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Announcing a Special Issue of the IEEE JOURNAL OF
QUANTUM ELECTRONICS on Lasers in
Biology and Medicine

SPECIAL ISSUE devoted to advances in the use of

lasers in biology and medicine has been scheduled
for March 1990. The role of lasers in biology and medi-
cine, as therapeutic and diagnostic tools as well as lasers
in biomedical research, is of great importance. Laser-in-
duced thermal, photochemical, and mechanical tissue ef-
fects are currently being used successfully in various
medical specialties and explored for future possible ther-
apeutic applications. Moreover, new laser technology in-
cluding miniaturized laser sources, short-pulse solid-state
lasers, and novel optical fiber delivery systems have stim-
ulated investigation of new medical laser applications and
further basic research of laser-tissue interaction. New di-
agnostic techniques such as subnanosecond time-resolved
spectroscopy are being used for characterizing biological
tissue and measuring optical properties of tissue in vivo.
Modeling of biological laser interaction such as light
propagation in tissue or linear and non-linear energy dis-
sipation in tissue have already led to a deeper understand-
ing of laser-generated effects in biological material and,
in turn, initiated new experimental studies. Previous spe-
~ cial issues in December 1984 and October 1987 featured
some of these applications.

This Special Issue for 1990 will contain both invited
and contributed papers. Contributed papers are solicited
in the following areas:

® new applications of lasers in biology and medicine

e experimental and theoretical studies of laser-tissue
interactions

e applications of laser spectroscopy in medicine and
biology

® new laser and optical fiber technology for medical
applications.

The deadline for submission of manuscripts is June 15,
1989. Original contributions may be submitted in letter
format announcing most recent ideas and results or as reg-
ular-length papers. Three copies of the manuscript plus
original figures, photographs and biographies (for pa-
pers), accompanied by a complete copyright form, must
be submitted. The references for each citation must in-
clude the full title and the beginning and ending page
numbers. The contributions should be submitted directly
to one of the Guest Editors:

Reginald Birngruber

Harvard Medical Scheol

Wellman Laboratories of Photomedicine
Massachusetts General Hospital

Boston, MA 02114

Jeffrey M. Isner

Tufts University School of Medicine
St. Elizabeth’s Hospital

736 Cambridge St.

Boston, MA 02135
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Announcing a Special Issue of the IEEE JOURNAL OF
QUANTUM ELECTRONICS on Ultrafast Phenomena

HE ongoing rapid advances in ultrashort pulse laser

science, technology, and related instrumentation have
continued to generate a wealth of activities, increasingly
encompassing new areas in physical sciences. The IEEE
JOURNAL OF QUANTUM ELECTRONICS has played an active
role in disseminating news about developments in both
ultrashort pulse sources and their use in spectroscopy and
engineering applications. Striking progress has occurred
in the past two to three years where substantial reduction
in the pulsewidth, increases in wavelength tunability and
peak power, and many improvements in.the measurement
technology have now led to the study of a wide range of
basic and applied phenomena on a femtosecond time-
scale. In recognition of these advances, a Special Issue of
the IEEE JourNAL oF QuUANTUM ELECTRONICS will be de-
voted to recent developments of the subject, with empha-
sis on fundamental science associated with ultrafast phe-
nomena. The issue will include both invited and
contributed papers. Contributions will be welcome which
involve physics of sources, new methods for generating
ultrashort optical pulses, transient spectroscopy of con-
densed matter including liquids, metals, semiconductors
and material microstructures, interaction of intense laser
radiation with matter, and solitons and nonlinear pulse
propagation.

The deadline for submission is March 31, 1989. Pub-
lication of the Special Issue is scheduled for December
1989. Additional information for authors is found on the
inside back cover of current issues of the IEEE JOURNAL
ofF QUANTUM ELEcTRONICS. Contributions should consist
of an original plus two copies of the manuscript and a set
of original figures in a form suitable for reproduction.
Manuscripts must be accompanied by a completed copy-
right form, which can be found in any January issue of
this JourNAL. Full reference titles, together with the be-
ginning and ending page numbers for each citation, should
be included in the reference list. Contributions should be
submitted directly to one of the Guest Editors:

J. G. Fujimoto

Department of Electrical Engineering and Computer
Sciences

Massachusetts Institute of Technology

Cambridge, MA 02139

(617) 253-8528

A. V. Nurmikko
Division of Engineering
Brown University
Providence, RI 02912
(401) 863-2869
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RF-Excited Tunable CO Laser with Opto-Hertzian Frequency Stabilization

G. N. PEARSON anp D. R. HALL

Abstract—We describe an RF-excited tunable CO laser, of cavity
length 46.6 cm, operating sealed-off with coolant at —5° C. Frequency
stabilization has been achieved using the opto-Hertzian effect, which
induces a correlation between the laser and the reflected RF powers.

