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Abstract

Transparent capacitors, based on the bismuth magnesium niobate
(Bi; sMgNb; 507, BMN), have been fabricated on indium tin oxide glass substrates by
rf magnetron sputtering. The effect of the post-annealing condition on structural,
electrical, and optical properties of BMN thin films was investigated. X-ray
diffraction patterns and scanning electron microscopy reveal that the BMN thin films
post-annealed in the oxygen partial pressure of 0.1 MPa have the best crystalline
quality of all the post-annealing condition. The BMN thin films exhibit an average
transmittance of 85% in the visible light range (380-780 nm), while the value of
optical absorption edge is 3.59 eV. Dielectric measurements indicate that the thin
films exhibit medium dielectric constant of about 99, low loss tangent of 0.0037, and
superior tunable dielectric properties at room temperature. Calculations of dielectric
tunability and figure of merit (FOM) display a maximum value of 28% at 1.3 MV/cm

and ~57, respectively. The results show that BMN thin films have great potential for
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electric field tunable transparent capacitors.

Keywords: Thin films; Sputtering; X-ray diffraction; Electrical properties

1. Introduction

In recent years, much attention has been devoted to the development of tunable
dielectric materials for electric field controlled, frequency-agile phase shifters and
filters operating in the microwave regime [1-4]. Ba,Sr;_TiO3 (BST) thin films have
been intensively investigated for its large tunability [5, 6]. However, high dielectric
loss in the microwave region strongly inhibits their industrial applications [7, 8].
Alternative tunable materials are therefore of great technological and scientific
interest [8]. Bismuth-based pyrochlores have been found to be of interest for low-fired
high frequency dielectric application because of their low dielectric loss, low leakage
current density, good temperature stability, medium dielectric constant and
electric-field tunability [9-11]. Among these, the Bi,O;—MgO-Nb,Os system is
attracting more attention as microwave tunable dielectric mainly due to its very low
dielectric loss and moderate dielectric constant [12, 13]. In addition, the cubic
pyrochlore Bi;sMgNb;s0; (BMN) thin films are reported to demonstrate large
electric-field tunability of ~39% achieved at a maximum applied bias field of 1.6
MV/cm [8].

Recently, there are several studies on fabricating transparent dielectric oxide

devices based on transparent conducting glasses [14, 15]. Moreover, combining an
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optically transparent substrate with wide band gap oxides to form thin film transistors
gives interesting opportunities for optical applications [16, 17]. In such applications,
the dielectric layer with a high dielectric constant is very effective in realizing thin
film devices with a low driving bias filed. BMN has been posited to have suitable
properties for such device applications [8]. Additionally, the integration of high
dielectric constant ceramic films on transparent conductive oxide (TCO) films with
glass substrate increases the freedom of design of novel photovoltaic devices.

There are numerous deposition techniques used to grow dielectric oxide thin
films including molecular beam epitaxy (MBE) [1, 18], sol-gel processing [2, 3, 11,
19], magnetron sputtering [5, 8], metal-organic chemical vapor deposition (MOCVD)
[20], chemical solution deposition (CSD) [21, 22] and pulsed laser deposition (PLD)
[10, 23]. Among fabrication methods, magnetron sputtering is considered to be the
most favorable deposition method to obtain highly uniform films even on
polycrystalline substrates at high deposition rates. Also, the surface of the thin films
grown by magnetron sputtering can be very smooth [4]. The thin films with smooth
surface are advantages for transparent dielectric oxide devices.

It is worth noting that indium tin oxide (ITO glass) is a low cost and an
industrialized substrate [24], herein BMN thin films were deposited on the ITO glass
substrates by magnetron sputtering. The post-annealing process after thin film
deposition is considered to be an effective way to improve the quality of thin film [25].
Therefore, an investigation of post-annealing of BMN thin films is considered to be

valuable. In this paper, the transparent capacitors based on the BMN thin films were
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deposited on the ITO glass substrates at 500 °C by magnetron sputtering. The
influences of post-annealing on the crystallinity, surface topography, optical and

