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Among perovskite oxide materials, BaSrTiOx (BST) has attracted great attention due to its potential applications
in oxide-based electronics. However, reliability and eﬃciency of BST thin ﬁlms strongly depend on the precise
knowledge of the ﬁlm microstructure, as well as optical and electrical properties. In the present work, BST ﬁlms
were deposited at room temperature using radio frequency magnetron sputtering technique. The impact of
deposition pressure, partial oxygen ﬂow, and post-deposition annealing treatment on ﬁlm microstructure, surface morphology, refractive index, and dielectric constants were studied by X-ray diﬀraction, scanning electron
microscopy, spectrophotometry, ellipsometry, photoluminescence, as well as capacitance-voltage measurements. Well-adhered and uniform amorphous ﬁlms were obtained at room temperature. For all as-deposited
ﬁlms, the average optical transmission was ~85% in the VIS-NIR spectrum. The refractive indices of BST ﬁlms
were in the range of 1.90–2.07 (λ = 550 nm). Post-deposition annealing at 800 °C for 1 h resulted in polycrystalline thin ﬁlms with increased refractive indices and dielectric constants, however reduced optical transmission values. Frequency dependent dielectric constants were found to be in the range of 46–72. However, the
observed leakage current was relatively small, about 1 μA. The highest FOM values were obtained for ﬁlms
deposited at 0.67 Pa pressures, while charge storage capacity values increased with increased deposition pressure. Results show that room-temperature grown BST ﬁlms have potential for device applications.

1. Introduction
Owing to their multifunctional electro-optical properties, ferroelectric perovskite thin ﬁlms are attractive materials for a wide range of
applications including, decoupling capacitors, infrared detectors, and
microwave tunable devices, such as phase shifters, resonators, and ﬁlters [1–5]. Among the ferroelectric materials family, BaSrTiOx (BST)
thin ﬁlms recently received signiﬁcant attention due to their potential
for high performance electronic devices due to the superior tunability,
low loss, room temperature (RT) operation, and additionally being
lead-free tunable perovskite [6–8].
Several techniques such as radio frequency (rf) sputtering, laser
ablation, chemical vapour deposition (CVD), pulsed laser deposition,
molecular beam epitaxy, and sol-gel have been used to deposit BST thin
ﬁlms [9–18]. Each of these techniques has its own advantages and
disadvantages in terms of ﬁlm properties, process cost, and process
compatibility for device applications. Among these methods, sputtering
is a rather simple, low cost, and eﬀective thin ﬁlm growth technique
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which is compatible for industrial-scale production as well.
It is well known that ﬁlm characteristics are strongly aﬀected by the
growth parameters such as substrate temperature, oxygen pressure and
annealing [7,9,10,19]. Numerous studies on BST thin ﬁlms have been
reported in the recent years, however these eﬀorts mainly concentrated
on the determination of a single physical property (i.e., either the
structural, optical, or electrical properties) [18–22]. Thus, it is diﬃcult
to assess and correlate material properties. Furthermore, the device
reliability and eﬃciency with long-term stability depend strongly on
the BST ﬁlm microstructure, morphology, as well as optical and electrical properties, which are currently not well understood.
Crystalline phase BST ﬁlms are typically obtained at high substrate
temperatures (> 500 °C). Interfaces, grain structures, composition,
texture, surface morphology and residual stress are the possible causes
for the permittivity reduction and the leakage current problems which
are developed during high temperature ﬁlm growth [23–27]. Diﬀerent
phases of BST as a function of annealing temperature are noted by Noh
et al. They proposed an alternative approach in which ﬁlms are grown
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Al Kα X-ray source (1486.6 eV). Peak analyses were performed using
the Avantage Software. No restrictions were applied to spectral locations and full width at half maximum (FWHM) values. Surface
morphologies of the deposited ﬁlms were revealed via atomic force
microscope (AFM, Asylum Research MFP-3D), and a scanning electron
microscope (SEM) (FEI, Nova Nanosem 430). AFM rms roughnesses of
the as-deposited and annealed thin ﬁlms were measured from
1 μm × 1 μm sample scan areas.
Optical measurements were performed using a UV-VIS-NIR single
beam spectrophotometer (Ocean Optics HR4000CG-UV-NIR) in the
wavelength range of 250–1000 nm relative to air, and a variable angle
spectroscopic ellipsometer (V-VASE, J.A. Woollam Co. Inc.) for wavelengths ranging from 250 to 1200 nm. The ellipsometric angles (Ψ and
Δ) were determined at two angles of incidence (i.e., 70° and 75). The
optical properties were modeled using the homogeneous Tauc–Lorentz
(TL) function for a three-layer model including the substrate, ﬁlm, and
surface roughness, while simple grading model was added into the
calculations for annealed ﬁlms in order to improve the ﬁtting quality.
Best ﬁt data were used for the determination of optical constants, ﬁlm
thickness “t”, and the ﬁlm surface roughness. If not stated otherwise, all
n and k values stated in this paper correspond to values measured at
550 nm. The absorption coeﬃcient, α(λ) = 4πk(λ) / λ, was calculated
from the k(λ) values. The optical band gap energy, Eg, was evaluated
using the spectral absorption coeﬃcient, which is associated with direct
transition photon absorption:

