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ACOUSTO-OPTICAL DEVICES

Acousto-optics broadly refers to the interactions between opti-
cal (light) waves and acoustic (sound) waves. In engineering,
however, it is now common to refer to acousto-optics more
narrowly as influences of the latter upon the former and vari-
ous types of resulting devices of both scientific and technologi-
cal importance. Significant influences are possible under cer-
tain situations because the refractive index grating created
by acoustic waves will cause diffraction or refraction of an
incident light wave. Acousto-optics is further branched into
two subareas: bulk-wave and guided-wave acousto-optics. In
the former both light and sound propagate as unguided (un-
confined) columns of waves inside a medium. A great many
studies in the area of bulk-wave acousto-optics since the
1960s have resulted in various types of bulk acousto-optical
devices and subsystems (1-7). In the latter, both light and
sound waves are confined to a small depth in a suitable solid
substrate. This subarea has been a subject of considerable in-
terest since the early 1970s (8—13) as an outgrowth of guided-
optical wave (GOW) science and technology (14—20) and sur-
face acoustic wave (SAW) device technology (21-24), which
had undergone intensive research and development a few
years earlier. The studies on guided-wave acousto-optics have
generated many fruitful results. For example, the resulting
wide-band planar guided-wave acousto-optical (AO) Bragg
modulators and deflectors were widely used in the develop-
ment and realization of micro-optical modules for real-time
processing of radar signals, for example, integrated optic RF
spectrum analyzers (13). More recently, integrated AO tun-
able filters have been actively explored for applications in
wavelength-division-multiplex (WDM) fiber optic communica-
tion systems (25). This chapter presents a brief review of
bulk-wave acousto-optics and a detailed treatment of guided-
wave acousto-optics with emphasis on the principle of AO
Bragg diffraction, the resulting wave-band optical modula-
tors, deflectors and switches, RF signal processors and optical
tunable filters, and their applications. It is important to
stress that being free of mechanical moving parts is one of
the unique advantages of AO devices.

In the section entitled “Bulk-Wave Acousto-optic Interac-
tions,” the geometry, working principles, and device charac-
teristics of a basic bulk-wave AO Bragg modular together
with its applications are summarized. It suffices to present a
brief review on this subarea because a number of excellent
review papers and chapters have been written. The basic con-
figuration and mechanisms for planar guided-wave AO Bragg
diffraction and the resulting diffraction efficiency and fre-
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quency response are then analyzed in detail using the cou-
pled-mode techniques in the section entitled “Guided-Wave
Noncollinear Acousto-optic Interactions.”

For convenience, the analysis is carried out for the simple
but basic case involving a single-surface acoustic wave in a
LiNbO; waveguide. The salient differences between guided-
wave AO Bragg diffraction and bulk-wave AO Bragg diffrac-
tion are discussed. The key performance parameters of the
resulting AO Bragg cell modulators and deflectors and their
inherent limitations are then identified and discussed in the
section entitled “Guided-Wave Noncollinear (Bragg) Acousto-
optic Interaction.” A comparison of the four major types of AO
materials that have been studied is also given in the section
entitled “Figure of Merit and Viable Substrate Materials.” Ex-
tension of the coupled-mode technique to analysis of AO
Bragg diffraction from multiple SAWSs, namely, multiple
tilted SAWs and phased SAWs, is briefly discussed. Also pre-
sented in the section entitled “Fabrication Technologies” are
design, fabrication, testing, and measured performances of
wide-band AO Bragg cells using Y-cut LiNbO; and Z-cut GaAs
substrates. Some of the potential applications of wide-band
guided-wave AO Bragg cells and modules in optical communi-
cations, computing, and RF signal processing are described
in the section entitled “Integrated AO Device Modules and
Applications.” In the section entitled “Guided-Wave Collinear
Acousto-optic Interactions,” detailed coupled-mode analysis
on guided-wave collinear AO interactions in LiNbO; with spe-
cific application to optical tunable filters is presented. De-
tailed filter performance characteristics at five practical opti-
cal wavelengths are provided together with a brief description
of its application.

BULK-WAVE ACOUSTO-OPTIC INTERACTIONS

Characteristics of AO Bragg Diffraction
Gratings in Isotropic Material

Figure 1 depicts the basic parameters of a moving active dif-
fraction grating that may be created using the AO effects
through bulk acoustic waves or SAW in appropriate material
substrates and the physical quantities involved in Bragg dif-
fraction of optical waves from such active gratings. The angle
between the incident light and the diffraction grating can
vary from 90° (Raman—Nath regime), Bragg angle (Bragg re-
gime) to 180° or 0° (collinear regime). Raman—Nath diffrac-

Ao

tion consists of a number of side orders when the AO parame-
ter @ = 2wAL/nA? is less than or equal to 0.3, where A, A,
n, and L designate, respectively, the wavelength of the inci-
dent light (in free space), the periodicity of the grating, the
refractive index of the medium, and the length of the grating
(the interaction length). When the light wave is incident at
the Bragg angle to be defined shortly and @ is larger than 47,
diffraction is of the Bragg type and consists of only one side
order. The Bragg-type diffraction-based devices are capable of
higher center carrier frequency, wider modulation bandwidth,
larger dynamic range, and thus greater versatility in appli-
cation.

Bragg diffraction requires that conservation of momentum
and energy as expressed in Egs. (1a, b) are simultaneously
satisfied (1):

ky=k +K

Wq = w; T,

(1a)
(1b)

where k;, ks, and K designate, respectively, the wave vector
of the incident light, the diffracted light, and the acoustic
wave, and w;, wg, and o, are their corresponding radian fre-
quencies. Note that Eq. (1a) is also commonly called the
phase-matching condition, and that in the case of an optically
isotropic medium it reduces to the following well-known
Bragg condition:

Ao/n = 2A sin 6y (1c)

or

1 /A
. -1
g = sin {% (f)} (1d)
where A, n, and A have been defined previously, and 63 is the
Bragg angle. Finally, the power of the Bragg-diffracted light
I is given by the following simplified form:
sin? (@

Ip = I;sin’ ia nL) (le)
where I, ¢, An, and L designate, respectively, the power of the
incident light, the velocity of the light in free space, the peak

changes in refractive index caused by the acoustic wave, and
the interaction length. An depends upon the appropriate pho-
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toelastic constants as well as the polarization and the propa-
gation direction of the incident light, and the strength of the
acoustic wave. It should be noted that when applied to
guided-wave AO diffractions, which are treated later, Eq. (1e)
will take a more complex form because the overlap integral
between the guided-light waves and the SAW must be in-
cluded.

The three characteristics of such active diffraction gratings
upon which all types of AO Bragg devices follow.

1. The intensity of the Bragg-diffracted light can be con-
trolled or modulated by the strength of the grating rep-
resented by the peak refractive index changes An,
which is in turn determined by the propagation direc-
tion and polarization of both the light waves and the
acoustic waves as well as the acoustic power. In gen-
eral, the intensity of the diffracted light is proportional
to the power of the acoustic wave before a certain non-
linear or saturation effect sets in. This characteristic is
the basis for various types of AO intensity modulators.

2. For a given wavelength of the incident light, the direc-
tion of propagation of the diffracted light can be con-
trolled by simultaneously varying the periodicity and
the orientation of the grating. In a Bragg-type device
the interaction length L is identical to the transducer
aperture. Now, for a transducer aperture L, the angular
beam spread (or wave vector spread) of the acoustic
wave generated is roughly given by (A/L) in radian,
where A again denotes the wavelength, which is also
equal to the periodicity of the diffraction grating in-
duced. Thus, for a given radio frequency (RF), the wave
vector of a collimated incident light automatically finds
a wave vector (and the corresponding diffraction grat-
ing) of appropriate orientation within the angular beam
spread to satisfy the Bragg condition and undergo effi-
cient Bragg diffraction. This characteristic is the basis
for AO beam scanners and space switches.
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Figure 2. Basic bulk-wave acousto-optical Bragg cell
modulator.

3. The diffracted light carries a shift in frequency and in
phase that are identical to that of the modulating acous-
tic wave. This last characteristic is the basis for AO fre-
quency shifters and interferometric RF receivers.

Basic Bulk-Wave AO Bragg Cell Modulator

A basic bulk-wave AO Bragg cell modulator that is based on
the acoustic diffraction grating just described is shown in Fig.
2. It consists of an acoustic cell of sufficiently large aperture
and a laser source, both operating at suitable wavelengths.
The acoustic cell is in turn made of a column of isotopic or
anisotropic material that possesses desirable acoustic, optical,
and AO properties. The acoustic waves are generated by
applying an RF signal (at a frequency ranging from tens to
thousands of megahertz) to a planar piezoelectric transducer
that is bonded on one finely polished end face of the column.
A Bragg diffraction grating is thus induced by the acoustic
waves. In operation the input light is incident upon the dif-
fraction grating at Bragg angle. The Bragg-diffracted output
light propagates at an angle twice the Bragg angle from the
incident (or undiffracted) light.

The brief analysis and results presented in the section
entitled “Characteristic’s of AO Bragg Diffraction Gratings in
Isotropic Material” is exactly applicable to this basic optical
modulator if the material involved is of the isotropic type. The
analysis and results relevant to anisotopic material to be pre-
sented in the following section are more complicated (5,6).

