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ABSTRACT

Acousto-optic properties of single-crystal Te and amorphous Se

at the 10.6-um wavelength of a CO2 laser are studied and discussed

from an applicational point of view in this thesis. The thesis

contains the following studies.

¢h)

(2)

(3

Acousto-optic figures of merit in Te are determined by the
Dixon-Cohen method making use of longitudinal acoustic waves
propagating along the crystallographic x and z axes in Te. It
is found that Te possesses exceptionally large figures of merit
in the materials ever measured at 10.6 ym. The largest value
obtained is 5850'\><1.0'1‘8 sec3/g for longitudinal waves prop-
agating along'thefk axis‘and incident light pqlarized”parallel
to the z axis. Five of the eight hdn-vanishing independent
Pockels photoelastic tensor componénts are deduced from the

determined figures of merit.

Optical activity in Te is precisely measuréd over the
infrared wavelength range between 4.0 and 10.6 um and influ-
ences of the optical activity on the acousto-optic proper;ies

of Te are discussed.

Based on the knowledges obtained from the above results,
potential applicabilities of Te crystal to an infrared acousto-
optic deflector and modulator for the use especially at 10.6 um
are evaluated in terms of figures of merit, optical properties,
acoustic properties (in particular, acoustic loss), resolu-

tion, and access time. As a fesult} it is found that Te is one
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(5)

(4)
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of the most promising acousto-optic materials for 10.6-um wave-

length.

A prototype of Te acousto-optic deflector is fabricated
based on the results obtained above and its operational charac-
teristics are examined at 10.6 um.

Contributions ffom the indirect photoelastic effect and
from the acousto-electrically induced free-carrier density
waves to the photoelasticity in piezoelectric semiconductors
are considered by taking the existence of both electrons and
holes into account. This kind of free-carrier density waves
are observed accompanying piezoelectrically active acoustic
waves which propagate in piezoelectric semiconductors like Te.
Explicit expressions for the effective photoelastic constants
corresponding to these contributions are derived on the basis
of small-signal acousto-electric theory by taking account of
all of the material anisotropy. The results obtained are

applicable either to extrinsic or to intrinsic semiconductors.

Numerical evaluation of these contributions to the photo-
elasticity is carried out by taking Te as an example. In ac-
cordance with the theoretical prediction, an appreciable dif-
fraction ascribable to the free-carrier density waves is
observed in the acousto-optic diffraction experiments utilizing
a Te crystal in an intrinsic conduction regime at room tempera-
ture. The observed diffraction intensity is in satisfactory
agreement with the theoretically predicted value within a
factor of 3.

As an application of superior acousto~-optic properties of
Te to nonlinear optical effects, a novel phase-matching tech-

nique utilizing acousto-optic interactions is proposed.
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(6)

(7

Employing this phase-matching technique, relatively efficient
optical second harmonic generation of a 10.6-um light is
experimentally demonstrated. It is revealed that by making use
of this new phase-matching technique, restriction for the
crystal orientation can be much relaxed as compared with the

conventional collinear index-matching method.

Acousto-optic figures of merit in amorphous Se are deter-
mined by the Dixon-Cohen method making use of longitudinal
acoustic waves propagating in this material. It is found that
amorphous Se possesses large figures of merit almost comparable
to those of Te. Two non-vanishing independent Pockels photo-
elastic tensor components in amorphous Se are also determined.
The wavelength dependence of these photoelastic constants
suggests that the photoelasticity in amorphous Se can be at-
tributed to the strain-induced change'in the interband transi-
tion between the lone-pair p-band and the antibonding p-band.
It is found that the addition of several percents of arsenic

significantly improves the acousto-optic properties of amor-
phous Se.

Feasibility of amorphous Se as an optical waveguide
material at 10.6 um is experimentally evaluated. Based on this
result, a photoelastic optical modulator with a guide structure

is constructed, and its modulation characteristics are measured.

-iii-



ACKNOWLEDGMENTS

The author wishes to express his sincere gratitude and appreci-
ation to Professor Akira Kawabata for his continuing guidance and
encouragement throughout this work. The author deeply ecknowledges
the invaluable guidance and advice of Professor Tadashi Shiosaki.
The author is grateful to Professors Akio Saseki and Hiroyuki

Matsunami for their encouragements and suggestions.

Appreciations are due to Mr. Masatoshi Adachi for his continu—
ous stimulation, and to Dr. Shigeo Fujita, Dr. Junji Saraie,
Dr. Akira Suzuki, and Mr. Shigehiro Nishino for their helpful

advices and experimental facilities.

Appreciations are also due to the present and former members
of Professor. Kawabata's research group, Dr. Shinzo Ohnishi,
Messrs. Takeshi Wada, Toshihiko Karasaki, Shinji Ikeda, and Hiroshi

Kuroda, for their valuable participations in the work.

The author is very grateful to Dr. Yoshihiko Mizushima of
Musashino Electrical Communication Laboratory, Nippon Telegraph and
Telephone Public Corporation for the experimental facilities and

encouragement.

