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ABSTRACT Bismuth vanadate (Bi2VO5.5, BVO) thin films have
been deposited by a pulsed laser ablation technique on pla-
tinized silicon substrates. The surface morphology of the BVO
thin films has been studied by atomic force microscopy (AFM).
The optical properties of the BVO thin films were investi-
gated using spectroscopic ellipsometric measurements in the
300–820 nm wavelength range. The refractive index (n), extinc-
tion coefficient (k) and thickness of the BVO thin films have
been obtained by fitting the ellipsometric experimental data in
a four-phase model (air/BVOrough/BVO/Pt). The values of the
optical constants n and k that were determined through multi-
layer analysis at 600 nm were 2.31 and 0.056, respectively. For
fitting the ellipsometric data and to interpret the optical con-
stants, the unknown dielectric function of the BVO films was
constructed using a Lorentz model. The roughness of the films
was modeled in the Brugmann effective medium approximation
and the results were compared with the AFM observations.

PACS 78.20.-e; 77.84.-s; 77.55.+f

1 Introduction

The study of ferroelectric thin films has received
much attention owing to their applications in integrated cir-
cuit memories, optical waveguides and pyroelectric imaging
sensors [1–7]. Thin-film-based infrared detectors and focal
plane arrays are expected to yield better sensitivity and faster
response than their ceramic and bulk single crystal counter-
parts, and could be deposited directly on silicon readout cir-
cuitry [8–10]. The ferroelectric materials belonging to the
family of Aurivillius phases have been of considerable in-
terest for a variety of integrated device applications such as
non-volatile memories, optical memories and piezoelectric
and electro-optic devices [11–14]. This family has the gen-
eral chemical formula (Bi2O2)

2+(An−1BnO3n+1)
2−, in which

A represents mono-, di- or tri-valent ions or a mixture thereof,
B represents tetra-, penta- or hexa-valent ions of the per-
ovskite structure and n is the number of perovskite blocks
sandwiched between (Bi2O2) layers [15]. Bismuth vanadate,
Bi2VO5.5 (BVO), is a vanadium analogue of an n = 1 mem-
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ber of the Aurivillius family of oxides and has been found
to be ferroelectric below 725 K [16–20]. The optical prop-
erties of ferroelectric materials are of special interest for ap-
plications in uncooled infrared detectors, optical sensors and
waveguides [21–24]. Though the optical properties of sput-
tered BVO thin films have been studied by transmittance
measurements [25], because of their potential applications,
investigations of the details with regard to the effects of the
film thickness, crystal structure, orientation of the crystallites,
crystallite-size distribution, packing density, the nature of the
bottom electrode and the morphology of the film surface are in
order.

It is worth investigating the structure–optical property cor-
relation in BVO films due to their potential in optical appli-
cations. Therefore, spectroscopic ellipsometry, which needs
no reference sample for calibration and measures two inde-
pendent parameters (the ellipsometric angles Ψ and ∆, where
tan Ψ measures the ratio of the moduli of the amplitudes of
reflection and ∆ is the phase difference between p- and s-
polarized reflected light) at each wavelength, is one of the
most adapted measuring methods to analyze the multilayer
structure.

In this article, we report the fabrication details of fer-
roelectric Bi2VO5.5 thin films on platinized silicon {(100)
Pt/TiO2/SiO2/Si} substrates by pulsed laser deposition and
their structural and optical properties investigated by spectro-
scopic ellipsometry in the wavelength range of 300–850 nm.
A parameterized relaxed Lorentz formula was employed to
describe the dielectric function of the BVO films, and assum-
ing a four-layer model (ambient/rough BVO/BVO/Pt) for
BVO on platinized silicon substrates the ellipsometric data
were analyzed. The roughness of the BVO films was modeled
according to the Brugmann effective medium approximation
(EMA) and is also compared with atomic force microscopy
(AFM) studies. A good fit of the model to measured Ψ and ∆

data of spectroscopic ellipsometry has been obtained and the
optical constants are calculated.