EVERAL experimental techniques for the analysis of

gases require a tunable infrared radiation source. These
include photoacoustic [1], absorption [2], and optogal-
vanic spectroscopy [3]. The emission wavelengths of the
CO laser, operating at temperatures near ambient, encom-
pass the range 5-6 um, which overlaps the absorption
bands of numerous gases such as NO, NO,, N,O,, and
C,H,. A stable, step-tunable CO laser source is therefore
a useful tool for the detection of such gases as atmo-
spheric pollutants. Lasers of this type are also used to
pump spin-flip Raman lasers [4] and are needed for mea-
surements of gain in CO amplifiers [5], [6].

The emission spectrum of a CO laser employing a Lit-
trow mounted grating cavity does not always consist of a
single vibrational-rotational transition. There is gain on
all vibrational transitions for which the vibrational tem-
perature is in excess of the threshold value. This multi-
level system of laser transitions results in regions of the
spectrum where gain is available on lines whose fre-
quency separation is <0.5 cm~'. For some of these spec-
tral regions the dispersion of the optical resonator may not
be sufficient to resolve the lines and this can result in
simultaneous oscillation on several lines. There are how-
ever, certain regions of the CO laser spectrum where sin-
gle frequency operation is possible. Single line powers of
>2 W have been obtained from a laser 1.9 m in length
[7]. The number of single lines available can be increased
by varying the operating parameters, but this is always
accompanied by a reduction in the laser power. External
Fabry-Perot interferometers can be used to produce sin-
gle frequency emission [8] but these add to the complexity
of the laser. An alternative approach is to reduce the cav-
ity length since this causes an increase in the axial mode
spacing. We report here results for a tunable CO laser

Manuscript received June 29, 1988; revised October 13, 1988. This work
was supported by an S.E.R.C. CASE Award from Laser Applications Ltd.

The authors are with the Department of Physics, Heriot-Watt Univer-
sity, Riccarton, Edinburgh, EH14 4AS Scotland.

IEEE Log Number 8825865.

with a gain length of 38.6 cm and a cavity length of only
46.6 cm. This cavity has an axial mode spacing of =320
MHz.

The laser gain region was constructed from a pair of
alumina slabs and two aluminum electrodes. These were
clamped together to form a square, section discharge vol-
ume of dimensions 6 X 6 X 386 mm. The discharge
structure capacitance was =90 pF and was operated un-
der conditions of near resonance using distributed parallel
inductors. Cooling was achieved by flowing methanol
through a circuit formed within the ground electrode. RF
power at 53 MHz was supplied to the center of the top
electrode via an LC matching network. The forward and
reflected RF power could be monitored using a bidirec-
tional Bird Thruline signal pick-off (4522.002). The op-
tical cavity was formed by a 4 m radius of curvature di-
electric coated (R = 99.4 percent) silicon mirror and a
Littrow mounted grating with 150 lines/mm, blazed for
5.4 um. The optics were mounted on a pair of invar bars
and were separated from the ends of the discharge by a
distance of 4 cm. The silicon mirror was mounted on a
piezoelectric transducer which produced an extension of
15 pm for an applied voltage of 150 V. A low voltage
device was chosen because -of the need for intravacuum
operation.

The whole assembly was housed in an aluminum box
which served as the vacuum envelope. The grating angle
and the mirror alignment could be adjusted, while the laser
was running, via vacuum feed-throughs. The laser power
was extracted from the cavity using the zeroth order from
the grating. We did not employ a coupled mirror to pro-
duce a constant exit angle of the beam, hence the beam
emerged from the laser box via a rectangular calcium
fluoride window whose dimensions were chosen in order
to permit operation over the spectral region 5-6 pm.

The laser operated sealed-off at pressures between 20
and 40 torr with an optimum of 33 torr. The coolant tem-
perature was held at —5° C. For these experiments we
used a premixed gas of 2.53 percent CO, 3.52 percent Xe,
18 percent N,, and balance He. 0.04 percent oxygen was
added to produce a more stable discharge. We observed
> 50 discrete transitions within the wavelength range 5.2-
5.8 um. The powers ranged from 10-500 mW. For re-
gions of single frequency output, the maximum power we
obtained was 90 mW. The signature of the Py(22) (5.4138

0018-9197/89/0300-0245%01.00 © 1989 IEEE
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Fig. 1. Signature of the Py(22) transition. Upper trace is the laser power,
lower trace is the bias applied to the piezoelectric tranducer.
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Fig. 2. The photodetector and reflected RF schemes for detecting the laser
power modulation.

pm) is shown in Fig. 1. The lower trace shows the voltage
ramp applied to the piezoelectric transducer.

To stabilize the laser output we initially used a calcium
fluoride beam splitter to couple 5 percent of the output to
a liquid nitrogen cooled AuGe detector. A Lansing (model
80.215) lock-in stabilizer was then used to induce a 518
Hz sinusoidal dither on the cavity length. The bias and
dither amplitudes were then adjusted, with reference to
the stabilizer discriminator signal, to select the optimum
point for stabilization in the conventional manner. This
technique resulted in satisfactory frequency stabilization.
We then investigated the effects of the laser power mod-
ulation on the reflected RF power as detected by the Bird
signal pick-off. A schematic diagram of the two detection
systems is shown in Fig. 2.

