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This article discusses tunable dielectric thin films, with particularly emphasis on strain-relieved and
defect-reduced tunable dielectric thin films that significantly reduce dielectric loss at microwave
frequencies. BggSi 4TiO5 (BST) thin films (~0.3 um thick) were deposited ontd00) MgO single
crystalline substrates by pulsed laser deposition at 750°C and 200 m}owit® a nominal
600-A-thick BST buffer layer. These films were observed to be strain relieved and show better
dielectric properties by exhibiting a significantly high dielect¢= 1/tan5>100) while retaining

a useful dielectric tuning=[ C(0)—-C(23 V/um)]/C(0)>20%, whereC is the film capacitangeat

8 GHz compared to strained BST thin films. The BST buffer layer could be composed of any porous
BST phase with randomly oriented grains between a nearly amorphous phase and a fully crystalline
phase. A further increase in the dielect@lowas observed in strain-relieved BST thin films mixed
with MgO and strain-relieved BST thin films doped with W. 802 American Institute of Physics.
[DOI: 10.1063/1.1491996

I. INTRODUCTION and normal lattice parameters of film or normal tetragonal
distortion (@,<a,), respectively. Therefore, as far as a
. . S . , strain-induced structural distortion exists in the film, the mi-
ferroelectric material exhibiting a large dielectric constant .\~ e dielectric properties of the film can never exhibit
change with applied dc electric fieldThe dc electric field both large dielectric tuning and high dielectqat the same
dependent dielectric constant is currently being used 1o OIque, and relief of film strain should result in improved di-
velqp tunable microvyave devices, such as voltage-con_trolIeglecmc properties. In this article, a method for making tun-
os_c!llators, tunable _fllters, and phase shifferSThe avail- . able dielectric thin films having substantially higher dielec-
aplllty of tunable microwave _dewces based_ on ferroelectrig;. Q while keeping reasonable dielectric tuning at
thm f|Ims_wouId rf‘"‘?'uce the size a”‘?' operating power of de'microwave frequencies as compared to conventional dielec-
vices while providing wide bandwidth and narrow beamie ihin fiims is presented. This method forms a strain-

W'dth'dp_‘ Ia]:rge ellectr.lc fk'leldffﬁ%ed hgj, glreadyh b?fn| der_non'relieved dielectric thin film, thereby minimizing the effect of
strated in ferroelectric thin filmsin addition to the dielectric - in erse relationship.

constant tunability with applied dc electric field, another
critical dielectric property in tunable microwave applications
is the dielectricQ(=1/tané). Although many efforts have
been made to understand the origin of the dielectric loss, Ba,Sr, ,TiO; (BST) thin films (~0.3 um thick) have
conventional tunable dielectric materials, both bulk ceramiceen deposited ont100) MgO single crystalline substrate
and thin films, show too low of a dielectr@ to be useful for  at 750°C in an oxygen ambient pressure of 200 mTorr by
many microwave device applications. A dielect@>200  pulsed laser depositiofPLD) under three different process-
will be required for many tunable microwave applications. ing conditions:(i) without a buffer layer(ii) with a nominal
One of significant factors affecting the microwave di- 200-A-thick BST buffer layer, andii) with a nominal 600-
electric properties is the structural distortion caused by filmA-thick BST buffer layer. The thin=<1000-A-thick BST
strain, which enhances the inverse relationship between dpuffer layer was deposited on(200) MgO substrate at room
electric tuning and dielectriQ.®=° The inverse relationship temperature and 200 mTorr,y PLD. The microstructure
results in either large dielectric tunirig-75%) with low di-  of the BST buffer layer can be modified into any phase from
electric Q(<50) or small dielectric tuning<10%) with  a nearly amorphous phase to a randomly oriented fully crys-
high dielectricQ(>200) for a reasonably small dc bias volt- talline phase, depending on an in-PLD chamber heat treat-
age(i.e., 50 V) and gap sizéi.e., 5um) of planar capacitors ment following the room temperature deposition. Also, 1.0,
at microwave frequencies, depending on either in-plane t€20.0, and 60.0 wt. % MgO-mixed BgSr, 4TiO5 thin films
tragonal distortion §,>a, ), wherea, anda, are in-plane and 1.0 mol.% W-doped BaSr, 4TiO5 thin films were
grown on(100) MgO substrates at 750 °C and 200 mTog O
3Author to whom correspondence should be addressed; electronic mai¥Vith nominal 600-A-thick BST buffer layers. The PLD sys-
chang@ccs.nrl.navy.mil tem used to grow the BST films has been described

