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Abstract: This work reports on the effect of post thermal annealing on the optical properties of SnO, films. The films were deposited using electron
beam evaporation technique. The films were annealed in air in the temperature range 200-550 °C. It was found that the annealing temperature has a
significant effect on the optical properties of these films. The films are transparent in the visible region with average transmission of 83%. A high
optical energy-gap of 3.65 eV was achieved at temperature 500 °C. Many optical parameters such as: refractive index; extinction coefficient; degree
of inhomogeneity; dielectric constants; single oscillator energy; dispersion energy; oscillator strength; average oscillator wavelength; static dielectric
constant; high frequency dielectric constant; thermal emissivity and optical resistivity were calculated as a function of annealing temperature. Finally,

SnO, films can be used in transparent heat mirror coatings applications due to their low thermal emissivity at high annealing temperature.
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1 Introduction

Transparent conductive oxides (TCOs) films are unusual
materials that are both electrically conductive (electrical
resistivity ~ 10-4 Q cm) and visually transparent (visible
transmittance >80%). These transparent, metallic oxides
include, in part, indium oxide, tin oxide, indium tin oxide,
zinc oxide, and cadmium tin oxide. Although partial
transparency, with acceptable reduction in conductivity,
can be obtained for very thin metallic films, high
transparency and simultaneously high conductivity cannot
be obtained in intrinsic stoichiometric materials. The only
way this can be achieved is by creating electron degeneracy
in a wide band gap (Eg > 3.5 eV or more for visible
radiation) material by introducing nonstoichiometry and/or
appropriate dopants in a controlled manner.

These conditions can be conveniently met for ITO as
well as a number of other materials [1]. TCO are currently
of great commercial importance for applications in
transparent electrodes for flat panel displays, solar cells,
organic light emitting diodes, electrochromics, and low-
emissivity window [2-5]. SnO2 is n-type semiconducting
oxide with wide band gap (Eg = 3.6 eV at 300 K) and is
grown as tetragonal crystal structures [6,7]. SnO, thin films
have low resistivity and high optical transparency in the
visible region of electromagnetic spectrum. SnO, thin films
have some advantage in contrast to other TCO films that
contain expensive, scarcity and toxic elements (In, Ti, Cd

etc.). SnO, has better thermal resistance than indium tin
oxide (ITO), its films are relatively hard and they have
good abrasion and scratch resistance [8]. High hardness of
SnO, films is important for application of transparent
conductive films as protective layers on soft and
transparent substrates, such as polymer materials for
vehicular and aircraft canopies, windows and windshields
[9]. Thus, the properties of SnO, and its relatively low cost,
make it preferable in some applications requiring a
conducting layer on glass.

Thin films of SnO, can be prepared by many
techniques, such as chemical vapor deposition [10],
sputtering [11], sol-gel [12], reactive evaporation [13],
pulsed laser ablation [14], screen printing technique [15],
spray pyrolysis [16], SILAR [17] and electron beam
evaporation [18]. In this work, SnO, films were deposited
onto microscopic glass substrates by electron beam
evaporation method. The effects of post thermal annealing
on the optical properties, such as transmission, reflectance,
energy-gap, refractive index, extinction coefficient, degree
of inhomogeneity, dielectric constant, oscillator strength,
average oscillator wavelength, static dielectric constant,
high frequency dielectric constant, thermal emissivity and
optical resistivity, were investigated.
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2 Experimental Section

Tablets from highly pure (99.999) SnO, were formed using
a cold pressing. Edward’s high vacuum coating unit model
E306A under pressure of 5 x 10° Torr during film
deposition was used to prepare SnO, films onto
ultrasonically cleaned glass slides of dimension 2.5 x 1 cm.
The film thickness (~100 nm) and deposition rate were
controlled by means of a digital film thickness monitor
model TM200 Maxtek. The transmittance (T) and
reflectance (R) data were measured using a Jasco V-570
ultraviolet-visible-near infrared (UV-VIS-NIR)
spectrophotometer in the wavelength range from 200 to
2500 nm at normal incidence. The heat treatment
(annealing temperature) has been performed in air at
different temperatures from 200 to 550 °C for fixed time of
60 min using a fully controlled furnace (model Lindberg).
The optical parameters, namely optical energy-gap (E,),
free carrier concentration (N), refractive index (n),
extinction coefficient (k), real and imaginary dielectric
constants (¢, ¢, optical resistivity (pop), single oscillator
energy (Eq) and a dispersion energy (Eq) were calculated
using the two aforementioned quantities (T and R).

