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Abstract— The microwave properties of coplanar waveguides

with line widths from 1 l~m to 40 pm made of superconduct-
ing YBaCuO films with a thickness t = 180 nm on LaAIO ~
are investigated. The line impedance Zr. and the normalized

propagation coefficient J/JiI of these waveguides are measured
between 45 MHz and 26.5 GHz at temperatures between 77.4 K
and 92 K. The ratio of the line width w to the distance of the

ground layers d is constant with u /d = 0.2. Therefore, Zr. and

ij / IjO are independent of u for perfectly conducting waveguides.
For superconducting waveguides it is found that ZL and 1~/f10

differ from the values of perfectly conducting waveguides. They

increase for smaller line widths at a constant temperature. At
11! = 1 pm and T = 80 K, ZL and (j/1~0 are nearly twice

as high as calculated for perfect conductors. Furthermore, Z~

and d/ IdO increase with the temperature. It is shown that these

effects are attributed to an increase of the inductance per unit
length L’ due to the superconducting material, whereas the
capacitance per unit length C“ behaves like C“ of perfectly

conducting waveguides. Using these results, the dimensions of
the superconducting waveguides, which are necessary to obtain a
desired ZL at a given line width u, are calculated.

I. INTRODUCTION

w

HILE THE SURFACE impedance 2S is a characteris-

tic quantity for the microwave properties of conducting

layers, quantities like the line impedance ZL, the propagation

coefficient ij and the attenuation constant m play an important

role for the characterization of the microwave properties of

coplanar waveguides. For normal conductors, many analytical

expressions have been published for calculating 2s. a, /3, and

ZL [1 ]–[3], The surface impedance of superconducting layers

shows a different behavior and is normally explained by the

two-fluid model and the London equations. For this reason

the microwave properties of superconducting coplanar wave-

guides deviate from those of normal conducting waveguides.

No or only a few details are known about the calculation
of superconducting coplanar waveguides. This is a severe

disadvantage for the design of coplanar transmission lines

made of high Tc superconductors, because unsuitable geo-

metrical dimensions lead to incorrect line impedances ZL
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and propagation coefficients /3. This leads to otherwise to

avoidable losses because of mismatch or undesirable frequency

characteristics of filters and resonators. An exact knowledge

of these coplanar line parameters is indispensable for the

optimization of superconducting microwave circuit elements,

which are to be used in low-loss hybride superconducting

MIC’S.

A number of investigations of the microwave properties

of YBaCuO thin films has been published to date [4]–[8].

Usually, in most of these papers only the surface impedance

2S and the magnetic penetration depth AL are determined in

order to show the quality of the YBaCuO films. However,

until today it is hardly possible to manufacture coplanar

waveguides of YBaCuO with exactly defined properties based

on this knowledge. There are some publications dealing with

the determination of the attenuation constant a of coplanar

waveguides made of YBaCuO [9]–[ 11]. But in order to

give a complete description of the microwave properties

the knowledge of /3 and ZL is necessary. Therefore, we

focus on the determination of the propagation coefficient

/3 and the line impedance ZL of narrow superconducting

waveguicles. In addition to the effective dielectric constant

er CR we introduce the effective permeability i~. ,ff in order

to give a complete description of the microwave behavior. We

have determined c r eff and P r efi of narrow superconducting
coplanar waveguides with line widths above 1 pm from

the measured values @ and ZL. With the results of these

investigations it is possible to give an exact prediction of the

propagation coefficient and of the line impedance for arbitrary

line widths.

11. THEORETICAL CONSIDERATIONS

The line impedance ZL and the propagation coefficient /~

of a transmission line are dependent on its inductance per unit

length L’ and its capacitance per unit length C’. However,

the behavior of L’ and C’ of superconducting structures

differs from normally conducting structures. In this chapter. the

behavior of superconducting coplanar waveguides is compared

to that of perfect conductors and normal conductors.