The optogalvanic effect is well known for dc-excited
CO, and CO lasers [9]-[11]. Modulation of the intracav-
ity optical flux results in a modulation of the discharge
resistance which can be detected as a modulation in the

discharge current. In the case of an RF-discharge-excited
laser this resistance modulation produces a modulation of
the impedance match between the RF supply and the laser
head. The magnitude of the reflected RF power is very
sensitive to the impedance match and therefore the laser
power modulation can be detected as a modulation in the
reflected RF power. This phenomena has been observed
and analyzed previously with respect to RF-excited CO,
waveguide lasers [12]. A 100 percent modulation of the
cavity flux present for a laser output power of 100 mW
was shown to produced a modulation of the discharge re-
sistance of =1 percent. Attempts to use this system for
frequency stabilization were not successful. However, the
CO laser described here was very successfully stabilized
using this technique of monitoring the reflected RF power
signal. Fig. 3 illustrates this effect as exhibited by our
laser. The top trace is the filtered reflected RF power sig-
nal and the bottom trace is the dither voltage applied to
the piezoelectric transducer. Fig. 3 illustrates the maxi-



. 3. Opto-Hertzian signal. Top trace is the reflected RF power signal
' (2 mV peak-to-peak), bottom trace is the 518 Hz dither applied to the
piezoelectric transducer (1 V peak-to-peak).

. mum signal which was obtained when the bias and mod-
" ulation voltages were set so as to produce a cavity tuning
- over the high gradient region of the transition signature.
" For the case of Fig. 3, the 1 V peak-to-peak transducer
i voltage produced a cavity tuning of = 12 MHz which
i corresponded to a =20 percent modulation of the laser
fpower. Under optimum conditions, the maximum fre-
{ quency deviation of the stabilized cavity was =5 MHz.
. The relative sensitivity of this stabilization scheme, for
i different grating angles, was dependent upon the respec-
i tive signature profiles and cavity fluxes. The Py(22) line
. was the highest power single transition which lased and
{ consequently this line exhibited the maximum stability.
For regions of the tuning range where the resultant sig-
nature consisted of the convolution of the signatures of
several transitions, the stability of the laser was impaired
due to the reduced sensitivity of the laser power on the
cavity tuning.

To observe this signal the reflected RF power must be
nonzero. The laser operated with 50 W of RF input and 3
‘W reflected. This degree of mismatch was found to be
quite sufficient to produce a detectable signal. Using this
so called opto-Hertzian effect we successfully stabilized
the laser to the center of the chosen line. This is shown
in Fig. 4 for the Py(22) line. Here we show the laser power
variation with time for stabilized and unstabilized laser
cavity. We found that the amplitudes of modulation re-
quired to produce stabilization lock were very similar for
both the optically detected and reflected RF power de-
tected cases. By adjusting the grating, bias, and modula-
tion settings we could produce a nonsinusoidal modula-
tion of the laser amplitude. Fig. 5 shows these more
complex periodic fluxations are also accurately induced
in the reflected RF signal.

When the cavity was actively stabilized, this laser ex-
hibited good power stability over periods of approxi-
mately 10 min (see Fig. 4). Over longer periods of time
than this (=30 min), the laser power gradually decreased.
This was attributed to drifts in the alignment of the reso-
nator due to inadequate thermal and mechanical isolation
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STABILISATION LOOP CLOSED

LASER POWER (mW)

TIME (MINUTES)

Fig. 4. Laser power versus time with opto-Hertzian closed loop stabili-
zation on and off.

Fig. 5. Opto-Hertzian effect for nonsinusoidal laser power periodicity. Top
trace is the reflected RF power, bottom trace is the laser power.

since the laser power could be re-established by adjusting
the cavity optics. Daily changing of the gas charge was
necessary in order to maintain optimum performance.

To conclude, we have demonstrated both a novel tun-
able CO laser design and a novel technique with which to
produce frequency stabilization. This opto-Hertzian de-
tection is quite sensitive enough to produce an excellent
signal correlated to the modulation of the laser power.
This stabilization scheme is similar to photoacoustic [13]
and optogalvanic stabilization in that it does not require
the useful laser output to be monitored in any way.
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Improved Coupled-Mode Theory of Anisotropic Optical Waveguides

FENG TIAN, FENG GAO, WU YIZUN, anp YE PEIDA, FELLOW, IEEE

Abstract—The improved coupled-mode theory [1] is extended to in-
clude anisotropic optical waveguides. A coupled-mode equation for an-
isotropic waveguide systems of arbitrary cross section and general di-
electric distribution is derived in a much simpler way. New numerical
results are presented to compare the exact calculations with the Hardy
et al. formulations [9] and with ours in the case of anisotropic wave-
guides, which shows that the same accuracy can be obtained from our
formulations and [9].