Bulk-Wave AO Bragg Diffraction in Anisotropic Material

In the preceding discussion we have, for simplicity, consid-
ered bulk-wave AO Bragg diffraction in an optically isotropic
material. However, because many superior AO materials are
optically anisotropic, it is important to summarize the basic
characteristics of anisotopic AO Bragg diffraction. Again for
simplicity, we shall consider a specific configuration [shown
in Fig. 3(a)] in which both the incident and the diffracted light
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Figure 3. (a) Wave vector diagram for anisotropic acousto-optical
Bragg diffraction in a plane orthogonal to the C-axis of a uniaxial
crystal. (b) Variations of incident and diffraction angles versus acous-
tic frequency in anisotropic acousto-optical Bragg diffraction.

as well as the acoustic wave propagate in a plane orthogonal to
the C-axis of a uniaxial crystal such as LiNbOs. It has been es-
tablished that conservation of both the frequency and the wave
vector as expressed in Egs. (1a, b) still holds. However, through
optical anisotropy, both the refractive index and the polariza-
tion of the diffracted light differ from that of the incident or un-
diffracted light. It can be shown that the wave vector diagram
depicted in Fig. 3(a) leads to the following expressions for the
incident angle 6, and the diffraction angle 6;, which are both
measured with respect to the acoustic wavefront:

sinf, = 0 fa+t Vi (n2 —nz) (2a)
T onV, |7t g VT
. Ao Ve 2 2
Sll’l@d = m |:fa - fa—)\% (ni —I’Ld) (Zb)

where n; and ny designate the refractive indices of the inci-
dent and the diffracted light, respectively, and V, and f, are
the velocity and frequency of the acoustic wave.

It is readily seen that the general expressions given in Eqgs.
(2a, b) reduce to the simple Bragg condition given by Eq. (1c)
for an isotropic medium in which ny = n;. Figure 3(b) shows
the plots for 6, and 6; as a function of the acoustic frequency.
As a comparison, 6, and 6, (= 6,) for isotropic Bragg diffraction
are also plotted as a function of the acoustic frequency in
Fig. 3(b).

From Fig. 3(a), we identify two special cases of practical
importance. In the first case, the acoustic wave vector is tan-
gential or near tangential to the locus of diffracted light wave
vector, which is commonly called optimized anisotropic inter-
action; wave vector phase matching may be satisfied for a
large range of acoustic frequency. As a result, large-band-
width light beam deflectors and modulators may be con-
structed using this particular mode of interaction (26). For
the second case in which the acoustic wave vector is collinear
with both the incident and the diffracted light wave vectors,
the collinear geometry involved facilities construction of elec-
tronically tunable AO filters for optical spectra (27).

The simultaneous availability of a variety of laser sources,
piezoelectric transducer technology for efficient generation of
very-high-frequency acoustic waves, and superior solid AO
materials has enabled realization of various types of bulk AO
devices including modulators, scanners, deflectors, Q-
switches, mode lockers, tunable filters, spectrum analyzers,
and correlators. Such bulk AO devices have now been de-
ployed in a variety of commercial and military applications.

GUIDED-WAVE NONCOLLINEAR
ACOUSTO-OPTIC INTERACTIONS
Basic Interaction Configuration and Mechanisms

A basic coplanar guided-wave AO interaction configuration is
shown in Fig. 4 (12). The angle between the incident guided
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Figure 4. Guided-wave acousto-optical Bragg diffraction from a sin-
gle-surface acoustic wave.



light and the SAW can vary from 90° (Raman—Nath regime),
Bragg angle (Bragg regime) to 180° or 0° (collinear regime).
In the case of Bragg regime, the basic elements corresponding
to those in Fig. 2 for bulk-wave AO Bragg interaction are eas-
ily identified. The optical waveguide material should possess
desirable acoustic, optical, and AO properties. The SAW is
commonly excited by an interdigital electrode transducer
(IDT) deposited upon the optical waveguide. If the substrate
material is sufficiently piezoelectric, such as Y-cut LiNbOs;,
the IDT may be deposited directly on it. Otherwise (e.g., GaAs
or InP), a piezoelectric film such as ZnO (23,28,29) must be
deposited either beneath or above the interdigital electrode
array. The optical waveguide can be either a graded index
layer created beneath the substrate or a step index layer de-
posited on top of the substrate. Examples of graded index
guides are the LiNbO; waveguides formed by out- and in-dif-
fusion techniques (30), whereas examples of step index guides
are the glass (8) or As,S; film (8) waveguides formed by sput-
tering or deposition. In either case, the waveguide layer is
assumed to have an effective thickness or penetration depth
H. Optical waveguide modes in such structures have been
studied in detail (14-19).

As mentioned earlier, propagation of the SAW creates a
moving optical grating in the optical waveguide. The SAW
will also create moving corrugations at both the air-wave-
guide and waveguide—substrate interfaces. The moving grat-
ing and corrugations in turn cause diffraction of an incident
guided light wave. Thus, except for the corrugations, the un-
derlying mechanisms in coplanar guided-wave AO interac-
tions are analogous to those in bulk-wave AO interactions.
Even though the contribution resulting from the corrugations
can be significant for certain ranges of waveguide thickness
and acoustic wavelength, in most practical cases optical grat-
ing is the dominant mechanism in diffraction.

Similar to bulk-wave AO interaction, guided-wave AO dif-
fraction may be either Ramon—Nath, Bragg, or collinear, de-
pending upon the angle between the direction of the incident
light and that of the SAW as well as the acoustic aperture.
Ramon—Nath diffraction consists of a number of side orders
when the AO parameter @ = 27\,L/nA? is less than or equal
to 0.3. The symbols A, and A designate, respectively, the
wavelengths of the guided optical wave (in free space) and the
SAW; n is the effective refractive index of the guiding me-
dium; and L designates the aperture of the SAW. When the
light wave is incident at the Bragg angle defined earlier and
Q is larger than 47, diffraction is of the Bragg type and con-
sists of only one side order. We shall limit our discussion to
Bragg-type diffraction because this type of diffraction is capa-
ble of higher acoustic center frequency, wider modulation
bandwidth, larger dynamic range, and thus greater versatil-
ity in application. Similarly, collinear AO diffraction is facili-
tated by having the SAW propagate in the same or opposite
direction to that of the incident guided light wave.

It is important, however, to note that even though the ba-
sic interaction mechanisms for planar guided-wave acousto-
optics is analogous to that of bulk-wave acousto-optics, the
number of parameters involved in the guided-wave case is
greater and the interrelation between them much more com-
plex (11,12). For example, the diffraction efficiency is a sensi-
tive function of the spatial distributions of both optical and
acoustic waves, which in turn depends, respectively, on the
guided optical modes and the optical and acoustic frequencies
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involved. In addition, in the case of a piezoelectric and electro-
optical (EO) substrate such as LiNbO; and ZnO, the piezoelec-
tric fields accompanying the SAW can be so large that the
induced index changes because the EO effect becomes very
significant (11).

Guided-Wave Noncollinear (Bragg) Acousto-Optic Interaction

General Treatment. The most common approach for treat-
ment of AO interactions is the so-call couple-mode technique
(8,10—12). This technique has been employed for the analysis
of guided-wave AO Bragg diffraction from a single SAW in a
LiNDbO; planar waveguide (11). Such an analysis serves to re-
veal the physical parameters involved and the key device pa-
rameters as well as the performance limitations of the re-
sulting devices. Both the analytical procedures and the
methodology for numerical computation developed for this
simple case can be conveniently extended to the case involv-
ing multiple SAWs (12) as well as other material substrates.
Similar to bulk-wave AO Bragg diffraction, the relevant mo-
mentum (wave vector) and energy (frequency) conservation
relations between the incident guided light wave, the dif-
fracted guided light wave, and the SAW are expressed by Eq.
(3a, b), where m and n designate the indices of the waveguide
modes; k,, k,,, and K are, respectively, the wave vectors of the
diffracted light, the undiffracted light, and the SAW; and w,,
w,, and w, are the corresponding radian frequencies:

ky=km K

Wy, = Wy £ wa

(3a)
(3b)

Figure 5(a) shows the wave vector diagram for the general
case in which the diffracted light propagates in a waveguide
mode (nth mode) that is different from the incident light
(mth mode). The diffracted light may have a polarization par-
allel or orthogonal to that of the incident light. Again, as in
bulk-wave AO Bragg diffraction, these two classes of interac-
tion are called isotropic and anisotropic AO Bragg diffraction.
As a special isotropic case, the diffracted light propagates in
the same mode and thus has the same polarization as the
incident light, as depicted in Fig. 5(b) (n = m). Many guided-
wave AO Bragg diffraction experiments using LiNbO; and
GaAs belong to this particular case (12). Figure 5(c) depicts a
particularly interesting case of anisotropic diffraction in
which the wave vector of the diffracted light is perpendicular
or nearly perpendicular to that of the acoustic wave, com-
monly called optimized anisotropic diffraction (12). A specific
example for the case in a Y-cut LiNbO; substrate, as depicted
in Fig. 5(c), has been discussed (11,12).

