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Comparative study of broadband electrodynamic properties
of single-crystal and thin-film strontium titanate
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We have used a coplanar waveguide structure to study broadband electrodynamic proper-
ties of single-crystal and thin-film strontium titanate. We have incorporated both time- and
frequency-domain measurements to determine small-signal effective refractive index and loss
tangent as functions of frequenéyp to 4 GH3, dc bias(up to 16 V/m), and cryogenic temper-

ature (17 and 60 K. The large-signal impulse response of the devices and the associated
phenomenological nonlinear wave equation illustrate how dissipation and nonlinearity combine to
produce the overall response in the large-signal regime.1989 American Institute of Physics.
[S0003-695(199)02952-9

Strontium titanatéSTO) is one of the most widely stud- single-crystal sample uses, as nonlinear dielectric medium, a
ied materials in condensed matter physic8TO provided 1-mm-thick single-crystal STQ100 substrate(commer-
the prototype example for soft-phonon modes, for unusuatially available from K&R Creationbelow the electrodes.
electron/optical-phonon coupling leading to superconductiv-The monolayer and bilayer samples use a@n7-thick epi-
ity, and for nonclassical exponeritét was also the first ma- taxial STO (100 film below the electrodes, and Ogfn-
terial in which quantum paraelectricity was discoveted. thick epitaxial STO films(100) below and above the elec-
STO is also important from a technological point of view: its trodes, respectively, deposited on 0.5-mm-thick single-
large dielectric constant and large dielectric breakdown fiel@rystal LaAlO; (100 substrates. The details of film
make it a potential candidate for storage capacitor cells ileposition and patterning were published previodsly.
next-generation dynamic random access memdras] its In the analysis of broadband characteristics of our
large dielectric nonlinearity at cryogenic temperatures is £PWs, we have used an electrical circuit model based on
desirable property for various applications such as tunabl&imped circuit equivalents of coupling impedanzg and
filters and phased array antenfidsAlso, the synergistic MPut/output termination impedancg for the external cir-
compatibility between STO and high-temperature supercon(-’“'”y; and dlstrlbyteq CPW parameters of characteristic im-
ductor YBaCw0,_ 5 (YBCO) has recently led to an in- pe_danceZ, refractlve m_dexn, loss tangent taf, and wave-
creased interest in their thin-flm microwave applicatiéns, 9Uide length/” (see Fig. 1 We have used two types of

Although some marked differences in the electrodynami(!umped source; swept frequendyom 45 MHz to 4 GHz,

properties of single-crystal and thin-film STO have been oband Gaussian-like impulsgpulse width~0.05 ns for small

served by several researchBrs detailed comparative study signal, and 0.4 ns for large sighaln t he case of swept-
. . . . frequency measurements, the small-signal steady-state trans-
regarding their broadband microwave properties at cryogenic

; o A 0
temperatures has yet been done. ittance er/e;) is given by

In this letter, we report a comprehensive study of broad- Z.+Z —Z
band electrodynamic properties of single-crystal and thin- 2 1+ Z.A+Z,+Z
film STO. By implementing a coplanar waveguidé&PW) 7 Z+72,-Z
geometry with identical YBCO electrode structures for both 1+ == e+ —e
. . . e-,—(w) ZL ZC+ZL+Z
single-crystal and thin-film STO, we were able to make a = )
e(w) (ZL+Z)[Z +Z+Zcoth(y/)]

direct comparison between them in terms of not only intrin-
sic electrodynamic characteristics but also practical implica- Z[(Z, +Z)coth(y/ ) +Z]

tions. All films were pulsed-laser deposited. For this study,yherew is the angular frequency. The complex propagation
we have used three types of waveguides: single crystalnction y is given by

monolayer film, and bilayer film. All three devices have

identical electrode structures, made from a @m-thick ep- z, Z.
itaxial YBCO film, patterned in the form of a 7.8-cm-long

meandering CPW with approximately a 20a-wide center- e’@ﬂ %T

Z, n, tand, £

. i lumped  lumped distributed coplanar waveguide  Jumped Iumped
line, and a 15um-wide gap on 8 mm8 mm templates. The source  coupling coupling _load

inductance inductance
3E|ectronic mail: findik@lanl.gov FIG. 1. Electrical circuit model.
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FIG. 2. Transmittance vs frequency at 60 K under 0 and 20 V biagajor Frequency [GHz|

single-crystal andb) bilayer film samplegdashed lines are data, solid lines

are fits; insets are schematic cross sections of waveguides FIG. 3. Refractive index and loss tangent vs frequency at 17 and 60 K under

0, 5, and 20 V bias fofa) single-crystal andb) bilayer film samplegsym-

. bols are data, solid lines are linear approximatjons
y=iwn/c+ iwntandlc, 2) PP )

wherec is the speed of light in vacuum. Figure 2 shows fits ~ er(w)  8ZZ e "

to experimental data assuming purely inducti¥g, and e(w) (Z+Z,+Z2.)% ©)
frequency-independerd, Z, , n, and tand. Basically, the
separation of peak@.e., resonancesinitial height of peaks, By making certain assumptions and using E@.and

