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Abstract. Transparent metal oxide thin ﬁlms of samarium oxide (Sm2 O3 ) were prepared on pre-cleaned fused
optically ﬂat quartz substrates by radio-frequency (RF) sputtering technique. The as-deposited thin ﬁlms were
annealed at different temperatures (873, 973 and 1073 K) for 4 h in air under normal atmospheric pressure.
The topological morphology of the ﬁlm surface was characterized by using atomic force microscopy (AFM). The
optical properties of the as-prepared and annealed thin ﬁlms were studied using their reﬂectance and transmittance
spectra at nearly normal incident light. The estimated direct optical band gap energy (Egd ) values were found to
increase by increasing the annealing temperatures. The dispersion curves of the refractive index of Sm2 O3 thin
ﬁlms were found to obey the single oscillator model.
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1. Introduction
There have been extensive researches on the optical and
electrical properties of the rare-earth (RE) transparent
metal oxide (TMO) thin ﬁlms, as they are often used in
thin ﬁlm optoelectronic devices, switching mechanism
for logic devices, and memories [1–3]. They exhibit high
resistivity, high dielectric constant and large optical band
gap. They are used as potential candidates of high-k
materials in the complementary metal oxide semiconductor (CMOS) devices [4,5]. Sm2 O3 is a typical RE
transparent metal oxide which can substitute SiO2 in
the CMOS devices because of its range of dielectric constant from 7 to 15, large band gap (4.33 eV)
and high chemical and thermal stability with Si [6–8].
Sm2 O3 thin ﬁlm can be deposited by RF magnetron
sputtering [9,10], electron beam evaporation [11], vacuum thermal evaporation [7], pulsed laser deposition

(PLD) [12], atomic layer deposition (ALD) [6], metalorganic chemical vapour deposition (MOCVD) [13]
and pyrolysis [14]. Among these methods, RF sputtering method is known to produce homogeneous and
reproducible high-quality thin ﬁlms of various types
of materials, especially TMO materials. This method
provides economical and efﬁcient usage of evaporants
and can be extended to industrial scales for device
fabrication [15].
The optical constants play important roles in the
research for modern optical devices because it is an
important factor in optical communication. The determination of the optical properties of any material is
essential to measure its ability to absorb and scatter
light, and thus to evaluate its role for designing new
optical devices. The refractive index (n) and dielectric
constant (ε) of the semiconducting materials are very
important in determining the optical properties of the
1
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crystals. Knowledge of n is essential in the design of
heterostructure lasers in optoelectronic devices as well
as in solar cell applications [16,17].
Post-annealing treatment plays a critical role in the
ﬁnal structure and properties of the TMO thin ﬁlms.
Annealing treatment of TMO thin ﬁlms in air, oxygen
or nitrogen can improve the crystallinity and transmittance, but it can degrade the electrical properties due
to the chemisorptions of O2 or N2 present at grain
boundaries [18,19]. Empirical evidence has shown that
TMO films must either be deposited at high temperature
(>573 K) or undergo post-deposition thermal annealing
to achieve the desired optical and electrical qualities
[20–22]. The studies on the structure and optical properties of Sm2 O3 thin ﬁlms under different conditions
are important to modify the microstructure and to develop their interesting technological applications. The prime
aims of this work are to show how to deposit highly transparent Sm2 O3 thin ﬁlms by RF sputtering and to study
the effect of annealing temperature on the morphological and optical properties of Sm2 O3 thin ﬁlms.

