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Abstract

In this work, Ba,Sr;,TiO3 solgel thin films (x=0.7, 0.5 and 0.3) deposited on Pt/Si substrate
and post-annealed at different temperatures have been investigated. A systematic study of the
structure, microstructure and of the dielectric properties have been achieved for each composition. To
our knowledge, for the first time, a systematic effect of post-deposition annealing temperature and
composition is reported. For each Ba/Sr ratio, higher annealing temperature leads to crystallinity
improvement and to grain growth. A shift of the ferroelectric to paraelectric transition toward the bulk
Curie temperature with the increase of the annealing temperature is shown. These results are correlated
with the increase of the permittivity, tunability and dielectric losses measured on MIM capacitors at
low frequency. Moreover, the high frequency results, between 800MHz and 30GHz, are in very good

agreement with low frequency measurements, and show a huge tunability up to 80% under 600kV/cm.
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1- Introduction

Over the past few years, ferroelectric thin films have been widely considered for tunable
microwave devices. A good lead free candidate is Ba,Sr;.,Ti0; (BST), showing a high permittivity, a
good tunability, and low dielectric losses. It is well known that downsizing ceramic to thin film, these
dielectric properties are affected.

BST thin films can be prepared by several techniques such as MOCVD, RF-magnetron
sputtering, pulsed laser ablation and sol-gel processes [1-4]. Among these techniques, sol-gel
deposition is of a great industrial interest, using simple equipment and fast process. In addition, it
offers some advantages, such as good film homogeneity and stoichiometry and large area deposition.

The main goal for applications is to understand and control the effect of the composition and
of process parameters on the properties. Many studies have been carried out concerning the Ba/Sr ratio
effect, on the optical properties [5-8], on nanomechanical characteristics [9], on the electrical
properties [10-11] or dielectric properties at low frequencies [12] and microwave frequencies [13-15].
The most influential process parameter common in many synthesis or deposition techniques is the
temperature [16-18]. Wu et al explored the effect of the annealing temperature for various
compositions [19] on the diclectric properties but only at low frequency.

In this paper, a study of the structure, microstructure and of the dielectric properties at low and
high frequencies of BST sol-gel thin films deposited by spin coating is presented, in which the effects
of post-deposition annealing temperature and composition are investigated. To our knowledge, for the
first time, a systematic behavior in terms of grain sizes, ferroelectric to paraelectric transitions and
dielectric properties of three different Ba,Sr;., TiOs film compositions is reported, with x=0.7 (BST70),
x=0.5 (BST50) and x=0.3 (BST 30). Radio Frequency measurements are also presented: a very high

tunability at I0GHz is reported.

2- Experimental procedure
The Ba,Sr;,TiO;s precursor sols used in this study were purchased from Mitsubishi Material
Corporation, Japan. Thin films of approximately the same thickness were prepared by spin coating

using three different compositions with x equal to 0.7/0.5/0.3. The films were deposited on Pt/Si



substrate. Each coated layer was pyrolyzed, and the process was repeated in order to obtain the desired
thickness. Finally the whole films were post-annealed under oxygen at various temperatures from 600
to 800°C. The phase formation and the film crystallinity were analyzed using a Panalytical X pert
MDP X-ray diffractometer in Bragg-Brentano geometry, with a 40kV working voltage. The grain size
and morphology were investigated by scanning electron microscopy (SEM) using a Nova NanoLab
600 microscope at 15kV for the top view images, and a JEOL 6700 at 5kV for the cross section image.

So as to study the dielectric properties at low frequencies of our films, Metal-Insulator-Metal
(MIM) structures were formed by depositing top electrodes by RF-magnetron sputtering at room
temperature through a shadow mask. These 100 nm thick top electrodes were circular with a diameter
of 600um. The capacitance-voltage (C-V) characteristic of MIM capacitors were investigated at room
temperature using a Siiss Microtec PMS5 probe system and a Hewlett Packard 4194A Impedance/Gain
Phase Analyzer. The C-V curves were measured at 100 kHz and 0.1 V AC signal, and the dielectric
permittivity was then calculated using capacitance, and the dimensional parameters: the thickness d
obtained from cross section SEM images, and top electrode areas 4 measured with an optical
microscope. The capacitance-temperature (C-T) characteristics were carried out in a home built
measurement cell. The samples were mounted inside a furnace, in a vacuum chamber equipped with a
cryogenic cooler. The furnace temperature was regulated with a Eurotherm device and a platinum
resistance temperature sensor fixed on the furnace. A second Pt sensor was fixed in the substrate
holder to give the sample temperature. The measurements were performed under helium atmosphere
providing a good thermal contact. This system can afford a large temperature control range from -
200°C to 150°C. Capacitance-Frequency (C-F) characteristics were measured with a Wayne Kerr
6500B Impedance Analyzer each 15 seconds during the sample temperature ramp up rate (0.5K/min)
thereby giving C-T curves at many frequencies.