One of the Te crystals used in this study was supplied by
Professor J. C. Thuillier of CNRS, Faculté des Sciences Mirande,
Dijon, France. The author is also indebted to Professor Yu. V.
Gulyaev of Institute of Radioengineering and Electronics of Academy
of Sciences, USSR for drawing his attention to the possibility of
the peculiar acousto-optic phenomena described in Chap.3 in this
thesis.

-iv-



Part of this work was financially supported by the Grant-in-

Ald for Scientific Research from the Ministry of Education, Science

and Culture (No.075247, No.155116, No.375161, No.355147, and
No.475222),

-



-yl



CONTENTS

ABSTRACT ¢ . ¢« o o . « & s s s 0 . ¢ o s o ¢ ° o s o o . i

ACKNOWLEDGD’]ENTS ¢ 0 . LI ) ] . L] . LI * & & “« . . * o . iv

CHAPTER 1 INTRODUCTION . L] (] . .l L] . L] L] L] . . L[] L . L] l
1.1 Historical Background D
1.2 Organization of the TheSi8 .« « « « o « o o o o « « « &
References S e s 8 8 & & s 8 0 6 s & & 6 o 6 8 & e e e e 5

CHAPTER 2 ACOUSTO-OPTIC PROPERTIES OF Te B

2.1 Introduction S e e e e e e e e e e e e e
2.2 Determination of Figures of Merit and Photoelastic
Constants by the Dixon-Cohen Method e o v e e 4w 10
2.3 Experimental Results D T I
2.4 Influence of Optical Activity D X §
2.5 Application to Acousto-Optic Deflector e ¢« « s o . 28
2.6 Discussion. ©iw v 4 4 4w 4k e e e e e e . 34
2.7 Concluding Remarks s e s e s s se s s s e s s e s 39

References ¢ & o e o o @ *« o o e ° s e . LI ) LI ) s o o o 41

CHAPTER 3 PHOTOELASTICITY AND ACOUSTO-OPTIC DIFFRACTION

INFLUENCED BY SIMULTANEOUS PRESENCE OF
PIEZOELECTRICITY AND CONDUCTIVITY IN PIEZOELECTRIC
SEMICONDUCTOR Te s s s s s s s e s e 4 e o b4
3.1 Introduction L Y Y A
3.2 Theoretical v v 4 4 v v 4 4 v b b e e e e e e e . s 47
3.2,A Photoelasticity in piezoelectric semiconductors 47

3.2.B Photoelasticity and acousto-optic Bragg

diffraction in Te « & 4+ 4 ¢ ¢ + ¢ 4 o 4 ¢« s o « 55

-vii-



3.3 Experimental Results and Discussion “ o s 6 e b
3.4 Concluding Remarks e o s s e s s 4 e s s 4 e s s

REferences e ® LI ) s s & s s s ¢ « s . o o . LI ]

CHAPTER 4 APPLICATION OF ACOUSTO-OPTIC EFFECTS IN Te TO
OPTICAL SECOND HARMONIC GENERATION ( ACOUSTO-

OPTICALLY PHASE-MATCHED NONCOLLINEAR OPTICAL

SECOND HARMONIC GENERATION IN Te ). 4 o & o o

4.1 Introduction P S S T TS SR

4.2The0retical e o o o 6 & o6 & & 8 o s 2 e s & s e o

4,2,A SHG due to four-wave interaction o e s o e e
4.2,B SHG due to five-wave interaction C e e e a s
4.3 Experimental Results e o e s e e s 8 s s e e o s
4.3.A SHG due to four-wave interaction o ee ee
4.3.B SHG due to five~wave interaction . . « « o+ &
4.4 Discussion P T T T T T T S S T S
4.5 Concluding Remarks e s e s 2.0 e s 5.0 seTe s a

REferenceS ] e o 8 e & 8 o o o e s e o e s o ¢ o LI }

CHAPTER 5 ACOUSTO-0OPTIC PROPERTIES OF AMORPHOUS Se .
5.1 Introduction O
5.2 Experimental Results e e s e o s e s e s e s s u

5.2,A Acoustic properties L

5.2.B Figures of merit and photoelastic constants .
5.2.C Improvement of acousto-optic properties of

amorphous Se by alloying O

5.3 Concluding Remarks e s e s e s s s e s s e e

References @ & o s & s o . . . ¢ o o ¢ . LI ) . . e

CHAPTER 6 Au-CLAD AMORPHOUS Se OPTICAL WAVEGUIDES AND
PHOTOELASTIC MODULATOR T T T T

6. l IntrOduCtion e o o . . . e o o " . LI 1 . . .

67
73
74

76
76
77
77
83
84
84
88
90
91
92

94
94
95
95
98

107
110
111

113
113



6.2 Experimental Results o e o s e
6.2.A Au-clad amorphous Se waveguides
6.2,B Photoelastic modulator o oe e

6.3 Concluding Remarks ¢ e o e s s e

References o 6 e 6 & 8 & s s s e s e

CHAPTER 7 CONCLUSTONS T T

APPENDIX L Y } . . . . e o « . s o ® . e .