2 Experimental

2.1 Thin-film preparation and structural
characterizations

The ferroelectric thin films of BVO for the present
studies were grown by a pulsed laser ablation technique
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on platinized silicon substrates having the configuration
Pt(100)/TiO2/SiO2/Si(100). The laser used for BVO thin-
film deposition was a KrF (Lambda Physik Compex 201,
wavelength 248 nm) excimer with 5-Hz repetition frequency
and 10-ns pulse duration. The output laser beam was fo-
cused onto a rotating target at an angle of 45◦ by a UV lens
with a focal length of 30 cm. The stability of the incoming
beam was monitored using an external energy meter. Laser
energy of 160 mJ/pulse was maintained constant during the
deposition and the laser beam was focused to obtain a flu-
ence of approximately 2.5 J cm−2 for all the samples under
study. A sintered target, produced from a mixture of high-
purity Bi2O3 and V2O5 oxides (Aldrich, purity 99.9%) in
appropriate quantities to ensure the stoichiometric composi-
tion Bi2VO5.5 was used for deposition. The BVO target was
fabricated from the fine powders obtained by ball milling of
Bi2O3 and V2O5 in stoichiometric ratio. Initially the ball-
milled powders were calcined at 800 ◦C for 8 h. The calcined
powder was then pressed at 80-kN force in a 18-mm circular
die and the pressed pellets were sintered at 825 ◦C for 5 h. The
target was freshly polished prior to each deposition to pro-
duce a uniform plasma cloud and mounted on a motor-driven
shaft. Before deposition, the chamber was initially evacuated
to 1 ×10−6 mbar and the films were deposited under various
oxygen partial pressures in the range of 20–100 mTorr. Stoi-
chiometric growth during the deposition process was ensured
by a controlled oxygen flow into the deposition chamber. The
flow of high-purity oxygen was regulated by a mass-flow con-
troller, which allowed maintaining a stable oxygen pressure.
During deposition, the substrate temperature was recorded by
means of a thermocouple. The substrate was placed parallel
to the target at a distance of approximately 4 cm. The sub-
strate temperature during deposition was maintained at 600 to
700 ◦C in order to achieve good crystallization.

X-ray diffraction (XRD) studies were carried out to en-
sure the crystalline quality of the BVO films using Cu Kα ∼
1.541 Å radiation (Scintag XR2000 diffractometer). Mi-
crostructural details and the thickness of the films were ob-
tained using a scanning electron microscope (SEM, Sirion
200). The surface morphology of the BVO films was ex-
amined by means of an ex situ contact mode atomic force
microscope (AFM, Veeco CP-II). The AFM images were ob-
tained in the repulsive-force regime with a force constant of
1.5 nN between the AFM tip and the sample surface.

2.2 Electrical characterization

For electrical measurements, gold dots of
1.96 ×10−3-cm2 area were deposited on the top surface of the
films through a shadow mask and a thermal evaporation tech-
nique. The electrode dots were annealed at 250 ◦C for 30 min.
The Pt coating was used as the bottom electrode for electri-
cal measurements. A HP4294A impedance analyzer was used
for the conventional dielectric measurements in the 100 Hz–
100 kHz frequency range at a signal strength of 0.5 V. The
polarization–electric field (P–E) hysteresis and pulsed po-
larization (PUND, positive up negative down) phenomenon
were studied at room temperature using a precision worksta-
tion (Radiant Technologies, Inc.) ferroelectric test system in
virtual ground mode.

2.3 Spectroscopic ellipsometry measurements

Spectroscopic ellipsometry measurements for BVO
thin films on platinized silicon substrates were carried out
at room temperature in the 0.75–4.0 eV (ultraviolet–visible)
photon energy range using a computer-controlled variable
angle of incidence spectroscopic ellipsometer (SENTECH
850, SENTECH Instruments) of the rotating polarizer and
analyzer type in which these rotate at a speed ratio of 1 : 1.
The optical constants of the BVO films were determined by
fitting the model function to the measured data using the
SpectraRay2-5656b software package (SENTECH Instru-
ments).