at low temperatures and crystallize later in a post-deposition annealing
process to improve ﬁlm properties [26].
In this work, BST thin ﬁlms were deposited at room temperature by
rf sputtering technique on Si (100) and UV fused silica substrates. The
inﬂuence of deposition parameters and post-deposition annealing on
the physical properties of BST ﬁlms were systematically investigated
with the correlation between deposition parameters and multifunctional materials properties. In addition to the determination of ﬁlm
microstructure, composition, and morphology, the variation of optical
constants, photoluminescence characteristics, dielectric constants, dielectric loss, and tunability were speciﬁcally addressed for further microelectronic device applications.
2. Experimental methodology
2.1. Film deposition
BST thin ﬁlms were deposited on UV Fused Silica (UVFS) and Si
(100) substrates at room temperature (RT) using oﬀ-plane axis VAKSIS
NanoD – 4S rf magnetron sputtering system. Ar and O2 were introduced
into the system using separate lines. During the ﬁlm deposition, O2 ﬂow
to total gas ﬂow ratio (i.e., O2/Ar + O2) was kept constant at 3.3%. The
depositions were performed using BaTiO3/SrTiO3 ceramic targets
(50 mm) with a constant target-to-substrate distance of 50 mm. The
chamber base pressure was < 6.5 × 10− 6 Torr (0.9 mPa). The eﬀect of
deposition pressure (PD = 0.67, 0.93 and 1.33 Pa) on ﬁlm characteristics was studied for ﬁlms deposited at a constant rf power of 75 W at
13.56 Hz. Film thicknesses were kept between 100 and 150 nm, depending on PD. The deposition conditions are summarized in Table 1.
In order to investigate the eﬀect of post-deposition annealing on
physical properties, ﬁlms were annealed at 800 °C for 1 h under O2
ambient. Annealing was performed using ATV-Unitherm (RTA SRO704) rapid thermal annealing system, and during annealing the O2 ﬂow
rate was kept constant at 200 sccm. The heating rate was ~10 °C/s, and
the samples were taken out from the annealing chamber after the
system was cooled down below 80 °C.

α (E ) = B

E

(1)

where m is a power factor generally being ½ for direct band gap materials [29,30]. Assuming that m = ½, the optical energy band gap is
extracted by extrapolation of the linear part of the absorption spectrum
to (αE)2 = 0. Thin ﬁlm photoluminescence (PL) measurements were
carried out by time-resolved ﬂuorescence spectrophotometer (JobinYvon, model FL-1057 TCSPC) in the wavelength range of 300–580 nm
using an excitation wavelength of ~250 nm. Metal-insulator-semiconductor (MIS) capacitor structures with BST as the insulator layer
were fabricated on p-Si substrates. Silver (Ag) (~80 nm) top electrodes
(9.25 × 10− 8 m2) were thermally evaporated to fabricate Ag/BST/p-Si
capacitors. Current-voltage (I-V) and capacitance-voltage measurements (C-V) characteristics of the test structures were measured using a
semiconductor parameter analyser (Keithley 4200-SCS), which is connected to a DC probe station (Cascade Microtech PM-5). I-V measurements were carried out in order to estimate the breakdown voltage
(Vbd), breakdown ﬁeld (Ebd), and charge storage capacity
(CSC = ε0εrEbd) of the BST ﬁlms. Frequency-dependent dielectric
properties of the fabricated test structures were measured within the
200 Hz–1 MHz frequency range at RT using Agilent E4980A Precision
LCR meter. Dielectric constants (ε) of the ﬁlms were calculated from
C = ε0εrA / t, where C, t, ε0, εr, and A are the accumulation capacitance, ﬁlm thickness, permittivity of free space, permittivity of dielectric, and the area of electrode, respectively. The electric ﬁeld-induced tunability describes the ability of a material to change its
permittivity by the applied electric ﬁeld and is deﬁned as:

2.2. Film characterization
Film microstructure was examined using grazing-incidence X-ray
diﬀraction (GIXRD) measurements, which were carried out with a
PANalytical X'Pert PRO MRD diﬀractometer using CuKα
(λ = 1.5406 Å) radiation. GIXRD patterns were recorded within the
2Theta range of 20°–80° with an incidence angle of 0.3°. Peak positions
were obtained by the ﬁtting of GIXRD data using PANalytical X'Pert
High Score Plus Software. Furthermore, interplanar spacing (dhkl) values for the (002) plane and the lattice parameter (a) for cubic crystals
were calculated from the corresponding peak position [28]. Crystallite
sizes of the annealed ﬁlms were estimated from the (002) reﬂection
using the well-known Scherrer formula by neglecting the instrumental
broadening and assuming that the observed broadening is only related
to the size eﬀect [28]. Bulk ﬁlm chemical compositions and bonding
states were determined by X-ray photoelectron spectroscopy (XPS)
using Thermo Scientiﬁc K-Alpha spectrometer with a monochromatized

nr =

Table 1
Sputtering conditions of BST thin ﬁlms.

ε(0) − ε(E )
ε(0)

(2)

where ε(0) and ε(E) are the permittivities in the absence and presence
of electric ﬁeld, respectively [6]. Relative tunability of the ﬁlms was
determined using 0.5 V dc bias. Furthermore, dielectric loss (tan(δ))
values were calculated using the conductivity (G) data obtained with
LCR meter. Finally, the frequency dependent ﬁgure of merit,
FOM = nr / tan(δ), of the BST ﬁlms were also evaluated.

Deposition parameters
Base pressure (mPa)
Deposition pressure (PD) (Pa)
O2/(Ar + O2) ﬂow ratio
RF power (W)
Target size (mm)
Target-to-substrate distance (mm)
Deposition duration (min)

(E − Eg )m

< 0.87
0.67, 0.93 and 1.33
3.3%
75
50
50
15–20
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Table 2
Bulk elemental composition of as-deposited and annealed BST thin ﬁlms as determined by
XPS survey scans. Data were collected after 30 s in-situ Ar etching.
PD (Pa)

Condition

Thickness (nm)

Chemical composition

0.67

As-deposited
Annealed
As-deposited
Annealed
As-deposited
Annealed

118
135
159
176
143
115

Ba0.44Sr0.56TiO3.63
Ba0.44Sr0.56TiO3.06
Ba0.21Sr0.33TiO2.32
Ba0.21Sr0.33TiO2.29
Ba0.23Sr0.35TiO2.40
Ba0.27Sr0.35TiO2.42