electrical properties of BMN thin films have been systematically investigated

2. Experimental

The Bi; sMgNb; 507 ceramic target was prepared by solid state reaction process
with Bi,O3, MgO, and Nb,Os as starting materials. The mixtures of starting materials
in stoichiometry were pressed into 3 inch diameter and 4 mm thickness pellet at 20
tons and then sintered at 1180 °C for 4h in air. The ITO glass substrates were cleaned
in an ultrasonic bath with alcohol for 30 min. BMN thin films were deposited on ITO
glass substrates by rf magnetron sputtering from the BMN ceramic target. The target
to substrate distance was kept as 10 cm. Before sputtering, the vacuum chamber was
evacuated down to a base pressure of 7.0 x10 Torr. High purity (99.99%) Ar and
(99.99%) O, were introduced through separate mass flow controllers. The total
pressure during sputtering was maintained at 10 mTorr, and the O,/Ar ratio was 3:17.
The substrate temperature was controlled at 500 °C. The depositing power was fixed
at 150 W. Before deposition, the target was pre-sputtered in O+Ar atmosphere for 15
min to remove any impurity on the surface of the target. The film thickness was
controlled to be ~220 nm. After the deposition, thin films were annealed at 700 °C for
10 min in air, oxygen partial pressure of 0.02 MPa and oxygen partial pressure of 0.1
MPa, respectively. In the end, Au top electrodes with 0.2 mm in diameter were
patterned by lift-off process to prepare the capacitor.

The crystallinity was determined by X-ray diffraction using a (Rigaku
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D/MAX-RB, Akishima, Tokyo, Japan) system equipped with a Cu-Ka radiation
source (1.542 10\) scanning the diffraction angles (20) between 20° and 70° (increment
0.02°). Thin film morphologies were investigated by scanning electron microscopy
(JEOL JSM-7600F, Akishima, Tokyo, Japan). The thickness of the films was
measured by Alpha-Step D-100 profilometer (KLA-Tencor, California, USA). For
electrical measurement, Au top electrodes with 0.2 mm in diameter were patterned by
lift-off process to form the metal-insulator-metal type capacitors. The dielectric
properties, tunability were measured at room temperature by Aglient 4285A precision
LCR meter (Santa Clara, California, USA). The leakage current of the films was
measured by Aglient 4339B High Resistance Meter (Santa Clara, CA, USA) at room
temperature. And the optical transmittance spectra were obtained on an
ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer (Cary 5000,

Varian).

3. Results and discussion

Fig. 1 displays the XRD patterns of the BMN thin films grown on the ITO glass
substrates with different post-annealing methods. The as-deposited BMN thin films
are amorphous in nature when deposited at 500 °C without post-annealing. However,
the thin films begin to crystallize when post-annealed at 700 °C. After the deposition
of thin film is completed, the adatoms and ions on the substrate cannot get enough
energy to migrate, resulting in the thin films are amorphous. After post-annealing, the
adatoms and ions get the follow-up energy from the post-annealing process to

overcome the barrier and reach their ideal position [26]. The crystal growth is
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governed by the principle of minimum energy and the annealing process easily makes
the crystal being in the minimum energy state [27, 28]. As shown in Fig.1, all thin
films post-annealed at 700 °C exhibit cubic pyrochlore phase structure. No other
phase can be detected in the XRD patterns except of the character peaks of ITO/grass
substrate. The (2 2 2) peak intensity initially increases with increasing oxygen partial
pressure. These phenomena can be explained as follows. For BMN thin films
post-annealed in the air, there exist lots of oxygen vacancies, thus resulting in the fact
that the chemical composition of BMN thin films is non-stoichiometric and then the
BMN thin films have worse crystalline. There are still many oxygen vacancies in the
BMN thin film, when annealed in oxygen partial pressure of 0.02 MPa. However, the
post-annealing in oxygen partial pressure of 0.1 Mpa is much more effective to the
reducing or elimination of oxygen vacancies, and the crystalline become better,
therefore, the (2 2 2) peak intensity increase.

The SEM images of the surfaces of BMN thin films s grown on the ITO glass
substrates with different post-annealing methods are presented in Fig. 2a-d. When the
BMN thin films deposited at 500 °C without the post-annealing treatment, the film
did not crystallize, the surface is inhomogeneous and incompact, as shown in Fig. 2a).
After post-annealed at 700 °C (Fig. 2 b-d), it is clear that by post-annealing treatment,
the grain was refined, the surface of the films became more homogeneous and dense.
As we know that the grain size is controlled by the two progresses, namely, nucleation
and growth in the films. When in the relative low grown temperature, the interfacial

energy of the films is high. It is difficult to crystallize the thin films (Fig. 2a). By
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post-annealing at 700 °C in air, these zones of un-crystallization will be crystallization,
especially in the surface of the films. The interfacial energy becomes lower in the
post-annealing method, a great amount of the nucleus site of the films will greatly
increase, and the films are well crystallized, naturally, fine grains are attainable. These
grains will grow in the following oxygen partial pressure, and then we can gain the
grains with much bigger grain size and better crystalline quality (Fig. 2d). The above
SEM results are consistent with the XRD results.

