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Abstract: The work reported in this paper was focused on the investigation of surface morphological,
microstructural, and optical features of polycrystalline BaTiOs thin film deposited on p-type Si < 100 > substrate
using e-beam PVD (physical vapor deposition) technique. The influence of annealing on the surface morphology of
the thin film was analyzed by X-ray diffraction, atomic force microscopy and scanning electron microscopy. When
the annealing temperature was increased from as-deposited to 800 °C there was a significant growth in the grain
size from 28.407 to 37.89 nm. This granular growth of BaTiO3 made the thin film appropriate for nanoelectronic
device applications. The roughness of the annealed film was increased from 31.5 to 52.8 nm with the annealing
temperature. The optical bandgap was computed using Kubelka-Munk (KM) method which was reduced from 3.93
to 3.87 eV for the as-deposited to the 800 °C annealed film. The above reported properties made the annealed film
suitable for optoelectronic applications. For polycrystalline BaTiOs thin film the refractive index varied from 2.2 to
1.98 from 400 to 500 nm and it was 2.05 at 550 nm wavelength. The broad peaks in Raman spectra indicated the
polycrystalline nature of the thin film. It was also observed that with the annealing temperature the intensity of the
Raman peaks increased. From these results, it was proved that annealing significantly improved the crystallinity,
microstructural, surface morphological and optical features of the barium titanate thin film which made it suitable
as potential sensors in biomedical applications as it is cost-effective, lead-free and environment friendly material.

Keywords: Atomic Force Microscopy, Annealing, BaTiOs Thin film, Fourier Transform Infrared Spectroscopy,
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1. INTRODUCTION

Over the last decade, barium titanate (BaTiOs3) has
materialized as a promising contender for a wide
sort of applications owing to its excellent
piezoelectric, dielectric and ferroelectric properties.
BaTiO; belongs to the class of perovskite
structure with a Curie temperature of 120 °C [1].
It is a wide-ranging ferroelectric substance having
a high dielectric constant at higher room
temperature, low cost, high chemical, and
mechanical stability, low dielectric loss,
comprehensively utilized for the manufacturing
of electronic peripherals, such as piezoelectric
devices, (MLCs) multilayer capacitors, PTC
(positive temperature coefficient) thermistors, as
well as a range of optoelectronic devices [2]. A
great concentration has been given on the
production of crystalline barium titanate
ferroelectric thin films, to utilize its ferroelectric
activity, high dielectric constant as well as

nonlinear optical properties for numerous active
and passive electronic devices.

Significantly, a lot of consideration has been
targeted on the manufacturing process of high-
quality crystalline BaTiO; thin films to attain
improved application flexibility in addition to
consistency with existing silicon fabrication
technology [3]. Various techniques such as
sputtering (DC and RF), evaporation (thermal,
laser, two-boat, ash), metal-organic deposition,
reactively partially ionized beam deposition, and
metal-organic  chemical vapor deposition
(MOCVD) have being utilized for the deposition
of BaTiOs3 thin films [4].

In this work, BaTiOj3 thin film is deposited using
the simplest deposition technique, i.e., Electron
Beam Evaporation (or e-beam evaporation). This
is a dominant and economical PVD (Physical
Vapor Deposition) technique that enables the user
to vaporize materials which are strenuous to
process by means of usual resistive thermal
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evaporation method. There is an advantage of the
e-beam evaporation technique that it enables the
immediate energy transfer through the electron
beam to the target substance to be evaporated
making it ideally suited for high melting point
metals. Few of these materials are high
temperature materials for example gold, or
ceramics like silicon dioxide, many other
materials which are available in the powdered
form. e-beam PVD process produces higher
density films owing to its larger deposition rates
which leads to improved adhesion with the
substrate. This technique is superior to other PVD
methods as it has higher material utilization
efficiency and much cheaper. In the e-beam PVD
process there is a lower level of contamination as
it heats merely the target surface and not the
whole crucible. As the energy is directed onto the
target instead on the whole processing chamber,
there is very less probability of substrate
destruction due to high process temperature.
These numerous benefits are the main motivation
of wusing e-beam PVD technique for the
investigation of the various significant properties
of barium titanate thin film for nanoelectronic
device applications [4-6].

The main aim of this work is to analyze the
influence of annealing on the surface
morphological, optical and microstructural
properties of polycrystalline BaTiOj3 thin film for
nanoelectronic and  optoelectronic  device
applications. Different characterization methods
are used for the investigation of these properties.
The film is deposited over p-type Si < 100 >
substrate using e-beam evaporation physical
vapor deposition technique. To achieve the
improved crystalline structure of the thin film,
annealing is done using a conventional high-
temperature tube furnace.

