The structural and in-plane dielectric/
ferroelectric properties of the epitaxial (Ba,
Sr)(Zr, Ti)O5 thin films

Cite as: J. Appl. Phys. 115, 234102 (2014); https://doi.org/10.1063/1.4883963
Submitted: 20 April 2014 . Accepted: 05 June 2014 . Published Online: 16 June 2014

) S @

View Online Export Citation CrossMark

N. Y. Chan, D.Y. Wang, Y. Wang, J. Y. Dai, and H. L. W. Chan

AN

(7))
R
(7))
>
(TR
on
T O
O
| \—
50
0Q
RE- ¢

ARTICLES YOU MAY BE INTERESTED IN

BaTiOz-based piezoelectrics: Fundamentals, current status, and perspectives
Applied Physics Reviews 4, 041305 (2017); https://doi.org/10.1063/1.4990046

Phase diagrams and dielectric response of epitaxial barium strontium titanate films: A
theoretical analysis

Journal of Applied Physics 91, 9288 (2002); https://doi.org/10.1063/1.1473675

Dielectric behavior of Ba(Ti, _ Zry)O, single crystals
Journal of Applied Physics 88, 410 (2000); https://doi.org/10.1063/1.373674

Lock-in Amplifiers S Bt : N # Zurich

Find out more today — @@ N\ Instruments

- ciow

J. Appl. Phys. T15, 234102 (2014); https://doi.org/10.1063/1.4883963 15, 234102

© 2014 AIP Publishing LLC.



https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519848093&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ad80d4e33fdfc0af2d4ab2d42a5a7ea86f258e7e&location=
https://doi.org/10.1063/1.4883963
https://doi.org/10.1063/1.4883963
https://aip.scitation.org/author/Chan%2C+N+Y
https://aip.scitation.org/author/Wang%2C+D+Y
https://aip.scitation.org/author/Wang%2C+Y
https://aip.scitation.org/author/Dai%2C+J+Y
https://aip.scitation.org/author/Chan%2C+H+L+W
https://doi.org/10.1063/1.4883963
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4883963
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4883963&domain=aip.scitation.org&date_stamp=2014-06-16
https://aip.scitation.org/doi/10.1063/1.4990046
https://doi.org/10.1063/1.4990046
https://aip.scitation.org/doi/10.1063/1.1473675
https://aip.scitation.org/doi/10.1063/1.1473675
https://doi.org/10.1063/1.1473675
https://aip.scitation.org/doi/10.1063/1.373674
https://doi.org/10.1063/1.373674

JOURNAL OF APPLIED PHYSICS 115, 234102 (2014)

@ CrossMark

The structural and in-plane dielectric/ferroelectric properties of the epitaxial

(Ba, Sr)(Zr, Ti)O3 thin films

N. Y. Chan,"® D. Y. Wang,? Y. Wang," J. Y. Dai,"®* and H. L. W. Chan’
'Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong,

China

2School of Materials Science and Engineering, The University of New South Wales, Sydney,

New South Wales 2052, Australia

3Shenzhen Research Institute, The Hong Kong Polytechnic University, People’s Republic of China
(Received 20 April 2014; accepted 5 June 2014; published online 16 June 2014)

Epitaxial (Ba;_4Sry)(Zry1Tig9)O3 (BSZT, x =0 — 0.45) thin films were deposited on (LaAlO3)y 3
(Sr,AlTaOg)g 35 (LSAT) substrates by pulsed laser deposition. The experimental results
demonstrate that the structural, dielectric, and ferroelectric properties of the BSZT thin films were
greatly dependent on the strontium content. The BSZT thin films transformed from tetragonal to
cubic phase when x >0.35 at room temperature. The Curie temperature and room-temperature
remnant polarization decrease with increasing strontium concentration. The optimal dielectric
properties were found in (Bag 5551 45)(Zro.1Tig.9)O3 thin films which is in paraelectric state, having
tunability of 47% and loss tangent of 0.0338 under an electric field of 20 MV/m at 1 MHz. This
suggests that BSZT thin film is a promising candidate for tunable microwave device applications.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883963]

. INTRODUCTION

Perovskite-structured ferroelectric thin films have
attracted extensive attention in recent years due to their
unique properties such as large spontaneous polarization,
high dielectric constant, large dielectric tunability, and low
dielectric loss. Such a variety has led to suitable for complex
oxide based microelectronics applications, such as micro-
wave phase shifters, tunable filters, high Q resonators for ra-
dar, and communication.'™

