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We present a comprehensive study of broadb@® GH2 electrodynamic properties of coplanar
waveguides made from high-temperature superconducting thin-film,QB&,_s electrodes on
nonlinear dielectric single-crystal SrTiGsubstrates. The waveguides exhibit strong dielectric
nonlinearities, in addition to temperature-, dc-bias-, and frequency-dependent dissipation and
refractive index. By using parameters determined from small-sigfinkan transmission
characteristics of the waveguides as a function of dc bias, we develop a model equation that
successfully predicts and describes large-signahlineaj behavior. © 1999 American Institute

of Physics[S0021-897@9)03615-4

I. INTRODUCTION importance of compact size for integration with other poten-
tial circuit components is clear. But, more importantly, since
With changing emphasis in high-temperature superconnonlinear effects in a dielectric are a function of the electric
ductor (HTS) electronics research from single-layer thin field applied to the dielectric, the smaller separation of elec-
films to multilayered thin film structures, there has been retrodes allows for the realization of the same effects with
newed interest in high-frequency applications of metal-smaller signal and control voltage levels. Whereas the dielec-
oxide-based nonlinear dielectri¢sLDs), SUCSh as SrTiQ  tric loss is mostly determined by the loss tangent of the ma-
(STO), in combination with HTS electrodés: In essence, terial irrespective of its size, the conductor loss, which is
devices based on HTS/NLD structures promise to perfornproportional to the surface resistan@®) of the electrodes,
much better than their normal-metal/NLD predecessors dugcreases strongly with decreasing conductor separation.
to: (i) reduced operational temperature leading to, in certairrhys, the very lowR, of superconducting electrodgs u()
cases, lower dielectric loss, larger nonlinearity, and shortepelow about 80 K at 1 GHz for YB&u;0;_5 (YBCO)]
relaxation times in the dleleCtFI((II) lower conductor |OSS, permits designs of Compact devices with practica”y low op-
and no intrinsic dispersion up to very high frequenciesgrational voltage levelé~1-10 V).
(~THz) in the superconducting electrodes; ardi) Most potential applications would require thin films of
“cleaner” electrode-dielectric interface leading to lower in- poth the NLD and the HTS material on an appropriate low-
terface loss and negligible Shottky barriers. These HTS/NLOQoss substrate. However, at present, even the highest quality
structures are attractive not only for immediate implementan | p films show much smaller dielectric constant and non-
tion in practical devices such as frequency-agile microwavginearity, and higher dielectric losses than their single-crystal
filters but also for the exploration of novel scientific and NLD counterpart$. Also, the functional dependence of di-
technological concepts such as study of stochastic effects anfectric properties on external electric field bias seems to be
pulse shaping. quite different in thin films(for example, whereas the dielec-
One of the most crucial features of this developing techyic |oss decreases with bias in thin films, it increases in
nology based on HTS/NLD structures is the ability to min- single crystals’ Currently, several approaches are being ex-
iaturize substantially, i.e., to prepare compact devices. ThBIored to make films with improved properties; such as
chemical dopind;® use of heteroepitaxial buffer layetsand
dElectronic mail: findik@lanl.gov release of films from substrates by selective etcinghile
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FIG. 1. Schematic coplanar waveguidePW) device structure. without sidewalls to reduce and attenuate unwanted housing
modes; no external pressure is applied on the substrate to

the effort on improving the properties of NLD films contin- réduce complications due to possible piezoelectric effects
ues, it is also important to explore, in parallel, device con-(i-€., th? substrate is U_”C|am93‘$h0rt(fz_ 'T‘m) coplanar
cepts using the single crystals that possess intrinsic and moy¢gaveguide segments with 50 character!suc impedance are
reproducible properties. used as an intermediate adapter to guide broadband electro-
In the following, we will summarize our work on proto- Magnetic waves from cylindrical symmetry of the coaxial
type nonlinear devices based on YBCO coplanar waveguidéable to coplanar waveguide symmetry of the device; and
electrodes on single-crystal STO substrates. To facilitate exshort(~1 mm) and low-inductancé~2 nH) Au wires are
tensive study of nonlinear and dispersive effegthich will used to bond the electrodes of the device to the intermediate

be described latgrwe have adopted a time-domain measure-2dapter.

ment techniqué? which allows for separation of dc-bias ef- The housing is clamped on a cold head of a cryostat in a
fects and high-frequency effects, and uses electrically distribvacuum chamber. The input and output ports of the housing
uted transmission line concepts for analysis. The use of'® connected with coaxial cables to the instruments outside
distributed coplanar waveguides has enabled us to investthe chamber via hermetically sealed connectors attached to
gate the high-frequency properties of STO single crystal$0rts of the chamber. The bias Tees are essentially rf chokes,
with high resolution because of the long interaction lengthsWhich allow the dc bias to be separated from high-frequency
Among several different lengths for the coplanar waveguideSignals. The high-frequency channel is a bandpass filter with
8 cm provided the best compromise between overall dissipa3 dB cutoff frequencies of 20 kHz and 12.5 GHz.

tion and cumulative nonlinear/dispersive effects. For our high-frequency device characterization, we have
used two different measurement configurations; the standard
Il. DEVICE FABRICATION step-pulse time-domain-reflection/time-domain-transmission

