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Microwave properties of Bag 5Sr,5TiO5 thin film coplanar phase shifters

P. M. Suherman,® T. J. Jackson, Y. Y. Tse, |. P. Jones, R. |. Chakalova, and M. J. Lancaster
School of Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom

A. Porch

School of Engineering, Cardiff University, CF24 3AA, United Kingdom
(Received 11 July 2005; accepted 28 March 2006; published online 23 May 2006)

Coplanar waveguide transmission lines have been used to show that the temperature dependent
properties of Bag ;Sr)sTiO5 thin films used for microwave phase shifters in the frequency range
45 MHz-50 GHz are correlated strongly with the microstructure of the films. The highest tunability
and figure of merit of the phase shifters were obtained for films with the narrowest
ferroelectric-paraelectric phase transition range, lowest mosaic spread, and widest columnar
microstructure. The study also showed that the operating temperature plays an important role in
achieving the optimum phase shift for microwave applications. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2198933]

I. INTRODUCTION

As materials which can produce frequency agility in mi-
crowave applications, ferroelectrics have been investigated
widely in recent years. Applications such as phase shifters,
variable frequency resonators, steerable antennas, and tun-
able filters have all been developed.l’2 All these applications
utilize the strong dependence of the permittivity on the ap-
plication of a dc-bias voltage. An ideal ferreoelectric for mi-
crowave device applications should result in high tunability
and have both low dielectric loss and a reasonably large
value of permittivity (>100). All of these factors are affected
by the film fabrication conditions and the resulting micro-
structure. In this work, we investigate the dielectric proper-
ties over a very wide range of microwave frequencies
(45 MHz—-50 GHz), rather than at the lower, narrower fre-
quency ranges (<10 GHz) more commonly studied.>” The
material investigated is BagsSr)sTiO3, which has a Curie
temperature (7,) around room temperature.

Sections II and III describe the methods of device prepa-
ration and characterization. The microstructural and micro-
wave properties of the ferroelectric films are considered in
Sections IV A and IV B, respectively, and a phase shifter is
evaluated in Sec. IV C.

Il. SAMPLE PREPARATION

Baj 5SrysTiO; (BST) thin films were deposited onto
(001) MgO substrates (of thickness 0.5 mm) by pulsed laser
deposition, using a laser fluence of 1.5 J cm=2 at 5 Hz pulse
rate in the presence of an oxygen gas background. During
deposition, the substrate temperature was 750 °C. In sepa-
rate depositions, oxygen pressures of 107 to 10~! mbar were
chosen to vary the films’ crystallinity and resulting micro-
wave properties. The films were grown to a thickness mea-
sured to be 300 nm—400 nm. Two types of post-deposition
annealing were investigated. In situ annealing was carried
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out directly in the chamber at 650 °C under static O, for 1 h
at ~800 mbar. Ex situ annealing was carried out in a flowing
O, furnace for 24 h at 1150 °C. Silver coplanar waveguide
(CPW) transmission lines 300 nm thick, with a center-line
width (2 s) of 50 um and gap width (g) of 25 um, were
patterned onto the ferroelectric films by lift-off photolithog-
raphy (Fig. 1). Various lengths of transmission lines (450,
900, 1800, 3500, and 5250 um) were fabricated.

lll. EXPERIMENTAL METHOD
A. Microstructural properties

The crystalline properties of the films were characterized
using a six-circle x-ray diffractometer with CuKea radiation.
The following measurements were made to examine epitax-
ial growth and crystallinity:

(1) Symmetric 6/26 scans of the planes parallel to the film
surface.

(2) Asymmetric (decoupled) w-26 scans at {hkl} reflections
of (001), (002), (004), (303), (033), (013), (113), (123),
(224), (024). The in-plane and out-of-plane lattice pa-
rameters were determined by least squares fitting using
Cohen’s method.®

(3) ¢ scans on (013) and (113) reflections for substrate and
film, respectively, to determine the in-plane epitaxial ori-
entations.

(4) o scans at (002) reflections for both substrate and films,
to characterize the “mosaic” spread expressed as full
width half at maximum (FWHM).