Among many material families, (Ba,Sr)TiO; (BST) is
one of the promising candidates for tunable microwave
applications. In BST, the increase of Sr concentration can
lead to the lowering of the Curie temperature with a rate of
~3.8 °C per molar % of Sr (Refs. 4 and 5) and the Curie tem-
perature of BST can be tailored over a board composition
range in order to meet the specific requirements of device
design. Another possible way to tune the Curie temperature
of the BaTiOs system is to substitute Ti by Zr. As Zr*"
(0.087 nm) is more chemically stable than Ti** (0.068 nm),
the addition of Zr in BST can also improve the chemical sta-
bility and reduce the dielectric loss.®’ The substitution of Ti
with Zr would depress the conduction by electronic hopping
between Ti*" and Ti*" ion which maintains a low leakage
current. The structural, dielectric, and ferroelectric properties
of Ba(Zr, Ti)O5; (BZT) ceramics, showing strong dependence
on the Zr content, have been reported in the literatures.®'°

The simultaneous addition of Zr and Sr into BaTiO5 will
result in (Ba,Sr)(Zr,Ti)O5 (BSZT) system.4’5’l =13 Compared
with conventional BST and BZT thin films, (Ba,Sr)(Zr,Ti)O5
materials have dopant on both the Ba-sites and Ti-sites,
which may offer a better structural modifiability and hence
more flexibility for property optimizations. The Zr/Ti ratio is

YAuthor to whom correspondence should be addressed. Electronic mail:
ngaiyuichan@ gmail.com.

0021-8979/2014/115(23)/234102/7/$30.00

115, 234102-1

very important in BZT system. For Zr content less than 10
at. %, the material shows normal ferroelectric behavior.'*!?
As the Zr content increases up to 20 at. %, the BZT system
shows diffuse phase transition at Curie temperature, further
increasing Zr content results in relaxor behavior. For typical
ABOj perovskite, the physical properties can be altered
by site engineering on A or/and B sites through substitution,
the discovery of high performance Ba(Zrj,Tigg)O3-x
(Bag7Cag3)TiO5 system, with giant piezoelectric coefficient
at around MPB composition (BaggsCag 15)(Zrg.1Tip.9)O03
stimulated an extensive research in the field of co-substituted
BaTiO; family material as promising alternative to
Pb(Zr,Ti)O5 (PZT) system.lf’_20 Simultaneous addition of Sr
and Zr into the BaTiOj; system is a feasible strategy of study
because of the similar structure. However, the majority of
existing studies on BSZT thin films were focused on the
out-of-plane characterization based on metal-insulator-metal
configurations at low frequency. The dielectric characteris-
tics of the BSZT thin films along in-plane directions remain
largely unknown. The in-plane configuration is more directly
relevant to the actual coplanar devices. The capability to
grow high performance thin films on single crystal substrates
is one of the prerequisites for development of micro-system
device.”' In this paper, we present a systematic study of
the Sr concentration effect on the structural, in-plane dielectric
and ferroelectric properties of the epitaxial (Baj_,Sry)
(Zro.lTi0_9)03 (BSZT) thin films on (LaAlO3)0.3(SI‘2A1T306)0_35
(001) (LSAT) substrate. Based on the room-temperature phase
diagram of the (Baj_,Sry)(Zry1Tig9)O5 system, a particular
composition range x = 0-0.45 was chosen in this study to cover
both ferroelectric and paraelectric phases.

Il. EXPERIMENTAL DETAILS

KrF excimer laser with a wavelength of 248nm and
pulse duration of 25ns (Lambda Physik COMPex 205) was