LIST OF PUBLICATIONS S

- x~-

114
114
117

120

122

124

129

139



-3



CHAPTER 1

INTRODUCTION

1.1 Historical Background

The phenomenon of light diffraction by acoustic waves in liq-
uids and solids has been extensively studied since the theoretical
prediction by Brillouin in 1922 [1] and the first experimental veri-
fications in 1932 by Debye and Sears [2] and by Lucas and Biquard
[3]1. This phenomenon is the one which is known as Brillouin scat-
tering today, and such experiments were originally exploited to
study thermal phonon distributions and elastic constants of various
materials [4,5]. Brillouin's original theory predicted an optical
diffraction analogous to x-ray diffraction in crystals: plane waves
of light striking the acoustically induced periodic planes of density
variations at a certain critical angle ( Bragg angle ) would be
partially reflected. Furthermore, Brillouin's theory pointed out
that the frequency of the reflected light will be Doppler-shifted by
an amount equal to the acoustic frequency. Contrary to Brillouin's
prediction, however, multiorder diffraction phenomenon was observed
in the experiments utilizing low acoustic frequencies [3,6-8]. This
multiorder diffraction phenomenon was well explained by the simple
phase-grating theory developed by Raman and Nath (1935) [9], which
is the most useful theoretical treatment made in the early stage of
work. They established an infinite set of coupled-wave differential
equations which are known as the Raman-Nath equations today.
However, their original theory can be applied only to the case where
the intensity of acoustic wave is not very strong and the interaction
length 1is not very long.
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Either when the acoustic frequency is sufficiently high or when
the interaction length is sufficiently large, however, light inten-
sity in the higher diffraction orders becomes negligibly small. In
the extreme limit, only two modes, the zeroth and the positive ( or
negative ) first order, need to be considered and the diffraction
takes place only when the angle of incidence is very closely equal
to the Bragg angle. This is the case which is known as Bragg dif-
fraction and can be described by Brillouin's original theory. This
type of diffraction was experimentally verified by Rytow (1935) [11]
and Bhagavantam and Rao (1948) [10]. 1In 1956, Phariseau [12] modi-
fied the Raman-Nath theory in more intuitive way so as to treat the
Bragg diffraction. A numerical treatment was made by Klein and Cook
[13] to include more general cases where the Raman-Nath equations
have no analytical solutions.

Since the advent of lasers for coherent light sources in the
1960's and the advances in piezoelectric transducer techniques for
efficient excitation of ultrasonic waves, research in acousto-optic
interactions received renewed attention from an applicational as
well as physical point of view. Applications of acousto-optic
phenomena to light modulation, deflection for optical communication,
and signal processing have become practically important [14-20].

The several important works made since the advent of lasers are
those by Gordon (1966) [21] on the efficiency and bandwidth of
acousto-optic modulators and deflectors, by Korpel et al (1969) [14]
on acoustic beem steering, by Dixon (1967) [22] on acousto-optic
interactions in anisotropic media, and by Dixon and Cohen (1966)
[23] on dynamic methods for the measurements of acousto-optic figure
of merit.

For regards the selection of acousto-optic materials, Pinnow
(1970) [24] and Uchida et al (1973) [25] have proposed systematic
and practically useful guidelines. The acousto-optic materials
which have been examined to date include liquid, amorphous, and
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.crystalline materials [25-27] for the use mainly in the visible or

in the near-infrared region. The properties that are required of
acousto~-optic materials are good optical quality and high transmis-
sion, low acoustic losses at high rf frequencies, high acousto-optic
figures of merit, good mechanical properties, high chemical stabil-
ity, and availability in a large enough size.

Parallel with the above-mentioned works in the visible or in
the near-infrared region, recent rapid progress made in high-
efficiency CO, lasers at the infrared wavelength of 10.6um has con-
siderably enlarged the areas of practical application of this wave-
length. Space communications, machining, laser radar, and nuclear
fusion are some.of the examples of current interest. As a result,
the necessity of developing an efficient modulator and deflector for
10,6-um radiation has become more and more imperative. However, the
effort which has been made so far is a limited one compared with the
large amount of work done in the visible and near-infrared regions.
The most noteworthy candidates at present which satisfy the above
requirements for acousto-optic materials at 16.6um are (1) elemen-
tal semiconductors such as Ge, Si, and Te [26,28-31], (2) II-VI or
III-V compounds such as CdS and GaAs [29], (3) amorphous chalcoge-
nide crystals such as T1l3AsS, and Tl3PSey [34,35]. However, the
materials whose acousto-optic properties at 10.6um -have been inves-
tigated in detail to date are limited. Among them, only GaAs and Ge
are practically used as acousto-optic media because of thelr well-
established crystal-growth technology in addition to their relative-
ly excellent acousto-optic properties. On the other hand, Dixon et
al [36] pointed out the excellent properties of single-crystal Te as
an acousto-optic medium. The figure of merit obtained by their
measurements was as large as 4400 x 10718 gec3/g, and remains the
largest value ever measured in these materials [26]. To our knowl-
edge, however, a detailed study has not been made since that time.
Amorphous Se is also of interest at 10.6um because of the following
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several characteristics which crystalline solids can hardly compete
with [25]: (1) availability in large size and in arbitrary shape,
(2) feasibility of annealing to attain optical homogeneity, (3)

easiness in fabrication, and hence (4) low cost.