2. EXPERIMENTAL PROCEDURE

2.1. BaTiO3 Thin Film Deposition

The BaTiOs thin film is grown onto p-type Si <
100 > substrate resistivity: 1—10 Qcm and boron
doping concentration:(7 X 101> cm™3) using the
e-beam physical vapor deposition technique. For
the deposition of BaTiO; thin film, first, the
pellets of the 1 gm of 99% pure Barium Titanate
(IV) powder with the particle size < 3 um and
density of 6.08 g/mL at 25 °C (lit.) (obtained from
Sigma-Aldrich Chemical Pvt. Limited, India), are
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prepared using cylindrical steel die of 13 mm
diameter [7]. Initially, die is kept in highly viscous
mobile oil so that it can be prevented from rusting.
After the extraction of the die from the oil, it is
first degreased using acetone. The Hydrophobic
stearic acid solution is applied on the inner
surface of the die to avoid the adhesion of the
powder before the granules are put into the die.
The granules are first crushed into a mortar
pestle to convert it into a smooth powder and
then placed into the die, and the piston is slowly
inserted into the cylinder. The die is pressed
with a pressure of 5 bar using the hydraulic
press and the pressure is maintained for 1.40
minutes. Ahead of loading the samples upon the
sample holder, the cleaning of Si wafer is done
by acetone solution to remove dust particle,
organic substances and then the sample is
treated with HF dip for 5 min (a solution of 1:
9, 10% Hydrofluoric acid and 90% Water) to
remove the native silicon-dioxide from the
silicon wafer. Since it acts quickly, one needs to
only expose the wafer for a short time ("dip").
The BaTiO; pellets are then loaded into the
crucible to serve as the target material for
deposition. For the generation of e-beam, the
electron beam vacuum coating unit (Model BC-
300 from Hind High Vacuum Bengaluru, India)
is operated at 5 kV, drawing a current of 30 mA
respectively. Before the actual deposition, all
these process parameters are optimized to
achieve high-quality thin film. The vacuum for
the deposition process is generated at 8 x 10°
mbar pressure at room temperature. The
substrate to target distance is kept at 18 cm
which generates the focused electron beam of 3
cm diameter.

2.2. Annealing Procedure

After the deposition, the three different samples
are then annealed at 400 °C, 600 °C, and 800 °C
respectively, by means of high-temperature tube
furnace (LTF 14/450) at the heating rate of
5 °C/min. with the dwell time of 30 minutes, 22
minutes and 15 minutes respectively, to attain a
better crystalline thin film. In this furnace, silicon
carbide rod is used as the heating element. It has
a high response rate as the heating element
radiates heat directly onto the tube. For achieving
maximum thermal efficiency and stability low
thermal mass insulation is used throughout the
worktube of the furnace.
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2.3. Characterization

The structural analysis is carried out using an
Atomic  Force Microscope (Multimode-8
Scanning Probe Microscope from Bruker
Corporation, USA), in the tapping mode. The
crystallographic study is done using X-ray
Diffractometer (PANalytical X'Pert - PRO)
utilizing Cu X-ray diffractometer operated at 45
kV and 45 mA rating with Cu — Ka radiation
(L = 1.54060A) at the scan rate of 0.02° at 12°
min™! in the 20 range from 20° to 70°. The surface
morphological properties of the deposited film are
examined using Field Emission Scanning
Electron Microscope (Nova Nano FE-SEM 450)
operated in high vacuum mode at 15 kV using
Through Lens Detector (TLD). The UV-Vis
spectroscopy is accomplished using a UV-Visible
spectrophotometer (Lambda 750 model from
PerkinElmer) with 60 mm diameter integrating
sphere.

The Raman spectral bands are identified using
confocal micro Raman Spectrometer (STR 500)
with 532 nm excitation laser, 12.5 mW laser
power, 45second exposure, 20% objective lens
and a 600G mm grating.

The FTIR spectroscopy is performed using
(Spectrum two from PerkinElmer) for obtaining a
plot between transmittance (%T) versus
wavenumber (cm™).