BaySr,_xTiO; (BST) (0=x<1) is a solid solution

Il. EXPERIMENT

0021-8979/2002/92(3)/1528/8/$19.00 1528 © 2002 American Institute of Physics

Downloaded 23 Jul 2002 to 132.250.134.99. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chang et al. 1529

previously'®' The output of a short-puls€@0 ns full width
at half maximum excimer laser operating with Krf\=248 (@
nm) at a repetition rate of 5 Hz was focused to a spot size of
~0.1 cnf and an energy density 6£1.9 J/cn? onto a BST-
based PLD ceramic targéte., Bg gSIy 41105, MgO-mixed
Bay ¢Sl 4TiO5, or W-doped BggShy 4TiO5 bulk ceramics,
that were 2 in. in diameter and 0.25 in. thickhe vaporized ) J{
material was deposited onto a substrate approximately 5 cm
away from the target. All the deposited films were postan-
nealed in flowing @ at 1000 °C for 6 h. X-ray diffraction
(XRD) and scanning electron microsco@yEM) were used
for film structure and surface morphology characterization.
Single-gap planar capacitors with gaps from 5 tou20
were deposited on top of the BST thin films through a pho-
tolithograph liftoff process by-beam evaporation of 0.am
thick Au with a thin layer of Ti for adhesion. Interdigitated [ {c)

- (b)

intensity [arb. unit]

5 —_
capacitors with gaps from 6 to 2m were also deposited on . = & é
top of the BST films through a polymethylmethacrylate lift- S 5 St
off mask bye-beam evaporation of 1.,am thick Ag with an - @ S
adhesive thin layer of Cr and a protective thin layer of Au. B ;%
The microwave dielectric properties, capacitance, and dielec- -
tric Q(= 1/tan¢), of BST thin films were characterized with —— -

20 25 30 35 40

two different techniques in this articlé€i) resonance curve
(S,7) measurements using single-gap planar capacitors con- 20 [degrees]

taining BST thin films incorporated with a half-wavelength FIG. 1. XRD patterns of BST thin films deposited @91) MgO (a) without

(M2) stripline reso_naté? and (ii) reflection curve $11) 3 puffer layer,(b) with a 200-A-thick BST buffer layer, andc) with a
measurements using interdigitated capacitors based on B$00-A-thick BST buffer layer.

thin films probed by a 20@um pitch Picoprobe microwave
probe, which are connected to an HP 8510C network

4,15
analy;eﬁ From resonance curvesf,) measurements, the () can be considered as predominariip0) oriented films
capacitance and dielecti@(=1/tand) of the single-gap pla- it heir diffraction intensities are compared to those of ran-
nar capacitor were determined from a resonance condition Qfomly oriented powder diffraction peaKge., |110/l 100 iS
the half-wavelength stripline resonator incorporating thegp, i 9, wheré ;0 and| ;oo are the XRD intensity fof110)

single-gap planar capacitor, and fromQacorrelation be- and (100 planes of a randomly oriented BST pha¥eFor
tween the unloade® of the resonator containing the single- these(100)-oriented BST filmdFigs. 1a) and 1b)], the lat-
gap planar capacitor of BST film and the unloadgaf the e harameters along the surface normal)( and in the
resonator W'tlg a nearly lossless capacita., Al,Os, TiO2,  pjane of the films 4,) were determined from XRD patterns
and CaTiQ).™ It is noted that dielectridQ measurements of symmetric(004) or (002 and asymmetriq024) reflec-
using a stripline resonator are bounded by the unloadeg,,q (Figs. 2 and 3 The difference in the normal lattice
Q(QO) pf the res_onator with a capacitor practically without parameter, obtained from(004) and(002) is typically less
dielectric lossesli.e., Qo=300 and 500 for 2 and 8 GHz h4n 0.0005 A. In cases where the XRD peak intensity from

resonators in this experimenttrom reflection curve$1)  BsT films is not clear enough to determine the peak position,
measurement, the data were fitted to a parallel resistorshe xRD summation mode was used as shown in Fig. 3.

capaqtorlmc;del to determine capacitance and diele@0f  pjgraction peaks from the MgO substrate were used as an
the films=" The dielectric constant of the films was ex- jntarnal standard to reduce errors associated with measure-
tracted from the capacitance and the planar capacitor dimefzen Each BST diffraction peak was fitted with two Gauss-
sions through conformal mapping techniques for single-gap,y, fynctions by considering four factors of peak shépe
planar capacitof§ and for interdigitated capacitot. ratios of height, width, and area e, andK o, peaks, and
the distance betweeka; and Ka, peaks$ after removing

11l. RESULTS AND DISCUSSION the background. The uncertainty of the lattice parameter is
typically less than 0.001 A.