1.2 Organization of the Thesis

Taking the above-mentioned reasons into account, acousto-optic
properties of single-crystal Te and amorphous Se at 10.6um are
investigated and discussed in detail from an applicational point of
view in this thesis. The thesis is organized into the following
éhapters: In Chap.2, acousto-optic figures of merit and photo-
elastic constants of Te are determined by the Dixon-Cohen method,
and its applicability as an aéousto—optic medium is evaluated.
Chaﬁter 3 puts emphasis on peculiar acousto-optic phenomena result-
ing from the fact that Tesimultaneously possesses both piezoelec-
tricity and semiconductivity, that is, this chapter theoretically
considers the possibility of optical diffraction arising from free-
carrier density waves which accompany piezoelectrically active
acoustic waves propagating in Te and the intensity of such diffrac-
tion is numerically evaluated. Finally, it is shown that an appre-
cilable part of experimentally observed diffraction can be attributed
to this mechanism. Chapter 4 describes an application of superior
acousto-optic properties of Te to nonlinear optical effects and
proposes a novel phase-matching technique utilizing acousto-optic
interactions. Employing this phase-matching technique, relatively
efficient optical second harmonic generation of a 10.6-um light is
experimentally demonstrated. Chapter 5 is devoted to the experi-
mental determination of acousto-optic properties of amorphous Se,
and practical applicability of this material to an acousto-optic
medium for the use at 10.6pum is discussed. In Chap.6, feasibility

4=



of amorphous Se as an optical-waveguide material at 10.6um is
experimentally shown. Based on this result, a photoelastic optical

modulator with a guide structure is constructed, and its modulation

characteristics are measured. The final chapter, Chap.7, summa-

rizes the results and knowledge which are obtained from this work.
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CHAPTER 2

ACOUSTO-OPTIC PROPERTIES OF Te

2.1 Introduction

Recently the interest in elemental crystal Te has considerably
increased as an active optical material for the use in the infrared.
This is mainly because unlike most of other infraréd materials, Te
possesses the following peculiar properties: (1) transparency in the
infrared, (2) exceptionally high refractive indices ( the ordinary
and extraordinary indices at 10.6 uh are respectively n = 4.7939 and
n, = 6.2433, and also see Fig.2.1-1 ) [18,53], (3) anomalously large
optical nonlinearity [54],(4) strong piezoelectricity simultaneously
along with semiconducting properties [55], (5) large optical as well
as electrical anisotropy, and (6) availability in a large size of
crystal. Te occupies the fifty-second place in the periodic table,
and belongs to the VIb group. Crystallized Te has a peculiar hexago-
nal structure as illustrated in Fig.2.1-2. The Te atoms are arranged
in spiral chains which are oriented along the z axis, each atom
sharing covalent bonds with its two nearest neighbors in the chain.
The chains are held together by a combination of Van der Waals and
metallic bonds. The hexagonal lattice is constructed by locating;
each chain at the center and at each of the six corners of the
hexagon. This hexagonal structure is readily revealed by cleaving
a crystal because the relatively weak binding between chains easily
generates planes of cleavage parallel to the z axis. The crystals
have the D3 ( or 32 ) point group symmetry and belong to the trigonal
system. The space group in the Schoenflies notation is denoted by
either Dg or D§, corresponding to the right-handed and left-handed
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spiral structures. The equivalent notation is P3121 and P3521 inithe

Hermann-Mauguin convention. The photoelastic and elastic tensors in
Te are therefore expressed as [15]

P11 P12 P13 P1y O -0

P12 P11 P13 ~Piy O 0

P31 P31 P33 O 0 0

(2.1-1)

Py; =Py O Pyy O 0

0 0 0 0 Puy Pu1

0 0 0 0 P1y %(PII‘PIZ)

( 8 independent components )
and

c11 c12 c13 ciy O 0
€12 €11 c13 =c1y O 0

.3 ¢33 c33 O 0 | 0 ’ (2:1-2)
" Ciy =Ciy O Cyy O 0 o
0o o o 0 Cuy C1y

0 0 0 0 Cry %‘(011"012)

( 6 independent components )

where the matrix notations are employed.

Since Dikon's measurements in 1966 [13], crystalline Te has been
considered as one of the most promising acousto-optic materials at
10.6um because the most of the physical properties required of effi-
cient acousto-optic materials are expected to be satisfied in Te.
Based on this expectation, acousto-optic properties of Te are studied
in detail in this chapter and its feasibility of practical applica-

tions 1is evaluated.
-9=



2.2 Determination of Figures of Merit and Photoelastic Constants
by the Dixon-Cohen Method

In general, two kinds of methods have been usually empioyed to
determine photoelastic constants of materials [1]. One is a static
method and was mainly used in the earlier stage of photoelastic
studies [2-6], while the other is dynamic in nature and was widely
used in more recent years [7-10]. In the dynamic methods, the
intensify of écousto-optically diffracted light from an acoustic-
wave pulse propagating in a standard reference material, usually
water or fused quartz, is compared with the light diffracted from a
similar acoustic pulse propagating in a sample bonded to the refer-
ence material. The ratio of these two light intensities determines
the figure of merit M ( a measure of the inherent diffraction effi-

ciency of material as defined by Eq.(2.2-4) below, and also see
| Appendix ) of the sample with respect to the standard material.
Knowing the parameters appearing in M then enables one to derive a
value for the photoelastic constant. The most simple and accurate.
such technique is the one proposed and discussed by Dixon and Cohen
[10]. It should however be noted that with the dynamic method, it is
generally not possible to determine the sign of the photoelastic |
constans. The acousto-optic measurements for Te which are des-
cribed below were carried out by the Dixon-Cohen method. |