© 2014 AIP Publishing LLC
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used for the thin film deposition. The laser pulse repetition
rate was fixed at 10Hz with laser energy around 250mJ
(energy density of 2-3J/cm” on the target surface). The
(LaAlO3)( 3(S1,AlTa0g)p 35 (LSAT) substrate was kept at
700 °C during the thin film deposition and thicknesses of the
BSZT thin films are around 300 nm. The X-ray diffraction
measurements were carried out using Bruker AXD DS
Discover X-ray diffractometer. The surface morphology of
the thin films was studied using a Digital Instrument
Nanoscope IV atomic force microscope (AFM) operating
under tapping mode. Top Au electrodes were deposited by
DC magnetron sputtering and followed by patterning using
photolithography process. The electrical properties of the
thin film were characterized based on interdigital capacitor
(IDC) configuration (total 21 fingers with finger length of
925 um, finger width of 5 um, and finger gap spacing 2 um).
The fingers of the IDC were aligned along the in-plane (010)
or (100) crystallographic directions. The IDC was wire
bonded to a piece of PCB for easy handling and better elec-
trical contact during subsequent measurements. To extract
the dielectric properties of the thin film from the IDC, a
MATHMATICSA program was developed based on the
Gevorgian’s model using the conformal mapping technique
and the relative permittivity were calculated by a set of
mathematical formulas.’*** The room-temperature relative
permittivity of the BSZT thin films as a function of electric
field and frequency was measured using an HP4294A imped-
ance analyzer (measured frequency: 1 kHz—1 MHz) and an
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HP4291B RF impedance analyzer (measured frequency:
1 MHz-100 MHz). Ferroelectric property measurements
were conducted by TF Analyzer 2000 equipped with a
FE-Modulue (aixACCT, German) at 1 kHz.

lll. RESULTS AND DISCUSSION
A. XRD and surface morphology

Figures 1(a)-1(f) show the 0-260 spectra of (001) ori-
ented BSZT thin films deposited on the LSAT (001) sub-
strates. All the films exhibited single phase perovskite
structure with no detectable impurity or other phases. The
full width at half maximum (FWHM) of the rocking curves
(w-scan) for BSZT (002) reflections are shown in the insets.
The grain orientation is known to be a key factor which
determines the quality of the thin films. The FWHM values
of the BSZT thin films are below 0.25°, indicating the grains
are uniformly aligned in all the films. The off axis ¢-scans of
(202) diffraction peak as shown in Figure 1(g) were per-
formed to understand the in-plane growth relationship
between the film and the substrate. The four-fold symmetric
(202) diffraction peaks of the films are very sharp and coin-
cide well with those of LSAT (001) substrates, suggesting a
cube-on-cube epitaxial growth relationship between the films
and substrates with in-plane orientation relationship of
(100)psz1//{100) L sArT.

The evolutions of BSZT (002) and (202) peaks with
increasing Sr content are shown in Figs. 2(a) and 2(b),
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FIG. 1. (a)—(f) XRD 60-20 scan pattern of (Ba;_y,Sryx)(Zrg 1,Tip9)O;5 thin film grown on LSAT(001). (a) x =0, (b) x=0.05, (c) x=0.15, (d) x=0.25, (e)
x=0.35, (f) x =0.45 (inset: w- scan of the thin films); (g) Off axis ¢ scan of the (202) diffraction of BSZT thin films deposited LSAT(001) substrates.
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respectively. With the increase in Sr content, both (002) and
(202) peaks of BSZT shift to higher angles, implying the
contraction of unit cells. The out-of-plane and in-plane lat-
tice parameters decrease with the increase in Sr content since
the ionic radius of Ba*" (1.61 A) is larger than that of Sr*t
(1.44 A). More Sr*" substitution results in the decrease in
lattice parameters. As shown in Figure 2(c), all the thin films
show tetragonally distorted lattice structure, which is differ-
ent from that calculated from their bulk counterparts,®* indi-
cating that structure of the thin films has been modified by
the substrates. The deviations of lattice structure have also

(b) x= 0.15

been reported in other perovskite thin films grown on single
crystal substrates.”> >’ These deviations are probably
induced by the strain generated from the lattice misfit and
the thermal expansion mismatch between the film and the
substrate as well as the presence of oxygen vacancies in the
thin film. Figure 3 shows the surface morphology of the thin
films, which exhibits strong dependence on the Sr concentra-
tion. The grain size of the thin films decreases with the
increase in Sr content. On the other hand, a smooth surface
with no microcracks and pinholes and a dense morphology
were observed in all the BSZT thin film.

FIG. 3. Surface morphology of BSZT
thin film deposited on LSAT (001) sin-
gle crystal substrate. (a) x=0, (b)
x=0.15, (c) x=0.45.