] ] ) (TDR/TDT) configuration, and the impulse-TDT configura-

A schematic of our coplanar waveguide device Structurgjon, The standard TDR/TDT configuration uses a 0.2 V step
and its pertinent dw_nensmns are shown in Flg_. 1. The EIeruIse with a 10%-90% rise time of about 30 ps as the exci-
trodes are 0.4¢ém-thick YBCO films, patterned in the form 44 signal, and monitors the reflectétansmitted signals
of 8-cm-long meandering coplanar waveguides. The YBCGyqm (through the device as a function of time. The impulse-
films were pulsed-laser deposn(a‘dc_)m a stoichiometric tar- 1T configuration (connection of which is shown in a
gey on lemxlcemx1lmm (100 single-crystal STO sub-  yaghed line in Fig. Ruses a Gaussian-like pulse with about
strates at a substrate temperature of 780 °C in 200 mTorr O0.4 ns full width at half maximum and with varying ampli-
The pulsed laser used is a Xe—Cl excimer laser operating %des(between 0.2 and 40 \Vas the excitation signal and
308 nm wavelength with a repetition rate of 20 Hz and lasef,qnitors only the transmitted signal. The step-pulse TDR/
energy density of 2 J/c?mn the target. After deposition, the 1T configuration has been best suited for the overall char-
electrodes were defined by standard photolithography, angdqterization of the devices in the small-signal limit and as a
patterned by dilute phosphoric acii00 ppm HPQ,), fol-  fnction of dc bias, whereas impulse-TDT configuration has

lowed by rf sputtering of 0.3m-thick Au contact pads 0N heen essential for the study of nonlinear/dispersive effects in
both ends of the centerline and ground planes. As a laghe large-signal limit.

processing step, the devices were annealed at 400 °C for 12 h
in flowing O,.
IV. ELECTRICAL CIRCUIT MODEL AND FORMALISM

lll. MEASUREMENT SETUP In the analysis of broadband characteristics of our de-

Figure 2 shows the measurement setup we used forices, we will use an electrical circuit model based on
broadband time-domain characterization of these nonlinedumped circuit element equivalents of coupling inductance
devices. The sample housing was designed specifically fdr. and input/output impedancg for the external circuitry;
this experiment: it uses a suspended-substrate geometand distributed element equivalents of series resist&)ce
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temperaturel, bias voltagevy., and signal voltage’s. The  linear approximations.

characteristic impedancg, and propagation functiory of

the coplanar waveguide are given'by o

wheree, andeg are spectral components of the incident and

Zo=V(R+iwL)/(G+iwC) @ reflected pulse voltages, respectively. Similarly, for times
and less than 3 (i.e., for primary transmissignthe transmission
coefficient is given by
w
y=\/(R+iwL)(G+iwC)=a+i€n, (2 _er(w) 470,72, | 6
M) = g(@) ~ Zorialrz 2R~ ©

wherec is the speed of light in vacuuna; is the attenuation _ _
constant, anah is the effective refractive index. Assumiiy ~Whereey is a spectral component of the transmitted pulse
and G are, respectively, much smaller thai. andwC (in  Voltage. We note that the Eqé) and (6) assume that the

other words, series and shunt losses are $mad obtain waveguide properties are uniform along the propagation di-
rection. In the time domain, the TDR response and the TDT
n=cyLC () response are given by
and TDR(t)=er(t)=F Yp(w) Fe(t)]} @
R G and
a= + . (4)
2\JL/C 2C/L TDT(t)=er(t)=F Yn(w)Fe )]}, (8)

Physically,L andC are related to the magnetic and the elec-where F and # * denote Fourier and inverse Fourier trans-
tric field energy stored in the waveguide, respectivélyis  forms, respectively. To be specific, in our experimental ar-
solely determined by the shunt geometric capacitance of theangement, the incident pulse is actually added to the re-
waveguide, whereds has contributions both from the series flected pulse with a setup-specific delay. Nevertheless, in the
geometric inductance of the waveguide and the surface incase of step-pulse excitations, this merely adds a constant to

ductance of the electrodeR signifies dissipative losses in the TDR response given in E({), and thus will be ignored
the series channel and is dominated by the surface resistangg simplicity in the following analysis.

of the YBCO electrodesG combines both the dissipative
losses in the_diele_ctric met_jium and the radiative Iqsse@_ ELECTRICAL CHARACTERISTICS ABOVE T,
through the dielectric. As will be described later, various
approximations will be necessary to calculate these param- Above the superconducting transition temperaftiyeof
eters under specific conditions. the electrodes, the surface resistafR;eof the electrodes is

In TDR/TDT measurements, the shape of the reflecte@Xpected to dominate over all other sources of loss. In fact,
and transmitted pulses reveals detailed information about th@ince YBCO films in the normal state are highly resistive
waveguidé Depending on the characteristic impedance(resistivity p~10? u€) cm at 100 K,* the transmitted power
mismatch between the external circuitry and the waveguiddn our TDR/TDT configuration is immeasurably low. In this
the step-pulse TDR/TDT may show staircase-like buildup oflimit, we can learn about the device only from its TDR re-
signal due to multiple reflections at the boundaries of devicéponse. Figure 4 shows the TDR response for a 0.2 V inci-
and external circuitry. For times less tham @e., for pri-  dent step pulse at various temperatures.
mary reflection, whereris the time it takes for the electrical The initial steep drop in amplitude is due to characteris-
pulse front to propagate the whole lendjthf the waveguide, tic impedance mismatch between the@G@xternal circuitry
the reflection coefficienp in the frequency domain is given and the low-impedance~2-10()) waveguide. As the tem-
by perature decreases, the dielectric constant of STO increases