2s
——»
conductor . g

h, substrate

FIG. 1. Schematic diagram of the silver coplanar waveguide transmission
line patterned on the ferroelectric thin film and its MgO substrate.

© 2006 American Institute of Physics
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TABLE I. Cell parameters of films deposited at various oxygen pressures and annealed in situ.

Oxygen Strain of the in- Strain of the
Pressure FWHM In-plane cell Out-of-plane cell plane cell out-of-plane cell
(mbar) () parameter (A) parameter (A) parameter (%) parameter (%)

3x 107! 0.48 3.96246+0.00311 3.96664+0.00239 0.2378 0.3415
107! 0.8657 3.95896+0.00152 3.94851+0.00119 0.1482 -0.1161
1072 1.1198 3.96013+0.00312 3.99416+0.00258 0.1771 1.0397
1073 1.0873 3.96438+0.00468 3.99389+0.00386 0.2859 1.0321
107 0.9363 3.97569+0.00384 3.99542+0.00315 0.5717 1.0700

The surface morphology was analyzed using atomic
force microscopy (AFM), while the cross section of the films
was investigated using transmission electron microscopy
(TEM). The chemical composition of the films was con-
firmed using energy dispersive x-ray analysis (EDX) in a
scanning electron microscope.

B. Microwave properties

Microwave measurements (45 MHz-50 GHz) were per-
formed from 80 K—360 K using a cryogenic probe station
with ground-signal-ground probes connected to a vector net-
work analyzer. A bias-tee was used to apply bias voltages of
0 V to £90 V between the ground and signal lines, produc-
ing electric fields between 0 to +3.6 V um~'. Calibration to
the probe tips was carried out using the LRRM (load-reflect-
reflect-match) method using impedance standards formed
from gold CPW lines on an alumina substrate. The LRRM
calibration technique requires four standard measurements,
of which only the 50 ) matched load and thru (delay) need
to be known precisely. The reflection measurements are
made with the probes lifted off the substrate and with the
probes placed on a shorted line.

The complex propagation constant (y=a+i83) defining
microwave propagation on the transmission lines was calcu-
lated from the scattering parameters (amplitude and phase of
return loss S11, S22 and insertion loss S21, S12) obtained
from the microwave measurements via ABCD parameters.7
« is the attenuation constant and S is the phase constant. The
attenuation constant « involves both dielectric (a,) and con-
ductor losses (a,). The effective permittivity of the coplanar
transmission line was calculated from

2
Seff:_<%> ’ (1)

where ¢, is the speed of light in a vacuum and f is the
measurement frequency. The real part of permittivity of the
film (e 1) was obtained from the conformal mapping method
for coplanar waveguide transmission lines,® from which the
following result is obtained:

1
o= 1ol = 026 + 02+ (0] @)
1

In Eq. (2), &, is the permittivity of the substrate (assumed to
be purely real, appropriate for a very low loss substrate such
as MgO), séff is the real part of effective permittivity, and g,
and g, are geometrical factors involving the transmission line

dimensions, the thickness of the film and thickness of the
substrate. These geometrical factors may be written analyti-
cally for arbitrary geometries in terms of an elliptic integral
of the first kind, but for a very thin film, the geometrical
factor ¢; may be determined using the approximation given
in Ref. 1.

Before applying this analysis method to deduce the di-
electric properties of our ferroelectric films, it was first veri-
fied for silver coplanar waveguide transmission lines pat-
terned onto bare MgO and LaAlO; (LAO) substrates.’
Results for the relative permittivity of the substrates compa-
rable with the expected, well-established values were ob-
tained, with error less than 1% (ey,0=9.5; £La0~=24).

In this work we present the losses as an effective loss
tangent (tan &,). This involves both dielectric («,) and con-
ductor («,) losses and is obtained from expression

”
&

tan 8, = jﬁ , (3)
eff
"

where &,  and &, are real and imaginary parts of effective
permittivity, respectively.