The angles of incidence and diffraction measured with re-
spect to the acoustic wavefront 6,, and 6, are

~ Ao Ao
siné,, = A |:1 + )\_g (nm - nn)

: Ao Ay 2
S0 = h [1 =5z (m = nl)

where n,, and n, are the effective refractive indices of the un-
diffracted and the diffracted light waves, and, as defined ear-
lier Ay and A are the optical wavelength in free space and the
wavelength of the SAW. Clearly, when the undiffracted, and

(4a)

(4b)
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Figure 5. Phase-matching diagrams indicating wave vectors of incident light, Bragg-diffracted
light, and surface acoustic wave in a Y-cut LiNbO; waveguide: (a) general case; (b) special iso-
tropic case; (c) optimized anisotropic case.
diffracted light propagate in the same waveguide mode [Fig. is found (11):
5(b)], we have n, = n,. For this particular case Eq. (4a, b)
both reduce to the well-known Bragg condition in isotropic T KAGL/2? 17272
diffraction, namely, sin 6, = sin 6, = (\/2n,A) = ¢ (fa) = 9 (fa) sin [g (fa) + (KAOL/2) ] (5a)
(Awp4mn,, Vi), where 6, = 0, is the so-called Bragg angle and a) =8 (/a [ 2 (f) + (KA@L/2)2]1/2
Vk designates the propagation velocity of the SAW. Thus, the g% (fa)
diffraction angle is identical to the incidence angle, and both
angles increase linearly with the acoustic frequency because where
in practice the latter is much lower than the optical fre-
quency. 2 2 n?,ln?t |an(fa)|2L2
Refer to the coordinate system of Fig. 4 and assume that g (fa) = 22" Cosd, Coso, (5b)
the medium is lossless both optically and acoustically. First, 0 )
appropriate forms for electric fields E,(x, v, z, t) and E,(x, y, - 9 }[f_ococ Un U 0){p : SU.(y) +1-E Uy, (y)} dy]|
z, t) of the undiffracted and diffracted light waves and the Fon ()1 = ’[f"o U2 (y)dy]| ’UO" Uz(y)dy]|
strain field S(x, y, z, t) of the SAW and its accompanying pi- e e (5¢)
ezoelectric field E,(x, y, 2, t) are taken. Note again that the
subscripts m and n designate, respectively, the waveguide gpq

modes of the undiffracted and diffracted light waves. Next, all
the field quantities are substituted into the wave equation for
the amplitude of the normalized electric fields of the optical
waves E,,(x) and E,(x) that depend on the x coordinate only as
a result of interaction with the SAW. A set of coupled-wave
equations for E, (x) and E,(x) is then obtained. Finally, these
coupled-wave equations are solved subject to the boundary
conditions E,,(0) = 1 and E,(0) = 0 at the input x = 0, re-
sulting in electrical fields of the undiffracted and the dif-
fracted light waves at the output of the interaction region
x =L (1D).

Diffraction Efficiency and Frequency Response of Basic Bragg
Cell Modulator. From the electrical fields of optical waves re-
ferred to earlier, the diffraction efficiency {(f,), defined as the
ratio of diffracted light power at the output (x = L) and inci-
dent light power at the input (x = 0) of the interaction region,

fa = /21 = frequency of the SAW in cycle per second
K = 27/A = wave number of the SAW
L = aperture of the SAW
¢ = velocity of light in free space
A6 = deviation of the incidence angle of the light from the
Bragg angle

Also, U,(y), U,(y), U(y), and U,(y) designate, respectively,
the normalized field distributions (along the waveguide thick-
ness) of the light waves, the acoustic wave, and the piezoelec-
tric field. Finally, the following physical constants with sup-
pressed vector and tensor subscripts are designated: p is the
relevant photoelastic constant or constants, and r is the rele-
vant electro-optic (EO) coefficient or coefficients. Thus, the
terms p : SU,(y) and r - E,U,(y) are the contributions of the AO
and EO effects, respectively.



The general expression given by Eq. (5a) can be used to
calculate the diffraction efficiency and its frequency response
as a function of both the polarization and the angle of inci-
dence of the light (11). Equation (5a) reduces to the following
simple form when the Bragg condition is satisfied (A6 = 0):

¢(fa) = sin®g(fa) (6)

It is seen that in contrast to bulk-wave AO Bragg interaction,
the diffraction efficiency is a sensitive function of the spatial
distributions of the diffracted and the undiffracted light
waves as well as the frequency of the SAW as determined by
the coupling function |T,,,.(f,)?. An efficient diffraction can oc-
cur only in the frequency range for which the confinement of
the SAW matches that of the diffracted and undiffracted light
waves. The dependence of the diffraction efficiency on acous-
tic, optical, and AO parameters is further complicated by the
accompanying EO effect. Thus, in general, the coupling func-
tion |[,,,(f)|* is more complicated than the so-called overlap
integral. Only for the special case in which the accompanying
EO contribution is either negligible (e.g., in a glass wave-
guide) or proportional to the elasto-optical contribution will
Eq. (5¢) reduce to one that is simply related to the overlap in-
tegral.

For the same reason, it is impossible to define an AO figure
of merit as simply as in a bulk-wave AO interaction. However,
if we again consider the special case just mentioned and em-
ploy a simplified model, we may define the total power flow of
the SAW P, as

P, = %pr:’LS/OO UZ(y)dy (7
where p and Vi designate the density and the acoustic propa-
gation velocity of the interaction medium, S designates the
acoustic strain, and f :oUZ(y) dy carries a dimension in length.
Equations (5b, c¢) and (7) are now combined to give the follow-
ing expression for g%(f,):

2 3 3 2
9 e nindp 9 L
g (fo) = <2Ag> < pVg >C’"”(fa) (cos@m cos@n)Pa (8a)

where the frequency-dependent coupling coefficient C2,(f,) is
defined as

[s? Un)Un 0)Ua(y) dy]
[/ U2 dyll % Uy dy] [/, U2(y) dy]

C2,.(fa) = (8h)

Note that C2,(f,) takes a form similar to the overlap integral,
with its value depending upon the optical and the acoustic
modes of propagation and equal to unity for bulk-wave AO
interactions. Also, the factor (ndn3p?/pV3i) is similar to the
bulk-wave AO figure of merit M, (6), henceforth designated
by M,,,...

From Eqgs. (5a) and (8a, b) it is seen that for the case
gXf) < 1 and A# = 0, the diffraction efficiency is approxi-
mately proportional to the total acoustic power P, and is lin-
early proportional to the acoustic aperture.

We shall now examine the quantitative dependence of the
diffraction efficiency on the acoustic frequency. From Egs.
(5a) and (8a) it is first noted that in contrast to the bulk-wave

ACOUSTO-OPTICAL DEVICES 145
AO interaction, even at A9 = 0, the diffraction efficiency is a
sensitive function of the acoustic center frequency [, because
of the frequency dependence of the SAW confinement. Thus,
the bandwidth of a guided-wave AO Bragg modulator is
mainly determined by the frequency dependence of three fac-
tors: the transducer conversion efficiency, the Bragg condition
(phase matching), and SAW confinement. The individual and
combined effects of these three factors on the frequency re-
sponse can be determined using Eq. (5a, b) and a digital com-
puter.

For the purpose of illustration, we now calculate the dif-
fraction efficiency at the acoustic center frequency f,, for the
special case in which the EO contribution to the changes in
refractive index is either negligible or proportional to the
elasto-optical contribution. This calculation is applicable to
special case involving nonpiezoelectric materials such as
glass, oxidized silicon, and As,S;. We further assume that the
power of the SAW is uniformly distributed in a depth of one
acoustic wavelength (10). Thus as a special form of Eq. (7),
we have

_ 1 3q2 _ 1 aqe( L
P, = 2pVRS LA, = 2pVRS oo (9a)
or
1/2 1/2
_ 2Pa faO)
S-= <p_vg> (T (9b)

were A, designates the acoustic wavelength at the center fre-
quency f,. Substituting Eq. (9b) into Eq. (5¢) and combining
Egs. (5a, b) and (6) and restricting to the case of moderate
diffraction, we obtain the following expression for the diffrac-
tion efficiency:

faOL
Vi cos 6,, cos 6,

2
¢ (fa0) %gz(fao)z <2ﬂ_}\(2)> M,,., < )Pa (10)
Equation (10) shows that, for this special case, the diffraction
efficiency is proportional to the product of the center fre-
quency and the aperture of the SAW as well as the total
acoustic power.

We now turn to the AO Bragg bandwidth. In contrast to
the bulk-wave interaction (3), the AO Bragg bandwidth in
general cannot be expressed explicitly in terms of the center
frequency and the aperture of the acoustic wave. Only for the
special case in which g%(f,) < (KA6OL/2)? would Eq. (5a) lead to
an expression similar to that of the bulk-wave case. For this
special case, the absolute AO Bragg bandwidth for isotropic
interaction with the TE, mode is given as follows:

_ 1.8n,V§ cos by,

Af_34B Bragg ~ rofaoL (11a)

(isotropic)

Or

Af34B Bragg _ 1.8n,Vy cos by,

faO

ol (%) (isotropic) (11b)

where n, and 65, designate the effective refractive index and
the Bragg angle for the TE, mode, and A, again designates
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the wavelength of the SAW at the center frequency f,. The
absolute AO Bragg bandwidth is inversely proportional to the
product of the center frequency and the aperture of the SAW.
Equation (11a, b) indicates clearly that the diffraction effi-
ciency and the AO Bragg bandwidth impose conflicting re-
quirements on the acoustic frequency and the acoustic aper-
ture. In fact, the diffraction efficiency-Bragg bandwidth
product is a constant that is independent of both the center
frequency and the aperture of the SAW.