0.93
1.33

3. Results and discussion
3.1. Film microstructure, composition and surface morphology
Survey and high-resolution XPS scans of as-deposited and annealed
BST ﬁlms on Si (100) were obtained as a function of PD. The data revealed the presence of Ba, Sr, Ti, and O elements in the ﬁlms. Elemental
compositions of the BST ﬁlms are presented in Table 2. The variation of
Sr/Ti and Ba/Ti concentration can be found as: 0.56 (0.67 Pa), 0.35
(0.93 Pa), 0.33 (1.33 Pa) and 0.44 (0.67 Pa), 0.21 (0.93 Pa), 0.23
(1.33 Pa), respectively. In Fig. 1, the (Ba + Sr)/Ti concentration ratios
were calculated and found to be between 1 and 0.54. Its value decreased with the increasing deposition pressure from 0.67 to 0.93 Pa.
Post-deposition annealing process did not aﬀect the Ba/Sr ratio. However, it aﬀected the oxygen content in bulk ﬁlms. However, XPS analyses indicated Ti rich BST ﬁlms. Excess Ti and O might form amorphous or crystalline TiOx, which can lower the dielectric permittivity
(see Electrical properties section) at the grain boundaries. However, it
should also be noted that there were no indications of the segregation of
the excess Ti to second phases such as TiOx phase in the GIXRD patterns.
GIXRD analyses indicated that all as-deposited ﬁlms were amorphous in their as-deposited states with some nanocrystallinity (not
shown here), while post-deposition annealing treatment resulted in
polycrystalline thin ﬁlms. Fig. 2 shows the GIXRD patterns of annealed
BST thin ﬁlms, which indicate a cubic crystal structure with some
stoichiometric variations for ﬁlms deposited at diﬀerent chamber
pressures (ICSD reference codes: 98-009-0006, 98-015-4403, 98-0164371). (011), (111), (002), (112), and (022) reﬂections were observed
for all ﬁlms while additional reﬂections that correspond to (001) and
(013) planes also appeared for ﬁlms deposited at high chamber pressures.
The interplanar spacing (dhkl) values of the (002) planes were calculated as 0.1991, 0.1990, and 0.1971 nm, while the lattice parameter

Fig. 2. GIXRD patterns of BST thin ﬁlms annealed at 800 °C for 1 h under O2 ambient.

(a) values were calculated to be 3.983, 3.980, and 3.941 Å for ﬁlms
deposited at a chamber pressure of 0.67, 0.93, and 1.33 Pa, respectively. The calculated lattice parameter values were in good agreement
with those reported for bulk crystals. Crystallite size values were estimated from the (002) reﬂection using Scherrer formula and found to be
~5.8, 6.3, and 7.2 nm as a function of increasing deposition pressure.
The observed crystalline size values are lower than the average of values given in literature. Singh et al. reported on the crystallinity of spin
coated BST thin ﬁlms as a function of annealing temperature [31]. They
observed improved ﬁlm microstructure with increased annealing temperatures, and higher crystallite sizes (31–40 nm) were obtained for
ﬁlms annealed at temperatures higher than 450 °C. In the present work,
we clearly observed improved crystallinity for annealed ﬁlms deposited
at higher PD; this might be attributed to the healing of oxygen vacancies. A similar material behaviour for ﬁlms deposited at a higher
deposition temperature (i.e., 700 °C) and oxygen pressures has also
been reported by Alema et al. [32].
Surface morphologies of the ﬁlms were studied using AFM and SEM.
Fig. 3(a)–(c) shows the AFM 3D surface morphologies of as-deposited
(PD = 0.67 and 0.93 Pa) and annealed (PD = 0.93 Pa) thin ﬁlms. rms
roughness values of the as-deposited thin ﬁlms was lower for ﬁlms
deposited at high PD values, being estimated as 2.13, 0.31, and 0.78 nm
for ﬁlms deposited at 0.67, 0.93, and 1.33 Pa, respectively. Dense and
ﬁne grained ﬁlm morphology was reported by Zhang et al. for ﬁlms
deposited at 600 and 700 °C using rf magnetron sputtering system [29].
For annealed ﬁlms, rms roughness values within the range of 6–10 nm
were obtained irrespective of the deposition parameters.
As-deposited ﬁlms had relatively smooth surfaces, while post-deposition annealing signiﬁcantly increased the surface roughness. Planview SEM images of the annealed BST ﬁlms, which were deposited at
0.67 and 1.33 Pa chamber pressures, are shown in Fig. 4(a) and (b),
respectively. The ﬁlm deposited at 0.67 Pa had a very rough surface
morphology. On the other hand, for the ﬁlm deposited at PD = 1.33 Pa,
void formation was observed, which might be related to the ﬁlm densiﬁcation and stress formation. Surface roughness values for both asdeposited annealed BST thin ﬁlms were also directly calculated from
spectroscopic ellipsometry analyses and results agreed well with those
obtained from AFM and SEM studies. Similarly, Roy et al. also reported
increased granular surface structure for ﬁlms sintered at temperatures > 500 °C [33].
3.2. Optical properties
Sputtering is a well-established technique for the deposition of high
quality metal oxide thin ﬁlms. In this subsection we present the optical
characteristics of as-deposited and annealed BST complex oxide ﬁlms as