3 Results and discussion
3.1 Structural characterization

3.1.1 X-ray diffraction study. The X-ray diffraction pattern
obtained for BVO thin films deposited on a Pt/TiO2/SiO2/Si
substrate at 650 ◦C under 100 mTorr oxygen partial pressure
is depicted in Fig. 1. All the diffraction peaks in this figure
match well with those of bulk bismuth vanadate layered per-
ovskite structure and no secondary phase formation has been
noticed. The diffraction pattern has been indexed on the ba-
sis of an orthorhombic structure (JCPDS 42-0135). The lattice
parameters obtained from this pattern are in close agreement
with those reported for the bulk BVO. However, the pattern
suggests the presence of a preferred texture in these films.
The selective strong and sharp Bragg peaks (002), (004) and
(006) indicate that the pulsed laser ablation-grown films were
textured and possessed a high degree of crystallinity with
preferred c-axis orientation. The extent of texture in the grain-
oriented films was obtained by a semiquantitative method
using Lotgering’s factor [26], where the degree of grain orien-
tation f is given by

f = p − p0

1 − p0
, (1)

where p = ΣI00l/ΣIhkl for the given oriented sample and
p0 = ΣI00l/ΣIhkl for the non-oriented sample, which in our

FIGURE 1 XRD pattern of Bi2VO5.5 thin film deposited at 650 ◦C
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study was calculated from the BVO bulk X-ray diffraction
studies. Here, Ihkl and I00l are the intensities of the (hkl)
and (00l) peaks, respectively. An orientation factor of 0.83 as
obtained by the above formula suggests that the films were
highly oriented. This implies that a relatively greater number
of grains with (00l) planes parallel to the film surface exists in
these films. The preferential orientation of the films is due to
the strong anisotropy associated with the structure of the Au-
rivillius family of oxides. The free energy for the growth along
the c axis could be a minimum and as a result the growth is
dominant along this axis. The orthorhombic distortion (b/a)
of the present film was lower than the reported values for the
bulk.

3.1.2 Microstructure and surface morphology. Surface and
cross-sectional microstructures of the BVO thin films de-
posited on platinized silicon surfaces were recorded by a scan-
ning electron microscope. Figure 2a and b show the surface
and cross-sectional scanning electron micrographs of the
BVO thin films, respectively. It is observed that the BVO
films consist of closely packed rod-shaped grains around
0.3–0.35 µm in width and several nanometers in length.
The cross-sectional SEM images revealed the presence of
densely packed grains across the film. The thickness of
the film estimated from the cross-sectional SEM images is
around 325 nm. Energy dispersive X-ray (EDAX) analy-
sis carried out on the well-crystalline films of BVO has

FIGURE 2 (a) The surface morph-
ology and (b) the cross-sectional
SEM view of Bi2VO5.5 thin film

FIGURE 3 (a) 5×5 µm2 AFM mi-
crograph showing surface morphol-
ogy of Bi2VO5.5 thin film. (b) Three-
dimensional topography of Bi2VO5.5
thin film. The rms roughness ob-
tained from this image is 11.92 nm

confirmed the stoichiometric (Bi : V = 2 : 1) nature of the
films.

The surface topography measurements have been per-
formed with an atomic force microscope (AFM) operating
in contact mode for BVO thin films and the results ob-
tained are shown in Fig. 3a and b as two-dimensional and
three-dimensional micrographs. The AFM micrograph in
Fig. 3a shows the surface topography of a BVO thin film
containing a homogeneous distribution of grains. The grain
size that is determined from the picture lies in the range of
0.3–0.35 µm. The AFM micrograph in Fig. 3b shows the
three-dimensional image. The root mean square (rms) rough-
ness has been calculated for a 5 ×5 µm2 area. The root mean
square roughness (Ra) lies in the 10 to 12 nm range. These
values of the surface roughness are compared with those ob-
tained from the ellipsometric data analysis discussed later in
this paper.