In summary, because of the complicated spatial distribu-
tions of the GOW and the SAW as well as the frequency de-
pendence of the latter, numerical calculations using digital
computers are required to determine the efficiency and exact
frequency response of a guided-wave AO Bragg cell modula-
tor. The procedure is as follows:

1. Obtain appropriate analytical expressions for the field
distributions of the GOW and the SAW based on their
directions and modes of propagation.

2. Include the frequency dependence of the amplitudes,
phases, and penetration depth of the SAW.

3. Identify the relevant photoelastic and EO constants.

4. Calculate the diffraction efficiency versus the acoustic
frequency using a digital computer, with the acoustic
drive power as a parameter, and inserting the informa-
tion derived in steps 1-3 together with the remaining
optical and acoustic parameters into Eq. (5a).

Note that the frequency response of the SAW transducer can
be incorporated in step 2.

Key Performance Parameters of Bragg Cell Modulator and De-
flector. The planar guided-wave AO Bragg diffraction treated
previously can be used to modulate and/or deflect a light
beam. The resulting light beam modulators and deflectors,
commonly called AO Bragg cell modulators, can operate at
gigahertz acoustic center frequencies and over a wide RF
band by using a variety of SAW transducer configurations;
thus, they constitute useful devices for integrated and fiber-
optical communication, computing, signal-processing, and
sensing systems. The key device parameters that determine
the ultimate performance characteristics of guided-wave AO
modulators and deflectors are bandwidth, time—bandwidth
product, acoustic and RF drive power, nonlinearity, and dy-
namic range. A brief discussion on each of these performance
parameters now follows.

Bandwidth. As shown in the last subsection the diffraction
efficiency-bandwidth product of a planar guided-wave AO
modulator that employs isotropic Bragg diffraction and a sin-
gle periodic interdigital (ID) SAW transducer (22) is rather
limited. However, if the absolute modulator bandwidth is the
sole concern, a large bandwidth can be realized by using ei-
ther a single periodic ID SAW transducer with small acoustic
aperture and small number of finger pairs or a single aperi-
odic ID SAW transducer with small acoustic aperture and
large number of finger pairs (chirp transducers) (31,32). It
should be emphasized, however, that in either case the large
bandwidth is obtained at a reduced diffraction efficiency be-
cause of the very small interaction length. Consequently, a
higher diffraction efficiency will necessarily require large RF
or acoustic drive power. Therefore, it may be concluded that,

for applications that require both wide bandwidth and high
diffraction efficiency, more sophisticated SAW transducer
configurations must be employed. It is now possible to realize
high-performance planar guided-wave AO Bragg cell modula-
tors with gigahertz center frequency and gigahertz bandwidth
using these wide-band transducer configurations. The design,
fabrication, testing, and measured performance figures for a
variety of wide-band devices have been reported (11-13).

Time-Bandwidth Product. The time—bandwidth product of
an AO modulator, TB, is defined as the product of the acoustic
transit time across the incident light beam aperture and the
modulator bandwidth (12). It is readily shown that this time—
bandwidth product is identical to the number of resolvable
spot diameters of an AO deflector, Ni, which is defined as the
total angular scan of the diffracted light divided by the angu-
lar spread of the incident light. Thus the following well-
known identities hold:

TB = Ny = (D/VR)Af = tAf (12a)
8fr =Vr/D (12b)
t=D/Vy (12¢)

where D designates the aperture of the incident light beam,
V& is the velocity of the SAW, Af is the device bandwidth, 7is
the transit time of the SAW across the incident light beam
aperture, and J&fy is the incremental frequency change re-
quired for deflection of one Rayleigh spot diameter. The
acoustic transit time may be considered as the minimum AO
switching time if the switching time of the RF driver is suffi-
ciently smaller than the acoustic transit time. The desirable
value for Ny depends upon the individual application. For ex-
ample, in RF signal processing, it is desirable to have this
value as large as possible because this value is identical to
the processing gain. Thus, for this particular area of applica-
tion, it is also desirable to have a collimated incident light
beam of large aperture. Using a Y-cut LiNbO; optical wave-
guide, a guided-light beam aperture as large as 1.5 cm and
good uniformity was demonstrated earlier at the author’s lab-
oratory. This light beam aperture resulted in an acoustic
transit time of about 4.4 us for a Z-propagation SAW (Vy =
3.488 X 10° cm/s). Because a deflector bandwidth of up to 1
GHz can be realized using multiple SAW transducers, so a
time—bandwidth product as high as 4400 is achievable. At
present, the acoustic attenuations measured in all other
waveguide materials at 1 GHz are significantly higher, and
thus considerably limit the maximum time—bandwidth prod-
uct attainable.

In light modulation and single-port switching applications,
on the other hand, it is desirable to have the time—bandwidth
product as close to unity as possible so that the highest modu-
lation or switching speed can be achieved. For this purpose,
the incident light is focused to a small beam diameter at the
interaction region so that the corresponding acoustic transit
time is a minimum (33). Because it is possible to focus both
the incident light to a spot size of a few micrometers using
titanium in-diffusion proton-exchange (TIPE) waveguide lens
in the Y-cut LiNbO; substrate (34) and the Z-propagating
SAW in the same substrate using a curved transducer (35), a
switching speed as high as 1 ns can be achieved.

Acoustic and RF Drive Power. Using Egs. (7) and (9) and
following the common practice of specifying the drive power



requirement for 50% diffraction, we simply set {(f,) of Eq. (6)
equal to 0.50 to arrive at the following expression for the re-
quired acoustic drive power at the center frequency f:

12 cos 6,, cos by,
P, (50% diffraction) = ( 0 €08 %m €08 ) <M ! > (%)

8
(13a)

2mn.eff

where

M2mn.eff = Cr2nn (faO)MZmn (13b)
Note that C%,(f.,,) and M,,, have been defined previously. To
determine explicitly the total RF drive power P,, we must first
calculate the electrical-to-acoustic conversion efficiency 7T, of
the transducer used in the modulator or deflector. The fre-
quency response and conversion efficiency of a periodic SAW
IDT on LiNbO; substrates have been studied in detail in
terms of one-dimensional equivalent circuits (22). Accord-
ingly, the total RF drive power at 50% diffraction P.(f,,) is
given by P, (50% diffraction) divided by 7. Clearly, both the
total acoustic and RF drive powers required are inversely pro-
portional to the acoustic aperture as in the bulk-wave modu-
lator.

Finally, it is to be noted that, using some of the wide-band
transducer configurations, the AO Bragg cell modulators re-
quiring only milliwatts of electric drive power per megahertz
of bandwidth at 50% diffraction efficiency with a bandwidth
approaching 1 GHz can be realized.

Figure of Merit and Viable Substrate Materials

Based on the AO figure of merit M,,, described in Eq. (8a)
and the optical, acoustical, and AO properties of the existing
materials, the following four viable materials have been iden-
tified. Among the many materials that have been explored
experimentally for guided-wave AO devices, Y-cut LiNbOs;,
nonpiezoelectrics such as oxidized Si, GaAs, and InP have
demonstrated the highest potential. Relevant physical param-
eters of the four AO materials together with a few other po-
tential AO materials are listed in Table 1. The excitation and
propagation of GOWs and SAWs and the AO interactions in-
volved have been studied most thoroughly for Y-cut LiNbO,
(12) and GaAs, and to a lesser extent for nonpiezoelectric sub-
strate materials. However, some significant experimental re-
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sults have only been obtained recently for InP (36). A compar-
ison of these substrate types now follows.

LiNbO; Substrate. As shown earlier, efficient and wide-
band AO Bragg diffraction can be readily realized in a Y-cut
LiNbO; substrate. Aside from a relatively high AO figure of
merit, LiNbO; also possesses desirable acoustic and optical
properties. As a result of large piezoelectricity, a SAW can be
generated efficiently by directly depositing the IDT on the
substrate. The typical propagation loss of the SAW is 1 dB/
cm to 2 dB/cm at 1.0 GHz, which is by far the lowest among
all AO materials that have been studied. Optical waveguides
can be routinely fabricated using the well-established tita-
nium in-diffusion (TI) technique (30). The measured optical
propagation loss is typically 1.0 dB/cm, again the lowest
among all existing AO materials. Furthermore, high-quality
LiNbO; crystals of very large size are commercially available.
Consequently, LiNbO; is at present the best substrate mate-
rial for the realization of wide-band and efficient planar
guided-wave AO Bragg cell modulators at gigahertz acoustic
center frequencies.

