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ABSTRACT: Bi5_,Zngg, Nb,Ogg, 5 thin films have the
potential to be implemented in microwave devices. This work
aims to establish the effect of the substrate and of the grain size
on the optical and dielectric properties.
Bi s_«Zng9,,Nb; 5O, thin films were grown at 700 °C
via pulsed- laser deposition on R-plane sapphire and (100),.
LaAlO; substrates at various oxygen pressures (30, S0, and 70
Pa). The structure, morphology, dielectric and optical proper-
ties were investigated. Despite bismuth and zinc deficiencies,
with respect to the Bi; Zn¢,Nb; sO¢g, stoichiometry, the films
show the expected cubic pyrochlore structure with a (100) epitaxial-like growth. Different morphologies and related optical and
dielectric properties were achieved, depending on the substrate and the oxygen pressure. In contrast to thin films grown on
(100),,c LaAlQ;, the films deposited on R-plane sapphire are characterized by a graded refractive index along the layer thickness.
The refractlve index (1) at 630 nm and the relative permittivity (&,) measured at 10 GHz increase with the grain size: on
sapphire, n varies from 2.29 to 2.39 and &, varies from 85 to 135, when the grain size increases from 37 nm to 77 nm. On the
basis of this trend, visible ellipsometry can be used to probe the characteristics in the microwave range quickly, nondestructively,
and at a low cost.

' BZN !

|
A|203| |

_I I
interface surface

KEYWORDS: BZN, defect pyrochlore, thin film, PLD, spectroscopic ellipsometry, optical properties, dielectric properties, graded layer

B INTRODUCTION

Microwave devices based on dielectric thin films have been
implemented for several years for various applications for the
purpose of facilitating tunability, such as planar capacitors,
phase shifters, tunable filters, or coplanar waveguides." Such
applications require materials with a high permittivity, a low
dielectric loss, a low leakage current, and a high tunability.
Among dielectric materials, the ferroelectric family has been
studied™® extensively, compared with other dielectrics, such as
compounds with a pyrochlore structure, which show
potentiality for their integration into microwave devices.
Recent works have demonstrated that the bismuth zinc niobate
cubic pyrochlore is an attractive candidate for microwave
applications.*~
ie., its dielectric properties depend on both temperature and
frequency.” Bij s_+Zng9,_,Nb; 5O, thin films deposited by
various processes, such as the metallorganic decomposition
method,” the magnetron sputtering technique,>”'® or pulsed-

® This compound belongs to the relaxor family,
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laser deposition (PLD),'"'* show a moderate permittivity
(typically 150—200), a very low dielectric loss, and a high
tunability up to $5% (under a high electric field of 2.4 MV/
cm).® In the case of the PLD process, several studies have
shown that the structure and microstructure depend on the
deposition parameters, which involve a strong modification of
their dielectric properties.”>~"> In the literature, bismuth zinc
niobate stoichiometric targets were used but only few analyses
that are related to the composition of the thin films have been
reported.'>'® Bismuth and zinc deficiencies cannot be ruled
out. Therefore, we have chosen to name the cubic pyrochlore
with the Bi15 +Zng9, Nb; sOg9,_5" general formula (BZN).
Zhang et al.'* have descrlbed the influence of the deposition
temperature on the morphology and composition of the films,
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and the consecutive variations of their dielectric characteristics.
Sundheendran et al."* have studied the effect of post-deposition
annealing on the morphology and dielectric properties of thin
films deposited by PLD at room temperature under various
oxygen pressures. However, only a few papers have reported
the influence of the oxygen deposition pressure on the film
characteristics, and especially its impact on their dielectric and
optical properties. For example, the influence of oxygen
pressure, ranging from S5 Pa to 50 Pa, on the dielectric
characteristics (1 kHz—1 GHz band) has been investigated for
Bi, sZn,Nb, ;O thin films grown by PLD on Pt(111)/TiO,/
$i0,/Si(100) substrates.'® It has been demonstrated that the
deposition pressure governs together the crystallization, the
preferential orientation, and the microstructure (shape of
grains, grain size, and growth rate) of the thin films, and
consequently, the dielectric properties.

