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Interdigital Transducers

KENNETH M. LAKIN, MEMBER,

Abstracf—A distributed RC circuit m~del is used to describe an
interdigital electrode transducer (IDT) having finite conduction in
the electrode stripes. The distributed circuit is described by a set

of dtierential equations whose solutions yield the current and
voltage distributions along the aperture of the IDT. It is found

that the electrode resistance causes a distortion of the excited wave
amplitude and phase due to the nonuniform voltage and current

distribution. An equivalent circuit for the terminal properties is

also derived which illustrates the effects of conduction 10SS. The

theory is also used to predict electrode efficiency, effective aperture

weighting, and phase shift in weighted arrays.

I. INTRODUCTION

I NTERDIGITAL electrode arrays for use in surface

acoustic wave generation and detection are composed

of thin films of conducting materials. The conducting

material is usually chosen for its conductivity y properties

and to a lesser extent its acoustic properties. However,

the electrode metallization does alter the wave propagation

through a change in the surface wave velocity due to short

circuiting of tangential electric fields [1], [2] and also

introduces dispersion if the metallized layer has finite

thickness [3]. Whereas the Av/v effect is always present,

various mat eridls may be chosen to acoustically match

the substrate in ‘order to minimize the effects of dispersion

[4], Some of the metals of interest have a lower bulk

conductivity y than copper, gold, or aluminum and therefore

more electrode conduction loss would be expected. In

addition, the net conductivity of a metallized layer de-

pends upon the layer thickness which is usually chosen as

thin as possible to avoid acoustic discontinuities, es-

pecially at microwave frequencies.
It is the purpose of thk paper to describe a theoretical

analysis of the effects of metallization sheet resistance

upon the electrical properties of interdigital arrays. From

the theoretical results a criterion may be established as

to how large a sheet resistance could be employed and still

avoid excessive conduction losses and beam amplitude

and phase disto~tion. No attempt is made to correlate

sheet resistance with a given metal’s thickness because

thin-film sheet ;esistance is highly dependent upon the

method of film fabrication and specific metal. A few

substrate materials are used as examples to illustrate the

dependence upon material parameters and electrode

equivalent circuit.
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II.

A. Distributed

IEEE

THEORETICAL ANALYSIS

Network Model

In order to accurately predict the effects of finite series

resistance in IDT electrodes the structure will be analyzed

as a distributed R,C network as shown in Fig. 1. The

electrode configuration for one finger pair is shown in

Fig. 1(a) along with the assumed source current I and

coordinate system centered in the aperture w. A small

incremental section of the aperture Ax is defined and its

equivalent. electrical network is shown in Fig. 1(b). The

relevant electrical parameters are the following:

P. electrode resistance, ohms/ (wavelength, AO)j

Y shunt admittance, mhos/ (wavelength, XO);

i(x) upper electrode current;

i’(x) lower electrode current;

v(x) voltage bet ween adjacent regions of the upper

and lower electrodes.

If there is no twoustic wave generation, y then corresponds

to the incremental electrode capacitance. With acoustic

generation, y includes a radiation conductance g.

The model employs a current source rather than a

terminal voltage for ease of analysis. However, eventually,

the results will be expressed in terms of electrode voltage

since finger pairs are usually connected in parallel but need

not have the ,same current in the presence of aperture or

phase weighting. Inductive effects between electrodes are
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Fig. 1. Electrode pair and circuit model. (a) A one-electrode pair
interdigital transducer with aperture w having an input current
from the left of 1. (b) The equivalent circuit of a differential
length Ax and associated voltages and currents.
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ignored because of the small physical dimensions usually

employed in these structures.

B. Network Equatiow

The analysis of the circuit of Fig. 1(b) follows from

elementary circuit theory. However, it must be emphasized

that the network is four-terminal but not a two-port.

Since i(z) is in general not equal to i’ (x) the usual trans-

mission line equations cannot be applied. Nevertheless,

differential equations for the currents and voltage may

be derived in the usual manner from the network:-

?)(z + Az) — o(~)

AX
= pc[i’(z) – i(z)]

and

In the limit of small Az these equations reduce to

do(x)
— = p,[i’ (x)

dx
- i(x)]

It is also apparent that

di. di di’

Tx=–z=z

from Kirchhoff’s current law.