I. INTRODUCTION

HE coupled-mode theory has played a very important

role in the fields of integrated optics and semiconduc-
tor laser arrays since the 1970’s. Great improvements of
the theory have been made recently [1]-[6], which gives
more accurate results and makes the theory applicable to
the analysis of moderately strong coupling in optical
waveguide systems.

The major improvement of the theory is that it consid-
ers the interaction of the individual waveguide modes to
be so important that the overlap integrals c,, defined in
[1] cannot be neglected in the derivation of the coupled-
mode equation. Nevertheless, the previous coupled-mode
theories [7], [8] did not take into account the overlap in-
tegrals, so their results are applicable only in special cases
of near identical waveguides in weak coupling situations.
In contrast, the improved coupled-mode formulations can
be applied to any guided modes (TE, TM, or hybrid) in
waveguides of arbitrary cross section, dissimilar index,
and nonidentical shape.

However, most integrated optical devices are made of
anisotropic materials in practice. The permittivities of
these waveguide systems are characterized by a dielectric
tensor:

€ v |- (1)

= 6\'/\ e_\'\\' 6\
€x & &

Generally, € is complex when there exists loss or gain in
waveguide systems. For the lossless case, it is Hermitian,
and for isotropic media, it degenerates to a scalar. Some
extension of the improved coupled-mode theory has been
made to anisotropic media in multiwaveguide systems for
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some special cases (¢, = €,, = €, = €, = 0) [9], and
significant work [10] was reported after the original
manuscript of this paper was submitted.

In this paper, further improvement of the coupled-mode
theory is made to extend the application of the theory to
general anisotropic optical waveguide systems with arbi-
trary dielectric tensors. Starting from Maxwell’s curl
equations, we derive the coupled-mode equation for an-
isotropic waveguide systems in a way much simpler than
those derivations published previously, including [10].
For simplicity, we neglect radiation modes in the deri-
vation, and ignore the very small discrepancy caused by
our expression for the longitudinal component of the elec-
tric field of the entire system because of the weakly guid-
ing condition. However, specific examples of two cou-
pled anisotropic slab waveguides show that our results
have the same accuracy as the formulations of Hardy et
al. [9].

_In Section II, we present the derivation of the coupled-

mode equation for anisotropic waveguide systems. Sec-
tion III shows specific examples of two coupled an-
isotropic slab waveguides and comparisons of the exact
calculations and those of the Hardy et al. formulations are
presented. Finally, we give conclusions in Section IV.

II. FORMULATION

The formulation developed in this section is based on
the two curl equations of Maxwell, i.e.,

V X E = iopH (2)
VXH-=—ive " E (3)

where we have used exp ( —iwt) to describe the time de-
pendence of the fields. 3

A system of anisotropic N waveguides which is in-
variant in z is characterized by a dielectric tensor€(x, y).
The guides are in general not identical, and their relative
locations are arbitrary. Each isolated guide, numbered n
=1,2, -+, N, has its own dielectric distribution €, (x,
y), and the other waveguides form a perturbation to it,
which is defined by

A6, (x, y) ="e(x, y) —€(x, ). (4)

We assume that each individual waveguide supports
only a single guided mode [E,(x, y) exp (i8,z), H,(x,
y) exp (iB,z)] with a propagation constant 8,, n = 1, 2,
*++, N. The extension to a multiple-mode waveguide is
straightforward by including a summation over all the
guided modes.in each waveguide. Therefore, the total
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electromagnetic field which propagates in the +z-direc-

tion along an anisotropic waveguide system can approxi-
mately be described as

N
E(x,y,2) = X (2) Ei(x, y) (5)
Hixy. ) = 2 (@) H(ny). (6

Substituting (4)-(6) into (2) and (3) and noticing that

V X |E, exp (iB,2)] = iwuH, exp (iB,z) (7)
V X [H, exp (iB,z)] = —iwe, * E, exp (iB,z), (8)
we obtain
N N .
L Ve, X E, = % iB,¢ % E,c, (9)
N N
2 Ve, x H, = —iw 2 c,A6, - E,
n=1 n=
N
+ 2 if,¢ X Hye,  (10)
‘n=1

where Ve, = dc,/dz 3.

We take the scalar product of (9) with H,, and of (10)
with —E, , then add the two equations, and integrate over
the infinite cross section. The result of this procedure is

AC' = iABC + iKC (11)

where C’ denotes dC/dz, C = col[c¢, ¢3, * * * , ¢y ], and
B = diag[ B, B2, * - * , By 1. The matrix A has elements

Ay = SSZ-(E,,, X H,+ E, X H,) dx dy

myn=1,2, -+ ,N, (12)
and the matrix K is given by
Ky = @ SSE,,, - A€, - E, dx dy
m,n=1,2,+-+,N. (13)

Comparing (11)-(13) with the formulations given by
Streifer et al. [4], [9], Chuang [5], and Haus et al. [6],
we can see that they are exactly the same in the special
case of isotropic waveguides, except for a little difference
in the expression of k,,,,. In the next section, examples will
show that the difference is so small that it can be neglected
in practice. It is noticeable that even in the complicated
anisotropic situation our derivation is the simplest, and it
is the easiest to understand among all derivations of the
improved coupled-mode theory.