Si0,, As,S;, or SiO,—Si Substrates. The second substrate type
is composed of the nonpiezoelectric materials such as fused
quartz (Si0O,), arsenic trisulfide (As,S;) (8), and oxidized sili-
con (SiO,—Si) (29). Interest in these substrate materials is
based on the fact that the first is a common optical waveguide
material, the second is an amorphous material with a very
large AO figure of merit, and the third may be used to capital-
ize on the existing silicon technology to further electrical and
optical integrations. Even though it is common to deposit a
piezoelectric zinc oxide (ZnO) film on such substrate materials
for the purpose of SAW generation, ZnO—SiO, composite
waveguides have also been used to facilitate guided-wave AO
interaction because the ZnO film itself also possesses favor-
able optical waveguiding and AO properties. At the present
time, measured propagation losses of the SAW in the ZnO—
Si0,—Si composite substrate (29,39) are much higher than
those in the LiNbO; substrate and also considerably higher
than those in the GaAs substrate. This contrast is accentu-
ated as the acoustic frequency goes beyond 200 MHz. Thus, it
may be concluded that until a composite substrate with a
greatly reduced SAW propagation loss has been developed,
guided-wave AO Bragg devices using the foregoing nonpiezo-
electric substrate materials have to be limited to a consider-

Table 1. Relevant Physical Parameters of Acousto-Optic Materials

Range of
Optical Acoustic Wave Optical Wave
Transmission p Polarization and V. Polarization M,
Material (um) n, n, n=(n, +n)/2 (g/em? Direction (10° cm/s)  and Direction (107 s%/g) Photoelastic Coefficients
Fused 0.2-4.5 — — 1.46 2.2 Long. 6.95 1 1.51 pu = 0.121, p;, = 0.270,
quartz pu = —0.075
Trans. 3.76 |l or L 0.467 —
LiNbO4 0.4-4.5 229 2.20 2.25 4.7 Long. in [11-20] 6.57 — 6.99 pu = 0.036, py, = 0.072,
ps1 = 0.178, p13 = 0.092,
Py = 0.088, pyy = 0.155
GaAs 1.0-11.0 - — 3.37 534  Long. in [110] 5.15 I 104 pu = —0.165, p, = —0.140,
pu = 0.072
Trans. in [100] 3.32 [lor L in [010] 46.3 —
Gap 0.6-10.0 - — 3.31 413  Long. in [110] 6.32 I 44.6 pu = —0.151, p;, = —0.082,

Pu = —0.074
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ably lower acoustic center frequency and a smaller bandwidth
than those using the LiNbO; substrate.

GaAs Substrate. GaAs-band substrate can potentially
provide the capability for the total or monolithic integra-
tion referred to previously because both the laser sources
(40) and the photodetector arrays as well as the associ-
ated electronic devices may be integrated in the same
GaAs substrate (41).

The AO Bragg cell modulators that have been realized use
a Z-cut [001] GaAs waveguide substrate in which the SAW
propagates in (110) direction (42a). A previous theoretical
study (43) has predicted an AO Bragg bandwidth as large as
1.6 GHz and 1.4 GHz for the (100) and (110) propagation
SAW, respectively, in a Z-cut GaAs—GaAlAs waveguide that
supports a TE, mode at the optical wavelength of 1.15 um.

The performance figures of the Bragg cell modulators at
the optical wavelengths of 1.15 um and 1.30 um and at vari-
ous RF frequency bands have been measured. Consider the
one that used a tilted-finger chirp transducer centered at 485
MHz. A —3 dB AO bandwidth of 245 MHz and a diffraction
efficiency of 5.0% at 1.0 W RF drive power were obtained. The
highest acoustic center frequency that has been realized in
the GaAs-based Bragg cell modulator was 1.1 GHz. The corre-
sponding diffraction efficiency and AO bandwidth were 19.2%
at 1.0 W RF drive power and 78 MHz (42b).

InP Substrate. As is true of the GaAs substrate, InP sub-
strates can facilitate realization of monolithic integrated AO
devices and circuits. Recently the prospects for ultimate real-
ization of InP-based integrated AO devices has been greatly
advanced in light of the continued successes in InP-based
photonic integrated circuits (PICs) (44). Such PICs use
the quaternary semiconductor material system of
In;-,Ga,As,P;_,, and the computer-controlled growth tech-
niques of metal organic vapor-phase epitaxy (MOVPE) and

molecular beam epitaxy (MBE) (45). By controlling the frac-
tions (x, y) the band gap energy can be tailored in different
regions of the InP material substrate, thus enabling mono-
lithic integration of active components such as lasers and pho-
todetectors and passive waveguide regions where AO and
electro-optic (EO) interactions take place. Furthermore, by
varying the fractions (x, y), the refractive index may be tai-
lored to facilitate efficient optical interconnections between
the active and passive components.

Figure 6 shows the configuration and geometry for guided-
wave AO Bragg diffraction in the Z-cut {001} semi-insulating
InP-based composite waveguide substrate that was studied
recently (46).

The independent photoelastic constants of InP are known
to be Py, Py, and Py (40). The measured photoelastic con-
stants of bulk InP crystals at 1.3 um wavelength (47) are
P, = —-0.15, P;, = —0.13, and Py, = —0.05. These values have
suggested a large AO figure of merit, which is comparable to
that of GaAs (42). For the AO interaction configuration shown
in Fig. 6, the relevant strain components of the (110) (X)-prop-
agation SAW are the X(S;) and Z(S;) components, and the
photoelastic constants involved are P;; and Py,. The resulting
induced changes of refractive indices responsible for Bragg
diffraction are (1/2nd(P11:S: + P1.S;) and (1/2)nd(PS; +
P,,S5), respectively, for the light waves of TE- and TM-mode.
Finally, the corresponding Bragg-diffracted light powers for
the TE- and the TM-modes incident light are proportional to
these induced index changes, respectively. Numerical calcula-
tions using the coupled-mode analysis (46) have shown that,
at the acoustic center frequency around 200 MHz and the
ZnO layer thickness of 0.25 um, the overlap integral between
the optical field and surface acoustic field distributions and,
thus, the AO Bragg diffraction efficiency varies only slightly
with the thickness of the InP cap layer. However, the Bragg
diffraction efficiency decreases as the ZnO layer thickness
and/or the SAW frequency increases.

Output transducer

0 }\ SAW
Incident e 26g
<110> (X) transducer
V2
-_—~
<110> (Y) 0.25um ZnO overlayer
Undiffracted
0.5um InP cap layer light
001> (Z
<001>(Z) 0.35um InGaAsP guiding layer
0.017 um InP buffer layer

InP substrate (semi-insulating)

Bragg-diffracted
light

Figure 6. Configuration for guided-wave AO Bragg diffraction in InP/InGaAs/InP waveguide

substrate.
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For the measurement on AO Bragg diffraction, a semicon-
ductor at 1.310 um wavelength was used. The measured dif-
fraction efficiencies for the TE(- and TM;-modes incident light
at the acoustic center frequency of 167 MHz and an interac-
tion length of 1.0 mm are 1.41% and 0.95%, respectively, at
the acoustic drive power of 0.85 mW. The difference in the
measured diffraction efficiency for the TE,- and TM;-modes
incident light was in good agreement with the theoretical pre-
diction. Based on the theoretical predictions and the experi-
mental results reduction in the RF drive power by as much
as two orders of magnitude can be achieved by incorporating
changes in a new design of the transducer.

Fabrication Technologies. Construction of guided wave AO
devices involves mainly fabrication of optical waveguide, SAW
transducer, and waveguide lenses. For the LiNbO; substrate,
both the titanium-indiffusion (TI) (30) and the proton-ex-
change (PE) (48) techniques, and their combination (TIPE)
(49) have been refined to produce high-quality planar and
channel waveguides. These techniques are readily employed
to fabricate the planar and the channel waveguide arrays as
well as their combinations in a common substrate required
for construction of integrated AO device modules and circuits
(13). As to formation of refractive waveguide lenses in the
forms of collimation-focusing lens pairs and microlens arrays,
the TIPE technique can also be conveniently employed (34).
Recently, diffractive or grating waveguide lenses were formed
in the LiNbO; waveguides using the ion-milling technique
(50). Finally, formation of interdigital finger electrode trans-
ducers on the top of the LiNbO; waveguide for excitation of
the SAW is routinely accomplished through the processing
steps including preparation of photomask having the trans-
ducer IDT electrode pattern, deposition of metallic thin film,
and replication of the IDT electrode pattern by using the lift-
off technique (51).

For the GaAs and InAsP material systems, both the molec-
ular beam epitaxy (45a), the metal organic chemical vapor
deposition (MOCVD) (45b), and the MOVPE (44) have become
the standard techniques for construction of high-quality pla-
nar and channel waveguides. Ion-milling using argon ions has
also been developed to fabricate diffractive or grating wave-

Figure 7. Integrated AO RF power spectrum ana-
lyzer module using hybrid integration in LiNbO; sub-
strate. SF #1 and SF #2 are the spatial filters at the
input and the output; WL #1 and WL #2 are the colli-
mation and the focusing lenses.

guide lenses in GaAs material substrates (50a). Aspheric
waveguide lenses have also been fabricated using selective
chemical etching on the InP/InGaAsP material system (50b).
With respect to efficient excitation of the SAW, it is necessary
to first deposit a piezoelectric thin-film such as zinc oxide
(ZnO) on the top of the waveguide and then fabricate the IDT
electrode pattern upon it (42,43). Finally, the ZnO films are
often grown using the RF sputtering technique.