3.2 Ferroelectric and dielectric characterization

To ensure the polar nature of the BVO films de-
posited on platinized silicon substrates, these films were char-
acterized for their ferroelectric and dielectric properties in
metal–insulator–metal (MIM) configuration using gold dots
of area 1.96 ×10−3 cm2 as the top electrode and the plat-
inum metal serving as the bottom electrode. Figure 4a shows
the ferroelectric hysteresis loop of an Au/BVO/Pt capac-
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FIGURE 4 (a) The P–E hysteresis loop for Bi2VO5.5 thin film. (b) Po-
larization vs. number of 5 V pulsed voltage cycles applied to Au/BVO/Pt
thin-film capacitor

itor measured at various applied voltages ranging from 5
to 25 V. The BVO film is characterized by well-saturated
polarization–electric field (P–E) switching curves. At the ap-
plied voltage of 25 V and the measuring frequency of 1 kHz,
the remanent polarization Pr and the coercive field Ec are
about 9.3 µC/cm2 and 365 kV/cm, respectively. The value of
the coercive field seems to be quite high for storing a charge
of this magnitude. It has been explained in our earlier work
that this kind of behavior in BVO films on platinized silicon
substrates may be due to the high oxide ion conductivities
in the low-frequency range [27]. In order to check the fa-
tigue response of the BVO films, the Au/BVO/Pt capacitor
was further subjected to a pulsed polarization (PUND) ex-
periment. The PUND measurements were carried out using
a 5 V pulsed waveform with a pulse width of 1 ms, and the
test capacitor was fatigued with a 5 V, 10 kHz pulsed wave-
form. The corresponding results are shown in Fig. 4b. The
value of the switchable polarization remains almost constant
for the initial few cycles. In Fig. 4a, Pmax is about 3 µC/cm2

and Pr is about 1 µC/cm2 for the voltage scan of ±5 V. On
the other end, P∗ in Fig. 4b is around 4.4 µC/cm2 and d P is
0.2 µC/cm2. A small difference that we see in P∗ and Pmax

values is attributed to the different nature of the waveforms
used during the two measurements; for example, in PE hys-
teresis measurement, the waveform used was triangular and
gives the transient response of the sample, while in PUND

FIGURE 5 Variation of dielectric constant and loss as a function of fre-
quency for Bi2VO5.5 thin film

measurement a rectangular pulse has been used. The small
difference in the polarizations may also arise due to the non-
switchable charges in BVO, as pointed out in our earlier work.
It has been observed that there is around 10% reduction in the
switchable polarization (P∗) after 108 cycles.

Figure 5 shows the variation of the dielectric constant and
the dissipation factor as a function of frequency at room tem-
perature. The dispersion observed in the dielectric constant at
lower frequency is quite high as compared to that at higher fre-
quency. This lesser dispersion observed at higher frequencies
might have its origin in the grains, while at lower frequen-
cies the response is arising from the grain boundaries, free
charges and oxide ion vacancies, which lead to strong disper-
sion. The values of the dielectric constant and the dissipation
factor measured at 100 kHz are 130 and 0.04, respectively.

3.3 Optical characterization

The BVO thin films were characterized for their
optical properties by spectroscopic ellipsometry. Spectro-
scopic ellipsometry could effectively be used to determine
the dielectric function and thickness of a thin-film sample by
comparing the measured data with a best-fit model calcula-
tion. The standard ellipsometric parameters (angles) meas-
ured are defined through Ψ and ∆, where tan Ψ measures the
ratio of the moduli of the amplitudes of reflection and ∆ is the
phase difference between p- and s-polarized reflected light. Ψ
takes values from 0 to 90◦ and ∆ varies from 0 to 360◦ for
a particular experiment carried out. The ellipsometric angles
are related to the ratio � of the Fresnel coefficients, rs and rp,
for s- and p-polarizations, respectively [28]:

� ≡ rp

rs
= tan Ψ exp(i∆) , (2)

where Ψ and ∆ are the ellipsometric parameters and are meas-
ured directly as azimuthal angles of the analyzer and polarizer
at which the light intensity at the detector has a minimum.
For the type of instrument used in the present work, the actual
quantities measured are Ψ and ∆, from which � is calcu-
lated. The dielectric function (ε) as well as the refractive index
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(n) and extinction coefficient (k) are calculated from � and ϕ

through the relations

ε = (n + ik)2 = sin2 ϕ+ sin2 ϕ tan2 ϕ
(1 −�)2

(1 +�)2
, (3)

where ϕ is the angle of incidence. The refractive index and
extinction coefficient are obtained as follows:

n = 1

2

√√
ε2

1 + ε2
2 + ε1 , (4)

k = 1

2

√√
ε2

1 + ε2
2 − ε1 . (5)