The Te single crystals measured were grown by the Bridgman method
[11] or by the gradual cooling method [12]. The samples were mechan-
ically cut with a stringsaw and then polished into rectangular shape.
After polishing, the samples were etched by concentrated sulphuric
acid at 100°C and then annealed at 300 - 350°C for about 3 days in
order to remove lattice defects induced during the crystal-growth
and successive process. Finally, after the samples were subjected to
the second surface-polishing with 0.3-um aluminum oxide powder,
slight chemical etching with concentrated sulphuric acid was again
-10-



carried out to eliminate a surface damage layer. This etching pro-
cess is essentially important in Te because optical absorption within
the surface damage layer often seriously reduces its infrared trans-
parency. Since crystalline Te is relatively soft ( about 2.5Mohs ),
great care was devoted to minimize a possible occurrence of damage
during mechanical handling like cutting and abrasion. The paralle-
lepiped size of the samples was about XXyxz = 1x1x1.5cm. The
surface orientations were determined with respect to the.cléavage
plane ( the (1010), and hence, y plaﬁe ) ‘and believed to coincide
properly with the corresponding crystallographic planes within an
accuracy of much less than 1°. The electrical conductivity at room
temperature was about l.S(Qcm)'1 along the z axis and about 2.5
(Qem)”! perpendicular to the z axis, repectively.

The experimental procedures were essentially the same as those
used by Dixon et al [10, 13] for longitudinal acoustic waves propa-
gating in the x direction in Te. Figure 2.2-1 shows a plot of the
variation of acoustic phase velocities in Te as a function of propa-
gation direction in the x -2z and y -2z planes. 6 is the angle between
the propagation direction and the z axis. These curves were numeri-
cally calculated using the Christoffel secular equation [14-16] and
the values for the elastic constants of Te at 300°K. The elastic
constants used in the calculation were determined, as listed in

Table 2.1, from the following formulas due to Malgrange et al [17].
c;1=3.76-1.65x10"3T,  C12=0.924-0,23x10"%T,
c13=2.88-1,29x10"3T, |cjy=1.43-0.645x10"3T,  (2.2-1)
c33=7.85-2.10x10"3 T, cyy = 3.55-1,43x1073T,

where T is the absolute temperature and ¢ are measured in the

T
unit of 10!0N/m?. The points indicated by the symbols L and S
in Fig.2.2-1 denote the propagation directions of longitudinal waves

and shear waves, respectively. The acoustic wave propagates as a
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Ar=0-6328 um i Fig.2.2-2 Dixon-Cohen method.
=0- /
\ ;
|~
\
\—LiNbO:

Table 2.1 Elastic constants of Te ( 300°K).

C11 C1i2 C13 ley] C33 Cyy

3.27 0.86 2.49 1.24 7.22 - 3.12

Cij in the unit of 1010 N/m2, p= 6.25g/cm3.
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quasimode in the other directions. In the present experiments, two
pure longitudinal waves that have ' an energy flow inthe same direc-
tion as the wave propagation were chosen because of the limitations
of the sample size and to make the measurements and the following
analysis less complicated: The first is a longitudinal wave propa-
gating along the x axis with the velocity of 2.29 x105 cm/sec and
the second is a longitudinal wave propagating along the z axis with
the velocity of 3.40 x10° cm/sec .

Figure 2.2-2 shows the schematic illustration of the Dixon-Cohen
method employed in the measurements. A fused quartz buffer rod was
used as a standard reference material. Two 36°-rotated y-cut LiNbOj
transducers with fundamental frequencies of 28 and 42 MHz were
alternately bonded to the buffer rod to generate the above longitu-
dinal waves. The experiments were carried out using these fundamen-
tal frequencies and their third overtones. The acoustic contact
between the Te samples and the fused quartz was achieved by phenyl-
salicylate or epoxy resin bonds. Coherent light sources were a 0.6328-
um He-Ne laser for the fused quartz and a 10.6-um cw CO, laser for
the Te samples. The incident linearly polarized CO; laser beam had
a well-collimated spot diameter of about 1lmm at the sample input
face. The direction of the polarization was adjusted by rotating a
NaCl Brewster plate inserted in the laser cavity. Since the optical
losses ' for an extraordinarily polarized light ( i.e., E A’Z?axis )
in Te increase rapidly with increasing temperature due to the inter-
valence band transition located at 11 um [18,19], the incident optical
power was carefuily maintained at less than a few hundred mW using an
optical attenuator constructed with silicon plates to avoid an
increase in the sample temperature due to optical absorption. The
10.6-um light was detected by a HgCdTe photoconductive infrared
detector FUJITSU HCO050C4.,

When the ratio of the first-order diffracted light intensity to
that of the zeroth order without the acoustic field, I, /Ij, is much
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less than unity, Eq.(A-34) in Appendix can be approximated as
I, = Iy (n2/2 %) (L/H) MP, & C(2.2-2)