III. EXAMPLES AND DiISCUSSIONS

To illustrate the fact that our theory has the same ac-
curacy as that of Hardy et al., we calculate propagation
constants for TE and TM modes of Ti-diffused LiNbO;
waveguides, which are used most in practice. Consider-
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Fig. 1. Dielectric distribution of the anisotropic slab waveguide system
under consideration.
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Fig. 2. Propagation constants of TE modes versus waveguide thickness
D;.

ing two anisotropic slab waveguides as shown in Fig. 1,
the thicknesses of the guides are D, and D;, respectively,
and the edge-to-edge separation is D,. The uniaxial axis
is assumed to be in the y-direction for both guiding and
substrate regions (the principal dielectric axis system is
represented by [a, b, c¢] in Fig. 1). The dielectric distri-
bution of the system is as follows:

nd 0 0

=6l 0 ni 0 (14)
0 0 nj
ng, 0 0

€ =& nee 0 |, (15)

0 0 ng
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and Re (&) = a = €g, €3 = a, where ny, = 2.281, n,,
= 2.195, no, = 2.286, n,, = 2.2, and an additional loss
exists between the two guides such that Im (&) /€y =
1.299 x 107° I, T is the unit tensor. We choose the index
variation to be along the x-direction, and therefore, the
electric field has only the y-component for TE mode and
the x- and z-components for TM mode. The wavelength
is A\ = 0.6328 um.

In Fig. 2, we show the real and imaginary parts of the
propagation constants under TE mode coupling. We fix
D, = 1.5 pm and D, =0.4 um and vary D;, the thickness
of waveguide B, between 1 and 2 ym. The numerical re-
sults using an exact root-searching approach are shown as
solid lines. The dashed curves were determined from [9]
and our formulations. Even though the z-component is
zero for TE mode, there is a little difference between [9]
and our results because of the different expression on cou-
pling coefficients k,,,. '

In the case of TM modes, we choose another slab wave-
guide example with D, = 1.5 um, D3 = 1 um, and D,
changed from 0.02 to 1.02 um. The propagation constants
under this situation are plotted in Fig. 3. It is clear that
the difference between [9] and our results is very small.
Moreover, it seems that the improved coupled-mode the-
ory is still quite correct when moderately strong coupling
occurs under the condition where D, is about 0.1 pm.

IV. CONCLUSIONS

The improved coupled-mode theory is developed to in-
clude anisotropic optical waveguide systems of arbitrary
cross section and general dielectric distribution in this pa-
per. We believe that this extension is important because
most integrated optical devices are made of anisotropic
materials in practice. Even though we handled a more
complicated problem of anisotropic media, we present a
much simpler derivation of the coupled-mode formulation
for anisotropic waveguide systems. Numerical results
comparing the exact calculations to those of the method
of Hardy et al. and ours show that the same accuracy can
be obtained not only for TE, but also for TM mode cou-
pling in the case of anisotropic waveguides, and the im-
proved coupled-mode theory is applicable to the situation
when moderately strong coupling occurs under the con-
dition where the edge-to-edge separation of two coupled
guides D, is about 0.1 um. In the more complex cases,
permittivity tensors have nonzero off-diagonal elements
caused by applied voltages which change with time and
space. It is convenient first to find all modes of the entire
multiwaveguide system without the applied voltage, based
on our work here, and then to get the analytic solution of
the given system using the improved coupled-mode the-
ory for anisotropic waveguide modulators [11].
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Electrooptic Diffraction Modulation in ZnO Film on Sapphire

MU-SHIANG WU, TADASHI SHIOSAKI, anp AKIRA KAWABATA

Abstract—An electrooptic Bragg diffraction modulator with high
diffraction efficiency has been obtained using a low-loss epitaxial ZnO
optical waveguide on a sapphire substrate. An interdigital electrode
with a spatial period of 20 pm and an aperture of 3 mm was fabricated
directly on the film surface using a photolithographic technique. For
the TE, mode at 6328 A, a maximum diffraction efficiency of 98 per-
cent has been obtained from dc to 100 kHz with an applied voltage of
about 31 V. The unclamped electrooptic coefficient ry; is estimated to
be 5.8 x 10~ '* m/V, which is much larger than the clamped value of
2.6 x 107> m/V listed in the literature.

I. INTRODUCTION

NO thin film is one of the important materials for sur-

face acoustic wave (SAW) transducers [1]-[4], bulk
acoustic wave transducers [5], [6], acoustooptic devices
[71, [8], electrooptic devices [9], [10], and guided optical
wave devices [11]-[15] due to its large piezoelectric [16],
sizeable elastooptic [17], electrooptic [18], and nonlinear
optic coefficients [19], in addition to its high transparency
and fairly large refractive indexes over the infrared-visi-
ble range. Since optical scattering loss must be low in
waveguides for applications, continued efforts have been
made to get low-loss ZnO optical waveguides [20].