Fig. 1. (Ba + Sr)/Ti concentration as a function of deposition pressure.
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Fig. 4. Plan-view SEM images of annealed BST thin ﬁlms deposited at a chamber pressure
(PD) of (a) 0.67 Pa, and (b) 1.33 Pa.

boundaries is mainly causing the optical loss. The decrease in ﬁlm
transmission with annealing was more pronounced for ﬁlms deposited
at high PD (see inset of Fig. 5(b)). We also observed a decrease in ﬁlm
thickness with post-deposition annealing (as also indicated by a shift in
the interference maxima). This reduction is associated with evaporation
and/or densiﬁcation of the ﬁlms. In contrast, the increase of optical
transmission is reported by Panda et al. as a function of substrate
temperature for ﬁlms deposited by rf sputtering [34]. Films deposited at
higher substrate temperatures showed higher transmittance with lower
interference oscillation, indicating lower thickness. Our observations
showed that the ﬁlm crystallinity increases at high temperatures and
are comparable to the reports [16–21,31,33].
Optical constants of the ﬁlms were estimated by the analysis of
spectroscopic ellipsometry data. Fig. 6(a) and (b) presents examples of
ellipsometric data ﬁtting, showing the measured and calculated ellipsometric angles psi (Ψ) and delta (Δ) at the incident angles of 70° and
75° for the ﬁlm deposited at 0.93 Pa.
From the calculated ﬁt, ﬁlm thickness was found to be 157.8 nm
(MSE was 3 for data taken at 70° and 75°). The MSE values for the
ﬁtting of Ψ and Δ were in the range 2–9 for all BST ﬁlms. Optically
determined surface roughness of the ﬁlms were systematically below
1.5 nm for as-deposited ﬁlms, while post-deposition annealing increased surface roughness signiﬁcantly up to ~ 16 nm. In Fig. 7(a),
refractive index (n) values are given as a function of wavelength for
diﬀerent PD. As seen from this ﬁgure, the dispersion curves rise rapidly
towards shorter wavelengths. The strong increase in n at shorter wavelengths is associated with the fundamental band gap absorption (see
Fig. 5(a) and (b)). For as-deposited BST ﬁlms the refractive index decreases with PD from 1.96 to 1.90. The decrease or increase of the

Fig. 3. AFM 3D surface morphologies of annealed BST thin ﬁlms deposited at a chamber
pressure (PD) of (a) 0.67 Pa, (b) 1.33 Pa, and (c) 1.33 Pa.

a function of deposition parameters. The optical data reported here are
based on spectral transmission, spectroscopic ellipsometry and PL
emission measurements. In Fig. 5(a), optical transmission spectra of asdeposited BST thin ﬁlms are presented for diﬀerent PD values.
The average transmissions of as-deposited ﬁlms are equal to those of
UVFS substrates (k < 10− 4) indicating nearly absorption-free ﬁlms.
Furthermore, as can be seen from the main band gap absorption edge,
the ﬁlm band gap does not diﬀer from each other. However, annealing
at 800 °C for 1 h, slightly lowered the level of transmission, indicating
weak absorption (k ≥ 2 × 10− 2) or light scattering, which is generally
increasing with crystallite size and surface roughness, as also conﬁrmed
by XRD, AFM, and ellipsometry measurements, respectively (see
Fig. 5(b)). Increased light scattering with the annealing at crystal
79
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Fig. 6. Plots of measured ellipsometric data and model ﬁt for the ﬁlm deposited at
PD = 0.93 Pa: (a) Ψ and (b) Δ.
Fig. 5. Spectral optical transmission plots of (a) as-deposited, and (b) annealed BST thin
ﬁlms as a function of PD. (Inset) The diﬀerence between the spectral transmission plots of
as-deposited and annealed ﬁlms (PD = 1.33 Pa).