2. Experimental techniques
Sm2 O3 thin ﬁlms in this study were deposited on precleaned fused optically flat quartz substrates using Univex
350 sputtering unit with RF power model Turbo drive
TD20 classic (Leybold) and thickness monitor model
Inﬁcon AQM 160. The ceramic Sm2 O3 target, from
Cathey Advanced Materials Limited, was used as a sputtering source. The sputtering chamber was evacuated
to a base pressure of 2×10−6 Torr and was back-ﬁlled
with mixture of 98% pure argon + 2% pure O2 and
up to the sputtering pressure of 2 × 10−2 Torr and the
sputtering pressure was maintained constant throughout the coating. Prior to deposition the substrates were
cleaned using a 10% by volume solution of hydroﬂuoric acid followed by a rinse in deionized water. The
target-substrate distance was 10 cm with 65◦ angle. The
sccm standard was maintained at 20 cm3 /min with 2
rpm substrate rotation and power of 150 W. The rate
of deposition was 2 nm/min. The thickness of the thin
ﬁlms was determined accurately after deposition by
using multiple-beam Fizeau fringes in reﬂection [23].
Sm2 O3 thin ﬁlm with 230 nm thickness was annealed
at 873 K, 973 K and 1073 K for 4 h in air under normal
atmospheric pressure.
The non-contact mode of a high-resolution atomic
force microscope (AFM) of model (Veeco-di Innova
Model-2009-AFM-USA) was used for the topographical images of the ﬁlm surface. The acquired AFM
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images were used to determine the roughness of the
ﬁlms and the sizes of the crystallite.
Transmittance, T(λ), and reﬂectance, R(λ), of the
as-deposited and annealed ﬁlms were measured at normal incidence in 190–2500 nm wavelength range using
double beam spectrophotometer (JASCO model V-670
UV–Vis–NIR) attached with constant angle specular
reﬂection attachment (5◦ ), to determine the spectral
behaviour of the optical constants and to deduce some
optical parameters of the Sm2 O3 thin ﬁlm. The spectral data obtained directly from the spectrophotometer
were converted to absolute values by making a correction to eliminate the absorbance and reﬂectance of the
substrate. The absolute values of T(λ) and R(λ) are
given by [24]
 
Ift
(1 − Rq ),
(1)
T =
Iq
where Ift and Iq are the intensities of light passing through the ﬁlm-quartz system and that passing
through the reference quartz, respectively and Rq is the
reﬂectance of the quartz substrate, and
 
Ifr
Rm (1 + [1 − Rq ]2 ) − T 2 Rq ,
(2)
R=
Im
where Im is the intensity of light reﬂected from the reference mirror, Ifr is the intensity of light reﬂected from
the sample and Rm is the reﬂectance of the mirror.
In order to calculate the optical constants, refractive
index (n) and the absorption index (k) of the ﬁlms at
different wavelengths, we use the following equations
[25,26]:
⎡
⎤

(1 − R)4
1 ⎣ (1 − R)2
+
+ R2 ⎦ ,
(3)
α = ln
t
2T
4T 2
αλ
,
4π

 
1+R
4R
n=
+
− k2,
1−R
(1 − R)2
k=

(4)

(5)

where α is the absorption coefﬁcient and t is the ﬁlm
thickness. The experimental errors in the calculated
values of n and k are with accuracy better than ±4%
[27]; taking into account, the experimental errors in
measuring the ﬁlm thickness as ±2% and in measuring
T and R as ±1%.

3. Results and discussion
Figure 1 shows 3D-AFM-surface topology of the asdeposited and annealed Sm2 O3 thin ﬁlms with 230 nm
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RMS = 51.6 nm
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No of grains=29
RMS = 60.24 nm

Average particle size =63 nm
Average particle size =79 nm

RMS = 58.5 nm

No of grains=25
RMS = 63.6 nm

No of grains=34

Average particle size =103 nm

Average particle size =68 nm

Figure 1. AFM images (2 × 2 μm2 ) showing the surface morphology of Sm2 O3 thin ﬁlms (a) as-deposited and annealed
for 4 h at (b) 873 K, (c) 973 K and (d) 1073 K.

