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Microwave properties of tetragonally distorted (BagsSrp5)TiO4 thin films
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A strong correlation is observed between the structure and the microwave dielectric properties of
epitaxial Bg ¢SrysTiO3 (BST) thin films deposited ontg001) MgO by pulsed laser deposition.
Films were deposited at 750 °C in an oxygen pressure that was varied from 3 to 1000 mTorr. The
tetragonal distortiorfratio of in-plane and surface normal lattice parameters,a/c) of the films
depends on the oxygen deposition pressDrearied from 0.996 at 3 mTorr to 1.003 at 800 mTorr.

At microwave frequencie$1-20 GHz, BST films with low distortion have higher dielectric
constants é~500), and lower dielectric loss (ta-0.02) compared to films with higher distortion.

The correlation of the microwave properties with the film structure can be attributed to stresses and
polarizability in the film. The BST film grown at the oxygen deposition pressure of 50 mTorr
exhibits a large dielectric constant change and a low dielectric loss at the same time, which
corresponds to the film in low stresB € 1.0004. For tunable microwave applications, BST films
with low stress are desirable in order to achieve both low dielectric loss and large tunability.
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(Bay 551 5 TiO5 (BST) thin films are being used to de- Microwave properties of the BST films were measured by a
velop a new class of tunable microwave devices, such aslP 8510C network analyzer at 0.1-20 GHz range using in-
tunable oscillators, delay lines, and phase shiftér$hese terdigitated capacitors fabricated from depositing a thick
devices are based on the large electric field dependent diele&u/Ag electrode (about 1.5 um) grown by e-beam
tric constant observed in ferroelectric materials. BST filmsevaporatiort! The dielectric constant was extracted using a
have been deposited by chemical vapor deposttion,modified conformal-mapping partial-capacitance method us-
sputtering€,® and pulsed laser depositigRLD).*®~2°PLD ing the dimension of the capacitors?
provides unique advantages for multicomponent oxide films ~ The lattice parameters of BST films were calculated
because it easily reproduces the stoichiometry of the target iffom the symmetriq002 and (004), and asymmetri¢024)
the deposited film. Though the oxygen ambient is used t@nd (113 x-ray diffraction (XRD) peaks measured on a
prevent the formation of oxygen vacancies in the depositedRigaku rotating anode x-ray diffractometer equipped with Cu
film, it has been shown that oxide films grown using PLD areKa radiation source and a Huber four-circle diffractometer
still oxygen deficienf~° The lattice of an oxygen deficient USing CuKe; radiation. The uncertainty of the lattice pa-
film expands beyond the size reported for corresponding@Meter is typically less than 0.001 A. _
bulk ceramic€-1%In addition, other factors such as the lat- _ Figure 1 shows symmetri002) and asymmetri¢024)
tice mismatch and the thermal expansion difference betweefiRD scans for BST films on MgO. The peak positions of the

the film and the substrate alter the structure of the deposite(P02 @nd (024 MgO are used as an internal calibration for
film.1° An increase in the number of oxygen vacancies in the??- The peak positions of the BST films are sh!fteq tF) a
film increases the lattice parameter of the oxide thinlower angle than those of the reported bulk ceramic, indicat-

films 210 but there have been no systematic studies on th g that the lattice parameter of the BST films is larger than

— H 13
influence of oxygen vacancies on the microwave propertieg at Of. the bulk{a,=3.9471 A for (Ba sl 9 TiO5]." Films .
: fjeposned at lower oxygen pressures show larger peak posi-

the effect of the oxygen deposition pressures on the structurttlaOn shifts, suggesting the strong influence of oxygen pres-

. ) . ) o .~ sure. The calculated lattice parameters for films grown at
and microwave dielectric properties of epitaxial BST thin A
fil (001) MgO by PLD oxygen pressures from 3 to 1000 mTorr are shown in Fig.
! msEg_rtow_n IOLSST il 9300y ' q ited ontHoL 2(a). The change in the lattice parameters of the films depos-
Mao pl_axlla Ilms( PngmTvxere ep05|fe 0?](9 ) | ited with oxygen pressure between 350 and 1000 mTorr are
gb single crystals by - 1he QUtpUt oras or_t pu Serelatively small, however, those deposited at lower oxygen
excimer lasef248 nm, 30 ns full width at half maximum