The lattice parameters of the BST thin films calculated

Figure 1 showg-26 XRD scans for BggSIp4TiO5 thin - from an analysis of the XRD data are presented in Table I.
films (~0.3 um thick) deposited onta(100 MgO single The in-plane lattice parameter of a BST thin film deposited
crystalline substrates by PLD at 750 °C and 200 mToyr O directly on a(001) MgO substrate without a BST buffer layer
under three different processing conditior{s; without a  is observed to be 0.2% larger than the normal lattice param-
buffer layer[Fig. 1(a)], (i) with a nominal 200-A-thick BST eter, resulting in an in-plane tetragonal lattice distortian (
buffer layer[Fig. 1(b)], and(iii) with a nominal 600-A-thick >a,). The in-plane lattice parameter of a BST thin film with
BST buffer layefFig. 1(c)]. The BST films in Figs. @8 and  a nominal 200-A-thick BST buffer layer is observed to be

A. Film structure and surface morphology
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FIG. 2. XRD patterns offa) symmetric(004) peaks andb) asymmetric 20 [degrees]
(024) peaks of BST thin films deposited ¢801) MgO at 750 °C and 200
mTorr O, and annealed at 1100 °Crf6 h in flowing G,. FIG. 3. XRD patterns ofa) symmetric(002 peaks andb) asymmetric

(024) peaks of BST thin films deposited ¢801) MgO with a 200-A-thick
BST buffer layer and annealed at 1100 °C 6ch inflowing O, . Insets show
gal andK «, peak fittings for BST peaks obtained from XRD summation

0.2% smaller than the normal lattice parameter, resulting in & = -

normal tetragonal lattice distortiomp(<a,), although the

structure for the corresponding bulk BST should be cubic at

room temperature. The film distortion is believed to be due  An analysis of the XRD pattern of Fig(d) indicates the

to lattice and thermal expansion mismatches between thBST thin film deposited with a 600-A-thick BST buffer layer
film and substrate and due to oxygen vacancies. During filnis of a single perovskite phase but does not have a preferred
deposition and postannealing processes, the film lattice struorientation. The ratio of peak intensities of Figcjlis very
ture could be modified to minimize the interface energy,close to the corresponding powder diffraction pattern, indi-
which is dominated by the lattice and thermal expansion miseating that this BST thin film is in a randomly oriented poly-
matches between the film and substrate. Oxygen vacanciesystalline phase. The lattice structure of this BST film was
mostly formed during film deposition, were observed to sig-determined to be a cubic phasa, & 3.966 A) by analyzing
nificantly affect the film lattice structure by causing either anfive XRD reflection peaks from the BST filrfi.e., (100),
in-plane or normal lattice distortiofi.e.,a,>a, ora;<a,) (110, (111, (200 and(211)] using a least square method. It
depending on oxygen deposition presstir@his preferen- is also noted that the lattice parame81966 A of this BST
tially directional lattice could be due to an oxygen—vacancythin film is very close to the equilibrium lattice parameter
preferential direction, either in-plane or normal, depending3.965 A of the corresponding bulk BS®.Figure 4 shows

on the oxygen deposition pressure in conjunction with thehat the randomness of film orientation originates from the
film deposition direction. In the case of a BST thin film with buffer layer. Figure &) shows a XRD pattern of the BST