Here, ε1 and ε2 are the real and imaginary parts of the complex
dielectric function ε. The measurement of the ellipsometric
quantities Ψ and ∆ for all the samples under study was done in
air at 70◦ angle of incidence. We used a parameterized relaxed
Lorentz oscillator model to express the optical response of
the optical functions of BVO films. In the ultraviolet–visible
range, the parameterized relaxed Lorentz oscillator model is
very useful for obtaining the dielectric functions of most ma-
terials such as dielectrics and metal oxides [29]. The complex
dielectric function in the single Lorentz oscillator model is
given by

ε = ε∞ + Aλ2

λ2 − B2 − i2Cλ
, (6)

where ε is the complex dielectric function, λ is the measured
wavelength (in nm) and ε∞ is the high-frequency dielectric
constant. However, most of the fitted values are unitless while
A, B and C are constants. In order to estimate the optical
constants of the BVO thin films the ellipsometric data were
analyzed by modeling in a multilayer system [28], which is
shown in Fig. 6.

Modeling of the measured data was done under the as-
sumption that the film and the substrate are isotropic. The
roughness was modeled in the Brugmann effective medium
approximation [30, 31]. The dielectric function ε of the BVO
films was expressed by a relaxed Lorentz oscillator model.
The four-phase-model system consists of air, rough BVO
layer, dense BVO layer and platinum layer. In this multilayer
system, the platinum layer is so thick that the incident light

FIGURE 6 The optical model used in the ellipsometric evaluation of opti-
cal constants and roughness of a 325-nm-thick Bi2VO5.5 film

could not propagate through. So, the platinized silicon sub-
strate (including the thermal oxide and Ti adhesion layer) can
be treated as a single substrate. Variables in the fitting proced-
ure include all the layer thicknesses, the volume fraction of the
voids in the rough layer and the dispersion relations describ-
ing the optical properties of the BVO films. The optical con-
stants of the BVO films were determined by fitting the model
function to the measured data using the SpectraRay2-5656b
software package (SENTECH Instruments). The program is
based on least-square regression to obtain the unknown fitting
parameters and their maximum confidence limit. The proced-
ure is to vary the fitting parameters to minimize the difference
between the measured and calculated Ψ and ∆ values. The
root-mean-square fractional error σ , defined by

σ2 = 1

2N − M

×
N∑

i=1

⎧⎨
⎩

(
ψmod

i −ψ
exp
i

σ
exp
ψ,i

)2

+
(

∆mod
i −∆

exp
i

σ
exp
∆,i

)2
⎫⎬
⎭ , (7)

has been used to judge the quality of the fit between the meas-
ured and the modeled data and is minimized in the fit. Here,
N is the number of measured Ψ and ∆ pairs included in the
fit, M is the number of fit parameters and i is the summation
index. Also, Ψ

exp
i , ∆

exp
i and Ψ mod

i , ∆mod
i are the experimental

and modeled values of Ψ and ∆, respectively. σ
exp
ψ,i and ∆

exp
ψ,i

are the experimental standard deviations in Ψ and ∆, respec-
tively, which were calculated from the known error bars on
the calibration parameters and the fluctuation of the measured
data over an averaged cycle of the rotating polarizer and an-
alyzer. Equation (7) has 2N and M in the prefactor, because
there are two measured values included in the calculation for
each Ψ and ∆ pair. The calculated data Ψ th

i and ∆th
i are gener-

ated by using the appropriate models as shown in Fig. 6 with
corresponding dispersion relations [29].