3. RESULTS AND DISCUSSION

3.1. Structural Analysis

The crystalline behavior of the barium titanate
thin film is investigated using XRD. The XRD
patterns of BaTiOs thin film annealed at three
different temperatures, 400 °C, 600 °C and 800 °C
respectively are shown in Fig. 1. The peak around
20 = 24° is associated with the p-type < 100 > Si
substrate. The nature of the film is found to be
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Fig. 1. XRD spectra of BaTiOs thin film at (a) As-deposited, (b) 400 °C, (c) 600 °C and (d) 800 °C annealing
temperatures
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polycrystalline with a dominating diffraction
peak at (204) crystallographic orientation. Some
additional low-intensity peaks with (103), (112),
(114), (106), (008), orientation are also observed.
The grain size for (204) crystallographic
orientation is calculated as 28.407 nm, 30.87 nm,
32.503 nm and 37.89 nm for as-deposited,
400 °C,600 °C and 800 °C respectively, using
Debye Scherrer's formula [8—12]
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where A, § and 6 are the x-ray wavelength, the
FWHM of the diffraction peak and the diffraction
angle respectively.
A comparison of the measured peak positions
with standard JCPDS card no.00-034-0129
suggests that all of the BaTiO; samples are
crystalline. The XRD pattern of the samples
confirms the hexagonal structure with space
group (194) P63/mmc. There is no significant
impurity phase in the sample. As it exhibits the
centrosymmetric structure hence, it can be used as
a piezoelectric material. The lattice parameters
for the hexagonal structure are calculated as a =
b =5.72652A and c = 13.96043 A (a = p =
90°; y = 120°) with c/a ratio as 2.4378 using Hull-
Davey chart as in Eq. (2) [13].
1 4(hR*+hk+k?*\ I? )
dz 3 < a? ) * c? @
where d is the particle spacing. These lattice
constants and c/a ratio is in good agreement with
the standard valuesa=b=5.725 A, ¢ =13.967 A
and c/a ratio as 2.44 obtained from the JCPDS
card no. 00-034-0129. The lattice strain (§) is
calculated as 1.27 x 1073 , 1.22x1073 |,
1.111x107® and 9.553x107*  for as-
deposited, 400 °C, 600 °C and 800 °C respectively
using the formula [8] in Eq (3):
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During the layer formation, mechanical stress and
strains are introduced by its subsequent heat
treatment the dislocations are introduced which
can be analytically measured by Eq. (4). The
defect density or the dislocation density provides
significant information about the crystal structure
of the deposited thin film which can be described
as the length of dislocations per unit volume and
can be calculated as 1.239 x 107 3nm~2 ,
1.049 x 103nm™2 , 9.465 x 10~*nm™2? and
6.965 X 10™*nm~2 for as-deposited, 400 °C,

o by
4 &5 4 25

600 °C and 800 °C respectively [8].

Dislocation Density = % 4
The peaks in the XRD spectrum possess high
intensity with an increment in the grain size and
the decrement in the FWHM, defect density and
the strain with the increasing annealing
temperature which improves the crystallinity and
leads to the better quality of the thin film.

Fig. 2 depicts the 10 X 10 um? 3-D AFM images
for the as-deposited, 400 °C, 600 °C and 800 °C
respectively, each viewed at the scale of 2 pm. From
these images, it can be analyzed that the RMS value
of roughness increases from 31.5 nm, 33 nm, 50.6
nm & 52.8 nm for as-deposited, 400 °C, 600 °C and
800 °C respectively due to the enhancement in the
grain size and the formation of agglomerates. The
behaviour observed of the thin film is the same as
reported in the previous work [14—19].

3.2. Surface Morphological Analysis

Fig. 3 (a) to (d) depicts the FESEM image of
BaTiOs thin film at 50K magnification and each
viewed at the scale of 2 um to explain the surface
morphological ~ changes  with  annealing
temperature for as-deposited, 400 °C, 600 °C and
800 °C respectively. It has been observed that the
grown film is uniform and homogeneous. Fig.
3(e) presents the cross-sectional view of the
barium titanate film which proves the thickness of
the deposited thin film to be around 210 nm. The
measurement scale for all the SEM images are
same and mentioned at the end of Fig. 3 (e). From
the FESEM images, it can be visualized that the
particle size gets increased with the annealing
temperature and grain size varying in the range
from 36 nm - 62 nm, making it suitable for nano-
electronic device applications [16-17, 20].

3.3. Analysis of optical properties

The UV-Visible spectrophotometer with an
integrating sphere of 60 mm diameter is attached
for reflectance measurement which is used for the
determination of optical bandgap. The optical
reflectance of the BaTiOs; thin film has been
recorded from 200 nm to 800 nm range. The
optical bandgap is analyzed using the Kubelka-
Munk (K-M or F(R)) approach [21], which is
based on the Egs. from (5-8).