In the present work, Bij;_,Zngg, ,Nb;Oge, 5 (BZN) thin
films were grown by PLD on R-plane sapphire and (100),,
LaAlO; (LAQ) substrates. These substrates have been selected
because of their low relative permittivity (e, ~ 10 and 24, for
sapphire and LAO, respectively) and low dielectric loss (tan &
~ 107*), which may be suitable for microwave devices. Their
structural characteristics are expected to promote the epitaxial-
like growth of the BZN pyrochlore films. The effect of the
oxygen deposition pressure on the structural quality (in
particular, orientation), the microstructure (focused on grain
size, growth rate and density), and the dielectric and optical
properties of the thin films were investigated. The relationship
between the dielectric properties in the gigahertz range and
optical properties versus grain size were discussed more
specifically.

B EXPERIMENTAL SECTION

Material. BZN thin films were deposited by pulsed-laser deposition
(PLD), using a KrF excimer laser (1 = 248 nm). A stoichiometric
target of the cubic Bi; sZnyg,Nb; sOg0,_s phase (x = y = 0) was first
synthesized and sintered via a conventional ceramic route using Bi,O3,
Nb,Oys, and ZnO precursor oxides. Similar to the process described by
Valant et al,'” the mixture was homogenized, pressed uniaxially into
pellets and prereacted at 650 °C for 4 h. During this first step, Bi,O;
reacted with Nb,Og and ZnO to form intermediate compounds, which
prevent bismuth volatility in view of the higher treatment temper-
atures. In a second step, the powder was calcinated four times at 950
°C for 4 h, with intermediate grinding. Finally, the calcinated material
was pressed uniaxially at 180 MPa into pellets and sintered at 1050 °C
for 2 h. X-ray diffraction (XRD) confirmed the presence of the single-
phase pyrochlore, referring to ICDD Powder Diffraction File (PDF)
Card No. 052-1770. The deposition parameters were as follows:
fluence, 2 J/cm?% frequency, 2 Hz; temperature, 700 °C; target—
substrate distance, S5 mm; and deposition time, 20 min. The
deposition temperature was controlled during the thin film growth by
a thermocouple placed on the substrate holder. Oxygen was
introduced inside the deposition chamber under various pressures:
30, 50, and 70 Pa. The thin films were grown on R-plane sapphire and
(100), LaAlO; (LAO). Note that this last orientation refers to the
commonly used pseudo-cubic subcell, whereas LAO is actually
rhombohedral. The deposition temperature was chosen to obtain
100 high-oriented thin films on both substrates.