3 Results and Discussion

Transmittance spectra observed of as-deposited and after
heat treatment of SnO, films are presented in Fig. 1. It is
observed that the as-deposited films represent low
transmission value and the thermal annealing at low
temperature has not significant effect. At annealing
temperature of 400 °C, small increase in transmission
spectrum is observed particularly at near-infrared region
(NIR). This behavior of transmission for as-deposited films
and at low value of annealing temperature is expected for
TCO films that deposited by electron beam technique due
to oxygen deficiency resulting during the electron beam
evaporation process [19, 20]. The films that annealed at 450
°C show transmission of 68% in the visible region
indicating that annealing process in air at this temperature
is suitable to substitute the reduction in oxygen. With
further increase in annealing temperature, the transmission
increases up to 83% at temperature of 500 °C. The films
annealed at 550°C shows a small decrease in visible light
transmittance. It may be attributed to the light scattering
effect for its higher surface roughness [21]. Fig.2 shows the
reflectance spectra of SnO, films annealed at different
temperatures. It is clear that the as-deposited films and
films annealed at low temperature up to 400 °C have the
same behavior, where high value (> 50%) of reflectance
was observed at NIR region indicating that these films have
high value of free carrier concentrations.

While the films that annealed at high temperature 450-
550 °C have different behavior and their reflectance are
small comparing with the above films.
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Fig.1 The optical transmittance spectra of the SnO,
films as a function of the annealing temperature.
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Fig.2 The optical reflectance spectra of the SnO, films as
a function of the annealing temperature.

Using the measured values of transmission (T) and
reflection (R), the absorption coefficient a can be written in
the form [21]:

2.303 1—-R
4 o9 (T) @)
Where d is the film thickness.

a =

The absorption coefficient can be used to determine the
optical band gap E, following equation:

ahv = A(hv — Eg)n )

Where A is a constant, v is the photon energy and the
exponent, n=1/2 for allowed direct, n=2 for allowed
indirect, n=3/2 for forbidden direct and n=3 for forbidden
indirect transitions. The present work shows that SnO,
films have direct allowed transition as shown in Fig.3-a.
The variation of estimated E4 with annealing temperature is
shown in Fig.3-b.
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Fig.3: The («hv)’> vs. photon energy (hv) plot of the
SnO,films annealed at different temperatures (a) and the
estimated direct allowed optical energy-gap at different
temperatures, ranging from 400 to 550 °C (b).

Due to the poor transmittance and undistinguishable
absorption edge, the E; of as-deposited films and the
annealed film at low annealing temperature (< 400 °C)
could not be estimated. The E, of the films annealed at 400
°C is 2.92 eV, which is increased to 3.65 eV when annealed
at 500 °C but then decreased with the further increase in
annealing temperature to reach 3.61 eV at temperature of
550 °C. Optical parameters namely, refractive index (n) and
extinction coefficient (k), have been determined from the
transmittance (T) and reflectance (R) measurements using
Taus model [23]:

2 1/2
1+R [/1+R ,
n=1—Ri[(1—R> _(1+k)] ®

_2.3031

K= 1—R> (@)

4nd loglO( T

The average refractive index and extinction coefficient in
the wavelength range 400-800 nm is calculated using the
above equations and plotted in Fig.4 as a function of
annealing temperature. It is seen that both the refractive

index as well as the extinction coefficient of the SnO, films
are decreased as a result of annealing. The decrease in
extinction coefficient with annealing can be correlated to
the decrease of absorption (increase in transmission) with
increasing the temperature of annealing as seen from Eq.
(4) and Fig.1. The behavior of refractive index can be
understood in terms of the behavior of energy-gap. The
refractive index of the films is calculated using Moss
relation [23,24] which is directly related to the fundamental
energy-gap (Ey),

A

Where A is a constant with a value of 108 eV. A different
relation between the refractive index and bangap energy is
presented by Herve and Vandamme in the following for
[25],

B 2
o= 1+(Eg+c) (5)

Where B and C are numerical constants with values of 13.6
and 3.4 eV, respectively. The changing of refractive index
(n) with annealing temperature is shown in Table 1 for
these three models (Taus, Moss, Herve and Vandamme).
As seen from the table 1, the refractive index values
decrease with increasing annealing temperature and the rate
of increase seems to be dependent on the used models.
Where, the refractive index calculated by Taus model is
closed to this calculated by Moss model particular at high
temperature.