a nominal 200-A-thick BST buffer layer, the buffer layer, buffer layer whose SEM image is shown in Figgh which
which was expected to form a dispersed small BST phase ois deposited at room temperature with a nominal thickness of
MgO substrate, caused the film lattice structure to be modi2000 A and then heated to the substrate temperature of
fied into a normal tetragonal lattice distortiom,&a,), 750 °C for 1 min in an oxygen background pressure of 200
which is different from the in-plane tetragonal lattice distor- mTorr. The microstructure of this film turns out to be almost
tion (a;>a,) observed in BST films deposited without the amorphous with an extremely small size of perovskite BST
buffer layer. Presumably, this is because the nominal BSPphase nucleation. Figurgl® shows an XRD pattern of the
buffer layer may affect not only the film relaxation from the BST buffer layer whose SEM image is shown in Figh)5
lattice mismatch and thermal expansion mismatch but alsavhich is deposited at room temperature with a nominal
the film lattice expansion from preferentially directed oxygenthickness of 1000 A and then annealed at 900 AGfh in an
vacancieq(i.e., in-plane lattice expansion for BST films de- oxygen background pressure of 1 atm. The microstructure of
posited at the oxygen deposition pressure of 200 mTorr as ithis film is fully crystalline. The XRD patterns for both BST
this study. buffer layers with nearly amorphous and fully crystalline
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TABLE |. Lattice parameters of three types of BST thin films.
Lattice parametefA)
BST films with/without a BST buffer layer in-plane @) normal @,)
BST film without a buffer layer 3.969 3.962
BST film with a 200-A-thick BST buffer layer 3.957 3.966

BST film with a 600-A-thick BST buffer layer

3.966

phases are very close to the corresponding powder diffraawith a BST buffer layer shown in Figs(& and e) show

tion pattern as shown in Fig(d. It is possible to design the

that the regions of the voids in the buffer layer are filled with

microstructure of a BST buffer layer to be any phase bean aggregation of small grains<0.1 um) during the film

tween nearly amorphous and fully crystalline.

Figure 5 shows SEM images df) as-deposited an(h)
annealed BST films without a buffer lay€r) as-deposited
and (d) annealed BST films with a 200-A-thick BST buffer
layer, (e) as-deposited andf) annealed BST films with a
600-A-thick BST buffer layer(g) a nearly amorphous BST
buffer layer, andh) a fully crystalline BST buffer layer. As

deposition at a high temperatufiee., 750 °Q. After a post-
deposition anneal, the grain size is observed to increase sig-
nificantly up to a size of~0.5 um by reducing grain bound-
aries which preexisted in the as-deposited BST films, as
shown in Figs. &) and 5f).

These structurali.e., lattice structure and microstruc-
ture) analyses indicate that BST film strain due to the film—

shown in Fig. 5, BST films with a BST buffer layer have a substrate mismatche@.e., lattice and thermal expansjon
rough surface due to the randomly oriented grain morpholeould be effectively avoided using an optimized BST buffer
ogy as compared to BST films without a buffer layer. Thelayer during film deposition and postannealing processes.

morphologies of both buffer layers shown in Fig$g)5and
5(h) show relatively large voids between the BST grdirss.,
extremely small or big grainsand presumably the randomly

Thus, optimal annealing effecis.e., reducing defects and
growing graing can be achieved without thermally induced
film strain due to the film—substrate thermal expansion mis-

oriented grains in the buffer layer could serve as seeds famatch.
the subsequently deposited crystalline BST film. The random
orientation of the grains and the voids between the grains in

the buffer layer could help to not only relieve film strain but
also grow crystalline grains in the subsequently deposited
dielectric film. The SEM images of as-deposited BST films
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FIG. 4. XRD patterns ofa) and(b) BST buffer layer{using the same film
as in Figs. &g) and gh), respectively, and(c) JCPDS card #34-0411 for
Bay 6Sry 4TiO3 powder.

FIG. 5. SEM images ofta) as-deposited an) annealed BST film without
a buffer layer,(c) as-deposited an@l) annealed BST film with a 200-A-
thick BST buffer layer,(e) as-deposited, anf) annealed BST film a 600-
A-thick BST buffer layer,(g) nearly amorphous BST buffer layer afia)
fully crystalline BST buffer layer.
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FIG. 6. Resonance curveS4) of a stripline resonator incorporating single-
gap planar capacitors @8) strained &,>a,) and (b) strain-relieved BST
films at different applied dc bias voltages up to 200 V at room temperature.