compared to that of bulk BST (~ 3.4 eV). Table 3 summarizes the optical constants and energy band gap values. A signiﬁcant reduction in
optical band gap was observed after post-deposition annealing. The Eg
value of the ﬁlm deposited at PD = 1.33 Pa (i.e., 3.60 eV) was found to
be close to the bulk value, whereas ﬁlms deposited at lower pressures
showed slightly higher values. Similar high optical band gap as a
function of deposition parameters such as pressure, substrate temperature, and post-deposition annealing were reported in the literature
[36,37]. It is known that in polycrystalline thin ﬁlms, structural imperfections/defects, such as the presence of mechanical stress due to
lattice distortion in the grain boundaries, and oxygen vacancies might
inﬂuence the electronic structure and thereby aﬀect the optical band
gap; hence, our results might be reﬂecting these eﬀects as well.
The room-temperature PL spectra of BST ﬁlms deposited on Si
substrates at RT and later annealed at 800 °C for 1 h are presented in
Fig. 8(a) and (b). An excitation wavelength of 250 nm was used for the
measurements. Fig. 8(a) shows that the all three spectra exhibit a broad
spectral feature centred at 337 nm, which results from the main band
gap emission. Also, the PL intensity slope is less steep within the
375–450 nm spectral regions, which might be designated to the bulk
and surface related impurity and/or defect structures.
Spectral PL emission plots are presented for annealed BST ﬁlms in
Fig. 8(b). The emission intensities decrease with annealing, and do not
diﬀer for ﬁlms deposited at diﬀerent PD. It is widely accepted that the
post-deposition annealing treatment leads to an overall reduction in the
defect-related luminescence, and improves ﬁlm crystal quality (which is
also revealed by GIXRD, see Fig. 2). However, in the present case, the
PL emission intensities decreased upon annealing. Similar results were
reported for ABO3-type perovskites including SrTiO3, BaTiO3, and BST
[36,37]. It is known that visible emission in perovskites is mainly due to
their structural disorder. The localized electronic levels between the
valance and conduction bands produce a disordered phase in structural
symmetry [38].

refractive index results from the diﬀerent eﬀects during the sputtering
process. It is generally accepted that during the deposition process,
sputtering atoms/ions are scattered when the pressure is increased, and
hence less dense ﬁlms can form with various defect structures [8].
The eﬀect of post-deposition annealing on n are presented in
Fig. 7(b) for ﬁlms deposited at 0.67 and 1.33 Pa. n values increased
with annealing from 1.96 to 2.00 for the ﬁlm deposited at 0.67 Pa, and
from 1.90 to 1.98 for the ﬁlm deposited 0.93 Pa, while a signiﬁcant
increase from 1.90 to 2.07 was observed for ﬁlm deposited at 1.33 Pa.
Refractive index, n of an oxide thin ﬁlm might be directly correlated to
its packing density and microstructure [8,9,35,36]. It should be noted
that in the present case, amorphous ﬁlms (as-deposited) exhibited lower
refractive indices indicating less dense ﬁlms; while the post-deposition
annealing lead to denser ﬁlms, resulting with an increase in the refractive index due to crystallization.
In Fig. 7(c), we present the distribution of n at λ = 550 nm for a
graded ﬁlm deposited at PD = 1.33 Pa. The bulk was divided into 11
layers in depth, and the total ﬁtting was done by ﬁtting the optical
constants in each individual layer. The relative values of n increases
from 1.78 to 2.32, which might be related to the formation of an interface layer between SiO2 and BST. It is well known eﬀect that ﬁlm
refractive index is also increases with ﬁlm stress hence formation of
graded ﬁlm structure and higher refractive index might be the result of
stress formation. In addition, the segregation of the excess Ti to second
phases at grain boundaries might cause graded structure. Furthermore,
the optical band gap of a thin ﬁlm is deﬁned by the extrapolation of
linear part of the absorption spectrum to (αE)2 = 0. In Fig. 7(d), (αE)2
vs. E plot is presented for as-deposited BST ﬁlms (PD = 0.93 Pa). The
optical band gap of the as-deposited ﬁlm was higher (i.e., ~4.30 eV)
80
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Fig. 7. (a) Spectral refractive index plots of as-deposited BST ﬁlms. (b) Spectral refractive index plots of as-deposited and annealed BST thin ﬁlms deposited at PD = 0.67 and 1.33 Pa. (c)
Refractive index depth proﬁle for the annealed ﬁlm.