~ where A¢ 1s the wavelength of the incident light in vacuum, L and
H are the width and height of the acoustic beam, and M 1is the

' figure of merit of the material. Therefore, the first—order dif-
fracted intensity I; is proportional to the acoustic power P, , and
hence, to the input electrical power applied to the transducer. For

the geometry shown in Fig.2.2-2 under such conditions, we have Eq.
(2.2—3)_ as below for the figures of merit Mt and Mg [13]:

MT/MF = O‘T/AF)Z {1(2). I(3) /I(l)- I('+) ]1/9_ (2.2-3)
and
M = nbp2/pv3 (2.2-4)

with Ap=10.6 ym and Ap=0.6328 um, where the subscripts T and

F stand for Te and the fused quartz, A's are the optical wave-.
lengths in vacuum, n is the refractive index, p is the photo-
elastic constant, p is the density, and- v 1is the acoustic velocity.
As shown in Fig.2.2-2, 1(2) and 1(3) are the relative first-order
diffracted 1light intensities for Te due to the acoustic pulse outgo-
ing from the transducer and due to the pulse reflected from the free
end of the Te, respectively. Similarly, I(l) and I(q) are the rela-
tive first-order diffracted intensities for the fused quartz due to
the outgoing pulse and due to the reflected pulse, respectively.

The value of [ I(z)-I(s) /I(l)-I(q) 11/2  does not depend on the
quality of the bond at the interface between Te and the fused quartz,
nor on the acoustic loss in the materials provided only that the

acoustic transmission through the bond is reciprocal. Consequently,

the figure of merit My for Te is determined from the measurements
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1 2 "
of I( ), I< ), 1(3)’ and I( ) with the standard value for My (=1.56

x 10~18 sec3/g) .

2.3 Experimental Results

Figure 2.3-1 shows one of the results obtained by the Dixon-
Cohen method for longitudinal acoustic waves propagating along the

z axils, where the incident 10.6-um light was transmitted in the y
direction with the polarization parallel to the x axis. The linear

1
( ), I(z), 1(3), and I(u) on the input electrical

dependence of I
power applied to the piezoelectric transducer assures the validity of
the application of Eq.(2.2-3). .The calculation employing the method
of least squares gives My /Mp=670, and hence, Mg =1050 10" 8gec3
/g. The photoelastic tensor components relating to the diffraction

geometry are pj3 for Te and p;; for the fused-quartz,

15.0 T T T T T T T
. ) LONGITUDINAL -
L O FUSED QUARTZ .
g _ ® Te i
x - -4
100 ™ -

o
o

RELATIVE INTENSITY OF DIFFRACTED LIGHT,

] 1 1 | |
0 1 2 3 4 5 6 7 8
INPUT ELECTRICAL POWER ( ARB.UNIT)

Fig.2,3-1 Relations between relative intensity of the first-order
diffracted light and electrical input power applied to the trans-
ducer.
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Table 2.2 Acousto-optic properties of Te.

Acoustic wave

Optical wave (10.6 um)

Figures of merit

Polarization Velocity Refrac
and propagation v Incident Polarization  tive index M M’ M*
direction (10°cm/sec)  direction direction n Py (sec’/g) (cm? sec/g) (cm sec’/g)
Long. 229 y x 4.7939 Pu 4360x 107" 11000107  4790x 10"
inx 4400 (Dixon) 10200 (Dixon) 4640 (Dixon)
z y 4.7939 Pu 3090 7770 3390
y z 6.2433 ' 5850 19200 8360
Long. 3.40 y x 4.7939 P 1050 5820 1710
inz y z 6.2433 Py 368 2660 781

p=6.25g/cm3, M=n®p2/pv3, M' =n’ p?/pv, and M"=n’ p?/pv2.



The other figures of merit determined by the similar procedures
are tabulated in Table 2.2 together with the results obtained by
Dixon [20]. The photoelastic components relating to the diffraction
are also shown in Table 2.2. In what follows, we shall adopt the
notation Mjj as the relevant figure of merit for the photoelastic

component p In the results determined for longitudinal waves in

the x dirctiiﬂ, the value of 4360 x 10" !8sec3/g obtained for M;; is in
good agreement with the value reported by Dixon within the estimated
experimental error of less than 15%. In order to check the accura-
cy of the above-obtained M3;, the value for M3) relative to that for
M;) was re-estimated by measuring the change in the relative dif~
fracted light inﬁensity occurring when the polarization direction of
the incident light was rotated by 90° from the x to the z direction
keeping other configurations and conditions the same. In this mea-
surement, the transducer had been bonded directly onto the x face of the
Te sample. The obtained I vs P, relations are shown in Fig.2.3-2.

The calculation using Eq.(2.2-2) reveals that the ratio of M3; to

- .
& T T T T T T 1
Jo
al
o x 60 -
5 M3
9 )
= L
o
3 Mn
o -
o 40
o
S
[ 3
0
4
§ 2.0}~ -
w
Z 4
<
o | L | | | | | |
0 1 2 3 4 5 6 7 8 9

INPUT ACOUSTIC POWER, Pa
( ARB. UNIT)

Fig.2.3-2 Relations between relative intensity of the first-order
diffracted 1light and input acoustic power,
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M;; coincides very closely with that obtained by the Dixon-Cohen
method. In a similar way, the ratio of Mz; to M;3 was also re-esti-
mated by rotating the polarization of the incident light by 90°,
maintaining other conditions the same. The obtained I vs P, charac-
teristics are shown in Fig.2.3-3, from which we have M;3/M33=2.86,
being in fair agreement with the values in Table 2.2.