IV. RESULTS AND DISCUSSION
A. Microstructural properties

X-ray diffraction scans showed that the BST films were
of single phase with (00/) orientation, confirming that epitax-
ial growth had taken place. Table I shows data for films
annealed in situ. The in-plane and out-of-plane lattice param-
eters, strain determined from the lattice parameters of the
target (3.9531 A), and the full width half maximum
(FWHM) of rocking curves of the (002) diffraction peaks are
given. The films grown at high pressure tended to be cubic at
room temperature, whereas the films grown at low pressure
tended to be tetragonal. For low pressure deposition, the out-
of-plane lattice parameters had greater expansion compared
with the in-plane lattice parameter. The expanded out-of-
plane lattice parameter of films grown at low pressure may
be indicative of greater structural disorder or of increased
oxygen vacancies.

EDX measurements showed that the composition of all
the films grown at various pressures was consistent with the
commercially nominal stoichiometry of the target to within
an error of 0.5%.

The cross-sectional TEM pictures revealed a columnar
structure for all in situ annealed films irrespective of deposi-
tion pressure, with a column width ~50 nm [Fig. 2(a)]. EDX
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FIG. 2. TEM cross section of film fabricated at 10~! mbar oxygen pressure
with (a) in situ annealing, (b) ex sifu annealing. “M” refers to MgO, “B”
refers to BSTO.

analysis in the TEM (spot size was set to 2 nm at an accel-
erating voltage of 200 kV) showed no significant difference
in the atomic composition across the columnar boundaries
within an error of 0.4%. However, the annealing process had
a significant effect, such that ex situ annealed films possessed
a wider columnar structure ranging from 80 to 120 nm as
compared with the in situ annealed films [Fig. 2(b)]. This
trend was confirmed by the AFM images of the surface mor-
phology of the films. From the high order electron diffraction
spot [inset of Fig. 2(b)], the lattice misfit was estimated to be
6.2% in the ex situ annealed film. This is consistent with the
result based on the lattice parameters of BSTO and MgO.
This indicates that the strain is fully relaxed at the interface
by misfit dislocations between the film and the substrate.
AFM showed that in sifu annealed films had a very
smooth surface (rms roughness ~0.5 nm), with a grain size
of about 50 nm. After ex situ annealing, small crystallites
were observed which were coincident with the column
boundaries. Between these crystallites, the grain size had in-
creased to ~124 nm and the surface roughness reduced to
~0.25 nm. The crystallites were about 5 nm high and 30 nm
in diameter. The shape and size of the grains shown in AFM

TABLE 1II. Effect of annealing on films deposited at 10~' mbar oxygen
pressure.

In situ Ex situ
Annealing Annealing
FWHM (°) 0.8657 0.2654
In-plane cell parameter (A) 3.95896+0.00152  3.96033+0.00095
Out-of-plane cell parameters (A)  3.94851+0.00075  3.95549+0.00075

J. Appl. Phys. 99, 104101 (2006)
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FIG. 3. Magnitude of return loss (|S11]) and phase shift (arg S12) of a silver
coplanar waveguide on BST/MgO film deposited at 10~ mbar and annealed
ex situ. Data is shown for electric field biases of 0 (solid line) and 3.2
(dashed line) V um™".

are consistent with the columnar microstructure observed by
TEM cross section.

The annealing process also produced a considerable
change in the crystalline properties of the films. Table II
shows the effect of annealing on samples deposited at
10~! mbar oxygen pressure. Ex situ annealed samples
showed a smaller mosaic spread by almost 60%. The in-
plane cell parameters were the same within error bars for
both in situ and ex situ annealed films and the out-of-plane
lattice parameter was slightly increased with ex situ
annealing.

B. Microwave properties

Typical scattering parameter data obtained from micro-
wave measurements on Bag;SrsTiO5 films on MgO sub-
strates are shown in Fig. 3.