which in turn leads to loweF,, and thus larger impedance

— : ' (5) mismatch and larger drop in the TDR response amplitude. At
e(w) Zotiwlc+Zp longer delay times, on the other hand, the almost linear in-

eR(w) _ Zo+i0)LC_Z|_

p(w)=
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crease in the amplitude between about 0.1 and 0.3 ns is de- 80————————7T——— 71—~ T T
termined by both the characteristic impedance of the wave- [
guide and the surface resistance of the electrodes. For step—E 400}
pulse excitation, it is more convenient to use Laplace b3 [
transform £ (in terms of complex angular frequensy or 2 300
iw) instead of Fourier transform. Thus, using E¢B, (5), > [
and (7) in the limit G goes to zero andR is much smaller 2 200F : .
thanwl, and substituting a step pulse with an amplitude of § I ]
E, and a rise time of, for e, we obtain 100f : ]
[ Tc ]
\/E-i— L, RI2 ya O(;. - ISIOI I {(I)O - I1é0‘ ‘ I2(I)OI - I2~I‘>O‘ - '3;)0
C St S\/m - Temperature [K]
TDR(t)=£"1
\ﬁ-I-SL + R/2 17 FIG. 5. Resistivityp, of YBa,Cu;O;_; (YBCO) electrodes vs temperature.
C " sfic "
that Eq.(11) takes into account the geometric inductance, but
1 1 ignores the contribution of surface inductance of the elec-
X Eu(g— s, (9 trodes.

Determination of conductor losses, i.B,,is more com-
plicated due to current crowding and skin-depth effects. In

) ) , _our case, the YBCO electrodes in the normal state are highly
From reflection measurements without the waveguide but inzoqistive and thus the skin depth is, up to very high frequen-

cluding effects due to the connectors, the coaxial cables, arﬂes, much larger than the film thickness. To estimate con-
the bias Tee, we measurg to be about 40 ps. For imés ;0 |oss of such a structure, we will first assume that the
much longer tham, Eq.(9) simplifies considerably. Further o a4 field distribution will be similar to that of a film with
simplification occurs if one considers relative magnitudes ofyi-knessD larger than the skin depth, so that conductor loss
inductive [L./(Z_+ yL/C)] and capacitive (Z, + JL/C)/ is given by(for D<S,W)Y7 '

(2JLC/R)] time constants of the device, and realizes that, ’

due to very smallL. (~2 nH), the linear slope regime is _ Rs (k+1)m+1In 4778)
dominated by the capacitive time constant of the waveguide. 45(1—k?)K?(k) D
Thus, in these limits, the slopm of the TDR response is Am(S+2W) 14k
. T
given by +k In(T) —(k+ 1)In(ﬁ”, (13)
E|ZLR2 (10) whereRq is the surface resistance of the electrodes, and then

substitute thin film limit forRg

m= .
L
( \ﬁ+ Z | JLC
c [ D
Mow -
. . . Rs= Re{ cotr( Vigowo—
In our experimental setug, is 50 ). Also, we can readily o 2

calculateL and C (using conformal mappingat any tem-  \yhereq is the normal state conductivity of the YBCO elec-
perature, or directly measure Fhem belaw With standarq trode and RE] stands for the real part ¢fl. We note thaD
TDR/TDT measurementgas will be further discussed in s scaled by 2 in Eq14) in order to make it compatible with
Sec. V). The agreement is very good between calculationgsq. (13) where magnetic fields enter from both sides of the
and measurements. In the quasistatic limit, and assuming thgfy, 18 since we knows, W, D ¢, , andm, we can calculate
the thickness of the electrodes is negligibly smhliand C L, C, and R using Egs.(10)—(13), and then solve forw,

_ 2

are given by’ which yields the curve shown in Fig. 5.
— Considering the fact that we have made several approxi-
L= Ko KGLIZK) (11)  Mations to arrive at this curve, the results are quite encour-
4 Kk aging; the magnitude of the resistivity, and its monotonic
decrease with decreasing temperature are within a factor of 2
Cede (&+1) K(k) 12 of what we routinely measure for patterned, good quality
2 K(1-K)' YBCO films at dc to low frequenci€$.Also, the fact thap,

does not extrapolate to zero as temperature approaches zero
whereu is the permeability of vacuungg is the permittiv-  could be due to some extrinsic loss contributidar ex-
ity of vacuum, ¢, is the relative dielectric constant of the ample, due to a damaged resistive layer on the edges of the
substrate K is the complete elliptical integral of the first patterned lines of the waveguidéNevertheless, to summa-
kind, and the argumeiitis given byS/(S+2W), whereSis  rize the results in this section, we have successfully imple-
the width of the centerline andV is the width of the mented the formalism described in Sec. IV to describe the
centerline-to-ground plane gap as shown in Fig. 1. We notéehavior of our waveguides above the superconducting tran-
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FIG. 6. Step-pulse time-domain reflection/time-domain transmig§iBmR/ FIG. 7. Step-pulse TDT response at 20 and 60 K at different bidses,
TDT) response at different temperatu@e, 40, and 60 K and 10 V). The 20 K data are displaced by0.05 V for clarity.