The electrooptic grating waveguide modulator has the
advantage [9] of spatially separating the diffracted beam
from the undiffracted beam and thus does not require a
separate analyzer or strict control of the waveguide prop-
agation characteristics, as is required by the polarization
and cutoff types of waveguide modulators [21], [22]. A
number of these modulators can also be incorporated in a
single waveguide so that the output of one modulator can
be used as the input to the next modulator, and thus it
becomes possible to perform a variety of logic and
switching functions monelithically. The speed of the elec-
trooptic modulators may also be faster than that of the
acoustooptic modulator. .

In the present letter, we report an electrooptic Bragg
diffraction modulator with high efficiency using an epitax-
ial ZnO optical waveguide with an optical loss of about
0.5 dB - cm™' on a sapphire substrate. An interdigital
electrode with a spatial period of 20 um and an aperture
of 3 mm was fabricated directly on the ZnO film surface
by the conventional photolithographic technique without
any buffer layer. A diffraction efficiency measurement for
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the TE, mode at 6328 A was made for different samples
with different thicknesses using a dc power supply or an
LF oscillator with a frequency from 10 Hz to 100 kHz as
the input source for the interdigital electrode. The results
are independent of the frequency in the range from dc to
100 kHz. The unclamped electrooptic coeflicient r3; of
ZnO is estimated to be 5.8 x 10~'? m/V, which is much
larger than the clamped value of 2.6 X 107> m/V listed
in the literature [23].

II. THEORY

Fig. 1 shows a schematic diagram of the electrooptic
grating waveguide modulator. The ¢ axis of the ZnO is in |
the plane of the waveguide. When an electric field is ap-
plied to the interdigital electrode, the index of refraction
is changed, is linearly proportional to the field, and de-
pends on the crystal orientation and light polarization di-
rection.

ZnO has 6 mm symmetry and two important nonvan-
ishing 7,3 and r3; electrooptic coefficients. The equation
of the index ellipsoid in the presence of an electric field
is

(1/n% + risE))X* + (1/n + riRE,) Y?
+ (1/n; + rpE)Z% = 1 (1)

where E, is the Z component of the applied electric field
and n, and n, are ordinary and extraordinary refractive
indexes, respectively.

Since no mixed terms appear in (1), the principal axes
of the new ellipsoid remain unchanged. The lengths of the
new semiaxes are

n, = n, —(1/2) myriE, (2a)
n, =n, — (1/2)’12)‘13EZ (2b)
n, =n, — (1/2)niryE. (2¢)

For the geometry shown in Fig. 1, TE waveguide modes
traveling in the y-direction have z-polarization, while
TM waveguide modes traveling in the y-direction have
x-polarization. The changes in index of refraction corre-
sponding to TE and TM waveguide modes are An, and
An,, respectively, where An, and An, are

An, = —(1/2)niryuE, (TE)

Z

An, = —(1/2)njrE, (TM).

(3a)
(3b)

A periodic electric field set up by an interdigital elec-
trode structure as shown in Fig. 2 gives rise to the peri-

0018-9197/89/0300-0252$01.00 © 1989 IEEE
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Fig. 2. Configuration of the interdigital electrode.

i odic variation of the index of refraction. Parallel metal

- strips, each of width bs, are situated with distance s be-
tween the centers of the strips. The strips are alternately
connected to two electrical terminals, giving an electric
field of a period of 2s (=A) along the z axis. The elec-

' trode aperture is L. This electrically controlled phase grat-
ing in the path of the propagating beam causes a change
in the direction and intensity of the light beam.

The criterion index Q = 2wAL/nA”, where n is the
refractive index and A is the optical wavelength, describes
the nature of the diffraction [24]. Bragg diffraction occurs
most efficiently when QO > 10. When the Bragg condition
is satisfied, the optical guided waves are diffracted. The
diffracted angle from the direction of the undiffracted
beam is 20 where 05 is the external Bragg angle given by
0 = sin”~! (N/2A) [10]. The diffraction efficiency of
Bragg diffraction is [25]

1,/1; = sin® (1/2kLAn) (4)
where k = 2w /N, An is the change in refractive index
corresponding to TE or TM waveguide mode, and /; and
I, are the powers of the incident and diffracted beams,
respectively. '

The electric field in the z-direction in the film is given
by [26]

By = 20 Agpy cos [(2n + 1) 7wz /5]

~exp [(2n + 1) mx/s] (5)
where
Aysr = 7(V/s) [P,(2* = 1)/K'(K)],
k =cos (mw/2)(1 —b),

P, is the Legendre polynomial of the first kind, V is the
applied voltage, and K'(k) is the complete elliptic inte-
gral of the first kind with the complementary modulus K’
= (1 — kz)]/z. In an electrode structure constructed so
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that only the fundamental Fourier component is instru-
mental in the Bragg diffraction, we can neglect all higher
harmonic terms to get [27]

E.=n(V/s) (1/K'(k)) cos (wz/s) exp (mx/s). (6)

For the TE, mode at 6328 A, we can obtain an expres-
sion for the applied voltage V; required for 100 percent
diffraction from (3), (4), and (6):

V; = sNK'(k)/[ 7 exp (mx/s) Lnr33). (7)

Since the distribution of the optical field of the TE,
mode is roughly symmetrical about the center of the
waveguide film, a reasonable estimate might be consid-
ered to be obtained by using the value of E. at the wave-
guide center, i.e., x = /2 where 7 is the thickness of the
film.