and decay of peaks with frequency are determineah,hy, (3), we can readily obtaim and tans as a function of
and tans, respectively. The bias is applied between the cenfrequency’ Figure 3 shows results of such analysis for the
terline and ground plane$20 V bias corresponds to single-crystal and bilayer film waveguidége monolayer
~10° V/m at the dielectric surfageTable | summarizes re- film waveguide had very similar characteristics to those of
sults of similar fits for all three waveguides at 17 and 60 K.the bilayer film waveguide The upperbound frequencies for
To a good approximation, bias-dependent effects are qudhe data were limited by the signal-to-noise ratio, and undu-
dratic for low voltageg<2 V), and linear(shown in % for lations in the data were caused by mutual inductance effects
high voltages(between 2 and 20 ¥ We note that ta@ in- among parallel segments of the meandering lines of the
creases with bias in the single-crystal sample, whereas it davaveguides. We note that frequency-dependent effects, such
creases in the bilayer sample. Also, the bilayer sample showas reduction ofh and tans with frequency, become distin-
noticeable dispersivé.e., frequency-dependereffects[see  guishable with bias in the case of the single-crystal wave-
Fig. 2(b)]. guide, especially at 17 K. However, such effects are virtually
To determine frequency-dependent effects quantitativelyias independent in the case of film waveguides. Also, at 60
(and also to check the accuracy of swept-frequency fit reK and 20 V bias, the bilayer film waveguide shows a much
sultg, we have used a Gaussian impulse generator as ttmmaller refractive index but larger dielectric nonlinearity
source and performed a time-domain analysiSor the than, and similar effective loss tangent to, the single-crystal
lowest-order impulse transmissidne., propagation length waveguide.
/), the small-signal transmittance is given’by The ramifications of such bias-dependent small-signal

TABLE |. Sample typg(Type), strontium titanate layer thickneéSTO th); broadband-frequency~<(10°— 10 Hz) averages for effective refractive ind&x
and its fractional change per dc voltage bidn(AVn), and effective loss tangent (t@&hand its fractional change per dc voltage biadstén §/AV tan ) at
17 and 60 K.

STO th. n An/AVn tand A tand/AVtané n An/AVn tané A tand/AVtané
Type (pem) at17 K atl7K@1/V) atl7K at 17 K(1/V) at60 K at60 K(1/V) at60K at 60 K (1/V)
Single crystal 1000 77.5 —5.0% 0.015 +30% 37.0 —0.4% 0.0035 +16%
Monolayer film 0.7 6.3 —0.5% 0.017 —2% 6.5 —0.4% 0.021 —2%

Bilayer film 0.7+0.7 8.3 —0.8% 0.027 —2% 8.8 —0.8% 0.033 —-3%
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sof ~n T ooy ] that the simulation results match the amplitude of the experi-
YV 60K (a) 7 . . .

" ] mental results. Our simulations also assume that the input
= 40F 3 pulse is an ideal Gaussian impulse, whereas the experimental
£t ] pulse is slightly asymmetric and has a shoulder at the trailing
£SO ] edge.

5 ,of Sndecnstl The decrease af with bias in both single crystals and
% thin films is well described by essentially “hardening” of
- 10p soft phonong(n in films is reduced and has different tem-
0.0 perature dependence, most likely due to increased stress and
-, defect density in the fims' Recently, Vendik, Ter-
Martirosyan, and ZubKg revised a model first used by
a0 Bethé?® to describe microwave losses in incipient ferroelec-

trics. According to this model, losses due to scattering of
phonons by residual/localized ferroelectric polarization is
likely to be dominant in single crystals, since this mechanism
predicts the experimentally observed increase of loss with
both decreasing temperature and increasing bias. For films,
the experimental observation of weak temperature depen-
dence and reduction with bias of loss is consistent with a loss
mechanism based on transformation of microwave photons
L N into acoustic oscillations at charged defects. However, the
0.0 A . . . . .
S e — fact that this model for all mechanisms predicts linearly in-
Delay [ns] creasing tam with frequency(for single-crystal STO at 140

FlG 4. L ol imoulse ¢ ission TDT at 60 K under-0, and K, such linear dependence has been experimentally
. 4. Large-signal Impulse transmission a unaet-@y, an 14 . . _
20 V bias for(a) single-crystal andb) bilayer film samplegsymbols are _Observed while - we Ot_’serve essentially freque_ncy
data, lines are simulations independent tad for all devices<=60 K, means that an im-
proved model is needed—for example, one that takes strong-

characteristics for large-signal behavior are illustrated bycorrelatlon effects with the lattice into accodrit: We have

Fig. 4. Here, the input is a 40 V Gaussian-like impulse with @ definitive explanation for the small dispersive effects we

about a 0.4 ns pulse width for both devices. The transmitte(qave seen, except to note that monolayer and bilayer films

impulse has a similar rise time and pulse sh@pshock-like Ezogeiggrg S'Irrmloar:]glsgr?éstmg?.t,h((jalstjpglr(astl:(t)rncls;nljer:jl!ki:y'riothe
front) for both waveguides at zero bigthe amplitudes are u y! geneity ! : iumt

different due to impedance-mismatch effectBut under CPW structurg Finally, as demonstrated by Table | and

. . ) . . Figs. 2—4, typical thin-film STO could offer superior perfor-
bias, the bilayer film CPW shows improved pulse-shapmgmgnce to >;Fi)ngle-crystal STO for some tlfnablepdevice

effects due to reduced microwave loss, whereas the singl%l- lications—clearly, the manifest definition of performance
crystal CPW performancéominated by combined effects W%%Id depend critic)a/\il on the specific a Iicati?)n
of nonlinearity and logsdegrades due to increased loss. P y P PP '
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