The theory given in Appendix shows that the diffraction effi-
ciency n ( defined as I; /Iy of Eq.(2.2-2) ) of an acousto-optic
device decreases with increasing optical wavelength since in the
Bragg limit, n is a sine function of a quantity inversely propor-:
tional to on [21]. From a practical point of view, therefore, the
existence of an acousto-optic material with a large figure of merit
is much more imperative in the infrared region than in the visible.
The present experimental results have revealed that Te possesses
large enough figures of merit to compensate for the above reduction
in the efficiency due to the longer operating wavelength. As under-
stood from Eq.(2.2-4), this is mainly a result of its relatively

-
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Fig.2.3-3 Relations between relative intensity of the first-order .
diffracted light and input acoustic power.
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slow acoustic velocities and anomalously large refractive indices.
For example, in the figures of merit obtained for a longitudinal
acoustic wave propagating in the x direction, the value of 5850 x

10~ 18sec3/g for M3, is the largest ever reported, where the rele-
vant refractive index and acoustic velocity are ne=6.2433 and v
=2,29 x 10° cm/sec, respectively. Under these geometrical conditionms,
a calculation employing Eq.(A-34) in Appendix shows that the acous-

tic power required to deflect all the incident 10.6-um light is only
9.6 W when the cross section of the acoustic beam is assumed square.

On the whole, the figures of merit relating to the acoustic wave
propagating in the x direction are larger than those for the acous-
tic wave in the z direction. This 1s due mostly to the difference

of the two acoustic velocities.
The figure of merit M defined by Eq.(2.2-4) which has been refer-
red to above is only a measure of the inherent diffraction efficien-

cy of the material, independent of geometry or other factors.
Besides the values of M, Table 2.2 also tabulates the calculated
values for two other commonly used figures of merit M' and M" ., The

second figure of merit,
M=n"p2/pv, (2.3-1)

was introduced by Gordon for the specific device applications in
which the diffraction bandwidth as well as the diffraction efficien-
cy is important [22]., The third figure of merit,

M"= n’p2 /pv?, o (2.3-2)

was defined by Dixon [20] for the case where the acoustic beam
height is as small as the optical beam diamerer. It is noted that
all the figures of merit except those relating to p33 have excep-
tionally large values in Te. ( See also Fig.2.6-2.)

On the other hand, Te has some drawbacks as an acousto-optic

-19-



Table 2.3 Photoelastic constants of Te.

P11 P12 P13 P31 P33 Py Py1 Pyy
0.164 0.138 0.146 0.086 0.038 - - -

0.155% 0.130%

% The values determined by Dixon [20]. )

medium. One of them is its relatively high acoustic attenuation as
will be discussed in Sec.2.6. The other is the fact that the opti~
cal absorption for extraordinarily polarized light at 10.6 um 1is not
very sﬁall except when the material is cooled, due to an absorption
band centered at 11 um [18,19]. 1In our crystal, the absorption
coefficient for extraordinarily polarized light at 10.6 um was about
4 em~! at room temperature, wnile it was about 0.5cm™! for ordina-
rily polarized light. In spite of these drawbacks, however, the
large values of the figures of merit still make Te very attractive
for device applications in the infrared region. ‘

Utilizing Eq.(2.2-4), five of the eight independent Pockels
photoelastic tensor components of Te were calculated from the above-
obtained figures of merit and are listed in Table 2.3 togther with
Dixon{s values [20]. Since the measurements by the Dixon-Cohen
method inherently yield only a numerical value for a photoelastic
constant, the absolute signs are still indeterminate. The estimated
experimental error is less than 157 for all the constants except
for p;o, which is influenced by optical activity as discussed in the
next section. A large part of the experimental error is due to the
imperfection of the experimental arrangement. Since the 10.6-um
laser beam was invisible, it was not easy to satisfy the phase-
matching conditions (or equivalently, the Bragg conditions ) required
for the acousto-optic diffraction precisely.

For the determination of the rest of the independent photo-
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elastic constants ( i.e., Pyy, Py), and Pyy ), it would be neces-
sary to work with anisotropic Bragg diffraction. However, since the

birefringence of Te is exceptionally large ( about 160 times that of
a—-quartz crystal ), the acoustic frequencies required for these mea-
surements become so high that the increase in the acoustic loss

would preclude the precise determination of those constants.

2.4 Influence of Optical Activity

When linearly polarized monochromatic light is transmitted
through certain isotropic materials it is sometimes found that the
plane of polarization is rotated as the light is propageted through
the materials [2]. This is the phenomenon.known as optical activity
or optical rotation. For the linearly polarized 1light incident upon
anisotropic crystals like Te, which have both optical activity and
birefringence, the emergent light is in general elliptically polar=
ized by the birefringence and the major axis of the ellipse is ro-
tated out of the incident plane of polarization by the optical
activity. The existence of the birefringence has its effect only on
the shape of the ‘ellipse, and the direction of its major axis is
determined only by the optical activity.