The RF properties were investigated on Parallel Plate Capacitors (PPC) shown in Fig. 1. A
design consisting of two imbricate gold circle patches as signal and ground electrodes is patterned
over BST layer. Two PPCs have been fabricated of dimensions given by:

Capacitor 1 (Denoted by C,): a,=20 pm, b,=60 pm, ¢,=280um.

Capacitor 2 (Denoted by Cy): a,=30 um, b,=60 um, ¢,=280um.



These dimensions take into account the RF probes pitch (150pum) needed to be satisfied for the
measurement process (Fig. 1 (b)). One port reflection measurements of the parallel plate varactors at
frequency ranges from 800 MHz to 30 GHz are carried out by using the Anritsu 37397C vector
network analyzer (VNA) and Picoprobes with 150 um GSG coplanar pitch. The bias voltage is
supplied via the internal bias tee of the VNA that allows biasing up to 40V, while SOLT calibration is
used. This method was first proposed by Ma et al. in [20]. One of the advantages of this test structure

is its minimized parasitic R and L, in addition to its easy fabrication.

Platinum layer
(a) (b)
Fig. 1 : (a) Layout of the fabricated MIM capacitors for the RF measurements, (b) Microscopic top view

picture of the structure.

A simplified model of this PPC may be given as shown in Fig. 2.
C a, b Ra, b
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Fig. 2 : The equivalent series R-C model of a tunable MIM capacitor where “a” and “b” are suffix
denoting the first and second capacitor, respectively.

Where the values of the capacitance and the resistance may be obtained from:
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3- Results and discuss

3.1-  Structure and microstructure analysis

The crystallinity of the films was studied by X-ray analysis. Fig. 3 shows diffractograms of
BST70, BST50 and BST30 annealed at the same temperature (Fig. 3(a)) and BST70 annealed at
different temperatures (Fig. 3(b)). As we can see, pure BST phase as been synthesized and the thin
films are polycrystalline without preferential orientation. Silicon and Platinum diffraction peak can be
seen on the XRD pattern, belonging to the substrate. The cell parameters, calculated from the

diffractograms and shown in Table 1, are in good agreement with the bulk parameters [21]. For the



BST70 samples, a cubic structure pattern has been obtained, which let us think that the films are in
paraelectric state at ambient temperature. Fig. 4 shows a better definition scan of the (110) peak of
BST70. The intensity of the (110) peak increases from 600 to 700 °C and is then stabilizing between
700 and 800°C meaning that the crystallinity is improved with the temperature, reaching its maximum
at 800°C. The full width at half medium (FWHM), decreasing with temperature increase, is associated
with the grain size increase.
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Fig. 3 : XRD pattern of solgel BST thin films, (a) with different compositions annealed at the same
temperature: 800°C, (b) for BST70 annealed at different temperatures: 600°C, 700°C and 800°C.
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Fig. 4 : XRD centered on the 110 BST70 diffraction peak for different annealing temperature. Inset: table
of the intensities and FWHM.

Anneal. T a (BST70) a (BST50) a (BST30)
800°C 3.97(8) A 3.953) A 3.93(9) A
700°C 3.97(5) A 3.95(4) A 3.93(6) A
600°C 3.97(5)A 3.953) A 3.93(6) A
Bulk 3.974 3.952 3.932
Table 1 : Cell parameter of solgel BST thin films with different compositions and different annealing
temperatures.




Fig. 5 presents the SEM images of the surface of the BST70, BST50 and BST30 films
annealed at 600, 700 and 800°C. For each composition, an increase of the grain size with the
temperature can readily be seen, which is in agreement with the XRD analysis. For the BST70, the
grain size around 30nm at 600°C, is up to 150nm at 800°C. At 600°C, the majority of the grains are
separated by porosity, and the increase of temperature allows then the coalescence of those small
grains. The coalescence also leads to a size increase of the intergranular porosity. Moreover, for a
same annealing temperature, the grain size increases with raising the Ba/Sr ratio . BaTiO; melting
temperature (T =1618°C) is indeed smaller than that of SrTiO; (T ,=2080°C), then when the Ba/Sr
ratio is increased, the Tnear/ Tmere Tatio is increased and the grain growth improved. All these surface
mappings were confirmed by cross section analysis shown in Fig. 6. As we can see, the out-of-plane
grain sizes and morphologies are approximately the same than the top surface: the grains are spherical

and disordered.

