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Microwave dielectric properties of strained (Bag 4Srg ) TiO5 thin films
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Ferroelectric Bg,Sry ¢TiO5 (BST) thin films grown on(001) MgO by pulsed laser deposition show

a strong correlation between their structure and their microwave dielectric properties. Epitaxially
grown BST films are observed by x-ray diffraction to be tetragonally distorted. The oxygen
deposition pressure affects the magnitude of the tetragonal distdthienratio of in-plane and
surface normal lattice parametei3=a/c) of the deposited BST filmsD varied from 0.996 to
1.004 at oxygen deposition pressure of 10-800 mTorr. The dielectric properties of BST films
measured at microwave frequenci@s-20 GHz exhibit an oxygen deposition pressure dependent
dielectric constante=100-600, and quality factoQ (1/tan5=10-60. The BST film grown at the
oxygen deposition pressure of 200 mTorr exhibits the highest figure of rfférituning in

eX Qqy, Where % tuning is 108 (ey— €)/ €9, and ey and €, are dielectric constant at 0 and 80
kV/cm]. This corresponds to the film with the lowest distortioB=1.001). The observed
microwave properties of the films are explained by a phenomenological thermodynamic theory
based on the strain along in-plane direction of the films. 2@0 American Institute of Physics.
[S0021-897€00)01022-1

I. INTRODUCTION grown in a relatively low pressure of,Qexhibited the high-
est figure of meri{% tuning ineX Qqy, WhereQy is Q at
The large electric field induced change in dielectric con-g kv/cm). Normally a high oxygen ambient is used during
stant of ferroelectric materials, such as (8a_)TiO3 (0 film growth in PLD to prevent the formation of oxygen va-
<x=1), is currently being used to develop a new class lowcancies in the oxide films. The lattice of an oxygen deficient
of loss, tunable microwave devices, such as tunable oscillyerovskite film expands beyond the size reported for the cor-
tors, delay lines, and phase shifter§.Currently, tunable responding bulk ceramic**® During heteroepitaxial thin
microwave devices are based on eitfgei-n diodes/® or  film growth, strain due to the lattice mismatch between the
ferrites?*® However, each of these technologies has somexygen deficient film and the substrate changes the structure
disadvantages. The semiconducting devices are extremedyf the film. Furthermore, strain due to the thermal expansion
lossy at frequencies over 2 GHz and high power is needed tdifference between the film and the substrate also alters the
operate ferrite based devices. The realization of low loss turstructure of the deposited film during cooling from the depo-
able microwave devices based on ferroelectric thin films willsition temperature to room temperature. The resulting strain
reduce the size and the operating power of devices, whicin the film at room temperature affects the microwave dielec-
will have a significant impact on both wireless communica-tric properties of the films.
tions and satellite applications. An issue in the fabrication of  In this article, we present systematic studies of the influ-
these devices is maintaining a large change in the dielectrience of oxygen deposition pressures on the structure and
constant of the ferroelectric film while keeping a low dielec- microwave dielectric properties of epitaxial (B&1 ¢ TiO3
tric loss at microwave frequencies. (BST) thin films grown on(001) MgO by PLD. The oxygen
The dielectric properties of thin films are affected by vacancies regulated by changing the oxygen deposition pres-
many factors, such as Ba/Sr ratio, grain size, defect chemisures are used to control BST film strain. A maximum in the
try, oxygen vacancies, strain and stress, and dopahts®  microwave figure of merit is observed from the film with a
Though it is difficult to identify a single mechanism respon- minimum strain. The strain dependent dielectric constants
sible for dielectric loss, it is extremely important to correlateagree with those calculated from a theory modified from one
loss mechanisms with film properties. A strong relationshipdeveloped by Devonshiré:*’
between film structure and dielectric properties has been ob-
served in(Bag sSKy 5) TiO3 films grown by pulsed laser depo- || EXPERIMENT
sition (PLD) with different oxygen deposition pressures.