400 nm spin coated BaxSr1 − xTiO3 for two diﬀerent x concentrations
(0.4 and 0.8) were noted as 680 and 749, respectively [41]. Dielectric
constant and leakage current were also noted as a function of oxygen
mixing ratio by Tsai et al. [39]. They reported that the dielectric constant of ~50 for low deposition temperature and 400 for high deposition temperature (450 °C) at 50% oxygen mixing ratio. In addition to
the low ﬁlm thickness, the residual strains in BST thin ﬁlms which were
deposited on Si substrate may aﬀect the dielectric constant of the ﬁlm.
Taylor et al. showed that the thermal expansion coeﬃcient of the host
substrate is aﬀecting the dielectric constant of the grown thin ﬁlms
[42]. The dielectric permittivity decreased for the substrates which has
lower thermal expansion coeﬃcient [43].
In addition to the dielectric constant values, average dielectric loss
and CSC values were calculated. The average loss values were found to
be 0.02 for all as-deposited ﬁlms independent of the sputtering conditions. However, for annealed ﬁlms, the dielectric loss values increased
to 0.04 within the same frequency range (see Fig. 9(b)). It should be
noted that the dielectric losses, which were relatively low (i.e., < 0.05)
up to 100 kHz, increased at high frequencies and reached to 0.25–0.30
for as-deposited ﬁlms. The loss mechanism is one of the important
phenomenons for tunable device applications, remarkably in microwave frequencies. The origins of the dielectric loss in the ferroelectric
material are divided into two mechanisms in the literature: 1) intrinsic
and 2) extrinsic loss. In this study, the origin of loss may come from the
interaction of the applied AC ﬁeld and phonon within the crystal lattice
of the material. The theory of the loss mechanism is related to the energy of photon as known as “Planck-Einstein relation” hν, where ν is the
frequency of AC ﬁeld [44,45], is absorbed during thermal phonon
collisions, which occupy higher energies as an intrinsic loss mechanism.
In Table 4, εr and CSC values are summarized for all ﬁlms. CSC values
were calculated to be 0.25, 0.30, and 0.27 MV cm− 1, and 1.1, 1.2, and
1.3 μC cm− 2 for as-deposited, and 0.30, 0.36, and 0.72 MV cm− 1, and
1.1, 2.5, and 3.9 μC cm− 2 for annealed BST ﬁlms as a function of PD
(0.67, 0.93, and 1.33 Pa), respectively.

Table 3
Refractive indices (n), extinction coeﬃcients (k), and optical energy band gaps (Eg) of asdeposited and annealed BST thin ﬁlms.
PD (Pa)

0.67
0.93
1.33

As-deposited

Annealed

n
(@ 550 nm)

k
(@ 550 nm)

Eg
(eV)

n
(@ 550 nm)

k
(@ 550 nm)

Eg
(eV)

1.96
1.90
1.90

0.00
0.00
0.00

4.30
4.30
4.30

2.00
1.98
2.07

0.00
0.06
0.00

3.69
3.68
3.60

3.3. Electrical properties
Electrical characteristics, including frequency-dependent dielectric
constant (ε and dielectric loss values of as-deposited and annealed BST
thin ﬁlms are presented in Fig. 9(a) and (b), respectively. In the present
work, the dielectric constant values of ﬁlm were evaluated for ﬁlm
thicknesses in the range 115 to 176 nm. Dielectric constants of the BST
ﬁlms were found to be low compared to the values reported for ﬁlms
deposited at higher temperatures in the literature. Average ε of the asdeposited ﬁlms were between 46 and 53 (up to 800 kHz), and slightly
increased with increasing frequency (Fig. 9(a)). Post-deposition annealing improved ﬁlm dielectric constants. After the post-deposition
annealing treatment, ε further increased and reached up to 66, 81, and
62 for ﬁlms deposited at 0.67, 0.93, and 1.33 Pa chamber pressures,
respectively.
Dielectric properties of the BST ﬁlms depend on few factors including ﬁlm thickness, composition and ﬁlm stress. In general, ε values
are thickness dependent and also more than an order of magnitude
lower than its bulk form in thin ﬁlms. In literature mostly thick ﬁlms
(thickness > a few hundred nanometers) shows high dielectric constant (εr > 300). In literature, the dielectric constant values of sputter
deposited BST ﬁlms on diﬀerent substrates varied between 180 and 638
for ~500 nm thick ﬁlms [1,24,39,40], while the dielectric constants of
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Table 4
Dielectric constants (εr) at 100 kHz, and charge storage capacities (CSC) of as-deposited
and annealed BST thin ﬁlms.
PD (Pa)
0.67
0.93
1.33