(1)

(2)

(3)

Using conservation of charge (current continuity) and

the known boundary conditions, the relation between

i(z) and i’(z) is obtained: ‘

i(x) + i’(z) = 1

where

()

w
i ——

2
=1

()
i’+~=1

()
i +E =0

2

()

wl__=z
2

0.

C. General Solutions

(4)

(5)

By differentiating (1) and (2) and using relations (3)

and (4) the following second-order equations are ob-

tained:

&i(x) CY21——
d$

azi(z) = — —
2

(6)

d%(x)
— - a%)(z) = o

dz%

where

az = 2pGy.

For convenience a may be written as

[

8P* 1
1/2

a = ~ j8

Pa( 1 + 62.2) 1’2

where

o = ~ tan-l (Q.);

PO ra&ation resistance in !2. h (ohm-wavelength);

P8 sheet resistance in !2/0 (ohms per square);

Q. A XJP. = radiation Q for single finger pair;
X. series reactance in il. A (ohm-wavelength).
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(7)

(8)

Since Qa is usually of order 10 or greater, the phase angle

of a is nearly 45° and hence a has nearly equal real and

imaginary parts. Since Q. is usually large I a I becomes for

most cases

I ~ I = p:]l’2.

Here w is independent of transducer center frequency and

essentially represents the capacitive reactance for one

wavelength aperture. Thus I a I is directly proportional to

the square root of the effective dielectric constant of the

substrate. The phase factor a may be approximated by

Values for pa, Qa, 0, and I a J are given in Table I for

several materials. The values for Pa and Q. were derived

from an equivalent circuit model [5] as

pa = (27rcVsQJ ‘1

Q.= (: L+-’
where

AO

c

v,

open-circuit to short-circuit velocity parameter

[2];

single electrode capacitance/centimeter;

surface wave velocity, centimeters per second.

TABLE I
=

Material [6]
Pa, n.x Q

a (I, deg, Ial, P=l
—— _ L.

ST Quartz 1800 361 44.9 3.51 x 10-3

(010), [110]

Bi12Ge020 4240 56.9 44.5 5.76 x 10
-3

Y Z LiNb03 7340 15.8 43.2 8.3 X 10-3

(001), PZT.5A* 338 14,7 43.1 40.1 x 10
-3
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Thegenemls olutionto (6) is

i(x) = Acosh (ax) +Bsinh (ax) + 1/2. (9)

Using the boundary conditions (5), the constants A

and B are determined to complete the solution:

[
w=:l-

sinh (w.$)

sinh (p) 1 (lOa)

i’(i) = i(–g) (lOb)

where

(f) A? is complex phase factor

and

{ A $ is a normalized aperture coordinate.

From (1) and (4) the voltage is found to be

(11)

As expected, the inherent symmetry of the electrode

structure about the aperture center is exhibited by the

solutions (10) and (11).

The solutions for V(Z) and i(z) are complex numbers

because of the phase shifts introduced by the effective

series R, shunt C network. The phase of the acoustic

radiation will be directly related to the phase of the

electrode voltage v ( z). If v(z) is not constant, then the

acoustic radiation will not be of constant amplitude or

uniform phase across the transducer aperture. The critical

parameter will be p the product of a, the characteristic

wavenumber of the distributed RC network, and half

aperture, w/2. If p is small, then

iO’(f) alimi’($) = ~ (1 + .$) (12b)
&o

and

vo(~)= ; = V electrode terminal voltage. (13)

Thus if the series conduction resistance or aperture is

sufficiently small, then p is small and the current and

voltage reduce to their expected values for p. identically

equal to zero.

The effects of series conduction losses are therefore

dependent upon aperture width as well and not the

metallization sheet resistance alone. This occurs because

the distributed RC network transforms shunt admittances

through series impedances introducing a net phase shift

dependent upon the overall length of the network and the

propagation constant a.