: ) pressure(3—50 mTorj show large changes along both in-
(FWHM)] was focused onto a stochiometfBa, sSty ) TiO

4 ) 2 . plane(a) and surface normalc) directions associated with
target with energy density of 2 J/enThe oxygen pressure in - o change in the deposition pressure. The calculated tetrag-
the deposition chamber was varied from 3 to 1000 mTorr

. o ,onal distortion of film P =a/c) strongly depends on the
while the substrate temperature was maintained at 750 Q)xygen deposition pressufaote that bulk Bg<Sr, cTiO; at
room temperature is cubicDi,=1)]. At 3 mTorr, D is
3Electronic mail: kwg@ccf.nrl.navy.mil 0.996 less than I(>a). The deposited film is nearly cubic
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where Qstis oxygen in BST, and/ is oxygen vacancy in
BST. From a simple mass-action equation, the oxygen con-
centration will be expressed by

MgO (002)
Mg0 (029

BST (002)

[Volle]?=exp(— AH/KT)P5 ",

BST(024)

where[ V] is the concentration of oxygen vacancias] is
enthalpy for generating oxygen vacancies, ﬁng is pres-
sure of oxygen in the chambé¢Ogg7] is constant because of
the relatively small number of oxygen vacancies in the BST
matrix. Based on the assumption tHats] is 1/7e], the
concentration of the oxygen vacancies at constaist

[Vol=Po,”.

Arb. log scales

i e T e Oxygen vacancies affect the nearest neighbor distance by
110 112 114 116 118 120 122 . . .
reducing the Coulomb attractive force between cation and
26 (degrees) anion atoms, resulting in an increased lattice parameter and
FIG. 1. XRD patterns of symmetri002 and asymmetri¢024) peaks of unit cell volume. The volume of the unit celb) and the
BST on MgO with different oxygen deposition pressut8s50, 350, and  relative oxygen vacancy concentratigivg]/[ Vo] 1090 mTory
800 mTorr from bottom to top shows a very similar tendency with oxygen pressure in the
chambel{Fig. 2(b)]. This agreement confirms that films de-
around 50 mTorr P=1.0004).D increases monotonically posited at low oxygen pressures have more oxygen vacancies
with increasing oxygen pressure to a maximum at 800 mTorthan those deposited at higher oxygen pressures. Further-
(Dgog=1.003). The film deposited at 50 mTorr shows verymore, the unit cell volume of the film is a good measure of
small deviations from the cubic symmetry, less than 0.05%the relative oxygen vacancy concentration in the film.
while others show large deviations, ranging from 0.2% to ~ The lattice parameter and the tetragonal distortion
0.4%. However, the unit cell volume of the film deposited atchanges of the films can be explained by both the lattice
50 mTorr is still significantly larger than that of the bulk mismatch and the thermal expansion difference between the
(vso>vpuw), indicating the film contains a large number of film and the substrate, and the number of oxygen vacancies.
oxygen vacancies. At the deposition temperatur@50 °Q, the BST lattice in
The influence of oxygen pressure on the volume of thdow oxygen partial pressure will expand beyond that of the
unit cell (v) can be estimated by assuming that oxygen atcorresponding bulk due to the presence of oxygen vacancies.
oms in the BST film and in the chamber are in equilibrium atDuring film growth, the expanded BST lattice will distort
a given deposition temperatuf@50°Q. The formation of and expand along the in-plane direction due to the larger

oxygen vacancies in the film can be represented by MgO lattice (@=4.2113A), resulting in a tetragonally dis-
torted BST lattice. During cooling to room temperature, the
Opsr Vot 30,+ 2e BST film will experience a compressive stress due to thermal

expansion coefficient differences between the BST film and
the MgO substrat®’ The observed tetragonal distortion