The overall performance of a modulator is usually ex-
pressed in terms of a factor PPW, which is equal to the
power required per unit bandwidth at 100 percent modu-
lation:

PPW = P/Af = (Vf’/2R)/(1/aRC) = (x/2) V;C
(8)

where C is the capacitance of the interdigital electrode
and R is the resistance. The capacitance C is given by [26]

C=le + (511633).”2] [K(k)/K'(k)] NL (9)

where K (k) is the complete elliptic integral of the first
kind with modulus &, N is the number of electrode pairs,
and e is the dielectric permittivity. The expression of PPW
can be obtained from (7)-(9):

PPW = (1/27) [& + (enen)'"] K(K) K'(k) (N/L)
X [sN\/(exp (mt/2s) Ln}ry;)] . (10)

III. RESULTS AND DISCUSSION

A. Film Fabrication

The RF planar magnetron sputtering system described
in [28] was used for the present experiments, A ZnO ce-
ramic, 100 mm in diameter, was used as-a sputtering tar-
get. A polished wafer of sapphire with (0112) orientation
was positioned parallel to the targets.

It is known [29], [30] that the quality of the sputtered
films is usually better if the sputtering rate is lower. With
this in mind, we modified the sputtering conditions in
[28]. We increased the target-substrate spacing from 37
to 47 mm, increased the substrate temperature from 260
to 390°C, and decreased the RF input power from 100 to
50 W. In all the experiments, premixed Ar (50 percent)
+ O, (50 percent) gas was used, and the gas pressure
was kept constant at 1 X 1072 torr. Details of the growth
and characterization of ZnO films on sapphire were de-
scribed elsewhere [20].

Fig. 3 shows the laser light streak in a ZnO thin film.
The guided light propagates from the left-hand to the
right-hand side, and the length of the observed streak is
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Fig. 3. Photograph of a streak of guided light excited in a ZnO film.
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Fig. 4. Optical intensity versus propagation distance for the TE, mode of
the ZnO film on sapphire.

about 20 mm. Fig. 4 shows the result of the optical loss
measurement of a ZnO film on sapphire using the same
technique as Channin er al. [31]. The optical attenuation
for the TE, mode of the 6328 A He-Ne laser light is 0.55
dB - cm~'. To our knowledge, this is the lowest loss that
has been reported for an as-grdwn sputtered ZnO film.

B. Electrooptic Bragg Diffraction Modulation
Measurements

Fig. 5 shows the schematic diagram of the electrooptic
diffraction modulator measurements. An interdigital elec-
trode of 1000 A thick Al was fabricated directly onto the
ZnO waveguide surface using a photoresist lift-off tech-
nique. Fig. 6 is a photograph of a portion of an interdigital
electrode used in our experiments. We can see b is ap-
proximately 1/2 as designed. The electrode parameters
are given in Table 1. At 6328 A, we find Q = 15, indi-
cating that the diffraction in this experiment is strongly
governed by Bragg diffraction. )

As the interdigital electrode is deposited directly onto
the waveguide, the mode characteristics of the waves un-
der the electrode strip and the updated surface are differ-
ent. Consequently, even with no voltage applied to the
modulator, the interdigital electrodes would act as a grat-
ing and cause the beam to diffract, and its diffraction an-
gle is expected to be twice the diffraction angle due to the
applied electric field.

Two kinds of diffraction efficiencies n,4 and 5z are usu-
ally used in the experiments. 71, is the fractional decrease
in the output from the undiffracted optical beam, and 7p
is the ratio of the output of the diffracted optical beam to
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Fig. 5. Schematic diagram of the Bragg diffraction efficiency measure-
ments of the electrooptic diffraction modulators.

Fig. 6. Photograph of a portion of the interdigital electrode.

TABLE 1
PARAMETERS OF THE INTERDIGITAL ELECTRODE

Periodicity of electric field A 20um
Half periodicity s 10um
Electrode width bs Sum
Electrode aperture L 3mm
Electrode finger pairs N 32
Criterion index Q 15

that of the undiffracted optical beam. 5, and 55 are equal
to I/1; and I'/I,, respectively, as shown in Fig. 7.

The results of np are deceiving in that the measured
diffracted power results from depletion of both the undif-
fracted beam and the beam caused by the metal grating
itself [32]. In some experiments, it can be observed that
the diffracted power may actually exceed that of the un-
diffracted beam. So 7, is more reliable and is used in our
measurements.

We measure the diffraction efficiency after aligning the
system to give maximum readings when the detector is at
the position of the diffracted beam. We use a dc power
supply and an LF oscillator with a frequency from 10 Hz
to 100 kHz as the input source for the interdigital elec-
trode.