Table 1: The bandgap (Eg), refractive index (n), optical
static dielectric constant (€,) and optical high frequency
dielectric constant (€;) values of SnO, thin films as a
function of annealed temperature.

Herve
&Vandamme

Moss
relation

Taus

T(OC) Eg(eV) [N model

n €; n (o n €

400 2.92 952 | 32 | 102|245 | 6 2.37 5.6

450 3.58 749 | 255 | 65 | 234 | 55 | 219 48

500 3.65 728 | 238 | 57 | 233 | 54 | 217 4.7

550 3.61 74 1243 | 59 | 233 | 54| 218 4.75

Moreover, the decrease in refractive index with increasing
annealing temperature can be attributed to the increase of
the degree of homogeneity of SnO, films with increasing
annealing. It is known that a high percentage of voids exist
in the oxide thin films, especially in the surface layer of the
thin films and this percentage is gradually decrease with
annealing process [26]. The degree of inhomogeneity of
SnO; films can be expressed by An/n, where An and n refer
to variation and average values of the refractive index
measured at wavelengths in the range of 400-800 nm. The
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degree of inhomogeneity as a function of annealing
temperature is plotted in Fig.5.
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Fig.4 The refractive index (n) and extinction coefficient (k)
of SnO, films at different annealing temperatures.
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Fig.5 Degree of inhomoginity as a function of annealing
temperature of SnO, films.

The dispersion behavior, as we all know, plays an
important role in the research for optical materials, because
it is a significant factor in optical communication and
designing of the devices for spectral dispersion. The single-
oscillator Wemple—-DiDomenico (W-D) dispersion model
is used to analyze experimental data of refractive index,
which usually provides physically significant quantities
such as the oscillator energy in the interband transition
region. The W-D dispersion model can be described as
[27]:

E, —E
n?—1= (2) d
E? — E2

U]

Where E is the photon energy, E, is the single-oscillator
energy, Eq is the dispersion energy, which is a measure of

the intensity of the interband optical transitions. The curves
of (n? -1)™* versus E? for the SnO, films are plotted in Fig.
(6-a) and the data are fitted into straight lines, indicating the
W-D dispersion model is applicable to the SnO, films in
the present work. The values of E, and E4 can be
determined from the slope (1/EqEq) and intercept (Eo/Eq) on
the vertical axis and are plotted in Fig.(6-b) as a function of
annealing temperature. It is clear that E, increases with
increasing annealing temperature and has the same
behaviour of energy-gap [27] as shown in Fig.(3-b). While,
E4 increases with increasing annealing temperature up to
300°C and then start to decrease with further increase in
temperature. The dispersion data of the refractive index can
also be analyzed using Sellmeir dispersion formula [28]
that is given by:

2o =S
= (®)

1- (% A)Z

Where / is the wavelength of incident light, /o is the
average oscillator wavelength and Sy is the oscillator
strength. Fig.(7-a) shows the relation between (n® -1)*
versus 1/ /. % for the SnO, films. The values of Sy and A, can
be estimated from the slope (1/S;) and the infinite
wavelength intercept (1/50/102) of the above curves and are
plotted in Fig.(7-b) as a function of annealing temperature.
It is observed that S, decreases with increasing the
annealing temperature while 4, increases with increasing at
low values of temperature and then starts to decrease at
high values of temperature.
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Fig.6 The (n?-1) vs. (hv)? plots of the SnO, thin films at
different annealing temperatures (a), the variation of
oscillator energy (Eo) and dispersion energy (Eq) with
annealing temperature (b).
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Fig.7 The (n*1) ! vs. (1/A?) plots of the SnO, thin films at
different annealing temperatures (a), the variation of
oscillator strength (Sy) and average oscilotor wavelength
(%) with annealing temperature (b).
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Fig.8 Dependence of thermal emissivity of SnO, films on

the annealing temperature.