BST70800°C \BSTS0B00°C -1 < "} BST30800°C

BST50'600°C " BST30600°C

BST70:600°C

Fig. 5 : SEM images of top surface of solgel BST thin films with different compositions and different
annealing temperatures.
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Fig. 6 : SEM images of the cross section of solgel BST thin films with different compositions and different
annealing temperatures.

3.2-  Dielectric measurements at low frequency

The permittivity vs. temperature curves of the thin films measured at 10kHz are shown in Fig.
7. Diffuse ferroelectric to paraelectric transitions can be seen. For each composition, the same
behavior is observed with the increase of the annealing temperature: a global enhancement of the
permittivity, sharper transition peaks, and a shift of the transition maxima T, toward higher
temperature. Despite this temperature shift of T, for the highest temperature annealed samples the
maxima are approximately 25°C to 30°C lower than the bulk Curie temperature T, ( T, respectively
30°C, -25°C and -100°C for BST70, BST50 and BST30 [22]). This result confirms the cubic pattern
obtain for BST70 in XRD analysis at ambient temperature. With the increase of the annealing
temperature, the films tend to a bulk like behavior. This can be correlated with crystallinity increase
and with the grain growth observed on Fig. 4 and Fig. 5. Assuming that the grain core is a high
permittivity material and the grain boundary is a low permittivity material, increasing the grain size
will decrease the low permittivity volume fraction in the layer and improve the global permittivity.
Sinnamon et al investigated the possibility that the dielectric collapse could be due to a grain boundary
dead layer, rather than a dead layer interface [23]. This hypothesis is correlated with the dielectric

losses at 10kHz vs. temperature plot presented in Fig. 8. After a 600°C heat treatment, there isn’t any



losses peak at the transition temperature, corroborating the presence of a low losses material. The
losses anomaly appears for the 700°C annealed sample and can be clearly seen after an 800°C heat
treatment, showing the decreasing of the non-ferroelectric volume fraction such as grain boundaries.
On the other hand, the shift of the transition maximum has been previously discussed using a
layered composite model [24], with inclusions of low permittivity layer by Berge et al. [25]. It is
shown that the appearing Curie temperature is strongly reduced by increasing the thickness of a dead
layer. The presence of an interfacial dead layer could be confirmed by a study with thin films of
different thickness, increasing the contribution of the dead layer in the permittivity [26-28], coupled

with Transmission Electronic Microscopy at the interface region [29,30].

BST70 BST50 BST30
500 T 500 T 500 T
400 /-\ 100 400
: /
I
=
o
= 300 -t 300 300 -t
®
)
2
B
-E 200 o 200 R 200
=
[
(-8
100 T 100 T 100
+ 800°C + 800°C + 800°C
= 700°C = 700°C = 700°C
600°C 600°C 600°C
0 - T -+ T T | 0 ¢ T -t T 1 0 ¢ T ~t T
-200 -150 -100 -50 0 50 100 150 -200 -150 -100 -50 0 50 100 150 -200 -150 -100 -50 0 50 100 150
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 7 : Permittivity at 10kHz as a function of temperature of solgel BST thin films with different
compositions and different annealing temperatures.
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Fig. 8 : Dielectric losses at 10kHz as a function of temperature for solgel BST70 thin films annealed at
different temperatures.



Dielectric permittivity and losses measured at 10kHz as a function of external dc electric field
at ambient conditions have been performed (Fig. 9). For each composition, the annealing temperature
increase leads to an increase of the permittivity and losses at 0V, and also of the tunability (Table 2).
Such behavior is in perfect agreement with the crystallinity and grain size improvement reported in
XRD and SEM analysis, and with the presence of low permittivity material with lower temperature
heat treatment. The transition shift toward higher temperature observed with the annealing temperature
increase also contributes to this dielectric properties improvement.

An increase of the permittivity, losses and tunability is also observed when the Ba/Sr ratio is
increased. The higher the Ba content is, the higher is the transition temperature, so at ambient
condition the measurement is performed at a temperature closer to the peak. It is well known that the
non linearity of a ferroelectric material will be maximal at the Curie temperature; thereby we observe
greater tunability when the Ba content is higher. Nevertheless, a raise of the dielectric losses is also
obtained (Fig. 9). A tunability of the losses is observed for the well crystallized sample, confirming a
higher ferroelectric material volume fraction. This result is in good agreement with the grain size
growth and temperature dependence dielectric measurements.

