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Abstract

This paper reports the optical properties of prepared samarium oxide Sm;03 thin films nanopar-
ticles using RF sputtering technique. X-ray diffraction is used to examine and characterize the
prepared films. Optical measurements are carried out by employing U-V-Visible spectroscopy to
study optoelectronic properties of Sm;03 thin films. These films are highly transparent in the visi-
ble range. The average value of the optical gap belonging to the thin films deposited under differ-
ent pressure of the gas is 4.33 eV. The refractive index (n) behaves as normal dispersion and de-
creases with increasing the pressure of the gas. The dispersion energy and single oscillator energy
increase with increasing the pressure of the gas whereas the optical conductivity decreases with
increasing the power on Sb target.
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1. Introduction

High-dielectric constant (k) materials have excessively been investigated to replace the conventional SiO,-based
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gate dielectric [1]-[4]. For industry it is necessary to obtain greater integrated circuit functionality and perfor-
mance at lower cost. The circuit density must be increased, i.e. higher density of transistors on a wafer. On the
other side, this shrinking of the transistor feature size has forced the channel length and gate dielectric thickness
to decrease rapidly [5] The dielectric’s thickness in integrated circuits has been decreased to 1 - 3 nm in order to
achieve smaller physical dimensions, lower driving voltage and higher operation speed. The reduction in the
oxide thickness would impose several problems, including a high level of the leakage current and a large degree
of dopant (boron) diffusion in the gate oxide [6] [7]. This downscale of dimension will result in the replacement
of SiO, by other materials, due also to the excessive tunneling current and reliability issues. In sub-100 nm met-
al oxide semiconductors MOS devices, thickness of SiO, should be reduced to less than 1.5 nm [8]. Shrinkage of
the thickness below 1.5 nm resulted indirect tunneling of charges through the gate and led to large leakage cur-
rent [3] [6]. Many candidates such as TiO, and HfO, [9]-[14] had been investigated as alternative dielectric ma-
terials to substitute SiO,. Rare-earth oxides had been identified and emerged as promising gate dielectric candi-
dates for future MOS-device applications [15]-[26]. Samarium oxide Sm,0Os; is a potential candidate to achieve
comparable dielectric properties as those of La,O3 due to its large band gap (4.33 eV) and low leakage current
density [27]-[30]. Sm,05 thin film was deposited on Si substrate by various techniques such as physical vapor
deposition (PVD) and RF magnetron sputtering [30]. Wen Chiao Chin et al. [31] found that Sm,0O5 thin film had
a huge potential to be the alternative dielectric for future MOS based devices. The effects of increase in sputter-
ing power and substrate temperature on the microstructural, morphological and electrical characteristics of
Sm,0; thin films have been reported [32]. They observed that the crystallization of the films was increased with
increase in sputtering power up to 200W and decreased at the power of 250 W. In addition, composition of the
films was improved by both sputtering power and increase in substrate temperature. The grain boundaries and
surface roughness of the films were also found to be significantly affected by the change in substrate tempera-
ture. Samarium oxide thin films were deposited on glass substrate by using spin coating technique, the XRD
patterns of deposited thin films exhibited an amorphous nature at low temperature and transferred to the poly-
crystalline stated at above 550°C [33]. Hexagonal phase Sm(OH); nanoroll sticks were first synthesized by hy-
drothermal method, and cubic phase Sm,03 nanoroll sticks were obtained by post-annealing treatment at 450°C
[34].

As far as the authors know little attention has been paid to study the optical properties of sputtered Sm,Os thin
films under different conditions of preparation, therefore this paper focused in this point.

2. Experimental Method

Samarium oxide thin films in this study were deposited on pre-cleaned glass substrates using UNIVEX 350
SPUTTERING UNIT with RF power MODEL Turbo drive TD20classic (Leybold) and thickness monitor model
INFICON AQM 160. The ceramic Sm,05 target, from Cathey Advanced Materials Limited Company was used
as a sputtering source. The sputtering chamber was evacuated to a base pressure of 2 x 10° torr and then back
filled with mixture of 98% pure argon +2% pure O, and up to the sputtering pressure of 2 x 102 mbar 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 deionizer water. The target
substrate distance was 10 cm with an angle 65°. The standard cubic centimeter per minute (sccm) maintained at
value of 20 cm*/min with substrate rotation 2 rpm and desired power depending on the condition of preparation.
The rate of deposition was 2 nm/min. Film thicknesses were determined accurately after deposition by using
multiple-beam Fizeau fringes in reflection, Tolansky method [35]. X-ray diffraction (XRD) patterns were rec-
orded using Philips X-ray diffractometer model X’ Pert with Cu Ka (1.5406 A°) radiation operated at 40 kV and
25 mA. The diffraction patterns were recorded automatically with scanning speed of 2 deg/min.