Integrated AO Device Modules and Applications

LiNbO;-Based Devices. An array of AO Bragg cell modula-
tor-based integrated optic device modules with potential ap-
plications to information processing and communications
(11-13) have been devised using the basic geometry of Fig. 4
and constructed using the substrate materials and fabrication
technologies described earlier. The integrated AO device mod-
ules that have been realized include RF spectrum analyzers,
light beam deflectors and scanners, optical frequency shifters,
optical space switch arrays, optical correlators, and matrix
multipliers. For example, one of the most active R and D ef-
forts in the 1980s was focused upon the realization of the inte-
grated optic RF spectrum analyzers (12). The basic architec-
ture for such spectrum analyzers consists of a solid state laser
source, a colimation-focusing waveguide lens pair, a wideband
AO Bragg cell modulator, a waveguide photodetector array,
and postprocessing electronic circuits. For the LiNbO; sub-
strate, hybrid modules such as the one shown in Fig. 7 in
which the diode laser source and the photodetector array
are edge-coupled to the input and the output end faces of
the LiNbO; substrate, respectively, have been realized (12).

However, the conventional AO Bragg cell-based RF power
spectrum analyzers just described detect only the power and
the frequency of the RF signals. Thus, not only the phase in-
formation of the RF signals is lost, but the dynamic range of
detection is also severely limited. In order to alleviate all
these disadvantages, an optical heterodyning detection
scheme that incorporates a coherent optical reference beam
must be used (13). Accordingly, it is desirable to implement
the interferometric RF receivers, such as the spectrum ana-
lyzers, in planar integrated optic architecture format.
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Figure 8(a) shows the architecture of a noncollinear inter-
ferometric RF spectrum analyzer module that was con-
structed in a Y-cut LiNbO; substrate, 1 X 8 X 16 mm? in size
(13). A tilted-finger chirp SAW transducer having a band-
width of 205 MHz centered at 350 MHz was used to facilitate
wideband AO Bragg diffraction, and thus produce the optical
signal beam. An ion-milled grating concave lens was added to
provide a divergent optical beam via passive Bragg diffraction
of the undiffracted light, and thus the optical reference beam
for heterodyning detection. Finally, a TIPE waveguide lens
was placed at the output region of the substrate so that both
focusing and Fourier transform functions were accomplished
in the same waveguide substrate. Clearly, for an RF signal
applied to the SAW transducer and thus a resulting optical
signal beam, a corresponding optical reference beam that is
coherent with and propagating in the same direction as the
optical signal beam would be provided by the passive ion-
milled grating. By design, these two Bragg-diffracted optical
beams were made to match with each other and spread across
the entire photodetector array, and then efficiently combined
by the TIPE lens (34). Therefore, the optical alignment for the
entire system is robust. The single-unit (basic) interferomet-
ric spectrum analyzer module just described has demon-
strated the capability for simultaneously measuring the am-
plitude, frequency, and phase of RF signals using a 1 mW
single mode He—Ne laser at the wavelength of 0.6328 um
(13). Encouraging performance figures including a bandwidth
of 205 MHz centered at 350 MHz, a frequency resolution of
3.5 MHz, and single-tone simultaneous and two-tone third-
order spurious-free dynamic ranges of 51 dB and 40 dB, re-
spectively, were measured at the drive power of 50 mW per
RF signal input. It should be noted that the measured 51 dB
signal-tone dynamic range represents a 21 dB enhancement
over that measured when the device module was operated as
a conventional RF power spectrum analyzer.

Furthermore, a pair of the basic-unit interferometric de-
vices just described were fabricated symmetrically in a Y-cut
LiNbO; planar waveguide, also 1 X 8 X 16 mm?® in size, to
form a dual-unit interferometric RF spectrum analyzer mod-
ule, as shown in Fig. 8(b) (13). This dual-unit module was
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successfully used to determine the angle of arrival of RF sig-
nals in addition to their frequency, amplitude and phase, by
measuring the phase differences between the heterodyned
signals from the two identical units of the pair.

GaAs- and InP-Based Devices. As previously indicated, thus
far, integrated optic RF spectrum analyzer modules of only
the hybrid format were realized in the LiNbO; substrate be-
cause of our inability to integrate the lasers and photodetec-
tors into the same substrate. In the mean time, GaAs and InP
substrates provide the potential capability for total or mono-
lithic integration because both the laser sources and the pho-
todetectors as well as some associated optoelectronic devices
can be fabricated in the same substrate of such compound
semiconductor materials.

For the GaAs-based integrated optic RF power spectrum
analyzers, a wideband AO Bragg cell modulator at GHz cen-
ter frequency and a curved-contour hybrid waveguide lens
pair in which the gratings lie in a parabolic contour, which is
virtually coma-free up to *+4° off-axis in a GaAs waveguide,
have been realized (52). This curved-contour waveguide lens
is capable of processing RF signals of GHz bandwidth. Fi-
nally, such hybrid waveguide lenses were integrated with a
50-element photodetector array of the InGaAs photoconduct-
ing type in the same GaAs waveguide 5 X 13 mm? in size as
shown in Fig. 9 (562). The measured cross-talk between adja-
cent photodetector elements was lower than —14 dB as lim-
ited by the side-lobe level of the lens. The InGaAs photocon-
ductive detector array has shown high gain (100 to 1000) at
low frequency and a dynamic range of 35 dB, which suggests
some potential for use in AO-based devices such as lightbeam
switches/scanners in addition to the RF spectrum analyzers.

Recently, the prospects for realization of monolithic inte-
grated AO signal processors has been greatly advanced
through the continued successes in realization of InP-based
PICs in the quaternary semiconductor material system of
In;_yGa,As/P_, (44).

The first construction of guided-wave AO Bragg cell modu-
lator in a composite InP/InGaAsP/InP planar waveguide was
reported most recently (46). Figure 6 shows the configuration
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Figure 8. Integrated AO interferometric RF spectrum analyzer module in LiNbO; substrate (a)

a basic unit and (b) a dual unit.



lon-milled curved Tilted-finger lon-milled curved

ACOUSTO-OPTICAL DEVICES 151

hybrid lens  chirp SAW hybrid lens GaAs InGaAs
(input lens) transducer (output lens) ~ Waveguide  photoreceiver
| array
/
/ Id
dc biased Ground
Incident Undiffracted ] E
light L L light Electrical
= = output
= - = L&ﬂ
Bragg e
diffracted
light |
+«— Zn0O layer
Photodetector Matching load Figure 9. An integrated AO RF power spectrum

array

and geometry in the Z-cut {001} semi-insulating InP-based
composite waveguide substrate used. The waveguide sam-
ple was prepared by the MOVPE method and composed of
three layers: 0.017 um InP buffer layer, 0.35 um
Ing2,Gag7sAs047Pos3 guiding layer, and 0.5 um InP cap layer. A
0.25 um piezoelectric film of ZnO was subsequently deposited,
using the RF sputtering technique, on the top of the InP/
InGaAsP/InP composite waveguide. The ZnO film served to
enhance the transduction efficiency for the SAW that propa-
gates in the (110) direction. The finished waveguide sample
was then cleaved along the (110) direction to facilitate the
input and output coupling of the light beams. Finally, the
sample was also cleaved along the (110) direction into the size
of 4 X 6 mm? The measured diffraction efficiencies for the
TEy and TMy-modes incident light at 1.310 um and the
acoustic center frequency of 167 MHz and interaction length

Table 2. Demonstrated Applications of Guided-Wave
Acousto-Optic Bragg Cell Modulators

I. Radio-Frequency Signal Processing
Spectral analysis or Fourier transform
Pulse compression
Convolution
Time- and space-integrating correlations
Adaptive filtering
Ambiguity function
Programmable analog and digital correlation and filtering

II. Communications
Light-beam modulation and deflection
Multiport switching
Space-, time-, and wavelength-division multiplexing/

demultiplexing

Tunable optical wavelength filtering
Optical-frequency shifting and heterodyne detection
Optical interconnect

resistor array

analyzer module in GaAs substrate.

of 1.0 mm are 1.41% and 0.95%, respectively, at the acoustic
drive power of 0.85 mW. We note that, when the incident light
was propagated in the TE;-mode, a diffraction efficiency as
high as 14% was measured at an acoustic drive power of 8.5
mW. Based on the theoretical predictions and the experimen-
tal results obtained, improvement in terms of diffraction effi-
ciency per millimeter interaction length per watt RF drive
power by as much as two orders of magnitude can be achieved
by incorporating changes in design of the SAW transducer.

Applications of Integrated AO Bragg Cell Device Modules. It
is clear that all of the potential applications listed in Table 2
can be implemented using the additional integrated AO de-
vice modules presented in the last subsections. Even though
significantly improved performance figures can be expected in
some of these device modules, significantly higher degree of
miniaturization and integration can also be realized in others.
As with the bulk-wave AO devices, all such integrated AO
device modules do not involve any mechanical moving parts.