Using coplanar waveguides made of perfect conductors

(infinite conductivity, infinitesimal layer thickness t) on a
dielectric material with a relative dielectric constant :r = 1,

these two quantities only depend on the line width w and the
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substrate YBficuc)

Fig. 1. Si3M-photograph of a YBaCuO coplanar waveguide strncture.
w = 1.3 pm, d = 4.7 pm.

distance d between the ground layers (compare Fig. 1). The
line impedance ZLgeO and the propagation coefficient PO of

perfect waveguides on a dielectric substrate with c. = 1 can

redescribed bythefollowing two equations [3]

K(k’)
zLgeo=30fl.7r —

K(k) ‘

p.. Z, co = speed of light

(1)

(2)

with k =: ~, k’ = i= and K(k) the complete elliptic

first order integral with the module k or the complementary

module k’, respectively.

Experimentally, the line impedance and the propagation

coefficient of normally conducting waveguides are different

from (1) and (2). The reason is that L’ and C’ are influenced in

a different way by the material properties. In order to describe

the influence of the matter on the capacity per unit length C’,

we use the effective dielectric constant e, eff. Additionally,
we introduce the effective permeability ,u, .ff, which gives a

description of the inductance per unit length ~’. These two

values are given by

c’
Ereff = XV> (3)

‘igeo

L’

‘r ‘R = L;eo “
(4)

L&,. and L&.eO are the capacitance and the inductance per unit

length, respectively, of a perfect conducting transmission line

using a dielectric substrate with E. = 1, t + O.

The definition of ET .ff in this work is different from that

often used in literature [10], where 5. eff is employed to

describe only the phase velocity or the propagation coefficient.

However, our definition of ET .ff and p. .ff can be used to

describe /3 and Z~. Furthermore, it enables us to separate the

capacitive and the inductive influences of the matter on the

line properties.

In general, the line impedance ZL and the propagation co-

efficient ,b’ of transmission lines made of arbitrary conductors

on arbitrary substrates can be determined from ET em and VT~ff

with

These two equations show that the inductive part of the

waveguides has a different effect on ZL and ,6 than the

capacitive part. Increasing ~r eff increases ~ as well as ZL,

but a variation of E. w influences the two line parameters

in an opposite way. It is important to know that a complete

determination of ZL and ~ can only be performed with

an exact knowledge of ET ~R and MTA=F.For that purpose,

we concentrated on an analysis of e~~t=rand v~ ~ff. In the

following chapter we present equations for the theoretical

calculation of e. .R and V, ,ff, when normal or superconducting

coplanar waveguides are used on arbitrary dielectric substrates

to underline their different behavior.

A dielectric substrate material with the relative dielectric

constant ST has a great influence on C’. For a coplanar

waveguide with a perfectly conducting material on a substrate

with CT, S, .ff is given by [3]

(7)

The relative dielectric constant s. of LRA103 depends on the

manufacturing method of the substrate. According to the data

sheet of the LRA103 substrates used in this work [12], E. varies

between 20 and 25. The exact value for E. of the batch used

in this work is unknown. The properties of LaA103 have been

investigated in detail by Konopka in [13]. They determined a

relative dielectric constant e, = 23.8 at 77 K, which will be

the reference value in this work. Therefore C. .fi for perfect

conductors on LaAIOq substrate is given by &r eff = 12.4.

Normal conducting coplanar waveguides with low losses

and a finite layer thickness behave similar to perfect con-

ductors, Therefore, it is possible to describe their microwave

properties by using G ,ff only. The coefficient PT eff is closed

to one.

No analytic expression for C’ of superconducting coplanar

lines has been published so far, therefore the characteristics of

CT.IT must be examined in more detail.

Contrary to normal conductors, waveguides made of super-
conducting materials show a significant contribution to L’ [9],
[14], [15]. Therefore, the effective permeability ~. ,ff cannot

be neglected. In [14] an equation is quoted for calculating

the inductance per unit length L’ of a superconducting copla-

nar waveguide which uses the geometrical dimensions and

the magnetic penetration depth AL. Using this equation the
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effective permeability ~+efi is given by

AL(T) c

{ }— si.h~~)‘% ‘8)“’r’fi‘1+ K(F) “AD”

with

/( )2.t 2
A=–~+; . —

w’
+W2, B=—

‘7r T 4A

‘= [W] “[’-(:)21
The coefficient ~r ,ff shows a temperature dependence, which

results from the temperature dependence of AL (T). In this pub-

lication AL (T) was determined from cavity resonator measure-

ments performed on the unpatterned sample. The temperature

dependence of )~ (T) agreed well to the London

the thermodynamic model by Gorter and Casimir

AL(T) = AL(O)
/+

4“

T.