B. Microwave dielectric properties

Figures 6 and 7 show typical resonance transmission
(S,1) and reflection ;1) measurements of planar capacitors
containing strained g§,>a,) and strain-relieved BST thin
films at different applied dc bias voltages at room tempera-
ture, respectively. The resonance and reflection curves for
strain-relieved BST thin films are observed to be signifi-
cantly different from those for strainedg(>a,) BST thin
films in terms of the peak heigh8§;) and 3 dB width Af) FIG. 7. Reflection curves;;) on the Smith chart for interdigitated capaci-
of the resonance and in terms of the reflection curve positioters of BST films grown(a) strained &,>a,) and (b) strain-relieved BST
with respect to the outer boundary of the Smith chart for thdilms at 0 and 40 V bias over the frequency range from 0.045 to 20.045 GHz

. .at room temperature.
reflection measurements. The resonance peaks for strain-
relieved BST films show less dependence on applied dc bias
voltage [Fig. 6(b)], while the peaks of straineda(>a,)
BST thin films have a clear dc dependence by exhibiting
higher insertion loss%,;) and broader 3 dB widthXf) at  strained &;>a,) BST thin films is observed in terms of the
lower dc voltagedFig. 6(@)]. Also, the reflection curves, resonance peak position or the reflection curve length at 0V,
measured at 0 and 40 V on the Smith chart for strain-relieveavhich are determined by the capacitarice the dielectric
BST films, appear very close to the outer boundary of theconstank, and in terms of the range of resonance frequency
Smith chart, which corresponds to a low loss capacitancehift or the difference in reflection curve length with dc bias
[Fig. 7(b)]. The curves of straineda(>a,) BST thin films  voltages, which corresponds to the dielectric tuning, as
show a dc dependence and the curve measured at 0 V appedrown in Figs. 6 and 7. All the differences in resonance
further away from the outer boundary of the Smith chart,curvesS,; and reflection curveS;; of planar capacitors con-
which indicates that the capacitor has greater [6&3. 7(2)].  taining strained §,>a, ) and strain-relieved BST thin films
The observed differences in insertion &g, 3 dB width  come from the differences in the dielectric properties of the
Af, and reflection los$;; between strainedaf>a,) and films, which are originated by the differences in the film
strain-relieved BST films are directly related to the differ- strain.
ences in dielectric losgan) of the films*~'° Another dif- Typical in-plane film dielectric constants faa,>a,
ference in the measurements between strain-relieved argirained, strain-relieved, araj<<a, strained BST thin films
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. . . ) ) . . FIG. 9. (a) Dielectric tuning andb) dielectricQ of strain-relieved BST thin
FIG. 8. (a) Dielectric tuning and(b) dielectric Q of strained and strain- films mixed with MgO (0.0, 1.0, 40.0, and 60.0 wt@as a function of

relieveq BST thin f_ilms as a func_tion of applied dc electric field. The black applied dc electric field. The data were obtained frSmmeasurements at
and white data points were obtained fr@y measurements at 8 GHz and g Gz,

from S;; measurements at 10 GHz, respectively.

as shown in Table | were observed to be 800, 500, and 30Gtrates are even lowe@Q = 30) with higher dielectric tun-
respectively. Figure 8 shows the dielectric tuning of capaciing (64%-69% atE=3-5V/um) at 1-2 GHz than the
tance C, defined as[C(0)—C(Vy4)1/C(0), anddielectric  films without postannealing.e., Qg y=40-50 with a 36%—
Q(=1/tans) of strained(a;>a, and g;<a,) and strain- 38% dielectric tuning Presumably, the resulting dielectric
relieved BST thin films as a function of applied dc electric properties result because, after postannealing, the epitaxial
field. The strain-relieved BST films exhibit a relatively high films are strained further into an in-plane tetragonal distor-
dielectricQq y(~100) with a reasonably good dielectric tun- tion due to thermal expansion mismatch between the film
ing (~20% at 20 Vium). The strained BST films show either and substrate, even though film grains are expected to re-
high dielectric tuningd ~50% at 25 VLm) with a low dielec-  grow during the postannealing process. As shown in Fig. 8,
tric Qg v(~20) or high dielectricQq v(>150) with a low  strain-relieved BST thin films using an optimized BST buffer
dielectric tuning(~5% at 25 Vjum), depending on the film layer are free to be heat treated without a thermally induced
strain,a;>a, ora;<a, , respectively. Most film strains due structural distortion caused by film strain due to thermal ex-
to lattice mismatch and oxygen vacancies are thought to bpansion mismatch during the postannealing process, and
relieved in such a way as to minimize the film enefgg., therefore have only a desirable annealing effeet, reduc-

the interface energy between the film and substrate and thieag defects and growing grainsThe strain-relieved and
film bulk energy during the postannealing process. How- defect-reduced BST films exhibit much better dielectric
ever, as far as BST films are strained due to thermal exparproperties at high frequencidse., =2 GHz compared to
sion mismatch between the film and substrate during theonventional BST films that could be defect reduced but still
postannealing process, the films cannot have desirable détrained.

