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ABSTRACT

Design, fabrication and performance characteristics
of LiNbOs—based wide—band nonlinear interdigital chirp
transducers are reported. A 54 % bandwidth centered at
720 MHz has been obtained for a collinear deflector on a
YX substrate. A 66 % bandwidth at a midband frequency
of 600 MHz has been designed for a Bragg deflector on a
YZ substrate with electrodes tilted to satisfy the Bragg
condition. Both tranducers are down—chirp designs. The
chirp waveform has been optimized using an accurate
model of analysis. The transducers have been fabricated
using 10:1 reduction projection printing and liftoff techni-
que. Good agreement hag been found between theory and
measurement. No severe bulk wave generation has been
observed.

INTRODUCTION

Planar acoustooptic deflection results when a surface
acoustic wave (SAW) propagates in an optical planar
waveguide, producing a periodic variation of the refractive
index changes via the photoelastic effect. This provides a
moving phase grating which can diffract guided light
waves. Planar acoustooptic deflectors can be divided into
coplanar guided—to—guided mode coupling (Bragg cells)
and collinear coupling of guided waves with radiation
modes (substrate deﬂectors% /1/. In recent years both
types of deflectors have been demonstrated to perform the
central function incorporated in many planar wave—guide
optical signal processing and communication systems /2/.
The total number of resolvable spots, according to the
Rayleigh criterion, is given by the bandwidth and the
transit time of the SAW. As the transit time is limited in
both cases, a wide—frequency bandwidth is a highly de-
sirable attribute of a deflector. The bandwidth is restricted
by the limited frequency response of the interdigital trans-
ducer (IDT), the frequency—dependent overlap of the
SAW to the inhomogeneous transvérse—optical-mode
distribution, and (in the case of a Bragg cell) by the
acoustooptic—bandwidth associated with the well-known
Bragg phase—matching condition. By choosing an appro-
priate frequency band and (in case of a Bragg cell) tilting
either the entire IDT or the individual electrode fingers to
the Bragg angle, the primary limiting factor is the band-
width of the IDT. A wide transducer bandwidth is
achieved by spacing the electrode fingers according to a
nonfinearly varying (chirp) synchronous frequency. A flat
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amplitude response can be obtained without apodization,
if a proper chirp law is used. Design considerations for
wide—band chirp transducers have been published in the
past /3, 4/, however, the requirements for SAW trans-
ducers used as part of acoustooptic deflectors are some-
what different. The design parameters for acoustooptic
applications are mainly wide bandwidth, flat frequency
response, rectangular radiation profile, large aperture, and
low insertion loss. In what follows, two very wide—band
LiNbOz—based nonlinear chirp transducers are presented.
IDT #1 was designed to operate with a 400 MHz band-
width at a 720 MHz center frequency as part of a collinear
substrate deflector on a YX LiNbOg substrate. IDT #2
was developed for a 400 MHz bandwidth and a midband
frequency of 600 MHz as part of a Bragg cell on a
YZ LiNbOj3 substrate. Both IDTs are down—chirp designs.

TRANSDUCER DESIGN

We first define some basic parameters. Let the chirp
waveform v(t), representing the impulse response of the
transducer, be given by

v(t) = a(t) cos[®(t)] , (1)

where ¢(t) is the time—domain phase and the envelope a(t)
is zero outside the time intervall =T /2 <t < +T/2 with T
as the length of the waveform. The differential of ¢(t),
which is a monotonic function of time t, is the instan-
taneous frequency f(t), so that

f(t) (2)

The frequency f(t) is the frequency of the waveform at
time t. Defining the chirp rate p(t) as the rate of change of
instantaneous frequency, expressed in units of Hz/sec, we

get
P — 2mu(y),

where waveforms with p(t) < 0 are called down—chirps,
while those with pu(t) > 0 are called up—chirps. In order to
design a transducer geometry having an impulse response
according to equation (1), the electrode positions xn are
given by

dd(t

— 2xdt

(3)

¢(xn/v) = nr, 4)
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where v is the effective wave velocity in the transducer
region.