On the Fig. 9 showing the permittivity and dielectric loss field dependences, a butterfly
hysteresis shape that is typical of the ferroelectricity can be observed for the BST70 and BST50. Since
the measurement were performed at room temperature, both BST70 and BST50 sample should be in
the paraelectric state, as shown in Fig. 7. Different reasons can be found in the literature to explain the
origin of this ferroelectric-like behavior in paraelectric thin films. One model proposed by Pontes et al
is associated with oxygen vacancies and other space charges effect at the interface between the film
and the substrate and/or at the grain boundaries [31]. Such space charges have been observed by TEM
by Zhu et al [32]. Another explanation could be the appearance of local regions of ferroelectric
polarization. Those polar nanoregions, which have been studied by Raman spectroscopy by Tenne et

al [33] would be correlated with the broad peak of the permittivity in the temperature dependence.
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Fig. 9 : Permittivity and dielectric losses at 10kHz as a function of external electric field for solgel BST
thin films with different compositions and different annealing temperatures.

Anneal. T BST70 BSTS0 BST30

800°C 49% 40% 19%
700°C 36% 23% 9%
600°C 19% 14% 5%

Table 2 : Tunability for a 150kV/em external electric field, for solgel BST thin films with different
compositions and different annealing temperatures.

3.3- RF characterization

RF measurements of the permittivity under different bias of the samples annealed at the higher
temperature 800°C are presented in Fig. 10. Without bias, the extracted permittivity is constant on the
whole frequency range. Under an electric field, resonances appear around 1, 3 and SGHz, that may be
due to an electrostrictive effect [34]. As shown on Table 3, a very good continuity is obtained between
the permittivity at low and high frequency. Moreover, very close values of tunability are measured at
low and high frequency. A huge tunability of 70% is obtained under a 600kV.cm™ electric field

at10GH, for the BST70 sample annealed at 800°C.
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Fig. 10 : Permittivity from 800MHz to 30GHz, under different bias, of the BST70, BST50 and BST30
samples annealed at 800°C.

BST70 (800°C) BST50 (800°C) BST30 (800°C)
Frequency 10kHz 10GHz 10kHz 10GHz 10kHz 10GHz
Permittivity 410 325 250 200 160 140
Tunability o o o o o o
@150kV/cm 49% 53% 40% 39% 19% 20%
Table 3 : Comparison of the low and high frequency values of permittivity and tunability at 150kV/cm.

4- Conclusions

This study has shown the effects of the annealing temperature and the composition of BST
solgel thin films on the structure, microstructure and dielectric properties. A good correlation between
the crystallinity, the grain size and the dielectric properties has been found. As expected, the increase
of the heat treatment temperature increased the crystallinity, the grain size, and also restricted the
contribution of non ferroelectric materials such as grain boundaries. These results corroborate the
increase of the film permittivity, dielectric losses and tunability at low frequency. A shift of the
ferroelectric to paraelectric transition toward the bulk Curie temperature has been observed with the
increase of the annealing temperature, suggesting the decrease of a dead layer thickness.

A very reproductive behavior with the annealing temperature has been found for each BST
composition. Furthermore, for a given annealing temperature, a clear effect of the Ba/Sr ratio has been
seen: increasing the Sr content increases the melting point of the material, and mitigates the effect of
the heat treatment. Thus, a decrease of the grain size, the dielectric permittivity, losses and tunability
has been shown.

The RF results show values of permittivity and tunability in very good agreement with the low

frequency results.
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Figure captions :

Fig. 1: (a) Layout of the fabricated MIM capacitors for the RF measurements, (b) Microscopic top
view picture of the structure

Fig. 2 : The equivalent series R-C model of a tunable MIM capacitor where “a” and “b” are suffix
denoting the first and second capacitor, respectively.

Fig. 3 : XRD pattern of solgel BST thin films, (a) with different compositions annealed at the same
temperature: 800°C, (b) for BST70 annealed at different temperatures: 600°C, 700°C and 800°C.

Fig. 4 : XRD centered on the 110 BST70 diffraction peak for different annealing temperature. Inset:
table of the intensities and FWHM.

Fig. 5 : SEM images of top surface of solgel BST thin films with different compositions and different
annealing temperatures.

Fig. 6 : SEM images of the cross section of solgel BST thin films with different compositions and
different annealing temperatures.

Fig. 7 : Permittivity at 10kHz as a function of temperature of solgel BST thin films with different
compositions and different annealing temperatures.

Fig. 8 : Dielectric losses at 10kHz as a function of temperature for solgel BST70 thin films annealed at
different temperatures.

Fig. 9 : Permittivity and dielectric losses at 10kHz as a function of external electric field for solgel
BST thin films with different compositions and different annealing temperatures.

Fig. 10 : Permittivity from 800MHz to 30GHz, under different bias, of the BST70, BST50 and BST30
samples annealed at 800°C.

Table Captions :

Table 1 : Cell parameter of solgel BST thin films with different compositions and different annealing
temperatures.

Table 2 : Tunability for a 150kV/cm external electric field, for solgel BST thin films with different
compositions and different annealing temperatures.



Table 3 : Comparison of the low and high frequency values of permittivity and tunability at
150kV/cm.