GUIDED-WAVE COLLINEAR
ACOUSTO-OPTIC INTERACTIONS

General Treatment-Guided-Mode to Guided-Mode
Conversion with Polarization Rotation

Bulk optical tunable filters using collinear and noncollinear
AOQ interactions have been explored with fruitful results since
the late 1960s (53,54). Subsequently, their guided-wave coun-
terparts have been explored (55—69).

Figure 10 shows the interaction configuration involving
guided-mode to guided-mode conversion with polarization ro-
tation in T/I-LiNbO; planar waveguide. The optical wave-
guide supports both the TE;- and TM,-guided modes. An in-
terdigital SAW transducer is fabricated on top of the optical
waveguide to generate the SAW. Both the incident guided-
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Figure 10. Geometry for guided-wave collinear acousto-optic mode conversion in Ti—LiNbO;

waveguides.

mode light, in either the TE, or TM, polarization, and the
SAW propagate in the positive X; direction. The mode conver-
sion from the incident TE,; guided-mode light into the TM,
guided-mode light, or vice versa, induced by a copropagating
SAW as shown in Fig. 10, is analyzed using the coupled-mode
theory (55,56).

The coupling between the incident guided-mode light and
the SAW results in a wavelength-converted light with orthog-
onal polarization when one of the following phase-matching
conditions is satisfied:

Brg — Bry +Ka = 0(for the TE, — TM, mode conversion)
(14a)

and

Bry — Brg +Ka = 0(for the TM,, — TE, mode conversion)
(14b)

In Eq. (14a, b), ,[_STE and ETM denote the propagation constants
of the TE, and TM, guided-mode light, respectively, and K,
the propagation constant of the SAW.

The coupled-wave equations describing the TE&STM mode
conversion can be written in the following differential form
(62):

5 .

DEre) _ g e 20 (152)
dx;

EreC) _ g (pet2amm (15b)
dx;

where Erz and Ery designate, respectively, the normalized
complex amplitudes of the TE- and TM-optical waveguide
modes involved, 2AB and k the phase mismatch and the over-

lap integral between the optical guided-modes (or the cou-
pling coefficient) and the SAW field distributions defined as
follows:

2AB = |Brg — Bry — Ka| (for the TE, — TM,, mode conversion)
(16a)

and

2AB = |Bry — By — Ka| (for the TM) — TE; mode conversion)

(16b)

(o]

k= ‘“Te" / Byl AclE pg dx

—00

(for TE, — TM, mode conversion) (16¢)
and
K= wTGO/ E:;E[AG]ETdeg

(for TM;, — TE, mode conversion) (16d)

where [Ael, a function of k;, denotes the strain-induced
changes in permittivity tensor [e] (70), calculated at unit
acoustic drive power density, given by Eq. (16e) in which
[AB] denotes the induced changes in impermeability tensor.

[Ae]l = —[e][ABlle]

16
= 1/2[Ae(x3)]exp(jKax;) + Complex Conjugate( ©)
Note that [AB] depends on the photoelastic coefficients
(p;) and electro-optic coefficients (r;) (40) of the LiNbO; sub-
strate relevant to the crystal-cut and SAW propagation direc-
tion involved. For the configuration of Z-cut X-propagation



SAW the specific coefficients involved are pi1, pss, P41, Pas, and
ry. For the configuration of X-cut Y-propagation SAW, the
specific coefficients are py;, py, and ry. The numerical values
for these relevant photoelastic and electro-optic coefficients
are taken from Ref. 71. Again, in Eqgs. (16¢) and (16d) E;z and
Ery are the electric field vectors of the TE,- and TMy-modes
of the light, respectively, calculated under power normal-
ization.

For the uniform grating of Fig. 10, the coupling coefficient
k is uniform throughout the interaction length and is ex-
pressed as follows (61,62):

2
n
KZ__

= oz MLI*

a7

where A is the optical wavelength of operation, I, is the acous-
tic intensity of the SAW along the cross-section of the optical
waveguide, I is the overlap integral of the optical field distri-
butions of the TE and TM modes and the acoustic field distri-
bution of the SAW, and M is the AO figure of merit given by

(nTEn’TM)S P’

M=
oV

(18)

in which nz and npy are the effective refractive indices of the
TE and TM modes, p is the density of the material, p is the
relevant photoelastic tensor component (p,; for X—Y and Y-X
LiNDbO; substrates), and Vy is the velocity of the SAW.

Key Performance Parameters of
Guided-Wave AO Tunable Filter

A summary of the major performance characteristics of the
resulting integrated acousto-optic tunable filters (AOTF)
now follows.

Acoustic Center Frequency. From Eq. (14), the relation be-
tween the acoustic center frequency f, and the selected (fil-
tered) optical center wavelgnth A, is derived as follows:

fa= VaAneﬁ‘/)\o (19a)
where V, is the velocity of the SAW at the acoustic frequency
fa in the Ti—LiNbO3/LiNbO; substrate, and the birefringence
An is defined as follows:

An g = |ngg — nig| = [Brm — Brwl /ko (19b)
in which nlf and nI}! are the effective refractive indices of the
TE, and TM, guided-mode light, respectively, and %, is the
propagation constant of the incident light in free-space.

Mode Conversion Efficiency. The TE, — TM, (or TM, —
TE,) mode-conversion eficiency 7 is derived as follows using
the coupled-mode analysis (62).

n = sin? {(,/|K|2Pa n (Aﬂ)Z)L} /{1 + (AB)?/(PalcP)}  (20)

where L and P, denote the interaction length and the acoustic
drive power density, respectively, and the phase mismatch
parameter 2AB and the coupling coefficient « have been de-
fined previously.
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Acoustic Drive Power Density Requirement. Using Eq. (20),
and under the condition of perfect phase matching (A8 = 0),
the acoustic drive power density required for 100% mode con-
version, Py, is derived as follows:
Py = {7/ 2lc|L)}? (21)
The corresponding RF drive power requirement is readily
determined by the conversion efficiency of the SAW trans-
ducer.

Optical Bandwidth. The optical bandwidth associated with
the collinear AO mode conversion in the LiNbO; substrate at
the optical center wavelength of interest is typically very nar-
row (<10 nm). Consequently, the birefringence An.y, as given
in Eq. (19b), may be considered independent of the optical
wavelength within the range defined by the optical bandwidth
at the center wavelength A, Accordingly, at a fixed acoustic
frequency f,, the wavelength deviation A from the perfect
phase matching condition can be written as

2 27 21

2n
2A = AneffT — |Ka| = AneffT — AneffTO ~ AnEﬂ'ES)\ (22)

where A = A, = SA.
Using Eq. (22), the mode-conversion efficiency in Eq. (20)
can be rewritten as follows:

n= [Sin2 (XIKI\/ITaL)] /x* (23)
where
X =\/1—|— (nAneﬁBA/A%|K|\/fTa)2 (24)

When the acoustic drive power density P, in Eq. (23) is set
equal to Py and the mode conversion efficiency 7 in Eq. (23)
set equal to 0.5% or 50%, the following expression for 26\
(full-width at half-maximum, FWHM) is obtained:

FWHM = 261 = 2 x 0.4A2/LAn 4 (25a)

or

Sh/rg = 0.4(Ay/L) (25Db)

where Ay = V,/f, is the center wavelength of the SAW. Equa-
tions (25a, b) state that at given optical and acoustic center
wavelengths the optical bandwidth is inversely proportional
to the interaction length.

Table 3. Refractive Indices of the LiNbO; Substrate
Refraction Indices of the LiNbOs

Optical

Wavelength, Substrate

A (um) Ordinary Extraordinary
0.50 2.34272 2.24785
0.80 2.25723 2.17526
1.15 2.22918 2.15123
1.31 2.22180 2.14493
1.55 2.21283 2.13730
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Table 4. Calculated Effective Refractive Indices of the Ti:LiNbO; Waveguide