When piezoelectric Rayleigh waves are generated by IDTs,
some excitation of bulk waves is nearly always present.
Usually, the degradation of device performance is not
severe, but in the case of very wide—band IDTs, the gene-
ration of acoustic bulk waves can be the bandwidth limi-
ting factor. To first order each electrode can be regarded
as a source of spurious bulk waves with velocity vy (as
well as surface waves with velocity v < vp). This direct
generation of bulk modes limit the fractional bandwidth to

1 —
bmaxzzﬁ%' (5)

While direct generation of bulk waves imposes a limit of
approximately 50 %, conversion of piezoelectric Rayleigh
waves to bulk waves by interaction within the IDT can be
the stronger limiting factor. The phenomenon is significant
when the SAW frequency f is greater than 2f'/(1 + v/vy),
i.e. in an up—chirp transducer. Here, ' is the local syn-
chronous frequency of the IDT. This effect can only be
avoided by restriction of the fractional bandwidth to below
about 20 %. On high—coupling substrates like LiNbOj
used for wide—band IDTs, electrode reflections (i) intro-
duce acoustic directionality, which causes dispersive down-
—chirp transducers to have lower insertion loss than up-
—chirp configurations; and (ii) contribute additional pass-
band ripple /5/. Hence, limitation of bandwidth imposed
by surface—to—bulk mode conversion and insertion loss due
to directionality lead to the use of down—chirp transducers
for acoustooptic applications.

The aperture of the transducer is fixed by acoustooptic
considerations, fabrication restrictions, and the tolerable
ohmic losses of the electrodes. The required number of
electrodes N is determined by the impedance required.
However, internal reflection effects increase with in-
creasing N, so that an optimum value of N must be chosen
to obtain both low insertion loss and flat passband shape.

To achieve a flat amplitude response without apodization,
phase weigthing, i.e. shaping of the chirp rate p(t) is
necessary. The design of the transducer starts with the
synthesis of a linear frequency—modulated (FM) chirp
structure using the impulse model, in which the charge
distribution on the electrodes is approximated by
é—function sources located at the electrode centers. The
electrode positions are determined assuming a linear chirp
waveform given by a quadratic time—domain phase

o(t) = 2 (fot  ut2/2) (6)

where {; is the midband frequency and the chirp rate is a
constant given by u= B/T with bandwidth B and time
dispersion T. Let the chirp waveform of equation (1) (with
a(t) = 1) be the impulse response of the IDT and denote
the Fourier transform of v(t) with Hy(f). Using a sophisti-
cated model, we calculate the frequency response H(f),
which varies approximately to the 3/2 power of f. In order
to obtain a flat passband shape, we first calculate the ratio
Ho(f)/Hy(f) = W(I). Usually, W(f) is a high ripple
function, so that some smoothing is necessary. Denoting
the smoothed spectral weighting function with W'(f), the
corrected  frequency  response  is iven
Ho'(f) = W'(f)Ho(f). The impulse response ho'(t f’)) Wthh lS
the inverse Fourier transform of Hy'(f), gives the positions
xp along the x axis of the electrode centers of the phase-

weighted IDT. Adjacent electrodes are excited in a plus-
—minus fashion. Repeating the described procedure in an
iterative manner, the optimum spectral weighting function
W'(f) for a required passband shape can be obtained.

MODELLING

The impulse model mentioned above gives a straight-
forward approximate IDT analysis. Despite being over-
—simplified, this model illustrates some important features
directly and therefore, we use it as an initial model for
starting IDT synthesis. However, the impulse model fails
to account for a number of second order effects that are
often significant in practice. For example, the longitudinal
charge distribution on the electrodes, external circuit
effects, electrode interactions, reflections and so on are
neglected. Our model accounts for most of the important
second order effects.

The IDT is split up into a series of basic cells in longitu-
dinal direction which replace the distributed electrical and
mechanical phenomena by equivalent network models, so
that the response of a complex transducer can be evalua-
ted by analysing an array of networks, using conventional
network analysis. Three types of basic cells describing
(i) the piezoelectric excitation; (ii) repetitive disconti-
nuities of the mechanical and electrical impedances; and
(iil) delay lines are incorporated in the network models.
Each of the basic cells is described by a three—port with
two acoustic ports and one electric port. Hence, the cor-
responding hybrid matrix representation is closely related
to the physics of the phenomena. The total IDT is com-
posed by cascading the acoustic ports, described by their
acoustic wave amplitudes, and connecting the electric
ports, described by their electric admittances, in parallel,
so that efficient and economical computer analysis is
possible.
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Figure 1 Transducer Bagic Cell Model



A Green's function method is used to evaluate the exact
longitudinal electrostatic charge distribution /6/. Each
electrode is divided into a number of substrips with dif-
ferent widths where the mean charge densities for each
substrip are approximated by rectangular pulses using the
method of moments /7/. Step discontinuity cells account
for electrical and mechanical interactions at the electrode
edges as well as for reflection, regeneration and energy
storage /8/. Delay line cells simulate wave propagation
effects on the free and the metallized regions of the IDT
including propagation losses /9/. An illustration of the
model is shown in Figure 1.