Transmittance, T(4), and reflectance, R(%), of the as-deposited films were measured at normal incidence in the
wavelength range 250 - 1200 nm by means of a double beam spectrophotometer (JASCO model V-670 UV-Vis-
NIR) attached with constant angle specular reflection attachment (5°), to determine the spectral behavior of the
optical constants and to deduce some optical parameters of Sm,0; thin film. The spectral data obtained directly
from the spectrophotometer were transformed to absolute values by making a correction to eliminate the absor-
bance and reflectance of the substrate. The absolute values of T and Rare given by M. M. El-Nahass [36]

T= {Illj(l— Ry) (1)

g
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where |y and Iq are the intensities of the light passing through the film-glass system and that passing through the
reference glass, respectively and Ry is the reflectance of the glass substrate, and

R:(:i] Ra(L+[1-R, ] )-T?R, @

where |, is the intensity of light reflected from the reference mirror, Iy, is the intensity of light reflected from the
film and R, is the mirror reflectance.

In order to estimate the optical energy gap in the absorption region of the spectra, it is better to calculate the
absorption coefficient o, and the absorption index, k, of the films at different wavelengths, therefore, the follow-
ing equations are used [37]-[39]:

1, |@-R)® |1-R)

==1Ln + +R? 3
“74 2T AT? @)
-2 @)

where « is the absorption coefficient and d is the film thickness. The experimental error in measuring the film
thickness was taken as £2%, in T and R as +1% respectively.

3. Results and Discussions

X-ray diffraction patterns of as-prepared thin films show SmO, peak at 26 = 40.6° representing the plane (403)
for the three films deposited under Ar pressure 20, 40, and 60 psi. Second peak of SmO is detected at 37.5°. The
second peak at 37.5° and preferred (111) plane is reported to by Jun-Gill Kang et al. [35] Lower peak is detected
which indicates silicon preferred orientation plane (200) at 20 = 38.5° as shown in Figure 1. The mean crystal-
lite size D of the film under test is estimated by using Scherrer equation [40]:

KA
pcosé

where 1 is the X-ray wavelength of CuKa (0.15418 nm), g is the width of the peak at half maximum intensity,
and @ is the corresponding Bragg angle. The constant K is of the order of 0.95.

It is found that the crystallite size decreases from 36 nm to 23 nm with increasing the pressure of the gas from
20 to 60 psi for the peak at 20 = 40.6°, besides it decreases from 24 nm to 17 nm with increasing the pressure
from 20 to 60 psi for the second peak.
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Figure 1. X-ray diffraction patterns for Sm,0; thin films
prepared under different pressure of the gas.
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Figure 2 displays the transmittance and reflectance spectra of Sm,O; thin films in the wavelength range of
200 - 1200 nm deposited at under the same condition except different pressure of the gases 20, 40, and 60 psi.
The spectra can be divided into two regions: In the wavelength range 260 - 320 nm the total sum of T and R is
less than unity (absorption region), on the other side, at longer wavelength, the films become transparent and no
light was absorbed, T +R ~1, (transparent region). The absorption edge is shifted to the longer wavelength side
(red shift). This is attributed that, the 4f-5d electronic transitions had occurred in the Sm*? ions. Some of Sm*?
ions were converted into Sm*® jons. This explains the observed increase in the UV region. The optical transmit-
tance spectra show that the Sm,05 thin films are highly transparent in nature as its transparency is about 95%.