The spectral transmission curves of the BMN thin films grown on the ITO glass
substrates with different post-annealing methods are shown in Fig. 3a. All the
transmission spectra show interference fringes which originate due to interference at
the air and substrate thin film interfaces (As shown in Fig. 2). The sharp fall in
transmission and disappearance of the fringes at the shorter wavelength is due to the
fundamental absorption of the thin films. Average transmittance of BMN thin film can

be defined as follows [29]:

[V
[R('2

where T(A) is the measured transmittance of thin film system, and V(}) is the photopic

)

luminous efficiency function defining the standard observer for photometry. The
range of A is from 380 nm to 780 nm. V(A) approaches zero beyond this region and
reaches the maximum of 1 at 555 nm, the medium of this region. The optical
transmittance of as-deposited BMN thin films deposited at 500 °C without
post-annealing is about 70% in the visible range of wavelengths (380-780 nm). After

post-annealing, we can see that all the BMN thin films show high transmittance
7
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(above 80%) in the visible region. The average optical transmittance values are 80%,
84%, and 86% for the BMN thin films post-annealed in the air, post-annealed in
oxygen partial pressure of 0.02 MPa and post-annealed in oxygen partial pressure of
0.1 MPa, respectively. It is observed that the average optical transmittance increases
with the increase in the oxygen partial pressure. The optical transmission of thin film
is strongly depending on its structure, surface morphology and density. The increase
of the optical transmittance of BMN thin film with the increase of oxygen pressure
can be attributed to a weakening of the scattering, and the absorption of light, due to
the increase of the crystallinity. In addition, since surface state is related to deep level
defects, which are most probably due to oxygen vacancies or bismuth interstitials, the
surface state level will absorb visible photons [30]. But the surface state density of the
BMN thin film greatly decreases with increasing oxygen partial pressure (as shown in
Fig. 2), therefore, the optical transmittance increases.

The transmittance data obtained for the film is used to calculate the absorption

coefficients at different wavelengths using the following relation [31]:

In(1/T)
a =

" 2)

where d is the film thickness, a is the absorption coefficient and T is the transmittance
of the thin film. The fundamental absorption, which corresponds to the electron
excitation from valance band to conduction band, is usually used to determine the
value of optical band gap (Eg) using the Tauc relationship [32],

as C(hv—-Eg)" (3

where C is a constant, v is the transition frequency and the exponent n characterizes
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the nature of band transition. n = 1/2 and 3/2 corresponds to direct allowed and direct
forbidden transitions and n = 2 and 3 corresponds to indirect allowed and indirect
forbidden transitions, respectively [33]. Inter-band optical transitions that can be
described by wave functions localized over a distance of the order of lattice constant
are relatively unchanged by disorder. Therefore, optical band gap and the constant C
estimated from o™ vs E reflects its local atomic structure undetected by XRD. That is,
these parameters can be correlated with the short-range order at the nano-scale and,
particularly, amorphous phase alone or phases co-existing with crystalline materials in
films. It is observed that for all the films, the best straight line is obtained for n = 1/2
which is expected for direct allowed transitions. The optical band gap of as-deposited
BMN thin film without post-annealing obtained from Fig. 3b is 3.45 eV. After
post-annealing, the optical band gaps for the BMN thin films post-annealed in the air,
post-annealed in oxygen partial pressure of 0.02 MPa and post-annealed in oxygen
partial pressure of 0.1 MPa, are 3.52, 3.56 and 3.59 eV, respectively. The optical band
gap also shows an increase on oxygen partial pressure, indicating the decrease of
amorphous state and the defect in the BMN thin film. The low band gap in the
as-deposited thin films may be due to the disorder crystalline structure and too much
defect the increase in optical band gap what reflects the crystallinity in the BMN thin
films.

The dielectric constant and dielectric loss were measured by applying a small ac
signal of 0.5 V amplitude as a function of frequency in the range of 75 kHz-30 MHz.

Fig. 4a gives the frequency dependence on the dielectric constant and dielectric loss
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of the BMN thin films with different post-annealing methods. It can be seen that there
is little or no dispersion of dielectric constant in the frequency range from 0.075 MHz
to 30 MHz for all the BMN thin films. This type of result ruled out the presence of the
effect of mobile charges in the film, which may accumulate near the top and bottom

interface between the film and electrode [7]. At frequency >4 MHz, though the

dielectric constants remain constant, the loss tangents slightly increase with frequency.