Furthermore, ohmic losses and losses due to bulk wave
generation are included in a heuristic manner. The model
is a one—dimensional one, and therefore two—dimensional
second—order effects such as diffraction and transverse
charge distribution are not taken into account. Their
contribution, however, can be safely neglected due to the
large transducer apertures.

FABRICATION AND EXPERIMENTAL RESULTS

To fabricate the IDTs, use is made of a standard
photolithographic process of the type developed for genera-
ting microstructures for VLSI circuits with 10:1 reduction
projection printing and liftoff technique. With this pro-
cess, which has a linewidth resolution of about 0.8 um,
IDT electrodes are fabricated with high precision of the
period and high reproducibility of the fingerwidth.

Two transducers have been fabricated on titanium diffused
LiNbOj3 (Ti:LiNbOg) planar optical waveguide substrates
/10/. IDT #1 operates as part of a collinear substrate
deflector on YX-LiNbQOj, while IDT #2 is designed for
Bragg cell applications on YZ—LiNbO3. Both transducers
are down—chirp designs. While YZ LiNbOj3 is a well
known substrate and material orientation in SAW filter
technology, YX LiNbO3 up to now has not been studied
systematically. Thus, we firstly examined bulk wave
generation on YX LiNbOjs by calculating and measuring
the impulse response of IDTS with theoretical bandwidths
of about 100 %. We found, that the practical bandwidth is
limited to about 54 % due to the fact that the longitudinal
bulk wave degrades the performance severely at a higher
bandwidth.

The design parameters of IDT #1 are given in Table 1.
The finger width is varying from about 1 gm to 1.8 ym.

Propagation direction X Y
Center frequency f, [MHz] 720 600
Bandwidth B/fy [%] 54 66
TB-product, 59.6 200
Number of electrodes N 195 500
Aperture w [mm] 20 055
Metallization thickness h [nm)] 100 100
Metallization ratio 5 0.5 05

Table 1 Design Parameters of the Transducers
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The theoretical frequency response is shown in Figure 2.
The frequency response has been measured by detecting
the excited SAW with a two—finger IDT in a distance of
2 mm with an HP8510B network analyzer. This technique
is more convenient than direct optical probing of the
SAW. Thus, due to the static capacitance of the receiving
IDT, the frequency dependence of the filter transfer
function must have a linear passband tilt with increasing
frequency which is given by the theoretical curve in Fi-
gure 3, which also shows the experimental curve. However,
one has to remember, that the theoretical electroacoustic
transfer function is flat over the passband. Both the IDTs
are unmatched and the insertion lcss is mainly due to the
receiving IDT. As can be seen in Figure 3, there is an
excellent agreement both in the bandwidth and the pass-
band shape.
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Figure 2 Calculated Electroacoustic Frequency De-
pendence of IDT #1
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The measured impulse response is shown in Figure 4. The
range from 0.53 us to 0.68 ys exactly represents the SAW
and corresponds to the transducer—time dispersion of
0.15 ps. No severe peaks corresponding to bulk waves are
found. The peaks at t = 0 and t = 1.335 s come from the
electromagnetic feedthrough between the two IDTs.
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Figure 4 Experimental Impulse Response of the Filter

IDT #1

The design parameters of IDT #2 are given in Table 1,
too. The electrodes are smoothly tilted in order to main-
tain the proper Bragg angle between the SAW and the
optical beam over the entire IDT bandwidth. Again, good
agreement has been found between theory and measure-
ment. The deviation in the insertion loss in this case is
only 2 dB. No severe bulk wave generation has been ob-
served.

CONCLUSION

The design and fabrication of wide—band LiNbOs-
—based nonlinear chirp transducers have been described. A
theoretical feasibility of wide bandwidth operation is
indicated by the results obtained with the presented model
of analysis. The transducer geometries are particularly
suited for planar acoustooptic deflectors on Y—cut
LiNbOs.
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