The real part of the dielectric permittivity &’ of ex situ
annealed BST films was typically ~1800 at O V and almost
constant in the broadband frequency range up to 50 GHz
(Fig. 4). An apparent rapid increase of permittivity at fre-
quency <3 GHz, as shown in Fig. 4, is due to the larger
inductance at frequencies lower than f=1/(uqots). The con-
formal mapping used to calculate the permittivity is valid at
frequencies f>1/(ugots), or when ts <8 w is perme-
ability of free space, o is conductivity of the metalization, ¢

6000 80

5000 {
4000 {

€ 3000 {3

Tunability (%)

2000 -

1000 4

0 10 20 30 40 50
Frequency (GHz)
FIG. 4. Real part of the permittivity of a film deposited at 10~! mbar and
annealed ex situ. 50% tunability was obtained between 0 and 3.2 V um™!

electric field bias. The dashed lines show the permittivity calculated from
the time domain measurement.
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pO2 (mbar)

FIG. 5. Tunability (O), effective dielectric loss tangent (+), and permittivity
(A) of in situ annealed films deposited at various oxygen pressures. Data at
20 GHz and 1.6 V um™! are shown.

is metal thickness, &, is the skin depth, and s is half of the
center-width of CPW.'" For transmission lines 300 nm
thick, with s=25 wm, and conductivity 0=3.7 X 10’ S/m
obtained from van der Pauw measurements, the frequency
limit is confirmed as f>3 GHz.

If the permittivity is assumed to be independent of fre-
quency, it can be determined directly from the propagation
delay for signals launched onto the transmission lines. This
delay was obtained from time domain analysis of S12."* The
real part of the effective dielectric permittivity was then cal-
culated from Eq. (4),

/ cotr
8ef.'f:_<7> : “

where #; and [ are delay time and length of the transmission
line, respectively. The data calculated from this delay time
was comparable with that derived previously, as shown in
Fig. 4.

The permittivity of the films was strongly dependent on
the oxygen pressure during deposition. Figure 5 shows the
real dielectric permittivity &', tunability at 1.6 V um™' and
effective dielectric loss measured at 20 GHz for in situ an-
nealed films. The tunability of the films is defined as

g"(V)-¢€'(0)

Tuneability = 0)
€

100 % , (5)
where £'(V) and &'(0) are real parts of the permittivity at
dc-bias voltage V and 0 Volts, respectively.

Films grown in an oxygen pressure of 10~! mbar with
the other parameters set as described in Sec. II reproducibly
had the highest tunability. Films grown at 10! mbar had the
smallest cell parameters and tended to have a cubic structure
rather than tetragonal. This lower permittivity of in situ an-
nealed films deposited at lower oxygen pressure seems to be
due to the mechanical strain and oxygen defects.

After ex situ annealing, films deposited at 10" mbar did
not show any improvement in tunability. However, ex situ
annealing greatly increased the tunability of films deposited
at 107 mbar as shown in Fig. 6. The tunability was in-
creased by ~30% compared with the in situ annealed films.

Figure 7 shows the &' (E) curve for measurement at 80 K
and 300 K of films fabricated at 10~' mbar oxygen pressure
and annealed ex sifu. The &'(E) curve is equivalent to a

60
[
50 °
g A
. 40 1 ¢ A
5 ° A
2 A
= 30 A L J
§ A
= ¢ a
20
e A
10 4 A A in-situ annealing
® ex-situ annealing
4
0 T T T
0 1 2 3
EVumT)

FIG. 6. Comparison of the tunability of films annealed in situ and ex situ as
a function of electric bias field.

capacitance-voltage curve in low frequency studies. There
was no hysteresis at 300 K but hysteresis was observed at
80 K.

While films deposited at 10" mbar oxygen pressure did
not show significant hysteresis at 300 K, films deposited at
10~! mbar oxygen pressure showed pronounced hysteresis at
the same temperature. This suggested that films deposited at
10~" mbar oxygen pressure were in the paraelectric state at
room temperature while films deposited at 107! mbar oxygen
pressure were in the ferroelectric state despite the ex situ
annealing.