As-deposited
Annealed
As-deposited
Annealed
As-deposited
Annealed

εr @ 100 kHz

CSC (μC cm− 2)

47
66
49
81
53
62

1.1
1.8
1.2
2.5
1.3
3.9

Fig. 10. Frequency dependent tunability and FOM values of Ag/BST/p-Si test structures
(PD = 0.67 Pa) fabricated using as-deposited BST thin ﬁlms.

ﬁlms deposited at 0.67 Pa pressure showed low dielectric constant,
dielectric loss, and high FOM values. Tunability and FOM values of asdeposited ﬁlms (PD = 0.67 Pa) as a function of frequency are presented
in Fig. 10. As can be seen from this ﬁgure, FOM reaches a maximum
value of 86 (7 kHz). The FOM values of ﬁlms deposited at 0.93 and
1.33 Pa pressures were 7 (9 kHz) and 19 (8 kHz). However, after annealing, their values increased to 48 (10 kHz) and 55 (8 kHz) while the
value of ﬁlm deposited at 0.67 Pa decreased to 36 (9 kHz). The observed diﬀerences might be originating from the varying ﬁlm microstructure. It is known that in sputter technique the deposition pressure
increase has positive eﬀect on reducing the ﬁlm stress. It should be
noted that the XRD results indicated that the ﬁlms deposited at high
oxygen pressures had better crystallinity after annealing. Padmini et al.
also stated higher tunability for ﬁlms deposited at 550 °C using rf
sputtering technique which was attributed to the improved texture of
the BST ﬁlms [46]. In addition, the change of tunability as a function of
Ar/O2 ratio is reported also by Pervez et al. [47]. They observed lower

Fig. 8. PL emission spectra of (a) as-deposited, (b) annealed ﬁlms as a function of wavelength.

Tuneable device applications require low dielectric loss factor
(tanδ) and high dielectric tunability of the ﬁlms. The performance of a
tuneable dielectric material is generally evaluated using the FOM value,
targeted to be as high as possible. The FOM value indicates that candidate material for tuneable device applications cannot take full advantage of high tunability if the loss tangent factor is too high. Our BST

Fig. 9. (a) Frequency dependent dielectric constants and (b) dielectric loss values of Ag/BST/p-Si test structures (PD = 1.33 Pa) fabricated using as-deposited and annealed BST thin ﬁlms.
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tunability values with the reduced (Ba + Sr)/Ti ratio changing from 1
to 0.78 with the increased O2 pressure. We also observed similar eﬀect
as a function of (Ba + Sr)/Ti ratio.
Films deposited at 0.67 and 0.93 Pa showed higher average tunability values up to 100 kHz (41% and 53%) whereas the ﬁlms deposited at 1.33 Pa had the lowest value of 18%. After annealing, the
most pronounced change was for the BST ﬁlms deposited at lower
pressures < 1.33 Pa. Average tunability values of annealed ﬁlms (up
to 100 kHz) decreased to 26% and 16% for ﬁlms deposited at 0.67 and
0.93 Pa, respectively. On the contrary, its value showed an increase and
was 40% for annealed ﬁlms deposited at 1.33 Pa.
4. Conclusion
Highly transparent, amorphous and well adhered ﬁlms were deposited independent of the deposition pressure. Post-deposition annealing improved ﬁlm crystallinity and signiﬁcantly aﬀected the optical
and electrical characteristics of BST ﬁlms. Annealed ﬁlms showed cubic
perovskite phase with no sub-phase formation, as well as exhibited a
lower optical band gap, indicating an improved structure. The main
eﬀect was observed for ﬁlms deposited at higher pressure. Electrical
dielectric constants, CSC and tunability of ﬁlms increased with deposition pressure upon annealing. Dielectric constant generally increases with thickness while thin ﬁlms with < 200 nm thicknesses are
favourable for microwave tunable devices.
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