Material Characterizations. For XRD analysis, two diffractom-
eters were used: a D8 Advanced Briiker AXS (6—26 configuration)
equipped with a monochromatized Cu Ka, radiation source and a
four-circle texture instrument (D8 Discover Briiker AXS) equipped
with a parallel beam Cu Ka, radiation in 6—26, @, and ¢ scan modes.
Surface morphology and thickness were determined via field-emission
scanning electron microscopy (FE-SEM), using a JEOL JSM 6310F
system working at a low accelerating voltage (7 kV). The composition
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of the films was analyzed by energy-dispersive X-ray spectroscopy
(EDS), using a JEOL JSM 6400 scanning electron microscope
equipped with an ISIS Oxford analyzer (10 kV was used as an
accelerating voltage and 10 nA as a beam current). A Horiba Jobin—
Yvon UVISEL spectroscopic ellipsometer was employed to investigate
the optical properties between 300 nm and 1200 nm. The
measurements were performed at an incident angle of 65°. The
optical model used to fit the experimental data was a three-layer model
corresponding to the substrate, the thin film, and a rough top layer. A
Cauchy dispersion'® (n = A + (B/A%)) with or without a linear
evolution (graded layer) of the refractive index was used to define the
optical properties of the thin films. The fitting routine was performed
in the spectral range where the film is transparent (the extinction
coefficient k is zero, i.e., in the 500—1100 nm range). Measurements at
microwave frequency were performed using three S50-Q coplanar
waveguide (CPW) transmission lines of various lengths (3, S, and 8
mm), which were designed by using the electromagnetic Ansoft HFSS
software, and manufactured using a standard photolithographic
process. First, an ultrathin titanium film (S-nm-thick) and a 2-um-
thick silver overlayer were deposited on the BZN films by RF
sputtering at room temperature. The titanium film ensured a strong
adhesion of the silver layer. Then, a photolithographic technique and a
wet etching operation were used to pattern the lines. The widths of the
gap and central conductor of the CPW lines were equal to 40 and 60
um on BZN/R-plane sapphire, and to 55 and 30 ym on BZN/(lOO)PC
LAO, respectively. These dimensions were defined for matching the
line impedance to S0 €, according to the substrate dielectric
permittivity. Note that the metal deposition and photolithographic
process, which are both carried out at room temperature, prevent
interdiffusion and/or desorption problem(s) of the samples. The
microwave measurements were performed at room temperature in X-
band (~10 GHz) using a vector network analyzer (VNA 37369A
Wiltron) and a probe station (Karl siiss) with a tip spacing of 200 ym.
The line-reflect-match calibration was carried out with a standard
coaxial kit. The complex propagation constant y* (and, thus, the
complex effective permittivity %4 = €' + i€” ) of the transmission
lines was calculated from the measured scattering parameters S;; and
S,1- This enabled one to compute the dielectric permittivity €, of the
BZN film using an analytical model based on the conformal mapping
method for ferroelectric/dielectric heterostructures.”® This model
takes into account the transmission line dimensions, as well as the
thicknesses of the BZN film and of the substrate. Further details are
given in refs 19 and 20.

B RESULTS AND DISCUSSION

Structure and Microstructure. The composition of the
thin films, deposited on both substrates from a stoichiometric
target, was Bi; 3ZnyNb,; Og, 5 (x = 02; y = 042), and no
significant difference regarding the cation composition was
observed between the samples, regardless of the oxygen
deposition pressure (30, SO, or 70 Pa). The difference in
composition between target and thin films has already been
noticed.' It is due to the volatility of bismuth and zinc at a high
temperature and low pressure. The XRD patterns of the BZN
films, deposited on both substrates at the mentioned oxygen
pressures, are represented in Figure 1. Despite the Bi and Zn
deficiencies, 0—26 patterns evidenced the possibility to achieve
single-phase BZN thin films. The diffraction peaks were
indexed in the cubic pyrochlore structure with a cell parameter
equal to 10.558 A + 0.004 A, which is close to the value of the
bulk material*’ (ICDD PDF Card No. 052-1770). The XRD
patterns show that the films were mostly oriented in the (100)
direction with some (111) and (110) oriented crystallites. On
both substrates, the increase in oxygen pressure led to a
decrease of the intensities of the peaks related to the secondary
orientations. The ratio of (hkl)-oriented grains of BZN (X,)
was estimated by the following formula (eq 1):
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Figure 1. 6—26 XRD patterns of the BZN thin films grown on (a) an
R-plane sapphire substrate; (b) a (100)pc LaAlO; substrate; and
deposited under oxygen pressures of 30, 50, and 70 Pa. Peaks marked
with a cross (+) and an asterisk (*) are related to BiNbO, (ICDD
PDF Card No. 16-0295) and to the substrates, respectively. For
comparison, the XRD pattern of the used target is given in diagram

(o).

Xt _ (Bistmn/ (D) puti
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and

Z Xy =1
(1)

where (I is the normalized integral intensity of the (hkl)
diffraction peak, which is equal to the integral intensity of the
w-scan peak multiplied by the full width at half maximum
(FWHM) of the (hkl) peak on the 8—20 pattern; (I)pux is the
integral intensity of the bulk material peak after correction,
according to the multiplicity of 1, corresponding to oriented
film or single-crystal reflections.