The optical constants of the BVO films are obtained
from spectroscopic ellipsometry measurements that are car-
ried out at room temperature using an ellipsometer with
variable-angle, synchronously rotating polarizers and analyz-
ers. Figure 7a and b show the measured ellipsometric data (Ψ
and ∆) and calculated results by the relaxed Lorentz model for
the BVO films on Pt/Ti/SiO2/Si substrates in the ultraviolet–
visible region. In order to estimate the optical constants of the
BVO films, the ellipsometric spectra were analyzed by mul-
tilayer modeling in four layers. For this spectral range, the
optical constants of the BVO films are mainly contributed by
indirect transitions. Table 1 lists all the best-fit model parame-
ters and the thicknesses of both the rough and the dense BVO
layers. There is a good agreement between the measured data
(circles) and the calculated data (line). The estimated thick-
ness of 324 nm is in good agreement with the value obtained
by cross-sectional scanning electron microscopy.

The refractive index and extinction coefficient of the BVO
films obtained from the best-fit model are shown in Fig. 8a and
b. The refractive index initially increases sharply and shows
a maximum around 356 nm and then decreases rapidly with
increasing wavelength. On the other hand, the extinction co-
efficient decreases rapidly with increasing wavelength up to
450 nm and subsequently remains almost constant. In the vis-
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FIGURE 7 Ψ and ∆ values in the 300–850 nm range for Bi2VO5.5 films
grown on platinized silicon substrates. The solid lines are the model fit data

Sample ε∞ dfilm (nm) dr (nm) Fν σ∗

BVO 2.93 324.37 17.39 0.85 0.91

∗ A smaller value indicates a better fit

TABLE 1 Fitting parameters of Bi2VO5.5 film on platinized silicon sub-
strate determined by spectroscopic ellipsometry measurement

Sample n k α (cm−1)

BVO (ellipsometry) 2.31 0.056 7.4×105

BVO (transmission) 2.1 0.038 8.7×105

TABLE 2 The comparison of the optical constants of Bi2VO5.5 thin films
determined by ellipsometric and transmission studies

ible range (600 nm), the refractive index of the BVO film is
about 2.31, with an extinction coefficient of 0.056. The optical
constants of BVO films obtained from ellipsometric measure-
ment analysis are in close agreement with those obtained from
the transmission studies of the BVO thin films deposited on
the Corning glass substrates (Table 2). However, a peak in the
refractive index (Fig. 8a) that appears at 356 nm (3.47 eV) is
likely to be arising from the indirect-band-gap transition. It
may be noted that this value corresponds to a peak value in
the ellipsometric angle ∆ appearing at the beginning of the
interference oscillations.

The absorption coefficient (α) of the BVO films in the
300–820 nm range is shown in Fig. 9. It is observed that the
absorption coefficient is quite high at the UV end and then

FIGURE 8 The refractive index n and the extinction coefficient k of
Bi2VO5.5 film

FIGURE 9 The absorption coefficient α of Bi2VO5.5 film

it decreases sharply with increase in wavelength and the de-
crease is very insignificant subsequent to 550 nm.

4 Conclusions

In conclusion, high-quality bismuth vanadate thin
films have been fabricated on platinized silicon substrates
by pulsed laser deposition. The BVO films were character-
ized by X-ray diffraction studies and the most pronounced
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Bragg peaks were associated with (00l) orientation. The mi-
crostructure of the films was analyzed by atomic force and
scanning electron microscopy. The grain size was found to
be in the range of 0.3–0.35 µm, associated with a thickness
of 325 nm. The value of the thickness of the films obtained
from cross-sectional SEM agrees well with that obtained from
ellipsometric data analysis. The BVO films exhibited good
ferroelectric and dielectric properties. The polarization hys-
teresis (P vs. E) studies of the BVO thin films at 300 K con-
firmed the remanent polarization (Pr) and coercive field (Ec)
to be 9.3 µC/cm2 and 365 kV/cm, respectively. The room-
temperature dielectric constant and loss at 100 kHz were 130
and 0.04, respectively. The various models that were used
for ellipsometric data analysis gave an excellent fitting to
the experimental data. The optical constants, n ∼ 2.31 and
k ∼ 0.056, obtained at λ = 600 nm were determined through
multilayer analysis.
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