30,0 nm

15.0 nm
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FIG. 4. Temperature dependence of
the relative permittivity of BSZT thin
films on LSAT measured using IDC.
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B. Phase transition temperature and permittivity
as a function of frequency

Figure 4 shows the temperature dependence of the rela-
tive permittivity ¢ of the BSZT thin films measured using
IDC. As shown in the figure, the Curie temperature decreases
with the increase of Sr content. It should be noted that the
Curie temperatures of the thin films are higher than those of
their bulk counterparts as listed in Table I. The relative per-
mltt1v1ty of Ba(ZrO_lTi0'9)03 and (Bao'gssro_OS)(ZI‘O.1Ti0'9)03
thin films increase monotonically in the measuring tempera-
ture range and didn’t exhibit any obvious phase transitions,
implying their Curie points may be higher than the meas-
uring range. Due to our instrumentation limit, the maximum
measuring temperature is restricted to 150 °C. Frequency dis-
persion phenomena have been observed in the ¢-T curves. It
is noted that the phase transition peaks are much broader
than those of the BSZT bulk ceramics. The broadening of
the transition peaks in the films is presumably attributed to

TABLE 1. Transition temperature of (Ba;_,Sry)(ZrgTip0)O5 (x=0, 0.05,
0.15, 0.25, 0.35, 0.45) thin films and bulk ceramics measured at 1 kHz.

x=0 x=0.05 x=0.15 x=025 x=035 x=045
Bulk (°C) 97 88 62 39 8 -6
Thin film (°C) 97 80 23 10

50 100 150 200 250 300 350 400 450

T(K)

the small grain size. Such phenomenon has also been
observed in other nano-grained ferroelectric BaTiO3 thin
films.?® The upward shift of T, can be attributed to in-plane
lattice elongation as confirmed by XRD measurements,
which is analogous to that reported in the literature.?*~° In
general, if there is a tensile stress along the in-plane direc-
tion, then the Curie temperature of the thin films measured
along this specific direction is likely to shift toward higher
temperature. Conversely, a compressive stress may lower the
Curie temperature of the films. It has been reported that a
biaxial tensile strain of order of 1% in ferroelectric thin films
is enough to push the Curie temperature to a value much
higher than its inherent value.?!32 However, the upshift of
T, in our tensile-strained BSZT thin film is not significant as
expected because the film thickness has exceeded its critical
values, resulting in a relaxation towards a zero-strain state by
the introduction of dislocations in the films. The large lattice
misfit energy at the interface can only be released by creating
lots of edge dislocations at the interface between the BSZT
film and the substrate.>>2° In addition, the relative permittiv-
ity of the BSZT thin films is lower than that of BSZT bulks
and the degradation of the relative permittivity can be attrib-
uted to the reduction of crystallite size due to incorporation
of Sr in the BZT lattice.

Figure 5 shows relative permittivity of the BSZT thin films
as a function of frequency. For (Bag75510.5)(Zrg 1 Tip9)O5 thin
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FIG. 5. Frequency dependence of the relative permittivity ¢ and loss tangent
of (Bay «,S1x)(Zrg 1,Tip9)O3 (x =0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films.

film, the Curie transition temperature is close to room temper-
ature and it shows highest relative permittivity and dielectric
loss. At higher frequency, the dielectric loss of the thin film
rises rapidly, which probably due to parasitic capacitance were
not accounted for the circuit model of device under test. The
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FIG. 6. Hysteresis loops of (Ba;_x,Sry)(Zrg 1,Tip0)03 (x =0, 0.05, 0.15, 0.25,
0.35, 0.45) thin films.

dispersion can be strongly linked to the microstructure of the
film and the low frequency dielectric dispersion in ferroelec-
tric films can arise due to domain wall fluctuations, hopping
conduction or space charge dispersion. As the frequency
increases, parameters like wires, ferroelectric domains in thin
film and electrodes influenced the dielectric dispersion at high
frequency.
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C. Hysteresis loops

The ferroelectric properties of the BSZT thin films were
evaluated by the electric polarization with applied electric
field (P-E) hysteresis loop as shown in Figure 6. It is
observed that the saturation remanent polarization P,
decreases with increasing Sr content in the films. The
decrease in P, can be attributed to two reasons: (1) smaller
grain size in Sr modified BZT thin film inhibited the forma-
tion of large ferroelectric domains, which reduced the effec-
tive contribution to total polarization. (2) With the increasing
Sr content, the Curie temperature of thin films decreases,
leading to paraelectric behavior at room temperature. Thus,
the polarization becomes weaker. The remnant polarization
was well retained up to 15 uC/cm? for x =0, but it degraded
close to zero for x =0.45. In (Bag 55519 45)(Zrg 1 Tip9)O5 thin
film, the Curie temperature is below room temperature, and
hence a slim P-E loop arises due to its paraelectric nature.