(1 — Ref)2

F(Ref) =
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Fig. 2.2-D and 3-D AFM images of BaTiOs thin film at (a) As-deposited, (b) 400 °C, (c) 600 °C and (d) 800 °C
annealing temperatures
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Fig. 3. FESEM images of BaTiO3 thin film at (a) As-deposited, (b) 400 °C, (c) 600 °C and (d) 800 °C annealing
temperatures and e) Cross-sectional image.
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where F(R.f) is proportional to the extinction
coefficient (@), R, is the reflectance.
The photon energy (E) is calculated using the
Brus formula as given by Eq. (6) [22].

E=hv= 12;0 (eV) (6)

where h is the Planck's constant in eVs, A is the
wavelength in nm.

The F(R.s) function is then multiplied with hv
to obtain the modified Kubelka-Munk function
(F(Ref)hv) and the bandgap E, is calculated
using Eq. (7-8) [21].

ahv ~ B(hv — E,)" 7
The Eq. (7) can also be written as
F(Ref)hv = B(hv — Eg)" ®)

where B is the absorption constant, n represents
the nature of band transition (n = 1/2 for the
direct allowed transition; n = 3/2 for the
indirect allowed transition) as reported in the
literature.
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To graphically analyze the bandgap from the
reflectance data n = 1/2 is substituted in Eq. (8).
A graph between modified K-M function
(F(Ref )hv)? versus hv is plotted. This plot is
known as the Tauc plot [21—26] and is shown in
Fig. 4. The bandgap E, for the BaTiO; thin film
from the tauc plot is calculated as 3.93, 3.9, 3.877
and 3.87 eV for as-deposited, 400 °C, 600 °C and
800 °C respectively, which is in accordance with
the reported values [23, 27-28]. This trend of
decrement of bandgap with the increase in
annealing temperature is also justified by Varshni's
empirical expression [29] given by Eq (9).
aT? 9

T+p )
where E[T] is the energy bandgap at temperature
T, E;4[0] is the bandgap at the 0 °K, and a and f8
are constants.
The effect of annealing on different parameters of
BaTiO; thin film is summarized in Table 1.

E,[T] = E,[0]
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Fig. 4. Tauc plot of BaTiOs thin film at (a) As-deposited, (b) 400 °C, (c) 600 °C and (d) 800 °C annealing
temperatures
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Table 1. The effect of annealing on different parameters of BaTiOs thin film

Annealing Grain Size (D) . 2 . Roughness Bandgap
Temperature (°C) (nm) Defect Density (nm™) Strain (&) (nm) (eV)
As-deposited 28.407 1.239 x 1073 1.27 x 1073 31.5 3.93
400 °C 30.87 1.049 x 1073 1.22x 1073 33 3.9
600 °C 32.503 9.465 x 107* 1.111 x 1073 50.6 3.877
800 °C 37.89 6.965 x 10~* 9.553 x 10™* 52.8 3.87

The electro-optic (EO) response is determined by
computing the refractive indices (n(A)) of the
BaTiOs thin film. For this the refractive indices
are computed at each wavelength from the peaks
and valleys of the interference oscillations and the
measured reflectance. The plot of the refractive
indices at each wavelength for the as-deposited,
400 °C, 600 °C and 800 °C annealed BaTiO; thin
film is shown in Fig. 5. For polycrystalline
BaTiOs thin film the refractive index varies from
2.2 to 1.98 from 400 to 500 nm and it is 2.05 at
550 nm wavelength. The curve shows nearly flat
response beyond 550 nm wavelength and it is also
noticed that there is slight decrement in the
refractive index in accordance with the annealing
temperature [4, 36].

2.20 n —a— As-deposited
—e—400 °C
% —4—600 °C
2.15 n v— 800 °C
A
210 .
— v |}
= A
S 2054 - -
[ o . L] [ ] ™ N
v A B [ ] ° ° o
200 Vo ov § 4 a4 a2
.4 v
v
1.95
T T T T T
400 500 600 700 800

Wavelength (1) (nm)
Fig. 5. Refractive index (n())) versus wavelength (1)
for (a) as-deposited, (b) 400 °C, (c) 600 °C and (d)
800 °C annealing temperature

The comparison among all the optical properties
with the available literature is summarised in
Table 2.

