap E4 was estimated from the optical measurements by analyzing the optical data
with the expression for the optical absorption coefficient « and the photon energy ho using the following
equation:

(ahv)=A(h9-E, )", @)

where h is the Planck’s constant and A is a constant. E; was obtained by extrapolating the linear portion of the
1/n L . .
plots of (oc h.9) versus (hv) to « =0. The refractive index n was calculated from the following equation:

2 /2
1+R R+1 2
n:ﬁil(m] ~(1+k )} , ®)
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where k =al/4n is the extinction coefficientand A is wavelength of the incident light.

3. Results and Discussions

Figures 1(a)-(e) show the morphology of annealed Cd,SnO, thin films with a thickness of 228.5 nm at 150°C,
250°C, 380°C, 450°C and 550°C obtained by AFM using tapping mode. AFM images in Figure 1 show that the
coated films consist of grains that increase in size with increasing the annealing temperature. The grain size of the
investigated films was measured using grain size analyzer in another stage during the investigations of surface
topology of the film sample. The obtained values of the grain size increased from 168 nm at 150°C to 230 nm at
550°C (see Table 1). Table 1 also shows the increase of the root mean square roughness (RMS) from 2.84 nm at
150°C to 33.19 nm at 550°C.

The transmittance, T(4), and reflectance, R(4), spectra for the annealed Cd,SnQO, thin films of the same thick-
ness 228.5 nm at different annealing temperatures (150°C, 250°C, 380°C, 450°C and 550°C) are shown in Figure
2. It is clear that the change in the transmittance increases with increasing annealing temperature may be due to
some improvements in film properties. On the other hand, the transmittance increases with increasing the incident
photon wavelength in the optical spectra range, after that it continued increasing till wavelength of 900 nm and
then it seems to be independent on photon wavelength. The maximum value of the transmittance was found to be
at a wavelength of 1200 nm and varies from 95% to 98% for the annealed thin films (see Figure 2). Figure 2 also
shows typical reflection spectra for annealed Cd,SnQO, films (228.5 nm thick) at different temperatures (150°C,
250°C, 380°C, 450°C and 550°C). The transmission loss can be seen at longer wavelengths that can be interpreted
as due to photon-electron interaction by which photons can be scattered. Losses occurs a result of both reflection
and absorption. Reflection in this region is not strictly a surface phenomenon. Reflection from the bulk of the
material can occur, provided that the electron escapes the surface. If the scattered electron does not escape the
surface then it can be concluded that it has been absorbed [30].

Figure 3 shows the spectral behavior of the absorption coefficient o for annealed Cd,SnQ, thin films at 150°C,
250°C, 380°C and 450°C and 550°C, where a = 4nk/. It can be noticed that the absorption edge of a has a trend
to decrease with increasing the annealing temperature.

The optical energy gap is estimated from the optical measurements by analyzing the optical data with the ex-
pression for the optical absorbance, and the photon energy, h$, using Equation (2). The optical band gap can be
obtained by extrapolating the linear portion of the plots of («h$)1/n versus h$ to a =0. Using the value n =
1/2, the relation found to be straight line as shown in Figure 4 indicating a direct optical transition. Figure 4 re-
veals that the optical gap of the Cd,SnQ, thin films (228.5 nm thick) has the values 3.17, 3.19, 3.18, 3.16 and 3.29
eV for the annealed films at 150°C, 250°C, 380°C, 450°C and 550°C, respectively, indicating that the optical gap
seems to be increased with increasing the annealing temperature. It is reported that the optical gap of the Cd,SnO,
thin films is around 3 eV [30], which is in consistent more or less with the present results. The increase in the
band gap energy with increasing the annealing temperature can be attributed to the Burstein-Moss shift in which
the absorption edge shifts towards higher energy with an increase in carrier concentration [31] [32]. Increasing the
optical band gap E4 with increasing the annealing temperature can be explained as follows; the unsaturated de-
fects are gradually annealed out producing a larger number of saturated bonds leading to a decrease in the density
of localized states and consequently the optical gap increases [33].

To calculate the width of the band tails E. of the localized states, the following equation [34] can be used:

a(w)=a,(o)e"®, (4)

where o, (@) is a constant, h is the Plank’s constant. Figure 5 shows the Ln (@) versus (hv), in which
the slope can be used to calculate E, for the annealed films. The calculated values of the band tails of the loca-
lized states E, from Figure 5 have been found to be larger than 0.05 eV for all annealed films at 150°C, 250°C,
380°C and 450°C and 550°C. This behavior of decreasing the values of E, with increasing annealing temperature
agrees well with our results of increasing that reveal E,, with increasing the annealing temperature. Because the
values of E. are very much larger than 0.05 eV, Tauc’s model based on electronic transitions between localized
states in the band edge tails may well be valid in our systems [35].

The variation of the refractive index with the wavelength is shown in Figure 6 indicating the decrease of re-
fractive index with increasing the wavelength, which represents the normal dispersion. The effect of annealing is
obvious from Figure 6, where the refractive index decreases with increasing the annealing temperature that may
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Figure 1. AFM images for Cd,SnO, thin film of thickness 228.5 nm annealed at (a) 150°C, (b) 250°C, (c)
380°C, (d) 450°C and (e) 550°C.
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Figure 2. The optical transmittance T(4) and reflectance R(4) for the annealed Cd,SnOy, thin films.
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Figure 3. The spectral behaviour of the absorption coefficient, a (#v), for annealed Cd,SnO, thin
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Figure 5. A plot of In(e) versus hv for the annealed Cd,SnOy thin films.

be attributed to the decrease in the packing density with increasing annealing temperature [33].