sition temperatureT . of its YBCO electrodes, and deter- nonlinearity ofe, of STO. Using an analysis similar to that
mined that the series resistance due to conductor losses in theed for temperature dependence, we obtain bias dependence
electrodes is responsible for the rapid increase of TDR reof C, as shown in Fig. 8. As will become apparent in the
sponse for relatively short delay timéss shown in Fig. #  following, our dc biasing scheme is a very versatile capabil-
ity; it allows for an electrical control of device response char-
VI. SMALL-SIGNAL TDR/TDT BELOW T, acteristics, helps in distinguishing between various disper-
sive and nonlinear effects, and serves as a predictive tool for

nonlinear response at high frequencies.
Once the YBCO electrodes are in the superconducting

statg(pelow about 86 K the serie; resistive losses becomeB_ Dispersive and dissipative effects
negligibly small, and shunt lossdse., G) are expected to
dominate dissipation in the waveguide. An appropriate ex- A closer examination of Figs. 6 and 7 reveals that the
pansion of Eqs(5) and(7) in this limit shows that the TDR TDR/TDT response step fronts are not as steep as the input
response for short times, as shown in Fig. 4, is insensitive t§tep-pulse frontwith a 10%-90% rise time of 40 psstep
the magnitude o6 for G=2CZ,/L.~10?Q *m%, which  fronts become broader with increasing propagation length,
we estimate to hold in our waveguides. So, we expect thélecreasing temperature, and increasing dc bias. This broad-
TDR response to decay exponentially with a time constan€ning could be due to dispersion and/or frequency-dependent
TwLC/(\/m+ Z,) to the horizontal level determined by the dissipation. To quantify these dispersive and dissipative ef-
characteristic impedance of the waveguigé (C), irrespec- fects, one can examine spectral components of the step-pulse
tive of the value ofG. TDR/TDT response. Instead, we will use an equivalent
One effective way to increase the resolution of our meamethod, impulse TDT analysis, to obtain the same informa-
surements is to investiga‘[e |0ng interaction |eng'(b$ tion. We prefel‘ impulse TDT in anticipation of the fact tha.t,
equivalently, long interaction timgsFigure 6 shows the for the study of nonlinear effects described in the Sec. VI,
TDR/TDT response for a 0.2 step-pulse input at various temone needs large amplitude signals, which are not as readily
peratures for long interaction times. The steps in the reavailable in the form of short-rise time step pulses. Further-
sponse are due to reflections from device boundaries. Frofore, Gaussian-like impulses are similar to microwave soli-
the propagation difference between the steps and the stdgn solutions of many nonlinear/dispersive systems, and thus
heights(and ignoring dissipative and dispersive effects for
the time being we can readily calculate andC as a func-

A. Temperature and bias dependence of C

tion of temperaturd using Eqs(1), (3), (5), and(6). These < oF ]
experimental results agree well with the predictions of our 5 ; ]
conformal mapping resulfEqs. (11) and (12)] that use, as 2 Lok ]
input, waveguide dimensions and published relative dielec- &
tric constant value® As a further verification, we have also 2 3
measurede, of our STO substrates at low frequencies g -40F ]
(~kHz) with an LCR meter, which yielded similar results to <-g)
published data. S 3
Figure 7 shows the TDR/TDT response at two tempera- g -60[ E
tures under dc bias. The dc bias is applied between the cen- L
terline and the ground planes through a bias Tee as shown in -20 -10 0 10 20
Fig. 2. Positive voltage indicates positive bias applied to the Bias [V]

centerline. With bias, the Shunt capacitar@@eand, conse-  fg. 8. Change in shunt capacitand®/C vs bias at different temperatures
quently, the signal propagation speed, are reduced due to tha», 40, 60, and 80 K
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FIG. 9. Impulse TDT response at different temperat6€s 40, and 20 KK
and biase<0, +2.5, +5, and—5 V for 20 K).

FIG. 11. Refractive inde¥wn(w)/dw vs frequency at different tempera-
tures(60, 40, and 20 Kand biase0, +5, and—5 V for 20 K). Solid lines
are linear approximations.

can be used as incident pulses to investigate soliton-
supporting characteristics of our waveguides. and (16), and impulse-TDT response data shown in Fig. 9.

Figure 9 shows impulse TDT response at three tempera=rom Eqgs.(11) and(12), one can obtain, to a good approxi-
tures(60, 40, and 20 K and at three biasds-2.5, +5, and  mation, ¢, in terms ofn, given by
—-5V) at 20 K.

Qualitatively, the TDT response amplitude decreases
(mainly due to an increase in impedance mismatahd the Figure 11 shows, unlike Eq16), derivative ofwn(w)
delay increase@ue to an increase in shunt capacitane#h  since changes in this quantity are easier to analyze, and the
decreasing temperature. To Separate the intrinSiC Shunt |OSS§§rivative reduces ta wheren is frequency independent_
from the impedance mismatch effect and the intrinsic disper-  Between 85 and 60 K, the total attenuation is immeasur-
sion from the low-pass filtering effect of the series couplingaply small and the waveguide is virtually dispersionless at
inductance, we will use slightly modified forms of Eq®)  |east up to 2 GHz. Below 60 K, the waveguide exhibits dis-
and (6) to obtain SpeCtral information about our WaVGgUideSSipation that increases approximate|y |inear|y with fre-

(17)

€=2n°—1.

quency. The dissipation increases, whereas the effective re-

; 2
a(w)= 1 n((20+'wL°+ZL) eT(w)|) (15)  fractive indexn decreases with bias. Also, we note thmat
| 4ZoZ, e(o)| becomes dispersivéhigh-frequency components propagate
and faste) at +5 V bias. Furthermore) at 20 K seems to have a
sharp drop at around 1 GHz—the exact frequency depen-
C (Zotiwl +Z))? er(w) dence is difficult to determine due to very small signal-to-
n(w)o=yArg 4747, o) | (16)  noise ratio(SNR) above 1 GHz.

where Ard | stands for the argument 6.