The proportions of each orientation are listed in Table 1. On
both substrates, thin films were mainly composed of a high
fraction (85%—100%) of (100) orientation. The in-plane
ordering of the (100) oriented BZN films was also probed by
@-scans (see Figure 2). An epitaxial-like growth of BZN was
evidenced with the four peaks separated by 90°. The FWHM of
the ¢-scan reflection peaks (A¢) of the BZN films grown on
sapphire ranged from 1.8° (70 Pa) to 3.1° (30 Pa). Thin films
on LAO showed a better in-plane ordering quality, with Ag
ranging between 0.4° (30 Pa) and 0.5° (70 Pa). This
improvement of the structural quality shown by the ¢@-scans
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Table 1. Relative Ratios of (hkl)-Oriented Crystallites and
(100) Out-of-Plane Ordering Quality (Aw) for Thin Films
Grown on R-Plane Sapphire and on (100),. LaAlO,
Substrates under Various Oxygen Deposition Pressures (30,
50, and 70 Pa)

ratio of (hkl) orientation

oxygen out-of-plane ordering:
pressure Aw of the 400
substrate (Pa) (100)  (111) (110) reflection
R-plane 30 85%  15% 1.4°
sapphire 5o 95% 5% 0.3°
70 ~100% <1% <1% 0.3°
(100), 30 98% 2% 0.4°
LaAlO; 5o ~100%  <1% 0.3°
70 100% 0.3°
| 90° 90°
1(a)
2 1
= {006}
S {(b) ALO,
Lo
=
‘@ 90° 90°
c .
Qo
£
|(c) |
45°
j {110},
(d) | o
180 -135 -90 -45 0 45 90 135 180
¢ )

Figure 2. ¢-scan XRD patterns performed on the {440} reflections of
(100) oriented BZN thin films grown on (a) an R-plane sapphire
substrate; (c) a (100)Pc LaAlOj; substrate; and deposited under an
oxygen pressure of 70 Pa. @-scan XRD patterns of the substrates
performed on (b) the {006} reflections of AL,O; and (d) the {110},
of LAO.

is consistent with the w-scan measurements (see Table 1). The
high quality of the epitaxial-like growth could be explained by
the calculated in-plane lattice mismatch, which was close to
—1.5% between the BZN cubic pyrochlore and the LAO
substrate and is defined by:

a —-2Xa,,
(BZN) pe(LAO) with

2 X a’pc(LAO)

“,pc(LAo) = Ap(Lao) X V2 = 5359A @)

Considering a rectangular lattice for the R-plane sapphire,
with @'y 0 = S12 A, b’y 0, = 476 A, and o'y, = 90°, the
calculated in-plane lattice mismatches are 11% and 3% and
correspond, respectively, to the following epitaxial relation-
ships: [010]BZNII[1210]ALO, and [001]BZNII[10T1]ALO;,
Therefore, the lattice mismatch difference depending on the
substrate could explain the lower epitaxial quality observed on
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Figure 3. FE-SEM plane views and cross-sectional views of BZN thin films grown on R-plane sapphire (a, b, and c) and on (100)1,c LAO (4, e, f) for
various deposition pressures: 30 Pa (a, d), SO Pa (b, €), and 70 Pa (c, f). The film thickness is given in the inset for each micrograph.

the thin film grown on R-plane sapphire. A secondary phase
identified as BiNbO, was detected in a very small amount on
LAO at a low deposition pressure but no significant change of
the global composition was evidenced by EDS (at an analysis
tool accuracy of <2%). The deposition temperature was set, for
the substrate holder, at the same value for both substrates.
Additional punctual pyrometric measurements have evidenced
a slightly higher temperature of the LAO substrate than that of
the sapphire, at ~20 °C. The presence of the BiNbO,
secondary phase has already been reported in the literature
on thin films deposited by using the PLD process,'* as well as
via the metal—organic decomposition method,® where a
decomposition of Bi; sZnysNb, ;O¢s into Bi; sZn;e,Nb; sOg0,
and BiNbO, has been observed at high temperatures. BiNbO,
has an orthorhombic cell, with a = 4.980 A, b = 11.700 A, and ¢
= 5.675 A (ICDD PDF Card No. 16-0295). In the present
study, the secondary phase can be favored by the slightly higher
temperature but also by a lower lattice mismatch. BINbO,, grew
with the (010) preferential orientation, which may be induced
by the single crystal substrate with calculated in-plane lattice
mismatches close to —7% and 6%, respectively, which are

defined by:

’ ’
A(BiNbO,) ~ % pc(LAO) C(BiNbO,) ~ % pc(LAO)

and

!
4 pe(LAO)

(©)

In this case, the grains of BiNbO, could start to crystallize from
the surface of the substrate, but there is no evidence that
BiNbO, was present, or not, along the entire film thickness.
Figure 3 shows the plane and cross-section views of the BZN
thin films grown on both substrates under the various oxygen
pressures. The surface morphology of the layers deposited on
R-plane sapphire has the same aspect, regardless of the oxygen
pressure, and shows a circular surface plane of the grains. An
increase of the average grain size (diameter of cylindrical-like
crystallites) from 37 nm (70 Pa) to 77 nm (30 Pa) was
observed (see Figure 4). On (100),. LAO, the same variation of
the average grain size was also observed for the thin films
grown with an increase from 45 nm (70 Pa) to 80 nm (30 Pa).
As opposed to the thin films on sapphire, the surface aspect of
the thin films deposited on LAO changes with the decrease of
the oxygen pressure in the chamber. Under a pressure of 70 Pa,

’
@ pe(LAO)

5230

8047 = On sapphire
- * OnLAO
€ 70
£
o 60 *
N =
(]
c 50
5 N
O 40
L]
30 v ‘ :
30 50 70

Oxygen pressure (Pa)

Figure 4. Lateral grain size deduced from the SEM plane view
observation of the film deposited (M) on sapphire and (%) on LAO
under different oxygen pressures: 30, 50, and 70 Pa.

the film was comprised of small grains (45 nm) that appeared
to be disconnected. When the deposition pressure decreased to
50 Pa, the morphology changed suddenly and the films
appeared more continuous, dense, and smooth and were
comprised of grains with an average diameter of 60 nm. Then,
the decrease of the oxygen pressure to 30 Pa increased the grain
size to 80 nm.

The evolution of the microstructure versus the oxygen
pressure was reported in many cases (for examgle, on
Bi; sZn;(Nb, O, and on graded (Ba,_,Sr,)TiO;).”* This
evolution could be explained by the Thornton Structure Zone
Model.> The change of microstructure is ascribed to the
properties of the species appearing on the surface substrate. It is
known that the ablated species, which are ejected from the
target, lose kinetic energy. This is essentially due to scattering
by the oxygen molecules. When the oxygen pressure increases,
the species reach the substrate with a lower kinetic energy;
therefore, their surface mobility decreases, which involves a
smaller grain size.**

Moreover, the thickness of the films deposited on the two
substrates decreases with the oxygen pressure, especially on
LAO (see Figure 3). In the case of the highest pressure, the film
is clearly comprised of columnar grains (diameter @ X length [
~ 45 nm X 550 nm), which grow from the film/substrate
interface to the surface and show homogeneous nanoporosity.
This porosity decreases as the pressure decreases (see Figures
3d, 3e, 3f). The difference in thickness, relative to the

dx.doi.org/10.1021/am301152r | ACS Appl. Mater. Interfaces 2012, 4, 5227—5233
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deposition pressure, could be explained by two phenomena,
which are directly linked to the effect of the oxygen pressure on
the plasma and on the particle kinetic energy. As explained
previously, at a low oxygen pressure, species reach the substrate
with a higher kinetic energy, which promotes densification. In
addition, the increase of the deposition pressure induces some
changes on the spatial extent of the plasma, which favors
plasma confinement. Therefore, an equivalent amount of
matter from the target impinges the substrate over a smaller
area, which contributes to an increase in the growth rate.2472¢
In this study, the oxygen pressure clearly affects the grain size
of the BZN thin films grown on both substrates and also the
growth mechanisms, which induce various morphologies.
Optical and Dielectric Properties. Figure S represents the
optical refractive indexes (n) and the microwave dielectric
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Figure S. Optical and dielectric properties of the BZN/R-plane
sapphire thin films: (a) foom (interface between the thin film and
substrate) and n,,, (surface) refractive indexes of the BZN films grown
under various oxygen deposition pressures (70, SO and 30 Pa); (b)
refractive index (@ 630 nm) and dielectric constant (@ 10 GHz) of
the BZN films versus grain size.