The Raman spectrum of BaTiO; thin film for
various annealing temperatures is depicted in Fig.
6 (a, b). The Raman spectra are recorded from 200
nm to 800 nm. In the Raman spectra, peak around
302 cm™ is associated with Si. The remaining

peaks are associated with BaTiOs out of which the
peak at 247 cm’' is associated to the Al
(Transverse Optic (TO)) mode, the peak about
304 cm™ designates the E((Longitudinal Optic)
(LO) +TO), B1) mode. The peaks around 422,
437 cm! are associated with E2(high) phonon
mode and the peak at 519 cm™ is designated to
E(TO) mode. These modes are associated with the
crystallinity of BaTiOs film and are due to the
displacement of Ti*" ions because of annealing at
high temperatures [31]. From Fig. 6 (a, b), it can
be visualized that the strength of the Raman bands
increases along with the heating temperature
which again justifies that the as-deposited film
annealed at 800 °C can be used for optoelectronic
applications. The broad peaks indicate the poly-
crystalline feature of the thin film [26, 30].

In Fig. 7 the transmittance (%T) versus
wavenumber (cm™!) of BaTiOs thin film at distinct
annealing temperatures is demonstrated from
4000 - 450 cm™. The dints or minima in the graph
indicate the absorption maxima analogous to the
typical groups and molecules. The transmittance
peaks marked in Fig. 7 designate their bond
strength. The N—H, =C—H, Hydrogen-bonded
O—H, H—C—H Asymmetric & Symmetric
stretching modes of vibration occurs at the higher
wavenumbers in the different functional groups
including alkynes, amides, carboxylic acids, and
alkanes respectively, in the range from 3500-2400
cm’!. The peaks in the range from 2300-2200 cm'!
denotes the occurrence of C=N stretching mode.
The tip in the range from 1755-1650 cm™ results
from the C=0 stretching mode of vibration due to
the presence of esters. The peaks that originate
between 1675-1600 ¢cm™ and 1550-1450 cm’!
signifies the existence of C-C=C Symmetric
stretching mode and N—H bend relates to the
alkenes and secondary-amines respectively.
There is an occurrence of N=0O bend from the
range of 1400-1300 cm™ associated with the nitro
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Table 2. Comparison of optical properties of the proposed work with the available literature

This Work Reference
S. No.| Parameter Film Ranse Deposition | Ref. Film Ranee Deposition
Orientation 8 Method No. | Orientation g Method
297-291 BaTiO3
for 500 °C| powders
[ 8] NR to 900 °C | prepared by
annealing | wet chemical
temperaturel  method
3.93 to 3.87 3.88t0
for as- 3.47 500
. deposited’ 23 NR °C to 900 BaTiO3
1 g (()ip“cal vy|  zaxis  |400°C, 600 e-beam PVD (23] °C  |Nanoparticles
andgap (eV) °C and 800 annealing
°C annealed temperature
film
3.14to |Conventional
3.19 for solid-state
299K to |reaction route
[24] NR 465K | using BaCOs
annealing |(99.99%) and
temperature/TiO2 (99.99%)
2.2t0 1.98| Metallo-
2210198 from 400 to]  organic
from 400 to [4] NR 500 nm and|  solution
: 500 nm and 2.05 at 550| deposition
p | Refractive 1 s | 2.05at550 |e-beam PVD om technique
index n(})
nm, Flat
response 24t02.2,
after 550 nm [36] NR flat after Plusedilgser
deposition
550 nm
14000
4 —— As Deposited —— As Deposited
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Fig. 6. The Raman Spectra of BaTiOs3 thin film at different annealing temperatures. (a) Raman Shift from 100 to

500 cm™ and (b) Raman Shift from 501 to 550 cm’!
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groups. The absorption peaks between 1300 and 4. CONCLUSIONS
1000 cm™ denote the C-O vibration stretching
mode because of ethers. The peaks occur at the =~ The effect of annealing on the surface

lower wavenumbers are due to the existence of = morphology, microstructural and optical features
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methylene and alkyne functional groups [31—35].

of polycrystalline barium titanate thin film,
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deposited on p-type Si <100 > substrate using e-
beam physical vapour deposition technique was
reported in this paper. The enhancement in the
grain size from 28.407 to 37.89 nm was analogous
to the increment in annealing temperature, with a
decrement in dislocation density, strain and
FWHM. This made the grown film suitable for
nanoelectronic applications. Due to annealing, the
RMS value of roughness got increased from 31.5
to 52.8 nm which also added to the grown film
property. The optical band gap reduced from 3.93
to 3.87 eV for the as-deposited, 40001, 60077 and
800[] respectively with the increased annealing
temperature. Reduction in the bandgap made the
annealed film suitable for optoelectronic
applications and as sensors for health monitoring
purposes. For polycrystalline BaTiOj thin film the
refractive index varied from 2.2 to 1.98 from 400
to 500 nm and it was 2.05 at 550 nm wavelength.
A significant improvement in crystalline,
structural, morphological and optical features of
the grown thin film was achieved by annealing.
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