Figures 10 and 11 show attenuatiarand refractive in-
dexn as a function of frequency calculated using E4$®)

The STO material is known to be quite lossy at low
temperatures. In our waveguide structure, the attenuation due
to the dissipation in the bulk of the dielectrimeasured in
terms of dielectric loss tangent tapis given in the quasi-
static limit by

1) et1l) €
05 IA I60VK I l + X 35, I ] ad_Z_C 2 €y +1 tans. (18)
o 40K + 1
T 04F T 3NN ) + 3 Other possible contributions to overall attenuation come
3 X 0K 5V R from radiation and surface-wave attenuation. The radiation
fi'} 0.3 7 loss occurs because the propagating guided signal mode trav-
= els faster than the electromagnetic waves propagating in the
s o2 ] substrate, and thus leaks energy through an electromagnetic
3 2 shock wave emitted into the substrate. For our coplanar
§ 0.1 " waveguide we can estimate this radiative attenuation using a
O N o] quasistatic limit given b¥
0 05 1 s 2 1\2
Frequency [GHz] o 2 ( 1- f_r) (S+ 2W)2 ,
FIG. 10. Attenuatiorx vs frequency at different temperaturé®, 40, and ®rad— ( §) V2 (19

20 K) and biase$0, +5, and—5 V for 20 K). Solid lines are linear approxi-
mations.

\/1+ 1 cPK(KK(V1-k?) @
€r
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008 ] independent. At 60 K, tadiis on the order of 103, close to
% * x S 8K v our resoIL_Jtion Iirr_1it; tarﬁincreases with decreasing tempera-
008l KN L . XX; LB K45y ] ture and increasing bias. _
s . e 2 X et ] Several, but not all, features of the functional depen-
£ | 4 ¥ ¥ e DT ] dence of the refractive indexand the loss tangent tahon
g 004r * . . ] frequency, temperature, and bias as shown in Figs. 8, 11, and
P L " o . DRI . : 12 are consistent with earlier experiments, and phenomeno-
S ool O‘AT'“-%”';:.—.-“"—”—“:*— . 1 logical models on STO. The STO material is known to be an
L s incipient ferroelectric(i.e., shows paraelectric behavior at
temperatures down to absolute 2efdand is believed to
S R 15 2 enter a quantum paralectric phase below about 7 Kt
Frequency [GHz] large enough temperaturésbove about 40 K the increase

G 12 s 1 it @, 40 of € with decreasing temperature is well described by a
FIG. 12. Loss tangent tafivs frequency at different temperatur@®, 40, - . . . . )
and 20 K and biase<0, +5, and—5 V for 20 K). Solid lines are linear phenomenOIOglcal Curie—\Weiss law with a Curie tempera

approximations. ture of about 30 K& Additionally, a generalized Lyddane—
Sachs—Teller relationship based on the displacements of Ti
and Sr ions and the related electrically active phonon modes
satisfactorily describe the bias dependence,gfwith bias,

where all quantities are as defined previously. We calculatghe transverse optic mode of the lowest frequency, also

araq 10 be about 4 10° Np/em at 1 GHz at 20 K, increas- cajled the soft phonon mode, hardens, leading to losye?®

ing with frequency as»®. From this, we conclude that for gyt this model also predicts, and some other experiments

the frequency rangé<2 GHz) in which we are interested, gypport, that the soft phonon mode frequency is very high: it

radiative losses are expected to be negligible. varies between about 2 THz at room temperature and about
Due to the finite thickness of the substrate and the totah 5> THz at 4 K2° In our experimentgeven under bias and at

internal reflection from the backside of the substrate abovgo K), these models would prediet to remain in the qua-

the critical incidence angle, surface waves can be generategsiatic |imit with no intrinsic dispersion up to about a few
by the signal propagating along the waveguitien our de- ‘hundred GHz. Recent detailed calculations using similar