Such increase in loss tangents accompanied by a constant value of dielectric constant
should be attributed to resonance effect. The resonance may arise due to the matching
of the frequency of charge transfer between the cations and anions, and that of the
applied electric field [34]. In addition, a similar inference can also be drawn from
frequency dependence dielectric loss curves.

The dependence of the dielectric constant and the loss tangent of BMN thin films
with different post-annealing methods at a measuring frequency of 1 MHz is shown in
Fig. 4b. For the as-deposited thin film, the dielectric constant value is ~52 at 1 MHz,
measured at room temperature. After post-annealing, the dielectric properties of BMN
thin films show the obvious improvement. Dielectric constant increases and loss
tangent decreases. The dielectric constant of the BMN thin films grown on ITO glass
post-annealed in air, post-annealed in oxygen partial pressure of 0.02 MPa and
post-annealed in oxygen partial pressure of 0.1 MPa, was 81, 93 and 99, respectively,
measured at a frequency of 1 MHz and at room temperature. This difference in
dielectric properties in these three kinds of BMN thin films may be attributed due to

different grain size and change in the direction and magnitude of electric polarization

10
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in orientation engineered BMN thin films [35]. These polarization changes come from
the magnitude variation of the relative displacement of the Nb ion with respect to the
O ion, the domain crystallize mechanism change, and the strain and stress changes in
perovskite BMN thin film [36]. The room temperature dielectric constant of the BMN
thin films post-annealed in oxygen partial pressure of 0.1 MPa is relatively higher
than that of the thin films post-annealed in oxygen partial pressure of 0.02 MPa and
post-annealed in air. The enhancement of the dielectric constant was attributed to the
relatively larger grain size of the BMN thin film with (222) orientation (As shown in
Fig. 1 and Fig. 2). The high loss tangent observed for the as-deposited BMN thin film,
the decrease in loss tangent of thin films post-annealed at 700 ‘C may be attributed
to the low leakage current because of decrease of defects in the thin film and the
crystal of the thin films. The thin films post-annealed in oxygen partial pressure of 0.1
MPa show loss tangent as low as 0.0037 at 1 MHz.

The bias-field dependence of the dielectric constant and the loss tangent at 1
MHz for BMN thin films deposited on ITO grass substrates with different
post-annealing methods are shown in Figs. 4c. Defining the dielectric tunability in
bias field as [£(0)—&(v)]/e(0), where €(0) is the measured dielectric constant at zero
bias field and &(v) is the dielectric constant at the maximum applied bias field [8, 37].
According to Fig. 4d, the as-deposited BMN thin film exhibits the lowest dielectric
tunability of 7% at a bias field of 1.3 MV/cm. After post-annealing, BMN thin films
exhibit the excellent dielectric tunability. The tunability of the BMN thin film
post-annealed in air is 19% (1.8 MV/cm) and the tunability of the film post-annealed

11
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in oxygen partial pressure of 0.02 MPa is 24% (1.8 MV/cm), whereas that of the
BMN thin film post-annealed in oxygen partial pressure of 0.1 MPa reaches 28% at
1.8 MV/cm. The tangent of BMN thin film post-annealed in oxygen partial pressure
of 0.1 MPa is about 0.004, changing little with the downward and upward bias fields.
After post-annealing, with the increase of oxygen partial pressure, the increase in
tunability is probably because a different microstructure and less oxygen vacancies
and defects in the BMN thin films, which in turn affects the tunability of the thin
films [38].

In electrically tunable applications, the figure of merit (FOM) is usually used to

evaluate the quality of tunable materials. The FOM is defined as [39, 40].

tunability
tan &

FOM = 4

Fig. 4d shows the FOM as a function of electric field for the BMN thin films. As
shown in Fig. 4d, the as-deposited BMN thin film has a FOM of 7 at 1.3 V/cm, the
thin film post-annealed in air has a FOM of 41 at 1.8 MV/cm, the post-annealed in
oxygen partial pressure of 0.02 MPa has a FOM of 48 at 1.8 MV/cm, and the
post-annealed in oxygen partial pressure of 0.1MPa has a maximum FOM of 57 at 1.8
MV/cm. The high FOM values can attribute to the excellent tunability and the lower
dielectric loss.