To get information about direct or indirect inter-band transitions, the optical band gap was determined from
the analysis of the spectral dependence of the absorption near the fundamental absorption edges within the
framework of one electron theory [41]. The energy dependences of the interband absorption coefficient are giv-
en by the following expression, for allowed direct transitions [42],

(ahd)=A(h9-E, )" (5)

In the above equation, E4 represents the optical band gap energy and A is the characteristic parameter, inde-
pendent on photon energy, for direct transition. The (ahS)Z Vs (h3) plot for the deposited films is shown in
Figure 3. The direct band gap for the as-deposited films is evaluated from the x-axis intercepts at (ah3)2 =0.
It was found that E4 seem to be dependent on pressure of the gas where it has the values 4.395, 4.392, and 4.315
eV for the gas pressure 20, 40 and 60 psi respectively. The average value of the obtained Eg is in consistent with
the reported one 4.33 eV [27] [43]. The decrease of the band gap is known to be associated with various
many-body interactions between the carriers in the conduction band and valence band called band-gap normali-
zation [44]. This operates simultaneously with Moss-Burstien band gap effect and reduces the magnitude of the
optical band gap. The narrowing of the optical band gap may be due to removal of defect levels from the films
[45]. On the other hand, the decrease in the optical band gap is basically due to the increase in the energy width
of the band tails of localized states [46]. It is noted that the oxygen vacancies are known as color centers. The
formation of color centers has been associated with an increase in electrical conductivity, in which free electrons
are produced as a result of band-to-band transitions and trapping of these electrons in oxygen ion vacancies [47].

Figure 4 displays the spectral behavior of the absorption coefficient a showing a slight increase in the inten-
sity of a with a red shift in the absorption edge by increasing the gas pressure. An absorption tail can be practi-
cally observed in the absorption coefficient which is a feature of most optical data for amorphous and polycrys-
talline semiconductors [48].
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Figure 2. Transmittance and reflectance spectra for Sm,03;
thin films deposited under different pressure of argon oxygen
mixture gas.
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Figure 3. Plots of (ahv)? versus incident photon energy for
Sm,03 thin films deposited under different pressure of argon
gas.
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Figure 4. Spectral behavior of absorption coefficient « for
Sm,03 thin films deposited under different pressure of the
gas.

Some tail states lie in the gap region which arise due to the presence of defects in the material. Therefore, the
absorption of photons occurs even at energies lower than E4. The absorption tail can be determined mainly due
to structural disorder existing at the grain boundaries [48]. In this region the absorption coefficient « is said to
obey Urbach role [49] [50].

o =0, exp [h_.QJ (6)
Ed

where a, is a constant characterizes the materials and E4 is the Urbach energy refers to the width of the tail states.
Figure 5 displays the plots of Ln(a) versus h$ for the as-deposited the fils under test. The values of E4 can be
obtained from the reciprocal of the slope of the straight line. The estimated values of E4 are found to increase
from 93 meV to 219 meV as the gas pressure increases from 20 psi to 60 psi respectively.

Figure 6 shows the real part of the refractive index, n, for as-deposited Sm,0O5 thin films. It is observed that
the refractive index is strongly dispersive in the wavelength range 330 nm < A < 360 nm (anomalous dispersion),
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Figure 5. Plots of Ln(a) versus (kv) for Sm,O; thin films
prepared under different pressure of the gas.
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Figure 6. Refractive index (n) spectra for Sm,03 thin films
deposited under different pressure of the gas.

but changes slowly over the wavelength range 4 > 360 nm (normal dispersion). At longer wavelength, the cal-
culated value of the refractive index decreases with increasing the pressure of the gas. Also, there are slight var-
iations in the intensity of the refractive index peak as a result of increasing the gas pressure. It is found that the
refractive index has the same peak at 360 nm.

The variation of the refractive index n in the region of very small values of the extinction coefficient k, under
negligible damping are provided by the classic dispersion theory. Wemple and DiDomenico described the wa-
velength dependence of the refractive index, n, in the transparent region for various different solids by using the
single-oscillator model of the form [51]:

2 71= EdisEo
(1) = lor ™

where Ao represents the photon energy, E, is the energy of the oscillator and Eg;s is the dispersion energy which
describes the strength of the gllectronic transitions. The calculated values of the dispersion parameters are ob-
tained by plotting of (nz —1) against (hv)? for the as-deposited Sm,Oj thin films as shown in Figure 7. The
obtained dispersion parameters are recorded in Table 1.
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Figure 7. Plots of (n? = 1)* versus (Av) for Sm,0; thin films
deposited under different pressure of the gas.