thickness using applying tapping mode. The smoothness of the surface in terms of root mean square surface
(RMS) roughness is found to increase from 51.6 nm
for the as-deposited ﬁlm to 63.6 nm after annealing
at 1073 K and the obtained average particle size is
also increased from 63 nm for the as-deposited ﬁlm
to 103 nm after annealing at 1073 K. The increase in
particle size was associated with the tendency of the
particles to grow by fusion of adjacent particles when
sufﬁcient energy for the surface rearrangement is provided by annealing [28]. Also the number of grains
present on the surface of the investigated sample (0.2×
0.2 μm2 ) are found to increase from 21 for the asdeposited ﬁlm to 34 after annealing at 1073 K. This increase in the number of grains means that the annealing
makes as splitter to the grain size in the scanned area.
Figure 2 displays 3D-AFM-surface mapping for the
as-deposited and annealed Sm2 O3 thin ﬁlms. From
ﬁgure 2a one can conclude that the majority of heights
distribution lies between 0.51 and 0.52 μm (green
zone area), maximum height represented by red colour
(∼2% of the scanned area) is found to be 0.54 μm and
the minimum height (∼0.49–0.50 μm) occupies blue
colour area. The estimated heights gradient for each
colour for the as-deposited and annealed (ﬁgures 2b,
2c and 2d) Sm2 O3 thin ﬁlms are tabulated in table 1.

Figures 3a and 3b illustrate transmittance, T(λ), and
reﬂectance, R(λ), for the as-deposited and annealed
Sm2 O3 thin ﬁlm of 230 nm thickness. At longer wavelength (2500 nm), the ﬁgure shows that the transmittance increases from 94% for the as-deposited ﬁlm to
96% after annealing at 1073 K for 4 h. In the absorption region (λ < 400 nm), the transmittance spectra of
the annealed ﬁlms are slightly shifted to lower wavelength (blue shift). Such shifts are related to blue shift
change in the optical band gap of the annealed Sm2 O3
thin ﬁlms.
The absorption coefﬁcient α for the as-deposited and
annealed Sm2 O3 thin ﬁlms can be used to estimate
the type of transition and the optical band-gap enery
according to Tauc’s relationship [26]
(αhν) =B(hν − Eg )r ,

(6)

where Eg is the optical band-gap energy, B is a constant
and r is a constant which depends on the probability of transition; r = 1/2 and 3/2 for direct allowed
and forbidden transitions, respectively, r = 2 and 3
for indirect allowed and forbidden transitions, respectively. The dependence of (αhν)1/r on photon energy
(hν) was plotted for different values of r. The best ﬁt
was obtained for r = 1/2 and displayed in ﬁgure 4; this
result pointed out that the transitions are direct allowed
transitions. The direct band-gap estimation can be found
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Figure 2. 3D-visualized image of plank for area 0.08 × 0.08 μm2 for Sm2 O3 thin ﬁlms (a) as-deposited and annealed for
4 h at (b) 873 K, (c) 973 K and (d) 1073 K.
Table 1. Height gradients of different colours in 3D-visualized image for the scanned area (0.08×0.08 μm2 )
for the as-deposited and annealed Sm2 O3 thin ﬁlms.
Height
gradient
Green zone area
Red zone area
Blue zone area

As-deposited ﬁlm
(μm)

Annealed ﬁlm at
873 K (μm)

Annealed ﬁlm at
973 K (μm)

Annealed ﬁlm at
1073 K (μm)

0.51–0.52
0.53–0.54
0.51–0.55

0.58–0.59
0.60–0.61
0.56–0.57

0.59–0.61
0.62–0.63
0.58–0.59

0.85–0.86
0.87–0.89
0.83–0.84

by the extrapolated linear regression of the curve resulting from a plot of (αhν)2 vs. photon energy (hν).
The results indicate that optical band-gap values vary
with the annealing temperature. The estimated values
of the direct optical gap show an obvious increase (blue
shift) from 4.51 eV for the as-deposited ﬁlm to 4.69 eV,
4.87 eV and 5.02 eV after annealing at 873 K, 973 K
and 1073 K, respectively. This increase of optical band
gap may be due to an improvement in the crystalline
structure of the ﬁlm, because if the ﬁlm becomes more