Fig. 8 is a photograph showing a typical oscilloscope
display taken under the diffraction experiments. In Fig.
8, trace (a) is the input electrical signal of 1 kHz, trace
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Fig. 7. The definition of two diffraction efficiencies 5, and 7z.
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Fig. 8. Oscilloscope traces of the diffraction experiments. Trace (a) is for
an input electrical signal of 1 kHz. Trace (b) is for the undiffracted beam
corresponding to (a). Trace (c) is for the enlargement of a small portion
of (b).

(b) is the corresponding undiffracted beam, and trace (c)
is the enlargement of a small portion of (b). The marks A
and A’ correspond to the maximum diffraction efficiencies
with respect to +V,and —V;. Since the applied voltage
at B is larger than the required applied voltage V; for 100
percent diffraction, we can see very clearly from Fig. 8
that the diffraction efficiency becomes lower. If we in-
crease the applied voltage more, we can expect the width
between A and A’ to increase.

Fig. 9 shows the diffraction efficiency 7,4 measurement
of the sample A with a thickness of 1.03 ym using a dc
power supply. The solid curve is sin®* BV, normalized to
measured data at 5, = 60 percent. The data follow the
sine-squared law, but with some rolloft at the higher volt-
age. The maximum diffraction efficiency is about 90 per-
cent with an applied voltage of about 33.5 V. All of the
measurements were made for the TE; mode at 6328 A.

Fig. 10 shows the diffraction efficiency 7, measurement
of the sample B with a thickness of 0.88 um using a dc
power supply. The solid curve is sin> BV, normalized to
measured data at n, = 60 percent. The maximum efhi-
ciency n,4 is about 95 percent with an applied voltage of
about 28 V. It is still not very clear how the applied volt-
age corresponding to the maximum efficiency is related to
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Fig. 9. Dependence of the diffraction efficiency 5, on applied voltage V,
of sample A4 with a 1.03 um thickness.
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Fig. 10. Dependence of the diffraction efficiency 5, on applied voltage V,,
of sample B with a 0.88 um thickness.

the thickness of the film. But it seems that V; tends to be

higher for those samples with larger thickness.

Fig. 11 shows our best diffraction efficiency n, mea-
surement, of the sample C with a thickness of 0.94 um
using a dc power supply. The solid curve is sin? BV, nor-
malized to measured data at 74, = 70 percent. The data
follow the sine-squared law very well. The maximum dif-
fraction efficiency n, is about 98 percent at an applied
voltage of about 31 V. The reproducibility is quite good.

The maximum efficiency is over 90 percent for almost
all of the samples we made with thicknesses from 0.8 to
1.2 pym. L

The resistivity of ZnO film after sputtering is about 10°
~ 10" Q - cm. But it decreases to 10* ~ 10° Q - cm after
four months or half a year and becomes steady. There
were no reports- concerning any electrooptic diffraction
modulation in ZnO film using a dc power supply. Ham-
mer et al. [10] could not observe any diffraction of their
ZnO thin film grating waveguide modulator with dc volt-
ages applied.

The capacitance of the interdigital electrode we used is
about 13 ~ 15 pF at 1 kHz, and the theoretical value is
about 9 pF from (9). Based on this capacitance, the PPW
factor of our device is about 20 mW /MHz. This value
can be lowered much further, for example, by reducing
the pair of interdigital electrodes and increasing the ap-
erture or reducing the spatial period.

The low-frequency (unclamped) electrooptic coefficient
r33 of ZnO film is calculated from (7) to be about 5.8 X
10~"2 m/V, which is much larger than the clamped value
of 2.6 X 107" m/V listed in the literature. There is no
listed value of the unclamped electrooptic coeflicient ri;
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Fig. 11. Dependence of the diffraction efficiency n, on applied voltage V,,
of sample C with a 0.94 um thickness.

of ZnO in the literature. It is very interesting that there is
such a large difference between the clamped and the un-
clamped r3; values of ZnO. The results are independent
of the frequency in the range from dc to 100 kHz.

Since it is very lossy for the TM mode for our inter-
digital electrode fabricated directly on the ZnO film sur-
face, we cannot measure the unclamped electrooptic coef-
ficient i3 of ZnO. One solution to this is to sputter a very
thin ( ~ 1500 A ) SiO, or Al;0O; buffer layer between the
ZnO thin film and the interdigital electrode.

IV. CoNcLUSION

The preparation of ZnO films on sapphire with an op-
tical waveguide loss of about 0.5 dB - cm™' has been
obtained by the RF planar magnetron sputtering system.
A maximum diffraction efficiency as high as 98 percent at
31 V for our ZnO electrooptic Bragg diffraction modula-
tors has been obtained, with an optical waveguide and in-
terdigital electrode integrated monolithically. To our
knowledge, this is also the first report of the measurement

of the unclamped electrooptic coefficient ry; of ZnO, °

which is estimated to be 5.8 X 107" m/V, with a fre-
quency in the range from dc to 100 kHz.
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