One of valuable applications transparent conducting oxides,
transparent heat mirror coatings (low thermal emissivity)
have attracted increased interest in reducing heat radiation
loss through window panes from ecological and sustainable
aspects [29]. The thermal emissivity of SnO, can be
calculated from the following relation [30]:

e=1—(Tjr +Rip) %)

Where Tir and R are the average transmission and
reflection in the near infrared region (A=1800-2500 nm),
respectively. Fig.8 shows the dependence of thermal
emissivity of SnO, films on the annealing temperature. It
can be noted that the thermal emissivity decreases with
increasing annealing temperature and attains its minimum
value of 0.07 % at temperature 500 °C. The small increase
in thermal emissivity at temperature 550 °C maybe due to
decreasing the transmission at this temperature as shown in
Fig.1.

The fundamental electron excitation spectrum of the films
is described by using a frequency dependence of the
complex electronic dielectric constant. The dielectric
constant is defined as [21]:

3 2
) = (n(l) — Lk(l))
= ') — ie" (D)
Where ¢ and ¢ are the real and imaginary dielectric

constant, respectively. Using Drude's theory of dielectrics
[32], the real dielectric constant (¢) can be written as:

(10)

2

e N
e =n? -k’ =fi‘m(ﬁ>” (1)
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where ¢; is the infinitely high frequency dielectric constant
or the residual dielectric constant due to the ion core, & is
the permittivity of free space, N/m” is the ratio of carrier
concentration to the effective mass, c is the light velocity, A
is the incident light wavelength and e is the elementary
charge. The variation of real part of dielectric constant with
wavelength is shown in Fig.9 for different values of
annealing temperature.
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Fig.9 Variation of real part (¢) of the dielectric constant of
SnO, films with A% at different annealing temperatures.

The concentrations of free carrier (N) are calculated from
the slope of the above relation and are plotted as a function
of annealing temperature as shown in Fig.10. It is clear that
N decreases with increasing the annealing temperature
which can be attributed to decrease of reflectance with
annealing as shown in Fig.2. The dielectric behavior of
solids is important for several electrondevice properties.
Both static and high frequency dielectric constants were
evaluated for all the films. The high frequency dielectric
constant (&) and the static dielectric constant (g¢) of the
films are calculated from the following relation [17]:

& =n?,¢& = 18,52 — 3.08E, (12)

Where n is the refractive index and Ey is the energy-gap.
The estimated values of ¢ and g, are listed in table 1 for
Taus model, Moss relation and Herve & Vandamme model.

The optical resistivity pqp 0F SNO, films is calculated using
the following equation [33]:

&C
=14

Where R, g, C and d are respectively the reflectance in near
infrared region, permittivity of free space, light velocity
and film thickness. Fig.10 shows the variation of optical
resistivity of SnO, films with annealing temperature. The
increasing of optical resistivity with annealing is observed
in this figure. This due to decreasing the reflectance of
SnO, film in near infrared region with increasing the
annealing temperature or/and decreasing the free carrier
concentrations. The as-deposited films represent optical

(13)

resistivity of 3.27x10™ Q cm, while the values of optical
resistivity are in the range of 3.32x10-8.5x10* Q cm
which corresponds to the annealing temperature range of
200-550°C, respectively.
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Fig.10 Dependence of optical resistivity (pop) and free

carrier concentrations (N) of SnO, films on the annealing

temperature.

4. Conclusion

SnO, thin films deposited onto a microscopic glass
substrate by the e~beam evaporation method were annealed
at different temperatures ranging from 200 to 550 °C in air
in order to enhance the optical properties of these materials.
The transmittance and reflectance spectra were used to
determine the optical constants (n, k) of the SnO, film, and
the effects of annealing temperature on the optical
properties were investigated. The post thermal annealing is
considered a significant tool to produce highly transparent
and conduction SnO, films. With increasing the annealing
temperature up to 500 °C, the optical gap records 3.65 eV.
The optical constants decrease in the visible region with
increasing the annealing temperature. The formed films
become more homogenous at high annealing temperature.
SnO, exhibits low thermal emissivity at temperature of 500
°C therefore these materials can be used in transparent heat
mirror coatings applications. The optical resistivity of
3.32x10%-8.5x10* Q cm which corresponds to the
annealing temperature of 200-550°C were recorded in this
study.
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