constant (¢,) measured on BZN films grown on R-plane
sapphire. The variation of n near the film/substrate interface
(Mhottom) and near the surface (1) is displayed in Figure Sa as
a function of the wavelength. A graded layer model was used to
fit the spectroscopic ellipsometry data. A variation of the
refractive index was observed along the thickness of the layer.
The indicated values are in the same range as those reported in
the literature.'>*%%’ Figure Sb shows the variations of n (n,,
and 7pgyom) at 630 nm, and &, at 10 GHz, of the BZN thin films
versus the grain size and the oxygen deposition pressure.
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Regarding the refractive index at the film/substrate interface
(Mpogtom), the three pressures of oxygen led to an equivalent
value of ~2.435 (at 630 nm), which was close to the value of
the bulk material (n &~ 2.4)."* It seems that the film/substrate
interface layer is quasi-independent of the oxygen deposition
pressure. The n,, refractive indexes (surface of the thin film)
are lower than the .y, refractive indexes and undergo a
linear-like variation, as a function of the pressure and grain size,
observed with refractive indexes of 2.39, 2.34, and 2.29 for the
thin films grown under 30, 50, and 70 Pa, respectively, which
also correspond to average grain sizes of 77, 57, and 37 nm,
respectively. There is no significant variation of the bottom
refractive index while a linear-like relationship between the top
refractive index and the average grain size is evidenced.

The BZN thin films show a dielectric permittivity ranging
between 85 and 13S. The effective loss tangent (tan §og = €” g/
€' .¢) was similar to that measured on bare sapphire substrates.
Therefore, BZN thin films should show a very low dielectric
loss, not far from that of the sapphire substrate (~107* at 10
GHz). This explains why it was not possible to determine the
intrinsic BZN loss from the scattering parameters. For
comparison, a dielectric constant (&,) of 200 has been reported
in other studies for randomly oriented BZN thin films
deposited on Pt-coated Si measured at lower frequencies (10
kHz and 100 kHz).*'® A dielectric permittivity of 150 at 10
GHz was reported by Booth et al.®® for polycrystalline
Bi, Zn Nb, ;O, thin films grown on a c-plane sapphire
substrate by RF sputtering. The difference in dielectric
permittivity is explained by the different given frequency, and
by the structural properties of the measured BZN thin films.
Furthermore, it has been shown that a decrease of Bi*" in site A
leads to a decrease of the dielectric permittivity,”® whereas a
decrease of the Zn®" content involves a higher permittivity.® In
the present work, the variation of the permittivity with the
oxygen deposition pressure could not be explained by a
difference in the cation composition, because the films have the
same composition, such as revealed by EDS. An increase of the
lateral grain size, correlated with a decrease of the oxygen
pressure, involves an increase of the dielectric constant from 85
to 135. Similarly, an increase of the dielectric permittivity from
120 to 180 at 10 kHz when the oxygen deposition pressure
decreases from S50 Pa to 10 Pa has been observed on
Bi; sZnNb, O, thin films grown on Pt-coated Si.'* The
authors attributed this variation to the variation of stress, (111)
preferential orientation, and microstructure (shape of grains,
grain size, and thickness) (which demonstrated a strong
dependency on the oxygen pressure). Other examples were
reported such as a study on SrTiO; thin films, which has
evidenced an increase of the dielectric constant with the
increase of the grain size.>’

In order to provide a qualitative explanation for the
dependence of both the refractive index in the visible range
and the dielectric permittivity in the microwave range on the
grain size, the Bruggeman effective medium approximation3L32
can be used:

& — €n

RS T

& + 2¢,

g, — ¢
g m |y
£ t 2&, (4)
where &, &, and &, are the medium effective dielectric
function, the dielectric function of the grains, and the
counterpart of the grain boundaries, respectively. fy is the