D. Dielectric tunability

Figure 7 shows the DC electric field (E) dependence of
the relative permittivity (&) of the BSZT thin films measured
at room temperature. The ¢ — E characteristics of the BSZT
thin films were determined over a number of selected fre-
quencies (10k, 100k, 1 M, and 100 MHz). A strong depend-
ence of the relative permittivity on the applied E-field was
found. The typical butterfly shape of the ¢-E curves is con-
sistent with the room temperature ferroelectric state as
observed from the ¢-T and P-E measurements. Furthermore,
with the increasing in the electric field, the relative permittiv-
ity as well as dielectric loss decreases. Such decrease in
dielectric loss with increasing electric field is related to the
pinning effect of domain or movable charge defects. The
characterization of relative permittivity depending on the
bias DC voltage provides a useful foreground in tunable
devices. High tunability near the transition temperature is
expected. For typical planar capacitor structure, the total ca-
pacitance is composed of three components: air, thin film,
and substrate. In this configuration, tunability only comes
from BSZT thin film since the LSAT substrate show no
observable tunability in such small electric field. Figure 8
shows the frequency dependence of the dielectric tunability

90
804
\,370- 8 .
= 60+ ; ., S
850]e w0t + Y 1 ¢
= A x=005 > >
= 404 » x=0.15
= x=0.25 o
. =0.35
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FIG. 8. The frequency dependence of dielectric tunability K(%) of the
BSZT thin films under 20 MV/m.
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TABLE II. Tunability, loss tangent and figure of merit for (Ba;.Sry)
(Zro.1Tip0)O5 (x =0, 0.05, 0.15, 0.25, 0.35, 0.45) grown on LSAT.

x=0 x=0.05 x=0.15 x=025 x=0.35 x=045

Kat 1 MHz(%) 47 57 47 68 67 47
Lossat IMHz 0.0533 0.0531 0.0445 0.1043  0.0690  0.0338
FOM 8.81 10.7 10.6 6.5 9.7 13.9

K of (Ba;_y,Sr)(Zrg 1,Tig )O3 (x =0 — 0.45) thin films under
20 MV/m biased field. In comparison to the parallel-plate
capacitors, coplanar designs generally require higher driving
voltage and offer lower tunability, but our results are compa-
rable with some of the reported data on BSZT films based on
parallel plate capacitors.33_35 The relative permittivity of
x =0.25 is the largest compared with other thin films as its
Curie temperature is close to room temperature. However, for
practical applications, it is expected that material should not
only have high tunability but also possess low dielectric loss.
In this sense, paraelectric phase is more suitable for tunable
device application than ferroelectric phase because the ferro-
electric phase BSZT exhibits polarization hysteresis loop
which significantly increases dielectric loss. Therefore, the
figure of merit (FOM), which defined as FOM = K(%)/tand,
is commonly used to characterize the overall performance of
the dielectric materials. Maximum FOM up to ~13.9 has
been observed for (BagssSrg4s)(ZrgTigo)Os thin film in
paraelectric phase and the FOM of the thin film with different
composition are listed in Table II.

IV. CONCLUSIONS

The compositional dependence of the structural and
in-plane dielectric/ferroelectric properties of the (Ba;_Sry)
(Zrp1Tip9)O5 (x =0 —0.45) thin films grown on LSAT (001)
single crystal substrates were studied. The dielectric and fer-
roelectric measurement were performed with the interdigital
capacitor. It is revealed the ferroelectric state of the thin
films is closely correlated with their in-plane tensile strain,
i.e., upward shift of Curie temperatures as compared with
their bulk counterpart. The optimal dielectric properties are
found in (Bagss5Srg.45)(Zro.1Tipo)O;3 thin film with a high
tunability of 47%, low dielectric loss of 0.0338 at 1 MHz
with a figure of merit ~13.9. The low dielectric loss in
(Bag.55510.45)(Zr(.1Tip.9)O3 thin film is attributed to its para-
electric nature at room temperature. Our results suggest that
BSZT thin film is a promising candidate for tunable micro-
wave application.
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