\?Vit(;?;n gth, YI‘V}i‘(]:iiilsd: X-Cut Configuration Z-Cut Configuration
A (um) d(um) TE T™ TE ™
0.50 0.6 2.26312 2.34708 2.34795 2.26797
2.27885 2.35464 2.35503 2.27881
1.0 2.25404 2.25400
2.28327 2.35846 2.35861 2.28334
1.5 2.26981 2.34674 2.34723 2.27008
2.24614
0.80 1.0 2.19673 2.26203 2.26864 2.19596
2.20505 2.26817 2.27045 2.20487
1.5 2.17796 2.17764
2.20886 2.27139 2.27165 2.20884
2.0 2.19035 2.25727 2.25756 2.19033
1.15 1.2 2.16769 2.23113 2.23202 2.16644
1.5 2.17363 2.23457 2.23540 2.17290
2.0 2.17968 2.23901 2.23956 2.17938
1.31 1.2 2.15751 2.22228 2.22296 2.15593
2.0 2.17084 2.22968 2.23036 2.17037
2.5 2.17490 2.23286 2.23333 2.17469
2.148105 2.14822
1.55 1.5 2.15489 2.21381 2.21461 2.15001
2.0 2.15937 2.21798 2.21883 2.15858
2.5 2.16429 2.22151 2.22214 2.16345
Table 5. Filter Performance Figures at the Interaction Length of 30 mm
X-Cut Configuration Z-Cut Configuration
A d fa Py FWHM Asgp fa Py, FWHM Adsgp
(pm) (um) (MHz) (mW/mm) (nm) (nm) (MHz) (mW/mm) (nm) (nm)
0.50 0.6 587.7 1.74 0.79 120 607.4 0.17 0.78 114
1.0 567.9 0.95 0.83 113 578.8 0.28 0.82 113
1.5 563.4 0.49 0.84 112 571.6 0.80 0.83 111
0.80 1.0 305.8 15.5 2.51 376 317.7 0.82 2.43 430
1.5 295.6 11.3 2.59 320 302.7 1.10 2.59 541
2.0 292.8 6.80 2.61 314 298.1 1.60 2.66 516
1.15 1.2 206.7 70.2 5.27 279 216.5 2.60 5.25 620
1.5 198.5 65.0 5.60 514 206.4 2.72 5.53 766
2.0 193.3 47.2 5.80 438 198.7 3.08 5.74 910
1.31 1.2 186.3 130.6 6.96 435 195.5 5.45 6.96 524
2.0 169.6 80.2 7.64 510 175.2 5.10 7.50 1009
2.5 167.2 50.8 7.76 485 171.3 6.30 7.67 1127
1.55 1.5 142.4 245.1 10.52 578 158.3 7.45 10.11 719
2.0 141.7 235.0 11.25 666 147.6 6.62 10.90 1156
2.5 138.3 185.5 11.50 578 142.8 7.6 11.30 1300

Table 6. Filter Performance Figures at Guiding Layer Thickness for (a) Minimum Acoustic Drive Power Density for 100%
TE, — TM, or TM, — TE, Mode Conversion and (b) Largest Optical Wavelength Tuning Range at 100% Mode Conversion and

Transducer Bandwidth of 200 MHz

Minimum Acoustic Drive Power Density

Largest Optical Wavelength Tuning Range

A d fa Py FWHM Al d fa Py FWHM Adgan
(um) (um) (MHz) (mW/mm) (nm) (nm) (um) (MHz) (mW/mm) (nm) (nm)
X-cut 0.50 1.5 563.4 0.49 0.84 112 0.6 587.7 1.74 0.79 120
0.80 2.0 292.8 6.80 2.61 314 1.0 305.8 15.5 2.51 376
1.15 2.0 193.3 47.2 5.80 438 15 198.5 65.0 5.60 514
1.31 2.5 167.2 50.8 7.76 485 2.0 169.6 80.2 7.64 510
1.55 2.5 138.3 185.5 11.50 578 2.0 141.7 235.0 11.25 666
Z-cut 0.50 0.6 607.4 0.17 0.78 114 0.6 100 0.17 0.78 114
0.80 1.0 317.7 0.82 2.43 430 15 302.7 1.10 2.59 541
1.15 1.2 216.5 2.60 5.25 620 2.0 198.7 3.08 5.74 910
1.31 2.0 175.2 5.10 7.50 1009 2.5 171.3 6.30 7.67 1127
1.55 2.0 147.6 6.62 10.90 1156 2.5 142.7 7.6 11.30 1300




Optical Wavelength Tuning Range. The tuning range for fil-
tered optical wavelength is determined by the bandwidth of
the SAW transducer and the dependence of the overlap inte-
gral [Eqgs. (16c, d)] on the optical and acoustic wavelengths.
In the former, the reduced acoustic drive power density at
acoustic frequencies outside of the transducer bandwidth will
result in a decrease in the mode-conversion efficiency at the
filtered optical wavelength, even though the perfect phase
matching condition is fulfilled. In the latter, the dependence
of the overlap integral on the optical and acoustic wave-
lengths or frequencies will result in a corresponding decrease
in the mode-conversion efficiency, even though the acoustic
drive power density remains the same.

For simplicity, we first assume that the transducer band-
width (Af,) is sufficiently large so that the mode-conversion
efficiency is solely determined by the dependence of the over-
lap integral on the optical wavelength and the acoustic fre-
quency. Accordingly, the tuning range for filtered optical
wavelength A\ centered at Ay is determined by the upper
and lower wavelengths Ay and Asgpr, at which the mode-
conversion efficiency is reduced to half that at its peak; in
other words,

Ahggp = )‘SdB,H - }‘SdB,L (26)

Although it is rather tedious to present the explicit expres-
sions for Aypy and Asgpr, they may readily be calculated nu-
merically using Eqs. (16) and (17).

Similarly, the effect of transducer bandwidth on the optical
wavelength tuning range can be readily calculated as the op-
tical center wavelength, the acoustic center frequency, and
the transducer bandwidth are specified.

Filter Performance Characteristics at
Practical Optical Center Wavelengths

It has been shown that for a SAW copropagating with the
guided-light wave, the phase-matching conditions correspond-
ing to the TE, — TM, (see Eq. 14a) and to the TM, — TE,
(see Eq. 14b) mode conversions can be fulfilled only in the X-
cut and Z-cut Ti—-LiNbO; waveguides, respectively. The ana-
lytical expressions presented earlier in this section have been
used to evaluate the performance characteristics and figures
of the integrated AOTF in the X- and Z-cut Ti-LiNbOs/
LiNbO; waveguides of step-index profile, with the SAW prop-
agating in the Y- and X-direction, respectively. The numerical
calculations have been carried out for the five practical optical
center wavelengths, namely, A, = 0.50 um, 0.80 um, 1.15 um,
1.31 um, and 1.55 um, and the results presented in plots. The
corresponding ordinary and extraordinary refractive indices
of the LiNbO; substrate used are compiled in Table 3. The
increases in the ordinary (An,) and extraordinary (An.) refrac-
tive indices due to the Ti-indiffusion process are set equal to
the established values of 0.02 and 0.04, respectively. For each
optical center wavelength, three guiding layer thicknesses are
considered, namely, d = 0.6 um, 1.0 um, and 1.5 um at A, =
0.5 um; d = 1.0 um, 1.5 um, and 2.0 um at Ay = 0.8 um; d =
1.2 um, 1.5 um, and 2.0 um at Ay = 1.15 um, d = 1.2 um, 2.0
pm, and 2.5 um at A; = 1.31 um, and d = 1.5 um, 2.0 um,
and 2.5 um at Ay = 1.55 um. The resulting guided-modes and
their effective refractive indices are given in Table 4. Note
that the guiding layer thicknesses of 0.6 um, 1.0 um, 1.2 um,
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1.2 um, and 1.5 um are very close to the cut-off values for the
fundamental mode (TE, or TM,) at the optical wavelengths of
0.5 um, 0.8 um, 1.15 um, 1.31 wm, and 1.55 wm, respectively.
The calculated performance figures are summarized in Tables
5 and 6.

The performance figures summarized in Tables 5 and 6
should serve as a useful guideline for design and construction
of the TAOTF's. For example, at the optical center wavelength
of the blue-green region (e.g., 0.50 um), performance figures
of the AOTFs including an acoustic drive power requirement
as low as 0.17 mW/mm for 100% TM, — TE, mode conversion,
an optical bandwidth of 0.78 nm, and an optical wavelength
tuning range of 114 nm can be achieved in the Z-cut LiNbO;
waveguide (X-propagation SAW at the acoustic center fre-
quency of 607.4 MHz) at a guiding layer thickness of 0.6 um,
and an interaction length of 30 mm. An optical wavelength
tuning range as large as 1300 nm is also achievable at the
optical center wavelength of 1.55 um, using a guiding layer
thickness of 2.5 um, in the Z-cut configuration. The corre-
sponding acoustic drive power required at 100% TM, — TE,
mode conversion is 7.6 mW/mm at the acoustic center fre-
quency of 142.7 MHz. For the AOTF's using the X-cut config-
uration together with the Y-propagation SAW, while the per-
formance figures in terms of acoustic center frequency, optical
bandwidth and optical wavelength tuning range do not differ
significantly from those in the Z-cut configuration, the acous-
tic drive power density requirement is much higher than in
the Z-cut configuration. For example, it is a factor of 10 and
25 higher at the optical center wavelength of 0.50 um and
1.55 um, respectively, with the corresponding guiding layer
thickness of 0.6 um and 2.5 um.

Integrated AO Tunable Filters and Applications

Integrated AOTF's are well recognized to offer unique applica-
tions to spectroscopy, multispectral imaging, laser wave-
length tuning, and fiber amplifier gain equalization, in addi-
tion to optical wavelength filtering and wavelength-division
multiplexing and demultiplexing. As with the bulk-wave
AOTFs, such integrated AOTF's possess the unique and desir-
able features of very large optical wavelength tuning range
(from ultraviolet to far infrared), high resolution (up to sub-
nanometer), high speed (up to submicrosecond), program-
mability, and relatively low RF drive power requirement. Fur-
thermore, compared to the bulk-wave AOTF's, the integrated
AOTFs have the added advantages of smaller size, lighter
weight, higher degree of robustness, batch fabrication, and
thus lower manufacturing cost.
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