vice configuration, where the front surface of the substrate ihenomenological models also show how defects and anisot-
covered with the coplanar ground planes and the backside g,y can influence the dielectric response: a high concentra-
not metalized/grounded, we expect the lowest frequencyio, of defects reduces nonlinearity and increases
surface-wave mode to be the Fvhode. When the propaga- gissipation®®®! Comparing the bias and temperature depen-
tion constant of the waveguide is glmo_st qual to that of th'%ence of the refractive index shown in Fig. 11 with pub-
;urface—wave modg,_the propagatlng S|gnal in the vyavegwdﬁ-shed dat£932:33 and with the predictions of phenomeno-
is expec.ted tO.eXthIt a ;harp increase in attenuatlor_1, and Bgical models, we deduce that our single-crystal STO
strong dispersive behavior. The surface-wave coupling freg psirates are of fairly good quality. Thus, the bias-
quencyfs, in the vicinity of which such coupling is strong is  gependent dispersion we have observed is unlikely to be due
approximated b¥’ to extrinsic effects such as a high concentration of impuri-
ties.
(20) At Iow_ temperatures{below ab_out 40 K _the dit_alectric
h\/e—r' response in STO deviates from simple Curie—Weiss-law be-
havior due to collective quantum tunneling effects. In this
whereh is the thickness of the substrate. By using the mearegime, the field dependence of the dielectric constant can be
sured values fok,, 10240 at 20 K and 4960 at 40 K, we modeled by a transverse-field Ising Hamiltonian that com-
obtain fg, values of 0.9 and 1.3 GHz, respectively. Thesebines tunneling and external field terf{sThis model gives
estimated values indicate that the strong dispersion we olsupport for the existence of polar clusters with a distribution
serve, especially around 1 GHz at 20 K, could be due tmf relaxation times®
coupling of the propagating signal to the fMurface-wave No comprehensive model exists for dielectric losses in
mode of the substrate. STO. Some possible mechanisms for microwave dielectric
Thus, we will make the assumption that the dielectriclosses have recently been considered by Vendik, Ter-
loss in STO dominates shunt losses in our waveguide strudvartirosyan, Zubkd® These loss mechanisms include the
ture in the whole range of the data shown in Fig. 10, excepfundamental loss connected with multiphonon scattering of
possibly above about 1 GHz at 20 and 40 K. Using the datéhe soft phonon mode, and the transformation of electromag-
shown in Fig. 10 and Eq18), we determine effective loss netic oscillations into acoustic oscillations due to residual
tangent tard as shown in Fig. 12. The seemingly high dielec- ferroelectric polarization or charged defects. The fundamen-
tric loss below about 0.2 GHz could be an artifact due to thdal loss mechanism predicts increasing loss with decreasing
finite time window we have used in our Fourier analysis, andemperature below about 60 K and with increasing bias,
the large scatter of data above 1 GHz at 20 K is due to smaBimilar to what we observe in our experiments. However, all
SNR ratio. Other than these features, we notice regions dhree mechanisms also predict linear increase of loss tangent
frequency, marked by solid lines, where #is frequency tané with frequency up to 100 GHz, in contrast to the

fo~0.3
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frequency-independent behavior we have observed.

The Vendik model relies on the dielectric response of a
system with a single degree of freeddtHowever, this
Debye-typé’ description is inadequate to describe the re-
sponse of a system with a distribution of relaxation times,
i.e., with many degrees of freedothA general empirical
modification of the Debye expression which accommodates a
distribution of relaxation times leads to, under certain condi-
tions, a frequency-independent loss tangent behavior in

Large-signal TDT[V]

20K —0.2

Small-signal TDT [V]

agreement with experiments on many strongly interacting OV I—>:
dielectric systems(i.e., systems with strong interactions =S s B =
10 12 14 16 18 20

among spin, charge, or lattice degrees of freedohOur
observation here of a frequency-independent loss tangent im-
plies that STO crystals need a more general treatment thdnG. 13. Large-signal and smal!-signal impulse TDT response at different
that based on a weakly interacting system. temperature£40 and 20 B and biases0, +5, and—5 V).

In our coplanar waveguide geometry, it is also possible

that the bias dependence of attenuation gnde have ob-  yice The hottom traces show the impulse-TDT response of
served are not entirely intrinsic to the STO material, but arg;,o waveguide in the small-signéinean limit. The trans-

rather influenced by what might be termed “geometric” ef- isaq pulses for zero bias at both 20 and 4(déshed lines
fgcts. Thes_e effects_ originate from the nonuniform distribu-, 5,6 symmetric pulse shapes, similar to that of the input
tion of biasing field in the nonlinear substratiie to copla- 5 ise. The transmitted pulse at 20 K has a lower amplitude
nar arrangement of the electroglesiowever, since our painly hecause of the larger impedance mismatch between
waveguide has a lateral size &-{2W)~50um, which is 1 gevice and the external circuligs given by Eq(6)], and

20 times smaller than the smallest guided or radiated waveg proader because of the larger dissipation of high frequency
length of about 1 mm(for the highest experimental fre- signals at that temperatuteee Fig. 10 Both +5 V (con-