Due to the frequency independence of ~~ (T) it

that ~, .ff is also independent of the frequent y.

theory and

[16]

(9)

is expected

According to (8), “p, ,ff is dependent on the magnetic

penetration depth ~~ (T). If the geometric dimensions of the

waveguide are known, it is possible to determine AL from the

measured value for W, .ff. Equation (8) can be transformed to

,lL using the approximation sinh(z) x z with z = t/(2J~ ) <

1. For z < 0.4 the deviation from the exact value becomes

less than 1%. This deviation can be neglected for samples used

in this work. which have a film thickness of abo{

Hence it follows for AL

t
AL ==–—

11’. v@

.t. K(k’).&

with .4. B, C, D. and E according to (8).

t 200 nm.

I
2

(10)

With this expression the material constant AL(0) of super-

conducting coplanar wavegttides can be determined according
to (9).

III. EXPERIMENTAL PROCEDURE

A. Film Deposition and Device Technology

Epitaxial c-axis oriented YBaCuO thin films were deposited

by metal organic chemical vapor deposition (MOCVD) on

10 mm x 10 mm LaA103 (100) substrates with a substrate

thickness of h = 0.5 mm. The YBaCuO thin films were grown

at temperatures between 1023 K and 1073 K in a commercial

AIXTRON horizontal reactor with cold walls r171. Samules

with a critical current density jC (77 K, O T) > 2 ~106 A/cm2

and a microwave surface resistance R. ( 10 GHz , 77 K) R

0.2 mfl could be obtained [4], [18]. The thickness of the

superconducting films used in this work is about f = 180 nm.

The films were patterned into coplanar waveguide structures

using a conventional photolithographic process and Ar ion-

etching. Using this process superconducting transmission lines

with line widths from 40 ~m down to w = 1 ~,m (see

Fig. 1) were manufactured. The film showed no significant

degradation, because the critical temperature T~ deteriorated

only less than 1 K.

In order to obtain a contact resistance of less than

10–6 flcmz the following process was used: The contacts

made of palladium (thickness: 25 nm) and gold (thickness:

225 nm) were evaporated onto the YBaCuO and patterned by

lift-off. The contacts were annealed in an oxygen atmosphere

at 650° C for one hour and then slowly cooled down.

The coplanar waveguide structures are transmission lines

(geometrical length = 1.7 mm) and ,X/2-resonators (geomet-

rical length = 7.4 mm). The ratio between the line width

w and the distance from the ground layers d was chosen to

k = w/d = 0.2. For coplanar waveguides consisting of perfect

conductors on LaA103 (CT = 23.8) this ratio would lead to a

line impedance Z~ = 50 f?.

B. Micro}va~e Measurements

The coplanar microwave structures were characterized by

measuring the scattering parameters between 45 MHz and

26.5 GHz by a network analyzer HP85 10. The system was

cooled by liquid nitrogen and allowed measurements in a

temperature range from 77.4 K to 300 K with a tempera-

ture accuracy of +0.1 K. For contacting the samples, two

commercial microwave probes were used, which allowed on-

wafer measurements. The line impedance of the test system

is Z~o = 50 Q.

The two unknown line parameters E and ZL or c. ,E

and p. ,ff, respectively, were determined from the measured

scattering parameters.