= 04| @) ' " [co—ae <'> 1o g change froma/c>1 over 350 mTorr toa/c<1 below 3
T 4amf o o— 70 lim g mTorr and the monotonic increase in the unit cell volume
‘g 4001 l\?/ Lo g with decreasing oxygen pressure could be the result of the
E i ' _’g change between stress due to lattice mismatch, thermal con-
s 7 \./-\. a 9% 3 traction difference, oxygen vacancies, and attractive force
£ 3% o O—B7——p——~0 ) g, among atoms in the film. However, these cannot explain that
= 394F ek, s, TiO, _;:‘Z;‘;‘:ﬂ“;‘l‘e loos ® the stress change from tensile to compressive with decreas-
3.92 — : ; ] ' &= ing oxygen deposition pressures. One possible explanation is
® :::{2};“’ oy that the nonisotropic stresses caused by lattice mismatch be-
'@ ®r 13 g £ tween the substrate and the film during deposition may dis-
g2 o« X z § tinguish two crystallographically different oxygen vacancy
§ ol 8 2 % S sites (0, 1/2, 1/2 and (1/2, 1/2, Q like those in PbTiQ [
3 \070\0 . § S Vy(1/2,1/2,0) is more stable thaW(0,1/2,1/2}%. The
2 e 1! % S change of preferential oxygen vacancy sites in the BST film
- 2 may occur around the oxygen pressure of 50 mTorr based on
43 %0 s 6o 8w 1000 | the observed lattice parameter changes. Films deposited at
Oxygen pressure (mTorr) lower oxygen pressuré<3 mTorp may be transformed to

FIG. 2. (3 In-plane(s) and surf 48 latt . d et the ferroelectric phase due to the induced streSs@he

. 2. (3) In-plane(a) and surface normdt) lattice parameters and tetrag- : . _ . -
onal distortions &/c) of epitaxial BST film on(001) MgO. (b) Measured fe_rrOE|ECtr|C phase, BaTip has a/c 0_'989 WhI_Ch 1S
volume of the unit cell ¢) and estimated relative oxygen vacancy concen- Slightly smaller than 0.996 of the BST film deposited at 3

tration ([ Vo]/[Vo]20% mTory, mTorr oxygen pressure.
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80

= y : show an increase in tunability with increasing oxygen vacan-
©w L — Q at 0KV R . . .
70} ® X—Q:SOkV(;?m cies (decreasing oxygen deposition pressuBST films
& el g oxyg p p
g sol grown at 50 mTorr, which is in minimal stress, shows an
2 wf — & ] increased polarizability, and exhibits low dielectric loss
= s . . . .
g X ;/‘ * (high Q) and high tunability. This strongly suggests that
2 fg: v ] films with low stress are highly desirable for tunable micro-
ol— , , , , R P wave device applications.
& sl ® o —@— % Tuaing lo 2 In summary, we report a strong correlation between the
g —V—gattkViem 1o § microwave dielectric property and the structure of the epi-
2 400t —A—¢, at 80kV/em = . . :
8 ol . lo e taxial BST films grown on(001) MgO single crystal sub-
2 >$ {0 £ strate by PLD. The BST films on MgO show different types
2 001 A\A—Aw 0 2 of tetragonal distortiong>a at low oxygen deposition pres-
2 100t J10 E L H _
a sure(<3 mTorn, c~a at 50 mTorr, anda>c at high pres
0 (c)’ ’ ' ’ ’ 0 sure (356<Po,<1000 mTorr). The observed change in the
800 . . .
= unit cell volume agrees well with the predicted change of the
£ ol ] relative oxygen vacancy concentration calculated by the
s \./- mass-action equation. The microwave properties are strongly
g a0} correlated with the tetragonal distortions and unit cell vol-
= ] umes:(1) dielectric constant tuning and dielectiincrease
T v S T with increasing unit cell volume and number of oxygen va-

Oxygen pressure (mTorr) cancies and2) stress change from tensile to compressive

decrease dielectric constant of BST films deposited at low
oxygen pressuré<3 mTorr). It is important to note that the
film with low tetragonal distortior(close to the cubic sym-
metry) has a high dielectric constant, large tunability, high
dielectric Q, and high figure of merit. This shows, clearly,
that for tunable microwave application BST films with low
stress or strain are required.

FIG. 3. The dielectric properties of the BST film at 10 GHa), dielectric
quality factor Q(=1/tan¢), (b) dielectric constant and its percent tuning,
and (c) figure of merit (= Qg X % tuning).

The dielectric properties at 10 GHz for BST films on
MgO grown at different oxygen pressures are shown in Fig
3 [(a) quality factorQ(= 1/tané), (b) dielectric constant and

dielectric constant percent tuning with applied dc field of 80  The authors gratefully acknowledge the support from the
kV/icm, and (c) figure of merit K(=Qq kviemX %tuning)]. Office of Naval Research and SPAWAR.
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