quency of interest of 2 GHz at the lowest temperature of 2Qi s ling and—5 V (dotted ling biases lead to very simi-
K considered} it seems plausible that an effective medium|,; gejay and pulse shapes because the pulse itself is in the
model can accurately describe its ele_ctr(_)dynamlc reSp_Onsgmall-signaI limit and the bias dependence®fand G is
Nevertheles_s, for the a_ccurate determ|nat_|on of ge_ometrlc eg‘ymmetric around zero bias. With bias, the pulses become
fects, a detailed numerical electromagnetic analysis would bgqqer mainly because of the increased dissipation at higher
necessary. frequenciegsee Fig. 1@ At 20 K and under bias, the pulse
front also steepens slightly compared to the backside of the
VII. LARGE-SIGNAL IMPULSE TDT pulse because of the dispersion where high-frequency seg-
ments of the pulse experience slightly reduced index of re-
fraction n (see Fig. 1L These linear effects have already
As we have shown in the previous sections, by applyingoeen addressed using Fourier analysis in the previous sec-
a dc biasvy;, we can change the small-signal electrical char-tions.
acteristics of our waveguides through changes in the shunt The top traces in Fig. 13 show the combined effect of
capacitanc&€ and the shunt conductan@e Since the lowest nonlinearity, dissipation, and dispersion for transmitted
electrically active transverse optic moder, soft phonon pulses at 20 and 40 K in the large-signal regime. For zero
mode in STO is expected to be of the order of a few hun-bias, the leading edges of the pulses exhibit shock-like steep-
dred GHz, the dc bias effects should, ideally, provide all theening at both 40 and 20 K. The transmitted pulse at 20 K is
information necessary for the determination of the large-of lower amplitude and broader than that at 40 K due to a
signal behavior of the waveguide in the microwave fre-combination of effects consisting of a larger impedance mis-
guency range up to the soft phonon mode frequency. In praagnatch with external circuitry, a larger dispersion, and a
tice, however, such a relationship is complicated because olarger dissipation of high-frequency signals at the former
waveguide devices exhibit bias-dependent dispersgie, temperature. In this large-signal regime, the positive and
bias- and frequency-dependen) and bias- and frequency- negative biases lead to significantly different pulse shapes
dependent dissipative effects at much lower frequencies—ithe pulse at the lower temperatuf20 K) showing larger
the frequency range of our interest between 0 and 2 GHzhange in delay due to larger nonlinearity at that tempera-
Since the nonlinearity, the dispersion, and the frequencyture. The large-signal behavior can be qualitatively under-
dependent dissipation all cause pulse-shaping effects of sonséood by considering the superposition of the dc bias ampli-
sort(in fact, it is the balance between dispersive and nonlintude and the amplitude of different segments of the pulse to
ear effects that could give rise to stable pulse shapes, callatetermine the “effective” bias which different segments of
solitons,*? it is necessary to distinguish among these effectghe pulse experience. In the case of positive bias, both the
for an accurate analysis of the large-signal behavior. bias and the pulse add constructively; thus, larger amplitude
Figure 13 shows how one can use bias dependence wegments of the pulse experience smadlerand larger dis-
distinguish between small-signal and large-signal regimes ipersion and dissipation compared to zero hsee Figs. 9
addition to changing the electrical characteristics of the deand 10. As a result, the pulse tip is shifted to lower delay,

Time [ns]

A. Biasing to control and study nonlinear effects
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B. Quantitative analysis of the large-signal behavior

We have previously developed a model in the form of a
nonlinear wave equation describing the signal transmission
in the large-signal regim&. This model was based on the
small-signal measurements of delay time and pulse broaden-
ing. Using these measurements to determine the nonlinearity
and dispersion, we found that the validity of this model could
be extended into the large-signal regime. The model was
able to reproduce the basic pulse-shaping features experi-
mentally observed. Its main flaw was that the dispersion ef-
fects seemed to be somewhat overestimated. Pursuing the

Time [ns] philosophy that the small-signal results can be utilized to
FIG. 14. Large-signal impulse TDT response at 20 K for different bié@es CQnStrUCt a mOdeI that also IS valid in the large-signal re-
+2.5, and—2.5 V) with zero, two, and four reflections (B;2-R,4-R) at ~ 9ime, we will here use the improved measurements pre-
device boundaries, with corresponding propagation lengtts3sf and 3, sented earlier in this article to construct a correspondingly
respectively. improved model of the nonlinear pulse shaping.

There will be three components of this model; first there
is the nonlinearity which is shown in Fig. 8 in the form of a
bias-dependent shunt capacita@eT his results in a nonlin-

and is rounded, and the oscillatory features in the trailingf@" velocityu(») =1/YC(»)L, whereL is the linear series

edge are more dispersed and dissipated. In the case of negaductance, and is the sum of dc-bias voltage;. and signal
tive bias, pulse and bias have opposite polarities, and th oltagev,, as defined earlier. Second, Fig. 10 shows that the

pulse amplitude in the device is less than the bias amplitud;é‘ttenuatlon Is strongly frequency dependent—this is a new

: . observation which was not available at the time of the pre-
in the case of-5 V bias; the peak segment of the pulse feels_. 21 . : .

: . vious work;™ and will become an important factor in the
the smallest effective bias, thus, propagates the slowest, ar

. . . NN proved model we develop here. As seen from Fig. 10, the
experiences the lowest dispersion and dissipation among alki.ationa depends basically linearly on the frequency as

the segments of the pulse, resulting in a pulse shape wherg_ , . \vhereq, is to be extracted from the measurements
the peak segment lags behind the pulse front and remaing,q will clearly depend on the bias voltage and the tempera-
sharper than the lower amplitude segments. ture. Finally, Fig. 11 suggests that dispersion also plays a
Figure 14 shows impulse TDT response for multiplergle at least for nonzero bias. Figure 11 shows that the fre-
transmissions with corresponding propagation distancés of quency dependence of the refractive index is of the farm
3l, and 3, wherel is the length of the waveguide. Since =n,—n;w which yields a contribution of the formw/k
both the characteristic impedance mismatch between the uy(vy)+u;(vgok to the dispersion relation. The next step
waveguide and the external circuitry and the dissipation args then to write down a model equation that reproduces these
quite large at 20 K, we expect the pulse within the wave-three characteristics in the line@mall-signal limit. This is
guide to bounce back and forth between the device boundachieved by