As-deposited (BaSt, 9 TiO; films with the least stress, Epitaxial BST films were deposited on{601) oriented
B MgO single crystals by PLD. The output from a pulsed KrF

excimer laser(2480 A, 30 ns FWHM was focused onto a
dCurrent address: Electronics and Telecommunications Research InStitUtgtOiChiometl’iC (Ba4Sr0 G)TiO3 target with energy density of
Taejeon, Korea; electronic mail: kwj@etri.re.kr : : . .
bAuthor to whom correspondence should be addressed: electronic maif J(Cn%'- The oxygen pressure in the deposition chamber was
horwitz@ccsalpha3.nrl.navy.mil maintained at a fixed value between 10 and 800 mTorr for
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FIG. 1. Oxygen deposition pressure dependent measured lattice parameters ol \ \ \ . . . \ A
along in-plane &) and surface normal ¢} directions of epitaxial 2 4 6 8 10 12 14 16 18 20
Bay 4SSty 6Ti03 films on MgO single crystals, and calculated tetragonal dis- Frequency (GHZ)

tortion (D=alc).
FIG. 2. Typical frequency dependent measured microwave propefdes,
capacitance anb) quality factorQ of interdigitated capacitor fabricated on

each deposition, while the substrate temperature was fixed BST/MgO.
750 °C. The thickness of the BST films wagt000 A. The
lattice parameters of BST films were calculated from the
symmetric(002 and(004), and asymmetri¢024) and(113
x-ray diffraction peaks measured on a Rigaku rotating anod&inimum distortion depends on the Ba/Sr rati{&® mTorr
x-ray diffractometer equipped with Ciie radiation source for x=0.5, and 200 mTorr fox=0.4). Note that the bulk
and a Huber four-circle diffractometer using @y, radia- BST (0<x=<0.6) at room temperature is a cubigc, D
tion. Diffraction from the MgO substrate was used as an=1). The observed tetragonal distortion of the BST films is
internal standard to reduce errors associated with measura-result of stresses caused by lattice mismatch and thermal
ment. In addition, each BST diffraction peak was fitted with€xpansion difference between BST films and MgO sub-
Gaussian functions after removing the background. The urstrates, and by oxygen vacanclelt. is very important to
certainty of the lattice parameter is typically less than 0.001understand the role of oxygen vacancies in the film. With a
A. Microwave dielectric properties of the BST films were constant number of oxygen vacancies in the film, the distor-
measured by an HP 8510C network analyzer at 0.1-2.0 GHton of BST film should be a constant due to constant stresses
using interdigitated capacitors fabricated from depositinggenerated by a fixed thermal mismatch difference and a fixed
Ag/Au electrodegabout 2um) deposited bye-beam evapo- lattice mismatch between the substrate and the film. How-
ration through a PMMA liftoff mask. Dielectric constants ever, the measured strain in the film, which is a strong func-
were extracted using a modified conformal-mapping, partialtion of oxygen deposition pressure, indicates a change in the
capacitance method from measured capacitance and dime@Xygen vacancy concentration. The changea/aratio with
sions of the capacitor$. oxygen pressure could be the result of probability changes in
generating oxygen vacancies oW(1/2,1/2,0) and
V(1/2,0,1/2) due to different activation energies.

The frequency dependent dielectric propertieapaci-

The calculated lattice parametexgalong in-plang and  tance and quality facto® (= 1/tan ) with 0-80 kV/cm of
c (along surface normal directiprior BST (x=0.4) films  dc bias fields measured at room temperdtofean interdigi-
grown at oxygen pressures from 10 to 800 mTorr are showiated capacitor fabricated on BST film deposited at 200
in Fig. 1 with the calculated tetragonal distortion of film mTorr oxygen pressure are shown in Fig. 2. As shown in
(D=alc). The change in the lattice parameters of the filmsFig. 2(a), capacitance at microwave frequenciés20 GH2
deposited with oxygen pressure between 300 and 800 mToig constant at a given dc bias field. However, quality faQor
are relatively small, however, those deposited at lower oxyis a function of frequency and dc bias field strength as shown
gen pressuré1l0—100 mTory show a large change. Gener- in Fig. 2(b). Figure 3 shows the dielectric constant changes
ally, films deposited at higher oxygen pressures stow of the representative capacitor of each BST film with dc bias
>c(D>1), while films deposited at lower oxygen pressuresfield at 10 GHz. The BST films deposited at 200 and 300
showa<c(D<1). This demonstrates the strong influencemTorr show large dielectric constant changes with dc bias
of the oxygen deposition pressure on the film structure. It idield, while films deposited at low oxygen pressdess than
very interesting to note that the film deposited at 200 mTorrl00 mTor) and at high oxygen pressu(800 mTory show
shows a very small deviation from the cubic symmety ( smaller changes in dielectric constant. In addition hysteresis
=1) less than 0.1%, while others show large deviationsjs observed in the films deposited at 200 and 300 mTorr,
ranging from 0.2% to 0.4%. The oxygen pressure for thehough the bulk BST X=0.4) is paraelectric at room tem-