polycrystalline the band gap is broadened by a decrease
in band gap defects [19]. In addition, the decrease of
optically derived surface roughness for annealed ﬁlms
can also be connected to changes in ﬁlm structure
linked to a decrease in voids [29].
Also, the increase of the optical band gap was explained
by Burstein–Moss (BM) effect due to the increased carrier concentration [30]. It was well known that bandgap widening occurred in heavily doped semiconductors
[30–32]. Band-gap widening is referred to as the BM
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Figure 3. (a) The optical transmittance T(λ) for the as-deposited and annealed Sm2 O3 thin ﬁlms and (b) the optical
reﬂectance R(λ) for the as-deposited and annealed Sm2 O3 thin ﬁlms.

effect, the conduction band becomes signiﬁcantly ﬁlled
at high doping concentration and the lowest energy
states in the conduction band are blocked. After annealing, the optical band gap and the carrier concentration
were increased. The increase of carrier concentration by annealing is due to the generation of oxygen
vacancies due to thermal energy.
Figure 5 shows the real part of the refractive index,
n(λ), for the as-deposited and annealed Sm2 O3 thin
ﬁlms. This ﬁgure shows that the refractive index of the
as-deposited ﬁlms decreased by increasing the wavelength from approximately 2.26 at λ = 200 nm to 1.72
at λ = 2500 nm.
According to the classical dispersion theory, the
spectral behaviour of n(λ) in the transparent region

Figure 4. The relation between (αhν)2 and photon energy
(hν) for the as-deposited and annealed Sm2 O3 thin ﬁlms.

(negligible damping) can be described by using the
single-oscillator model of the form [33,34]:
n2

1
1
Eo
−
(hν)2 ,
=
E
E
E
−1
d
o d

(7)

where hν represents the photon energy, Eo is energy of
the oscillator and Ed is the dispersion energy which is a
measure of the strength of the interband optical transitions. The calculated values of the dispersion parameters as well as the inﬁnite frequency dielectric constant,
ε∞ , can be obtained by plotting (n2 −1)−1 against (hν)2
for the as-deposited and annealed Sm2 O3 thin ﬁlms as
shown in ﬁgure 6. The calculated value of ε∞ is found

Figure 5. The spectral behaviour of the real part of the
refractive index, n(λ), for the as-deposited and annealed
Sm2 O3 thin ﬁlms.

72

Page 6 of 8

Pramana – J. Phys. (2016) 87: 72
numbers of valence electrons, i.e. 4, 6, for Sm and O
atoms, respectively, we get Ne = 8 [33,34]. Taking
the experimental value of Ed for the as-deposited ﬁlm
(Ed = 19.46 eV) we get the calculated value of β for
the as-deposited ﬁlm (β = 0.3 eV).
Furthermore, the dispersion theory describes the
variation of n2 vs. λ2 to estimate the lattice dielectric
constant (εL ) by taking into account the contribution of
the free charge carriers and the lattice vibration modes
of the dispersion. The relation between the real dielectric constant (ε1 ) and λ2 in the transparent region can
be obtained by the following relation [35]:
e2 N
λ2 ,
(9)
4π 2 εo m∗ c2
where εL is the lattice dielectric constant, e is the electronic charge, εo is the permittivity of free space and
N/m* is the ratio of the free carrier concentration
to the free carrier effective mass. Figure 7 shows the
relation between n2 and λ2 for the as-deposited and
annealed Sm2 O3 thin ﬁlms. The ﬁgure shows the linear
dependence of n2 on λ2 at longer wavelengths for the
as-deposited and annealed Sm2 O3 thin ﬁlms. Extrapolating this linear part to zero wavelength gives the value
of εL and from the slope of this linear part the ratio
N/m* can be calculated. The estimated values of εL
and N/m* are listed in table 2.
According to the Drude theory, at very low frequencies the optical properties of semiconductors exhibit
a metal-like behaviour, while at very high frequencies their optical properties are like those of insulators. The characteristic frequency at which the material
changes from metallic to dielectric is called the plasma
frequency ωp , which is deﬁned as that frequency at
which the real part of the dielectric function vanishes
(ε1 (ωp ) = 0) [36]. By using Drude model, the plasma
frequency (ωp ) is connected to the density of the free
charge carriers (N) by the relation [37,38]:
1/2
 2
e N
ωp =
(cm−1 ).
(10)
π c 2 m∗
The estimated values of ωp for the as-deposited and
annealed Sm2 O3 thin ﬁlms are listed in table 2.
ε1 = n2 = εL −