Table 1. Dispersion parameters of Sm,05 thin films with respect to pressure of the gas.

Pressure En e N/m” (10* kg *-m™®) E, (eV) Edis (8V)
20 psi 3.46 3.71 48.4 9.83 24.15
40 psi 343 3.66 46.9 10.17 24.69
60 psi 3.44 3.65 46.4 10.58 25.79

The dispersion theory provides the description of the variation of n? versus A2 to obtain the lattice dielectric
constant, &, free carrier concentration to the free carrier effective mass N/m” and permittivity of free space .
Figure 8 shows the relation between n? and 42 for the as-deposited Sm,05 thin films. It is observed that the de-
pendence of n? on 4% is linear at longer wavelengths. Extrapolating these linear parts to zero wavelengths gives
the value of &_and from the slopes of these linear parts N/m". The calculated parameters are recorded in Table
1.

It is noticed from Table 1 that each of ¢,,, &, and N/m” seem to be deceased with increasing the pressure of the
gas. Whereas both of E, and Eg; increase with pressure of the gas. The disagreement between ¢_and ¢,, may be
due to free carriers’ contribution [52].

The spectral distribution of the complex dielectric constant ¢ describes the propagation, reflection and loss of
light in multilayer structures, besides, it can be expressed by the following equation:

e=¢—lg, (8)

where g =n*-k* and &, =2nk are the real and imaginary part of the complex dielectric constant respec-
tively. The spectral distribution of &, and &, for Sm,O3 thin films are shown in Figure 9 & Figure 10. These fig-
ures show that the spectral distribution of ¢; in the visible range of wavelength follows the same behaviour of the
real part of the refractive index, whereas, the spectral distribution of &, found to follow the behavior of a throw
the same range of photon energy.

The real o; and imaginary o, components of optical conductivity are described as [53]:

O, = WE,6,0, = WEE, 9)

where w is the angular frequency, &, is the permittivity of free space. The spectra of real and imaginary parts of
the optical conductivity are shown in Figure 11. It can be observed that the real part of the optical conductivity
oy increases by increasing energy. This suggests that the increase in optical conductivity is due to electrons ex-
cited by photon energy [53].
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Figure 8. Plots of n? versus 4% for Sm,05 thin films deposited
under different pressure of the gas.
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Figure 9. Plots of real part (¢;) of the dielectric constant ver-
sus (hv) for Sm,O; thin films prepared under different pres-
sure of the gas.
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Figure 10. Plots of imaginary part of the dielectric constant
(&,) versus (hv) for Sm,O;3 thin films prepared under different
pressure of the gas.
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The volume and surface loss functions (VELF and SELF) are proportional to the characteristics energy loss of
fast electrons traveling the bulk and surface of the material, respectively. They related to the real and imaginary
parts of the dielectric constant and can be calculated by using the relations [41]:

2
&

2 2
& —&

VELF =

22 (10)
SELF=—%—
(6,+1) +e&;

Figure 12 shows the behavior of the VELF and FELF with photon energy revealing that both of them seem to
be independent on photon energy in the range 2.5 eV - 3.6 eV. Also, it is clear that the maximum of SELF and
VELF correspond to the absorption energy due to the interband transition that occurs at 4.13 eV and 4.53 eV.
Both the energy losses takes place when the fast single electrons traverses from valance band to conduction band

in the film under test.
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Figure 11. Plots of optical conductivity o versus (4v) for
Sm,03 thin films deposited ubder different pressure of the
gas.
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Figure 12. Plots of VELF and SELF versus incedent photon
energy for Sm,0; thin films deposited under different pres-
sure of the gas.
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4. Conclusion

RF magnetron sputtering is used for preparing Sm,0O5 thin films. Two peaks characterizing Sm,0; are detected
by X-ray diffraction patterns. The optical gap decreases with increasing argon pressure. Refractive index and
optical conductivity decrease wit increasing the pressure of the gas. Dispersion and single oscillator energies in-
crease with increasing the pressure of the gas. VELF and SELF found to decrease with the increase of the pres-
sure of the gas.
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