In reference to the general solutions (10) and (11) it

should be noted that both i(z) and o(x) are referred to the

assumed source current 1. The actual terminal voltage V

will be related to I and the network parameters through

an equivalent impedance Z which will be derived in the

section on terminal properties. The functional dependence

within the aperture will not be changed by the normaliza-

tion even though the impedance will be a function of the

overall aperture width.

The nature of the voltage and current distributions

is illustrated in Figs. 2 and 3, respectively. The magnitude

of the electrode voltage 6V is normalized to the terminal

voltage V and its phase Ad is referenced to the valqe at the

center of the aperture. For low values of sheet resistance

the electrode voltage approaches the terminal voltage in

magnitude and phase. For finite sheet resistance, the

voltage distribution becomes nonuniform and the phase

is no longer constant along the aperture. The effect upon

the excited wave is to distort the wave front amplitude
and phase. The inefficiency of high series conduction

resistance is apparent by the reduction of the electrode

voltage from the applied terminal voltage V.

The magnitude of the current distribution, & and &’,

normalized by 1, is shown in Fig. 3 for one value of sheet

resistance and two apertures. For low sheet resistance or
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Fig. 2. Normalized electrode voltage and phase as a function of
normalized aperture. The phase is relative to that at the center
of the aperture.
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small apertures the current distribution is nearly linear

and approaches the diagonal straight lines of (12). For

higher sheet resistance, the series voltage drop causes the

upper electrode current to transfer to the lower electrode

at a faster rate and hence more near the ends of the elec-

trode. At all positions in the aperture the upper and lower

electrode currents must add to the total current I. The

current distributions are thus antisymmetric about the

aperture center a~d current values I/2, whereas the volt-

age is symmetric about the aperture center.

D. Terminal Properties

Because of the physical size of IDT structures the

current and voltage distributions within the elect rodes

are generally inaccessible and the net terminal effects

become of primary interest, As stated before, the voltage

distribution is not simply related to the terminal voltage V

because of the distributed circuit. Whereas a current 1

was chosen as the independent variable for analysis

purposes, the terminal voltage V is more convenient as

the independent variable for the purpose of interpreting

conduction effects upon terminal properties. A general

approach will be used to find the terminal impedances and

equivalent circuit employing conservation of energy or

power flow. By accounting for the power flow within the

distributed structure and its integrated result, an equiva-

lent impedance may be assigned at the terminals. The

quantities of interest are the effective series resistance not

associated with acoustic radiation, the effective series

radiation resistance, and finally the series equivalent of the

shunt reactance.

E. Efective Series Conduction Resistance

Because of the nonuniform current distribution along

each electrode, the apparent conduction resistance is in

general not simply related to the metallization sheet

resistance. However, an equivalent lumped

electrode resistance may be defined from the net

conduction power loss

element

terminal

(14)

where R, is the effective series conductance resistance and

I is the electrode current.

The conduction power density, within the aperture, for

the top electrode of Fig. 1 is just

P=(z) = *PC I i(x) 12.

Thus the total electrode power loss, for both top and

bottom electrodes, is obtained by integrating over the

aperture

1

w/2
p. = 2(*P.) ] i(x) 1’ Czz. (15)

—w/2

The leading factor of 2 in (15) is used to account for the

loss in the lower electrode because of the symmetry

between i’(z) and i(x). From (15) the integrated power
is obtained:

421

P. = ~12(:pcw) T. (16)

where

[

~~ = ~ ~ + [sinh (wa,) ]/wLY, – [sin (wai) ]/wa, ~17)

4 cosh (WCY,) — COS (Wat) 1
and

a = ar + jai.

The factor ~. has the property that q. -+ 1 when q -+ O.

Thus from (14) and (16)

R. = R,oq. (18)

where

R.o = ;pcW. (19)

To first order, the electrode resistance is just R~ and

simply related to the metaIlization sheet resistance through

the relation

PC = 4P. fl/Ao

where p. is the sheet resistance (ohms per square) and

AOis the electrode period. These relations hold for .Xo/4 or

two ho/8 electrode pairs.