Mismatched transmission lines (ZL # ZLO ) show a re-

flection parameter S1l, the amount of which shows distinct

maxima and minima as a function of frequency. If the line is

terminated by ZLO, the maxima IS11 ~aX I occur at the phase

p = arg(Sll ) = O for line impedances bigger than Z~o, or

at the phase p = arg(S11 ) = T for ZL < Z~o. At the first

“1maximum of IS11,n.X the transmission line has a length of
exactly 1 = A/4, and the line impedance of the mismatched

transmission line can be determined by a A/4–transformation

as follows

/

1 + Sllmax
ZL = ZLO

1 – Slln,ax”
(11)

The propagation coefficient /~ is determined from the resonant

frequencies fl fn of the resonator with n giving the wave

number of the resonance mode. It must be considered that the

capacitive coupling of the resonator causes a virtual prolonga-

tion lv,,tbecause of the coupling slots. The prolongation lvirt

is determined by a separate measurement of various coupling
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Fig. 2. Lirteimpedance Z~ ofa YBaCuOcoplanar line on LaAIOs substrate

independeuceo nthelinewidthto with wld= 0.2, t = 180nm, T= 80 K,
AL(80K) = 400 nm.

slots existing on the sample. The electrically effective length

of a capacitively coupled A/2–resonator is l~fi = Zgeo + Zvirt.

So the propagation coefficient is determined by the following

equation

(jn . y.

e

(12)

With these two line parameters the effective dielectric constant

ET .ff and the effective permeability p, .ff were determined by

rearranging (5) and (6)

_ ?. ZL geo

‘“eff-~” ZL ‘
(13)

(14)

Additionally Cr .ff and VTeff were simulated by the two-

dimensional finite difference time domain method (2-D-

FDTD) described in [19]. This simulation considers the Lon-

don equations assuming a penetration depth AL (T) = 400 nm

for the superconductor, a relative dielectric constant S. = 23.8

for the substrate and a thickness of the layer t= 200 nm.

IV. RESULTS AND DISCUSS1ON

Experimental results for the line impedance ZL and the

propagation coefficient ,0 of coplanar YBaCuO structures are

shown in Figs. 2 and 3 and compared to values calculated

for perfect conductors. Despite a constant ratio w/d, both

ZL and @ show a significant increase for line widths below

20 ~m. This behavior cannot be explained by a deviation

from exact dimensions due to a limited resolution of the

photolithographic process or’ due to an isolating part at the

line edges. This would only cause a variation of ZL, but ~//30

would not be affected. According to the definitions of the two

line parameters ZL (5) and ~ (6) we conclude that a variation
of P? ~ff is more dominant than a variation of ET,ff at narrow

line widths.

From these results C. .ff and ET,H were calculated using

(13) and (14) in order to resolve the influence of L’ and C’

on ZL and ,8/00. The dependence of &r ,ff and PT,E on the

line width are presented in Figs. 4 and 5.

j————__
o 10 20 30 40 50

pwm

Fig. 3. Normalized propagation coefficient ~/60 of a YBaCuO CO@
nar line on LaAIOS substratein dependence on the line wldtb u, with
w/d = 0.2. t = 180 nm, T = 80 K, AL(80 K) = 400 nm.

151

‘r’ff’”m
1 ~fect conductor II

“o~=d
40 50

w
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Fig. 4. Effective dielectric constant e. .ff of a YBaCuO coplanar line

on LaAIOs substrate in dependence on the line width w with
u)/d = 13.2, t = 1S0 nm, T = 80 K, AL(80 K) = 400 nm.

W eff 3-
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=ulation eq. (8)
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fJ~
5
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Fig. 5. Effective permeability ~, .R of a YBaCuO coplanar lineon LaAIOs

substrate in dependence on the line width w with: uid = 0.2. t = 180 nm,
T = 80 K, AL(8O K) = 400 nm.

Fig. 4 shows the measured e. .ff for coplanar structures

made of YBaCuO on LaA103 in dependence on the line

width w, compared to the expected ET w for a perfect con-

ductor, and a simulation for the YBaCuO sample performed

with the 2-D-FDTD method. The 2-D-FDTD method and
the calculation for a perfect conductor show nearly identical

results.