Figure 6. The relation between (n2 − 1)−1 and (hν)2 for
the as-deposited and annealed Sm2 O3 thin ﬁlms.

to decrease from 3.03 for the as-deposited Sm2 O3 thin
ﬁlm to 2.76 after annealing at 1073 K, the calculated
value of Ed is found to decrease from 19.46 eV for the
as-deposited Sm2 O3 thin ﬁlm to 17.76 eV after annealing at 1073 K and the calculated value of Eo is found
to increase from 9.59 eV for the as-deposited Sm2 O3
thin ﬁlm to 10.07 eV after annealing at 1073 K. The
obtained dispersion parameters of the as-deposited and
annealed Sm2 O3 thin ﬁlms are listed in table 2.
A signiﬁcant success of Wemple and Di Domenico
model is that it relates the dispersion energy (Ed )
to other physical factors of the material through the
following empirical relationship [33,34]:
Ed = βNc Za Ne ,

(8)

where Nc is the coordination number of the cation
nearest-neighbour to the anion, Za is the formal chemical valency of the anion, Ne is the effective number of
valence electrons per anion and β is a constant which
takes the value (0.37± 0.04 eV) for covalently bonded
crystalline and amorphous chalcogenides and takes the
value (0.26 ± 0.04 eV) for halides and most oxides
with a more ionic structure. Nc = 4 for the investigated
compound Sm2 O3 . Considering the formal chemical
valency of the anion Za = 2 and Ne the corresponding

Table 2. Optical parameters of the as-deposited and annealed Sm2 O3 thin ﬁlms.
Eg (eV)

Eo (eV)

Ed (eV)

ε∞

εL

N/m*
(1046 g−1 cm−3 )

ωp (cm−1 )

4.51
4.69
4.87
5.02

9.59
9.64
10
10.07

19.46
18.72
18.55
17.76

3.03
2.94
2.85
2.76

3.06
2.98
2.88
2.77

1.60
2.65
2.85
2.06

1141.8
1469.5
1523.9
1295.6

opt

As-deposited ﬁlm
Annealed at 873 K
Annealed at 973 K
Annealed at 1073 K
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Figure 7. The relation between n2 and λ2 for the asdeposited and annealed Sm2 O3 thin ﬁlms.

4. Conclusion
The effect of annealing on the structural and optical
properties of Sm2 O3 thin films prepared by RF sputtering was studied. Atomic force microscope (AFM)
was used to investigate the surface topology of the asdeposited and annealed Sm2 O3 thin ﬁlms. The average
particle size was found to increase from 63 nm for the
as-deposited ﬁlm to 103 nm after annealing the ﬁlm at
1073 K. The direct optical band-gap enery was found
to slightly increase from Egd = 4.51 eV for the asdeposited ﬁlm to Egd = 5.02 eV after annealing the ﬁlm
at 1073 K. The blue shift of the optical band gap was
explained by Burstein–Moss (BM) effect. The classical
single oscillator model and Drude model of free carriers’ absorption were used for the analysis of refractive
index dispersion, in the normal dispersion range. By
using Drude model of free carriers’ absorption, the calculated values of N/m* and plasma frequency (ωp )
were found to change by annealing temperature.
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