In the transparent region, the obtained data of refractive index, n, can be analyzed to obtain the lattice dielec-
tric constant, ¢, via a procedure describes the contribution of the free carriers and the lattice vibration modes of
the dispersion. The relationship between the real dielectric constant, ¢;, and the wavelength, 4, in normal disper-
sion region is given by [36]:

2
2 e’N 2
g=N"=g ————1°, 5
! - 4Ane m'c? ©

where e is the elementary charge, ¢, is the permittivity of free space and, N/m” is the ratio of free carrier concen-
tration to the effective mass of electrons. Figure 7 shows the relationship between n® and 42 for the annealed
Cd,SnO, films. It can be noticed that the dependence of (n? = &;) on 42 is linear atlonger wavelengths. Extrapo-
lating these linear parts to zero wavelength gives the value of ¢_and from the slopes of these linear parts the
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Figure 6. The spectral behavior of the real part of refractive index,

n(4), for the annealed Cd,Sn0O, thin films.
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Figure 7. The relation between n? and 42 for the annealed Cd,SnO,

thin films.

Table 1. The average root mean square roughness, average height and maximum height for annealed Cd,SnO, thin films ob-
tained from AFM measurements.

e T () Avesrizzze(rp:;r)ticle roE;r?r:e?se?S ';sﬂqsu)a(rr:am) Averazrg];?n t)weight Maxingrl:m)height
150 168 2.84 17.22 42,01
250 171 4.89 17.22 43.15
380 195 5.89 24.23 63.33
450 211 11.17 40.27 88.48
550 230 33.19 80.32 173.65
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ratios N/m” are obtained. The disagreement between ¢_and ¢, may be due to free carriers’ contribution [37]. The
values of the lattice dielectric constant ¢ decrease from 4.86 to 4.09 for the annealed samples at 150°C, 250°C,
380°C, 450°C and 550°C. The values of N/m” also decrease from 2.34 x 10*® to 1.11 x 10* g *-cm? for the an-
nealed samples at 150°C, 250°C, 380°C, 450°C and 550°C, respectively.

The classic dispersion theory provides the description of the variation of n(4) in the region of very small val-
ues of the extinction coefficient k(1), under negligible damping. Wemple and DiDomenico [38] [39] described
the wavelength dependence of the refractive index, n(1), in the transparent region for various different solids by
using the single-oscillator model of the form:

2 _ _ EdEo
= T ©

where Ao represents the photon energy, E, is the energy of the oscillator and Ey is the dispersion energy which
describes the strength of the electronic transitions. The calculated values of the dispersion parameters (E, and Eg)
are obtained by plotting of (n* — 1) * against (/v)? for the annealed Cd,SnO, thin films as shown in Figure 8.
The calculated dispersion energies increase with increasing annealing temperature and have the values of
1.845, 1.961, 1.951, 1.848, and 2.428 eV for the annealed Cd,SnO, films at 150°C, 250°C, 380°C, 450°C and
550°C, respectively. In addition, the calculated values of the single oscillator energies are 4.973, 4.593, 4.345,
4.788, and 5.967 eV for the annealed films at 150°C, 250°C, 380°C, 450°C and 550°C, respectively, revealing
tendency of increasing with elevating the annealing temperatures. The complex dielectric constant can be given

by:
& =g —ig, , U]

where & =n”*—k* and &, =2nk are the real and imaginary parts, respectively, of the dielectric constant. The
spectra of real and imaginary parts are, respectively, called dispersion and absorption curves, which are shown
in Figure 9. It is clear that the variation of &, follows the same trend as the real part of the refractive index as
shown in Figure 6, whereas the variation of &, mainly follows the behavior of k which is related to the varia-
tion of photon energy.

Thereal o, andimaginary o, parts of the optical conductivity are written as [39] [40]:

0, = w&,8, and o, = w& &, (8)

where « is the angular frequency, &, is the permittivity of freespace. The spectra of real and imaginary parts
of the optical conductivity are shown in Figure 10. It can be observed that the real part of the optical conductivity
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Figure 8. The relationship between (n? — 1)* and (4v)? for the annealed

Cd,SnO, thin films.
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Figure 9. The spectral behaviour of the real part (¢;) and the imaginary part (e,)
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Figure 10. The spectral behaviour of the real part (¢;) and the imaginary part
(o2) of complex optical conductivity for the annealed Cd,SnO; thin films.

o, increases by increasing the energy starting from photon energy 2.9 eV. This suggests that the increase in
optical conductivity is due to electrons excited by photon energy [28].

4. Conclusion

Cadmium tin oxide Cd,SnO, thin films of the same thickness (228.5 nm) were prepared by RF magnetron
sputtering technique on glass substrates at room temperature. AFM images revealed the change of morphology
at the nanoscale with increasing annealing temperature. The optical energy gap was found to increase with in-
creasing the annealing temperature. The width of the band tails of the localized states was found to decrease
with increasing annealing temperature. The refractive index decreased with increasing the incident wavelength
and with increasing annealing temperature as well. The dispersion energy was found to have the tendency of de-
creasing with elevating the annealing temperatures, whereas the single oscillator energy was found to increase
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by increasing the annealing temperatures.
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