IIl. RESULTS AND DISCUSSION
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FIG. 3. Dielectric constant changes with applied dc bias fields, which de- _ o ) )
pend on the oxygen deposition pressures. FIG. 5. Measuredsquarg and theoretically calculate@olid line) dielectric

constants of strained BS&€ 0.4) thin film on MgO.

perature. This suggests that thin epitaxial films have strain

induced ferroelectric behavior. _ (=QovX % tuning, whereQoy is Q at 0 kv/cm. The films
The microwave properties for BSX€0.4) films at 1_0 grown at lower oxygen pressurés0—30 mTorf have high
GHz.as a funcnon of oxygen pressure are shown in Fig. 4Q (~50), while films deposited at higher pressufé80—800
(@) dielectric constang, (b) % tuning[100X (eo—e€n)l/€0,  mTorr) exhibit low Q (10-30. The dielectric constant and %
where e, and €, are dielectric constant at 0 and 80 kV/em, yning are a maximum at 300 mTorr. Furthermore, the figure
(©) quality factor Q(=1/tans), and (d) figure of meritK ¢ merit of the film with the minimum stressD(= 1.0004)
grown at 200 mTorr shows a maximum value 6f700.
These trends in microwave properties of BST films (

6001(a) v —a—eat0kViem | =0.4) agree with those observed from BST filnxs=(0.5)
L o —n—e¢ at 80k V/em The strain effect on the dielectric constant of ferroelec-
*3 g 400 /I 1 tric films were recently reported by Chaegal® modified
% a 200 - from a phenomenological thermodynamic theory of bulk fer-
‘5 S ' 1 roelectrics developed by Devonshifet’ The dielectric con-
ol ) . ) . stant of strained films can be expressed as:
60 [(b) ] JEIIP=1le= a+ 3BE2e?+b,(S)+ by(E), (1)
o
g 40| ] | where @ and B are expansion coefficients is in-plane
5 strain,b(S) is 2G1S+2G 1 1—2(cq,/c19) ]S, andb,(E)
= 20l ] is 2GRy E2+2G,{1-2(cy,/c1) IR1E?, ¢, Gy, and
B ) Rj; are the elastic constants, the stress-polarization related
01— . : . . electrostrictive coefficients, and the strain-electric field re-
o 80Kc) —e—Qat0kV/iem 1 lated electrostriction coefficients, respectively, @hds the
g 60| —0—Q at 80k V/em | applied dc electric field. The strain along in-plane of the BST
= 40 1 (x=0.4) can be calculated from measueedndc by follow-
Uy Ing,
o 20 M ] S=(a-ao)/a,,
e 603 ((i) ' * ' ] wherea,= (axax c)3. Figure 5 shows the relationship be-
E tween the calculated straof BST (x=0.4) on MgO and
w 400} J the measured dielectric constant. The measured dielectric
3 1 . constant increases gradually as the strain goes from compres-
5 200} _ sive strain(—0.14% to tensile strair(0.12%). The change of
.E) the dielectric constant with in-plane strain agrees with the
0

: s . : : theory (solid curve in Fig. 5 at E=0 with €;=200, where
0 200' ) 400 600 800 €o is a dielectric constant extrapolated 0. When the

O, deposition pressure (mTorr) right-hand side term of Eq1) is 0, the dielectric constar
G 4 O denositi dependent mi " is infinite. There is a large change in measured dielectric

. 4. Oxygen deposition pressure dependent microwave properties - o .

epitaxial BST/MgO:(a) dielectric constant with/without dc bias voltage and OéonStants, nears 0'12,/0’ which may correspond o a .
(b) dielectric constant % tuninde) deviceQ with/without dc bias voltage, parae|eCt”C_ferr0eleCt”C phase transition caused by a strain
and (d) figure of merit (K=% tuningx Qyy). larger than 0.12%. Theoretically, the strain dependence of
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