The measured Er ,ff is nearly independent of the line width

and is to be regarded as constant with an average value of

about 11.4. This average value, which has been determined

from several samples, is below the expected value c. .ff = 12.4
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for a perfect conductor and lower than the simulation for super-

conductors with the 2-D-FDTD method. This deviation might

be traced to the properties of the substrate. According to the

data sheet [12] of the LaA103 substrate, the relative dielectric

constant Zr of different batches may vary between 20 and

25. This effect is caused by fluctuations of the manufacturing

method. Using (7) this leads to s, ,ff values between 10.5 and

13. The result of the measurements shows that it is important

to determine exactly the dielectric properties of the batch of

substrates in order to give an exact description of the mi-

crowave properties of the superconductor. On the contrary, the

effective permeability IL, .ff of YBaCuO coplanar transmission

lines determined from (14) shows a strong increase to narrow

line widths (Fig. 5). This is due to a large variation of the

inductance per unit length L’, which is caused by the inertia of

the superconducting electrons. It can be explained by the two-

fluid model and the London equations [9], [14]. Microwave

structures made of superconducting materials show a different

behavior compared to those made of a perfect conductor,

because their ~. ,ff differs widely from the value for perfect

materials at line widths below w = 15 ~m. Additionally,

in Fig, 5 two different simulations for ~, ,ff of YBaCuO are

shown with t = 180 nm and ~~ (T) = 400 nm: the 2-D-FDTD

method and the determination using (8). The 2-D-FDTD

simulation shows slight deviations from the measured results,

but it should be taken into account that only the originally

given conductor geometry and the material parameters for

a dielectric constant of the substrate E ~ = 24.8, AL(0) and

TC have been used. The measured values correspond well to

those determined from (8). Therefore, an analytic expression

(8) for ~, .ff has been found, using only the geometrical

dimensions and the magnetic penetration depth JL (T) of the

superconducting material.

Figs. 4 and 5 illustrate the dependence of the line width on

both, the line impedance Z~ and the propagation coefficient

/3, only determined by p ~~fi, respectively L’. In addition to

the dimensions of the waveguide, the quantities like film

thickness t and the penetration depth AL(T) of the super-

conductor exhibit an effect on ,iLr ,ff. Due to the deviation

caused by the manufacturing method, both quantities are not

exactly reproducible. This correlation causes some problems

in manufacturing waveguides with exact ZL and /3. Small

variations of the dimensions (w, d, t, AL) cause a large

deviation from the desired ZL and ~ values at narrow line

widths below w = 5 pm. ZL and /3 scatter in a wide range for

these structures, This deviation is less significant for practical

applications with line widths above w = I o ~m.
Moreover, the line parameters ~ and ZL are strongly

influenced by the temperature. In Fig. 6 c~~ff and M. ~ff are

shown as a function of the temperature for a YBaCuO coplanar

line with Tc = 90.3 K and AL(O) = 286 nm. The effective

dielectric constant c. ,ff shows only a very small temperature

dependence in the measured temperature range, even near

Tc. This can be explained by the dielectric characteristics

of the substrate LaA103 [13]. The relative dielectric constant

CT,ff (T) is regarded as a constant in this small temperature

range. Contrary. p, .ff increases significant] y with increasing

the temperature. This behavior can be explained by (8) and

“’”;‘-7 ~~p.-..-a.. -.A. ..k. &.. -.. A.4AA.4.

1.4,. ‘
5

3 —
_._/: -1 2

.—

?6’7ti’ iO’i2’84’86~’90’9$

K

Fig 6. Measured values of the effective dielectric constant :, .ff and ef-
fective permeability II, .fl of a YBaCuO coplanar hne on LaA103 substrate
independence on the temperature (triangles and squares. respectively) and

calculation of p, .E (T’) (solid line) with: u, = 36 pm, u,/d = O 18 and

,\L(0) = 286 nm

(,9). because the magnetic penetration depth shows a strong

temperature dependence near Tc. The solid line represents

the result of a simulation for /lr eff with ~~ (0) = 286 nm and

Tc = 90.3 K using (8) and (9). It is almost identical to the

measured values. The determination of the two constants e, ~ff

and IL. ,ff shows that the temperature dependence of ZL and

~ is only caused by a variation of L’, because C’ is nearly

independent of the temperature.

Additionally, the frequency dependence of the normalized

propagation coefficient ~/f10 has been considered. @//?O was

determined from the resonant frequencies of resonators at

the different modes n and showed no dependence on the

frequency. Therefore the product WT,ff c, ,fi does not depend

on the frequency, either. Little is known about the frequency

dependence of each constant ~, .ff and c. ,ff. The effective

permeability p. ,ff should be independent of the frequency

according to (8). The relative dielectric constant c. of LaA103

shows no frequency dependence between 5 GHz and 40

GHz [13]. So s, .ff, which is only determined by the spatial

arrangement of the dielectric [see (7)], might be approximately

independent of the frequency in the used frequency range.