The temperature dependence of &' (E) of a film deposited
at 10! mbar and annealed ex situ are shown in detail in Fig.
8. Figure 8 shows data for dc-bias voltages from 0 to 90 V.
The permittivity shows a broad maximum at temperature
Tax Which increases with bias voltage. This T,,,, is not ex-
pected to be equal to Curie temperature 7. In order to find
T., the inverse of real permittivity was plotted against tem-
perature as shown in Fig. 9. T,. was found to be 225 K from
the temperature intercept of the straight line fitted to data
above T, This is in reasonable agreement with the value
expected for bulk material. The value of 7. was seen to de-
crease with increasing bias voltage. A value for the Curie-

2000

1800 PO
1600 - . *
J 300K o -
1400 . .
1200 1 . .,
1000 4 o
o
A L 2 )
600 1 R : I
A
piec’ bl
400 e * 80 K | 3P -
200 .
4 3 2 1 0 1 2 3 4
Eumh

FIG. 7. &'(E) curve of an ex situ annealed film deposited at 10~' mbar
oxygen pressure. A and @ represent the permittivity when voltage was
swept up and down, respectively in order to demonstrate any hysteresis
behavior.
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TK

FIG. 8. Temperature dependent permittivity &’ of a film deposited at
10~! mbar and annealed ex situ. Data are shown at bias voltages, from top to
bottom, of 0, 20, 30, 50, 70, and 90 V. The solid lines are fits to Smolenski’s
expression.

Weiss constant, 6,=1.28 X 10° K, was determined from the
slope of the data in Fig. 9 according to

—=— <. 6

e gy 0, (©)
This is in good agreement with values published
elsewhere.'>*

Tax Was sensitive to the annealing process and oxygen
pressure during film fabrication (Fig. 10). Films grown at the
optimal 107! mbar showed a lower T,,, when annealed
ex situ compared with those annealed in situ. The highest
Tmax Was obtained for films grown at 107! mbar and
annealed in situ

The broad transitions to the ferroelectric state shown in
Figs. 8 and 10 are indicative of heterogeneous films and
therefore the dependences of T,,,, and T, on applied voltage
are not taken as indicative of the order of the ferroelectric-
paraelectric phase transition. The solid lines in Figs. 8 and 10
are fits of Smolenski’s description17 of diffuse ferroelectric
transitions, Eq. (7), to the data,

0.002
o
o
0.0015 - o
o)
o1 vOm ‘
£ 0001 “O -
%% o2
A, T o2
OO max O
0.0005 | Optino®
T
0 I I L% I I
50 100 150 200 250 300 350 400

T(K)

FIG. 9. Temperature dependent of 1/&" at zero bias for a film deposited at
107! mbar and annealed ex situ. The dashed lines are fits to the data at below
T. to determine the Curie-Weiss constant.
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FIG. 10. Temperature dependent permittivity &’ at zero bias for various
deposition and annealing conditions.

2\ -1
8:<L+(T_Tmax)) ) (7)

2
Emac 28max§

Equation (7) is frequently used to describe the behavior of
relaxor ferroelectrics measured at lower frequency
(100 Hz—10 MHz) (Refs. 15-17) but the derivation does not
require any particular frequency dependence. The parameter
&, which quantifies the “diffuseness” of the transition, in-
creases linearly with bias field. A similar increase in diffuse-
ness with bias was reported for Slrl_xBabezO}18 An increas-
ing & suggests an increase in disorder within the sample, or
equivalently a widening of a distribution of Curie tempera-
ture or permittivity. Considering first the disorder, we might
imagine that in zero-field bias, dipole moments are oriented
in a direction other than parallel to the plane of the film. In
these transmission line structures, the bias field is principally
parallel to the plane of the film. An increase in bias field will
reorient some of the dipoles and cause an increase of disor-
der. Considering a distribution of dielectric properties, we
might associate the regions with different permittivity as
inter- and intracolumnar regions.19 If the dependence of per-
mittivity on electric field is different in these two regions,
then the bias field will broaden the distribution of permittiv-
ity within the whole sample. A third interpretation of the
increase in ¢ is that the applied bias field increases the dis-
tribution of built-in electric field and strains generated by
charged defects."*'* This will be considered in a later paper.