As shown in Fig. 5, the BMN thin films post-annealed in oxygen partial pressure
of 0.1MPa have significantly lower loss tangent in the all samples. The factors
influencing the dielectric loss are quite complicated. However, at low frequency

considered in this study, the overall dielectric loss is dedicated by the polarization loss

12
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(it is strongly affected by space dipole determined by interface conditions and defects
in BMN thin films) and leakage conductance loss. The leakage conductance loss was
evaluated by leakage current measurements. The relationship between leakage current
density and applied bias field for BMN thin films are shown in Fig. 5. The
as-deposited BMN thin films deposited on ITO glass substrate shows the highest
leakage current density (8.0x10™ A/cm?) at the applied field of 0.45MV/cm. After
post-annealing, the leakage current density decrease evidently (<5.0x10° Alem?),
compared to the as-deposited BMN thin films. However, with the oxygen partial
pressure increasing, the leakage current density increase density of thin films
post-annealed increases slight. We believe that microstructure, grain size, grain
boundary all play certain roles in the leakage current behavior of these thin films. This
can be explained as follows. There are lots of deficient sites in the as-deposited BMN
thin films without post-annealing, because the BMN thin film is amorphous, therefore,
the leakage current density is very high. After post-annealing, the grain sizes of thin
films increase as the increase of oxygen partial pressure, as shown in Fig. 2, the BMN
thin films with larger grain sizes and more aligned grain configurations have overall
shorter conduction paths along the grain boundaries, which causes an increase slight
in the leakage current density.
4. Conclusions

We have fabricated novel Bi;sMgNb;sO; transparent capacitors using rf
magnetron sputtering technique. The structural, microwave dielectric and optical

properties of Bi; sMgNb;50; thin films grown on ITO glass substrates were
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investigated to verify the influences of post-annealing process. The oxygen partial
pressure dependence of the optical transmittance, band gap and dielectric properties of
these thin films were studied both in amorphous and crystalline forms. X-ray
diffraction patterns and scanning electron microscope analysis reveal that the BMN
thin film post-annealed in the oxygen partial pressure of 0.1 MPa had the best
crystalline quality. The BMN thin film post-annealed in the oxygen partial pressure of
0.1 MPa showed the best dielectric properties, with a dielectric constant of 99 at 1
MHz, dielectric tunability of 28%, dielectric loss of 0.0037, and a mean optical
transmittance in visible wavelength of 85% in the visible wavelength regions with an
optical absorption edge value of 3.59 eV. Moreover, the relatively low leakage current
associated with post-annealing at 700 °C enables these novel Bi;sMgNb;s0;

transparent capacitors to be integrated into opto-electronic devices.
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Figure captions

Figure 1. X-ray diffraction patterns of BMN thin films grown on the ITO glass
substrates with different post-annealing methods (a. ITO glass, b. as-deposited, c.
post-annealed in air, d. post-annealed in oxygen partial pressure of 0.02 MPa, e.

post-annealed in oxygen partial pressure of 0.1 MPa).

Figure 2. SEM surface morphologies of BMN thin films: (a) as-deposited films, (b)
post-annealed in air, (c) post-annealed in oxygen partial pressure of 0.02 MPa and (d)

post-annealed in oxygen partial pressure of 0.1 MPa.

Figure 3. (a) The optical transmittance spectra of BMN thin films with the different
post-annealing methods; (b) The optical band gap of BMN thin films with the
different post-annealing methods. (a. as-deposited films, b. post-annealed in air, c.
post-annealed in oxygen partial pressure of 0.02 MPa, d. post-annealed in oxygen

partial pressure of 0.1 MPa).

Figure 4. (a) Frequency dependence of the dielectric properties of BMN thin films
with the different post-annealing methods; (b) Dependence of dielectric constant and
loss tangent at 1 MHz for BMN thin films with the different post-annealing methods;
(c) The bias field dependence of the dielectric constant and the loss tangent at 1 MHz
for BMN thin films with the different post-annealing methods; (d) The figure of merit

of BMN thin films with the different post-annealing methods. (a. as-deposited films, b.
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post-annealed in air, c. post-annealed in oxygen partial pressure of 0.02 MPa, d.

post-annealed in oxygen partial pressure of 0.1 MPa).

Figure 5. Dc leakage current density vs. applied bias field of BMN thin films with the
different post-annealing methods (a. as-deposited films, b. post-annealed in air, c.
post-annealed in oxygen partial pressure of 0.02 MPa, d. post-annealed in oxygen

partial pressure of 0.1 MPa).
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Fig. 2
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Fig. 5
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