The expression for R,O (19) may also be inferred from

the current distributions given in (12) through the

integration in (15). For the usual materials, quartz,

LiNbOs, and BilzGeOzO, for apertures less than 500 wave-

lengths, and for sheet resistances less than 10 Q/[], it

is found that the series loss resistance is not strongly

transformed by the distributed network and is simply

equal to Rd. Values of R. for apertures and sheet resistances

greater than 500 and 10 !2/U, respectively, are not con-
sidered likely for interdigital structures.

F. Efective Radiation Impedance or Admittance

The radiation resistance or conductance may be de-

fined as an equivalent terminal property in a manner

similar to the series conduction resistance through the net

power radiated acoustically. The complex power density

in the shunt elements is given by

P.($) = *Y* I v(x) ]2. (20)

The integrated power is obtained from (20) and (11):

[1p=uy”8
2 Wlyj’

?@ (21)

where

[

2 [sinh (a,w) ]/a,w + [sin (a,,w) ]/a~zo
~a = y

cosh (cY,W) — COS (cwW) 1
The factor q. has the property that ~a -+ 1 as P 40

similar to q. and thus gives the higher order dependence

of radiation impedance upon aperture. From (21), the

terminal series equivalent impedance of the distributed

shunt elements may be inferred as
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Fig. 4, Radiation resistance as a function of electrode overlap or
aperture, The dashed line represents the characteristic when
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where z is the series equivalent

(ohms.~,) ofshunt elements,

(22)

of distributed impedance

The terminal radiation resistance is then

Rq=~qa
w

where pa is the dia$ributed radiation resistance (ohms* Ao)

and the reactance is just

X = R.Qo

where

Q. = radiation Q.

In the limit that p d O, &e to low series resistance p.
and/or small aperture w, the finger pair series radiation

resistance becomes, in first orderl

R
Pa

a==-.
w

Values of radiation resistance have been calculated

using the data in Table I for several materials represent-

ing a range of pa and Q. parameters. The calculated results

are shown in Fig. 4 for ST quartz, YZ LiNbOS, (001)

[110] Bi,,GeOz,, and P ZT5A.1 Those materials with

high dielectric constant exhibit a departure from the

normal inverse falloff at a smaller aperture for the same

metallization sheet resistance. The transformation in

radiation resistance from the l/w dependence occurs for an

aperture value of

The phase factor a varies as the square root of the sheet

resistance and shifts the departure point to smaller

apertures as shown in Fig. 4.

Based upon the equivalent circuit of Fig. 5(a) an

electrode pair ei%ciency may be calculated as

~ = – 10 loglo (1 + R./R.)

which is the ratio of power dissipated in useful acoustic

radiation to the total dissipated power. The efficiency

,factor is shown in Fig. 6 for ST quartz and YZ LiNbOd as

a function of aperture with sheet resistance as a parameter.

1PZT-5A is a registered trade name of Clevite Corporation.
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Fig. 5. Electrical equivalent circuits. (a) Electrode pair without
additional series 10SS.(b) Weighted aperture with external metal-
lization 10SSR:.

(a)

to the fact that R. no longer decreases inversely with w

but instead remains relatively constant. In an ST quartz

tapped delay line, a tap with w = 100 wd 0.5 WU

@etallization would exhibit an additional 9-dB attenua-

tion due to conduction losses.

G. Aperture Weighting

In relation to tapped delay lines or frequency filter

design it is often necessary to weight the aperture of

individual taps or electrodes in an array. The usual manner

is to employ a constant length electrode and io weight

the electiode by the amount of electrode overlap. This

gives risd tio a radiating region which is connected to the

bonding pad or electrode terminal by a metallized strip

whose 16n&h depends upon the aperture width. The

electrical equivalent circuit is shown in Fig. 5(a) where

R1 represents the resistance of the electrodes outside the

radiating aperture (overlap region) and R. is the effective

electrode resistance for the aperture region. For the case

of zero sheet resistance, both R.t and R. are zero, and

only R. and X have finite values. Since R. and X have the

same dependence upon w, their ratio X/R is independent

of aperture and thus the phase of the radiated wavefront

is independent of aperture. If however, P, # O, then the

ratio of X to the total series resistance is no longer in-

dependent of aperture. Under these circumstances an

attempt to amplitude weight also produces a phase

weighting.