“volume” fill fraction of the grain boundaries. It is well-known
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that spectroscopic ellipsometry is a powerful characterization
technique. With a good understanding, correct modeling and
also the use of complementary techniques, even the grain size
can be correlated with the dielectric function.** >’ Usually, the
dielectric function (the squared refractive index) of a grain is
larger than that of the grain boundary, since the dielectric
function is proportional to the atomic density®>*” and the local
or extended defects identify the grain boundaries.*® Therefore,
the smaller the grain size, the higher the density of the grain
boundaries (higher f,), and the smaller the corresponding
refractive index. In order to also try to explain why, at the thin
film/substrate interface, there is an optically denser material, we
have taken into account the growth consideration. According to
the columnar shape of the grains which grow perpendicular to
the substrate surface, it can be assumed that the growth process
is a three-dimensional process (Volmer—Weber model). At the
interface, because of the lateral compressive stress undergone
by the BZN cells, as well as the stress between two adjacent
growing islands, it can be envisaged that the forming layer will
have a higher atom concentration, i.e., a higher density, than the
relaxed top layer. Moreover, because of the same lateral
compressive stress, the atom density along the grain boundaries
in the nucleation layer might be higher than the atom density
inside the grains.

In this study, the thin films grown on R-plane sapphire show
a roughly similar density whatever the pressure (see Figure 3).
Consequently, the behavior of the optical and dielectric
properties could be explained by the variation of the
microstructure along the film thickness and between samples,
in which the grain size changes under the oxygen deposition
pressure (grain size and density of grain boundaries).

Figure 6a represents the dispersion of the refractive index of
the BZN films grown on LAO at various oxygen deposition
pressures as a function of the wavelength, whereas Figure 6b
shows the refractive indexes at 630 nm versus the grain size and
the oxygen pressure. In contrast to the results obtained on R-
plane sapphire, no variation of the refractive index along the
film thickness is observed. This result shows the homogeneous
growth of the films. BZN films have a similar refractive index
dispersion with absolute values, which are slightly higher than
the bottom refractive indexes of the BZN films grown on R-
plane sapphire. These differences might be attributed to the
specific growth characteristics induced by each substrate, which
lead to different microstructures, and/or to the presence of the
BiNbO, secondary phase (a higher index material with a value
close to 2.5).*' As observed on sapphire, the refractive index of
BZN thin films grown on LAO increases from 2.47 (70 Pa) to
2.5 (30 Pa) when the average grain size increases from 45 nm
to 70 nm (see Figure 6b). Although the refractive index—each
atom’s volume density—grain size recurrence seems to govern
the characteristics of the thin films described, we cannot
exclude contributions from possible slight stoichiometry
differences between samples as well as stoichiometry in-depth
profiles, which usually occur when a single source (target) is
used.** Also, the presence of BiNbO, at the lowest
deposition pressures can contribute to increasing the refractive
index.

Bl CONCLUSION

(100) epitaxial-like grown BZN cubic pyrochlore thin films
have been deposited on R-plane sapphire and (100),. LaAlO;
substrates. The microstructure of the thin films is sensitive to
the substrate and to the oxygen deposition pressure. When the
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Figure 6. Optical properties of the BZN/(100),. LAO thin films: (a)
refractive index of the BZN films grown under various oxygen
deposition pressures (70, 50, 30 Pa); (b) refractive index of the BZN
films versus grain size.

pressure decreases from 70 Pa to 30 Pa, the lateral grain size
increases from 37 nm to 77 nm and from 45 nm to 80 nm on
sapphire and LaAlO;, respectively. The influence of the
microstructure on optical and dielectric properties was
emphasized. Optical studies have shown that, in contrast with
LaAlO;, the films deposited on sapphire display a graded
refractive index from the film/substrate interface to the surface.
The refractive index shows a quasi-linear dependence on grain
size (from 229 to 2.39 on sapphire). Moreover, a strong
correlation between the characteristics measured by spectro-
scopic ellipsometry on bare thin films (1 in the optical range)
and on coplanar devices in the microwave range (¢, at 10 GHz)
was evidenced. Although the dependence of the refractive index
on grain size cannot be generalized to other thin films and/or
other deposition processes, the unexpected optical properties—
grain-size relationship might be understandable, according to
the present work.
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