Large-signal TDT [V]

aries with only about 15% of the energy of the pulse being . oy 72

transmitted at either device boundary, but between about _S+U(Vdc+ ,,S)_S:(a_+/3_2 H{vg}, (21)
50% and 90% of the overall energy being dissipated each ax gx = oX

time the pulse propagates a distahc8o, as a first approxi- where

mation and ignoring frequency-dependent effects at the de-

vice boundaries, one may consider the transmitted pulses H{vg= 1 Vs(é)dg (22)

shown in Fig. 14 as sampling of the propagating pulse in an P - §—X

indefinitely long and uniform waveguide at different t|me:s..&B the Hilbert transform. In contrast to our earlier mofel,

We see that, although the pulses get smaller and broader wi e have here limited the model to describe propagation in

time in all bias conditions, in the case ef2.5 V bias, the e girection. This has been done for convenience and does
“triangular” shape of the pulse seems to be preserved. I ot limit the generality of the model.

other words, the pulse is shaped strongly by the waveguide | the linear limit Eq.(21) has the dispersion relation
when its amplitude is high, and this shape is somewhat pre- .
served as the pulse makes a transition with time from large- @=U(vadk—ialk|+ BKlk], (23

signal to small-signal regime while the frequency-dependenfynich contains the components described above. The param-

dissipation acts on it. etersa and 3 are to be determined from Figs. 10 and 11,
The formalism we developed and used in the previougespectively. The coefficientsand 8 will depend parametri-

sections, which essentially assumes linear response, is neilly on the bias voltage and the temperature.

valid in the nonlinear regime. In the following, we will de- In the limit of weak nonlinearity,v4.<0, and without

velop a new formalism for quantitative analysis of the large-losses, Eq(21) reduces to the Benjamin—OHo*® equation

signal behavior. describing internal wave propagation in stratified fluids.
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. T N FIG. 16. Simulated large-signal impulse TDT response at 20 K for different
2.01- ®) 20K'_ biases (0, +2.5, and —2.5 V) with zero, two, and four reflections
5V OV ] (0-R,2-R,4-R) at device boundaries, with corresponding propagation
v 1 lengths ofl, 3I, and 3, respectively.

[ +5 V:h..
1.5F i

1or " ] present. However, the pulses under bias show almost mirror
[ symmetry in their shape and are rather smooth as a result of
' ] the attenuation. Particularly, the pulse for negative bias has
N ] lost the sharp peak that the experiments show. Finally, the
----------- : case where both dispersion and attenuation are présent
T Y reproduces the experimental features very well, and the os-
cillations at the front are minor. It is therefore apparent that
our model with appropriate choice of parameter valuesafor
and B successfully predicts the large-signal behavior of our
] waveguides, and we can conclude that all of the three com-
. ponents of nonlinearity, dispersion, and frequency-dependent
] attenuation are essential for the modeling.
] In Fig. 16, we show examples of pulses having propa-
] gated one, three, and five device lengthdn the experi-
] ments, the pulse experiences frequency- and amplitude-
] dependent reflection and transmission at the boundaries, but
we are neglecting this effect in the simulations. As seen, the
model reproduces the overall features of the experimental
data quite well even at rather large propagation distances.
Similar to the experimental results shown in Fig. 15, the
FIG. 15. Simulated large-signal impulse TDT response at 20 K for differentsimulations show that the triangular pulse shape-f@5 V
biases(0, +2.5, and—2.5 V) with (@) a=0, B=pe (lossless (b) @ pigs is somewhat preserved as the pulse propagates, while
= o, =0 (dispersionless and(©) «= e, = Fep- the amplitude decreases and the width increases as a result of
the dissipation. Since the dissipation plays a central role in

. . . . Eqg. (21), pure soliton solutions are not present, though Eq.
Equation(21) has been derived in a phenomenological way(21), in the absence of attenuatidne., @=0), probably

and therefore the microscopic physical origins of the dISper'supports soliton solutions due to its close relation to the

sion and attenuation terms in it are not clear at this point. Benjamin—Ono equation which is known to be exactly inte-
As a Fest of the model we numerically simulate the pulsegrable_ To some extent, Fig. (£ provides evidence that Eq.
propagation foif =20 K for the casesy:=0, =5V, +5V, (21) (with a=0) possesses a soliton-like solution because,
and compare these results with those of the experiments vae=—5V, the pulse begins to split in two. Such behav-
ShOV_V” n F('jg'f 13. To |Iludstratedthe relative mfluence OI] d's'_ior is characteristic of soliton bearing equatidfSuch soli-
E_ersuig ar? requenf:y- eE%n eit attenluatllon, WGI; SNOW iyn solutions of Eq(21) would be interesting from a theo-
_'g' t_ree dgases@) Ia_ B d_ Bexp EOSS es&;_( ) @ retical point of view since they will have algebraically
=exp, f=0 (dispersionless and (C) a=aeq, B=Pexp. decaying tails in contrast to more standard solitons with ex-

Here the subscript exp denotes that the values have be ; : . L . ;
‘E?Jnentlall decaying tails—this will strongly influence their
determined from Figs. 10 and 11. The lossless ¢asdas splitting azd inte)r/acgt]ion propertiés gy

similar features to the model proposed in Ref. 21 in the sense

that the main pulse-shaping features of the expe.rlment arg, | CONCLUSION

reproduced. It also suffers from the same flaw; namely,

strong oscillations in the pulse front. In the dispersionless As presented above, at low temperatures our HTS/NLD
case (b) the pulse-shaping features of the experiment argrototype devices exhibit strong dielectric nonlinearities and

Simulated TDT [V]

0.5]

0.0F

Simulated TDT [V]

25

Time [ns]
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