The effective loss tangent tan 6, of the same film as in
Figs. 8 and 9 is shown as a function of temperature in Fig.
11. The peak in tan &, coincides with the peak in permittiv-
ity. The electric field bias lowers and broadens the peak in
tan &,/ so severely that it is impossible to say if the tempera-
ture of the peak moves significantly (outside the error bars).
This tan &, contains contributions from both conductor (a.)
and dielectric losses (a,). The conductor loss is linearly pro-
portional to the temperature dependent line resistance and
proportional to the square root of the line capacitance, which
involves the permittivity of the film, thus creating a distinct
peak in tan &,

C. Coplanar phase shifters

A typical example of the insertion loss of coplanar phase
shifters formed from the films deposited at various oxygen
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FIG. 11. Temperature dependent permittivity ¢’ and effective dielectric loss,
tan d,, of a film deposited at 10! mbar and annealed ex situ.

pressures is shown in Fig. 12. This insertion loss involves
both conductor loss from the silver transmission lines (a,)
and dielectric loss from the film itself (a;). As shown in Fig.
12(a), films deposited with lower oxygen pressure have
lower insertion loss, consistent with the lower tan 5eff seen in
Fig. 5. However, the performance of phase shifters is quan-
tified by a figure of merit, obtained from the ratio of the
differential phase shift to the insertion loss [Eq.(8)],

Figure of Merit = M (8)

IL

In Eq. (8), ¢(V) and ¢(0) are phases (°) at dc-bias voltages V
and 0 Volts, respectively and IL is the total insertion loss at
0 Volt. The figure of merit expresses the trade-off between
tunabilty and losses. Films deposited at 10~" mbar oxygen
pressure had the highest loss, but also the highest differential
phase shift [Fig. 12(b)] and hence the highest figure of merit.
Ex situ annealing for films grown at 10~! mbar oxygen pres-
sure improved the phase shift and figure of merit further
(Fig. 13), producing the best phase shifter performance.

Insertion Loss (dB cm'1)

140

£
S -1
2105 | 10 mbag
E — -
L= o —
t 70 P
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£ 351 p— 310 mbar
g * -~ ...«»\_...\-f,-,y.-.\wmu‘—:-f-'"‘*‘“""“" ’
s s >
[
2 10 mbar
2 (b)
= T T T
0 10 20 30 40

Frequency (GHz)

FIG. 12. (a) Insertion loss and (b) differential phase shift per unit length, for
films deposited at various oxygen pressures.
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Figure 14 shows the temperature dependence of tunabil-
ity and figure of merit of a phase shifter, the maximum val-
ues are around 7,,.

V. CONCLUSION

The temperature dependent microwave properties of
Bay 5Sr sTiO5 thin films have been investigated, utilizing a
coplanar waveguide transmission line which also functions
as a phase shifter. The tunability and figure of merit of the
phase shifter are optimized at the temperature 7, where
permittivity reaches a maximum. It should be noted that the
phase shifters established here are not of an optimal design.
For example, a narrower gap would improve the tunability
and figure of merit. The insertion loss would be reduced if a
thicker conductor were used.

The microwave properties of the film and performance
of the phase shifter are strongly correlated with the micro-
structure of the film. The sharpest ferroelectric-paraelectric
transition, the highest tunability, and the largest figure of
merit are all obtained for films with the lowest mosaic
spread, smallest strain, and widest columnar microstructure.

Three different interpretations of the increase in diffuse-
ness of the ferroelectric-paraelectric phase transition have
been suggested. Such models can be tested in the following
ways: (1) performing comparative measurements in micros-
trip and coplanar geometries and using transmission lines
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FIG. 14. Temperature dependent permittivity &’ (@), tunability (A), and
figure of merit (+) for a film deposited at 10! mbar and annealed ex situ.
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with different gap widths to elucidate the role of the direction
of the electric bias field, (2) making changes in deposition
parameters sufficiently to suppress columnar growth,20 and
(3) employing temperature dependent XRD characterization
in the presence of a bias field to measure any internal strain
distributions."’
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