electric properties exhibiting both high dielectfrand high A further increase in the dielectriQ was observed in
dielectric tuning because of the film strain, even thoughstrain-relieved BST thin films mixed with MgO and strain-
structural defects are significantly reduced and crystallingelieved BST thin films doped with W. Figure 9 shows the
grains are largely grown in the film during the postannealingdielectric tuning and dielectri® of strain-relieved BST thin
process. For example, Dimas al. show that reduction in  films mixed with MgO (0.0, 1.0, 40.0, and 60.0 wtP@as a

loss is realized by dramatically increasing the grain size ofunction of applied dc electric field. The data were obtained
the dielectric films?® The increase in grain size is realized by from S,; measurements at 8 GHz. The strain-relieved BST
heating the film to a temperature at which the grains experifilm mixed with 1.0 wt% MgO shows a further increase in
ence regrowth. However, after postannealing,@healue at  the dielectric Qg \(~150) with a less dielectric tuning

0 Vg of the epitaxial dielectric films grown on LaAlOsub-  (~10% at 15 Vim) compared to the strain-relieved BST
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thin films doped with W(1 mol %) as a function of varactor gap size at

applied dc bias voltages up to 300 V. The data were obtained fgm FIG. 11. (a) Dielectric tuning andb) dielectric Q of strain-relieved BST
measurements at 2 GHz.

thin films doped with W(1 mol %) as a function of varactor gap size at
applied dc bias voltages up to 300 V. The data were obtained Bgm
measurements at 8 GHz.

film. However, the strain-relieved BST films mixed with 40.0
and 60.0 wt % MgO show an extremely small dielectric tun-
ing (<5% at 25 Vjum) although their dielectriQs are rela-

tively quite high. More measurements of small signal micro-
wave properties of single-gap planar capacitor containin
strain-relieved BST thin films doped with 1 mol% W were
made as a function of capacitor gap size ranging from 6 to 18
pm. Figures 10 and 11 are plots of dielectric tuning and
dielectric Q of strain-relieved BST thin films doped with 1

mol % W as a function of capacitor gap size at applied dc

the dielectric propertief.e., the dielectric tuning of capaci-
tance and the dielectriQ(= 1/tand)] over —20-60 °C, and
can be used for room temperature tunable microwave appli-
Rations.

fe=2.1t0 2.3 GHz
VDC=O to 300V

Gap=11um

bias voltages up to 300 V except for the circled data points %TF-)_-21 @ 8GHz and RT
with Vyax =50-250\; as noted in the figure. The data Q=133-147 @ 8GHz and RT
were obtained fromS,; measurements at 2 and 8 GHz. 1.0 y T T T 0.03.~

- . ; . - — oV 2 GHz w

Trends in the dielectric properties illustrated in Figs. 10 and T8 0.8 — ) =
11 are further validated by the fact that many of the data = he R 1 s 3 £
points represent data obtained from several different capaci- 8 0.6|300vV ” * 10029
tors with the same gap size. While the dielectric tuning at _§ L
both frequencies, 2 and 8 GHz, tends to increase as the gap © 0.4 1.2

. ; @ . — 0.014
size decreases, the dielect@aloes not show any clear trend S ol S , S
with gap size and reveals high dielectfs independent of o ©
the gap sizes for values ranging from 6 to Af, for the 0.0 r r r " T . 0_00'D
strain-relieved BST films doped with 1 mol % W. As shown -40 -20 0 20 40 60 80
in Figs. 10 and 11, these state of the art results show that the temperature [°C]

strain-relieved BST thin films doped with 1 mol % W have a
high dielectricQg v (Qaverag? 150) with a reasonable dielec- FIG. 12. Capacitance and dielectric Idgan ) of strain-relieved BST thin

. P film doped with W(1 mol %) as a function of temperature at applied dc bias
~500

tric tum_ng qf 20% at 50 V,le .at 2and 8 G.HZ'. Also, as voltages up to 300 V. The data were obtained frSsn measurements at 2

shown in Fig. 12, the strain-relieved BST thin films dopedgp;. also, dielectric tuning and dielectr@ of the same BST film measured

with 1 mol% W show a stable temperature dependence odt 8 GHz and room temperature are noted.
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