With these results, it is possible to calculate exact dimensions

for given Z~ and @ of coplanar YBaCuO waveguides accord-

ing to (5) and (6). In the following, two simulations (Figs. 7

and 8) are illustrated with z, ,ff = 11.4, t = 180 nm and

AL(T) = 400 nm, which results at 77 K from AL(0) = 286

nm.

Fig. 7 shows w/d, which is necessary to obtain a desired

ZL, in dependence on lL1. In order to realize an exactly defined

line impedance for arbitrary line widths, the required w/d

must be increased significantly to narrow line widths. With

this simulation it is possible to design the exact geometrical

dimensions of transmission lines with given line impedances.

This is important for technical applications, if an optimal

matching of transmission lines is desired.

By changing the line geometry to obtain a desired Z~,

the propagation coefficient (~ is also changed. The normalized

propagation coefficient @/~., which results from this redimen-

sioning, is calculated according to (6) and (8) in dependence

on the line width w for different line impedances ZL using

the same material parameters. The results are presented in

Fig. 8, where the normalized propagation coefficient /?/~. is
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ZL= 2of2

~ 0.8-
——
d 06-

0.4-

0.2- ZL=70Q

Fig.7. w/d ratio necessary to obtain a constant hne impedance ZL at a
given line width w. Calculated for coplanar waveguides made of YBaCuO
with: t = 180 nm, Ereff = 11.4 and AL(T) = 400 nm.

3 J~
o 10 20 30 ~ 40 50

pm

Fig. 8. Normalized propagation coefficient P//3O, which results from redi-
mensioning of the coplanar waveguides to obtain a constant line impedance
ZL. Calculated independence on the line width w forcoplanar waveguides
made of YBaCuO witht = 180 nm, c,efi = 11.-!, and A~(T) =400 nm.

shown. For line widths above w = 20 ~m, ,13/flo is nearly

independent of the line width. Increasing w, the curve takes

an asymptotic course to ,B/~o = = = @. Contrary

to perfect conductors, the normalized propagation coefficient

changes with the line impedance. Using constant line widths,

@//3o increases with decreasing line impedances. At narrow
lines below w = 10 pm, /?//l. of the redimensioned lines

shows a significant increase. The response of /?//30 is an

important aspect to dimension matched resonators with a

special resonant frequency. In order to realize resonators for

arbitrary line widths with Z~ = constant, the necessary line

length 1 decreases with decreasing line widths. Just at narrow

line widths a strong shortening of the line length is required

to achieve the desired resonant frequency.

Both figures show that it is very difficult to realize narrow

waveguides (w < 4 ,um) with exact line parameters, because

they show a strong dependence on small variations of their

geometrical dimensions which are caused by the pattering

method.

V. CONCLUSION

This paper described microwave measurements on narrow

coplanar s$-octures made of YBaCuO thin films with line

widths from 1 to 40 pm. From these measurements the line

impedance and the propagation coefficient were investigated

in dependence on the line width. In spite of a constant ratio

between line width and the distance of the ground layers,

both quantities increase significantly to narrow line widths.

The examinations showed, that it is important to introduce

the effective permeability pr .ff in order to give an exact

description of the microwave properties of superconducting

waveguides. The effective dielectric constant s, .ff and the

effective permeability UT,R have been determined from the

measurements. The results can be explained by an analytic

expression for KTetf, which uses only the magnetic penetration

depth AL and the geometric dimensions of the coplanar

structures.

While the value of c. .ff is independent of the dimensions

of the line and the temperature, p, eff shows a significant

increase to narrow line widths and increasing temperatures.

With the results of this work it is possible to predict the line

impedance ZL and the propagation coefficient ,6 of coplanar

structures if the YBaCuO parameters like penetration depth )L

and the thickness t are known. Therefore, transmission lines

and resonators can be desi.gned exactly. This is important for

technical applications, where exactly defined properties like

line
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