The expressions for the elements iri the equivalent cir-

cuit are

X = Q;Ra

OL _ - , , ,8 r-n-l

\ \ \o.1 -1

where WOis the reference aperture and w is the weighted

aperture.

An effective aperture weighting factor 6P may be

defined as

(b)

Fig. 6. Electrode efficiency in decibels k a function of aperture
~~~~, equivalent circuit of Fig. 5(a). (a) ST quartz, (b) YZ

Lith&im niobate exhibits k somewhat higher efficiency

because its pa is larger than that of quartz. Thus a larger

aperture is required to reduce R. and increase R. to the

point where R. is larger and dissipates the most power.

The change in slope for larger apertures in LiNbOs is due

P(w)
~p. -

P( Wo)

where P is the power radiated into acoustic waves.

In the absence of loss,

SF(PS= o) = w/wO.

Several cases have been calculated using a reference

aperture of 100 wavelengths and are shown in Fig. 7.
The extreme cases are for a rather large sheet resistance

of 10 Q/U, in Fig. 7(a). ‘The case of LINbOs indicates

that there is. relatively little change in the effective

weighting until the overlap is less than 30 percent. This
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insensitivity to aperture is due to the fact that ai w de-

creases, R. increases, and the loss resistance decreases.

Since the transducer becomes more efficient at a smaller

aperture more power is radiated and compensates the

decrease in apei-tui-e. The phase shift A@ is the phase

cliff erence between the aperture w and aperture W. trans-

ducer. This indicates that a phase error is introduced by

amplitude weighting. These effects are less pronounced

for low dielectric constant and lower coupling coefficient

materials. For quartz, the capacitive reactance is much

larger than R. or the series loss resistance and therefore

has the effect of driving the electrodes with a current

source whose vaIue is nearly proportional to the aperture
w. The phase shift is still pronounced even in quartz

because the series resistance is determined largely by

series loss and thus the ratio of X to total resistance

exhibits a W2 dependence. For lower sheet resistances,

Fig. 7{ b), the effective weighting is nearly w/wO to first

order but the phase shift is still present.
,

III. CONCLUSION

A theory describing the effects of finite conduction loss

in the metallization of an interdigital electrode pair is

derived from an equivalent circuit representing a differ-

ential width in the aperture. From the resulting solutions

the voltage and current distributions were found which

showed significant departures from ideal when the dis-

tributed RC circuit phase exceeded zero. The theory

thus establishes a criteiion for determining the maximum

allowable sheet resistatice which may be employed for a

given substrate miteiial and still maintain uniform

amplitude and phase distribution across the aperture. An

extension of the solutions to derive lumped terminal

impedances and an equivalent circuit give quantitative

information as to the radiation resistance, reactance, and

loss resistance as a function of aperture and material par-

ameters. It is found that the series radiation resistance

departs from an inverse- aperture width dependence at

an aperture valtie of approximately 2/I w I where w is the

complex phase factor for the distributed RC circuit. Sub-

strate materials with high dielectric constant show the

greatest RC circuit transformations due to their larger

phase factor. Application of the theory to transducer

efficiency and effeetive weighting &how that as the ridia-

tion resistance &ecreases with aperture the series loss

increases to the point where more power is dissipated in

the loss elements than in useful radiation. The theory

shows that even low values of sheet resistance wilI pro-

duce phase errors when weighted sections are compared.

The theory has not been applied to transducer sections

composed of more than one electrode pair. Such a pioced-

ure would be highly dependent upon the method of cas-

cading elements into a given array. In any case, the sernes

conduction loss is a factor associated with the rnetalliza-

tion of the electrode capacitance and not the acoustic

radiation as such. It is expected that the series loss would

scale just as the capacitive reactance in a transducer as

it must do for a simple capacitor with lossy metallization.

Experimental measurements have not been conducted to

actually measure the current and voltage distribution along

an inteidigital structure. The physical size and impedance

values rule out any meaningful measurements. Measur+

ments upon tapped delay lines have proved inconclusive

because of the unknown quantitive effects due to acoustic

attenuation and beam diffraction.
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