As mentioned in Sec.2.l, Te crystal has a peculiar spiral
structure belonging to an enantiomorphous class and therefore shows
strong optical activity [23-28]. However, since the birefringence
in Te is anomalously large, the effect of the optical activity is
considerably masked by the birefringence for a linearly polarized
incident light transmitting at an angle to the optic axis ( and
hence, the z axis ). Consequently, the optical activity can be ob-
served only when the incident light is transmitted very closely to
the optic axis where the ordinary birefrigence vanishes [2].

The specific rotatory power B ( defined as the rotation angle

=21~



of the polarization plane per unit transmission length ) due to the
optical activity in Te was measured for the first time by Nomura
[23] and the existence of both levo- and dextrorotatory crystals was
experimentaliy demonstrated at the wavelengths between 4 and 7 um.
In his results, however, there exists a considerable discrepancy
between the magnitude of the levorotatory power and that of the
dextrorotatory power even at the same wavelength, i.e., the dextro-
rotatory power is always less than the levorotatory power. This is
shown by the solid curves in Fig.2.4-1. As in the case of a-quartz,
it is the above-mentioned enantiomorphous spiral structure that is
responsible for the optical activity, the individual Te atoms them-
selves being of course optically inactive. Furthermore, both kinds
of enantiomorphous crystals, i.e., D% and Dg have exactly the same
Bravais lattice, except for their handedness. Consequently, the

above discrepancy in Nomura's results seems to be quite unreasonable.
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Natori [29,30] developed the general theory of the optical activity
based on the electronic energy band theory. He applied this theory
to Te and showed that most part of the optical rotatory dispersion
of Te crystal could be explained by the k-linear term in the E
versus k relation near the point H of the Brillouin zone, leading to
the conclusion that the discrepancy in Nomura's results should be
attributed to experimental error.

In the determinations of M;, and p;, as described in Sec.2.3, a
question arose about the effects of the optical activity since the
incident and the diffracted lights were transmitted nearly along the
optic axis ( or the z axis ). To make this point clear, the specif-
ic rotatory power B was measured using two dextrorotatory and three
levorotatory Te crystals [2,25]. The Te crystals measured were
grown by the Bridgman method. The handedness of the crystals was
determined from the etch pits produced on the cleavage plane by con-
centrated sulphuric acid at 100°C [32,33]. Because the shapes of
the etch pits on levo- and dextrorotatory crystals are mirror images
of each other as shown in Fig.2.4-2, the two types of crystals can
be easily distinguished from each other [31]. The samples were
mechanically cut and polished into thin plates with the plane-

(a)

Fig.2.4-2 Etch pits produced on the cleavage plane. (a) Dextro-
rotatory crystal; (b) Levorotatory crystal.
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parallel faces oriented on the (0001) plane. The orientation of the
sample faces was determined with an accuracy of better than 0.5°
with repect to the (0001) plane. The measurements were performed
~using a Jasco, Model SS-50, single-beam infrared spectrometer at
wavelengths between 4.0 and 9.0 ym, and a CO, laser at 10.6 um.
Linearly polarized radiation was produced using a AgCl polarizer.
The angle of rotation of the polarization plane due to optical ac-
tivity was measured with a Se thin-film polarizer [34-36] construc-
ted by the present author.

. Figure 2.4-1 shows the dispersion of the specific rotatory pow-
er B measured along the z axis; The signs of the dextro- and
levorotatory powers are negative and positive, respectively, accord-
ing to the conventional definition [2]. The values obtained are
believed to be accurate within *+1, 5 deg/mm at wavelengthbetween 4.0
and 9.0 um, and within Fo, 2deg/mm at 10.6 Hm. 'The rotatory power
at 10 6um was thus determined as |B|=9 0+ o. 2deg/mm. In con-
trast to Nomura [23], the results obtained here confirm that the
levo- and the dextrorotatory powers coincide fairly well with each
other in their magnitudes, which may obviously allow us to conclude
that there exists no substantial difference between the two kinds of
rotatory powers, except for their signs. The dispersion data ob-
tained here show an excellent agreement with the levorotatory curve
given by Nomura.

It is known that the rotatory power of nonmetallic materials
along the optic axis in the low-absorption region is represented by
the following phenomenological Chandrasekhar dispersion formula
based on the classical coupled-oscillator model [37, 38]:

B =) ‘ (rad/mm),

where k, 1is a constant corresponding to the characteristic absorp-

-2



tion wavelength Ar in um, the summation being performed over all the
r absorption wavelengths. It is found from the present results that
the rotatory dispersion of Te is also well represented by the
Chandrasekhar formula with two oscillators. The constants that fit

the experimental data ( except for wavelengths shorter than 4.3 ym )
are

A

2. 563 le, Az = 1‘141 le,

k; = 9.66, and k, = 9.42,

In an optically uniaxial crystal such as Te, the light trans-
mitted in a general direction is, in general, broken up into two
elliptically polarized waves that travel with different velocities.
The simple way to estimate the effects of the optical activity on
the acousto-optic diffraction is to investigate the ellipticity v
( the ratio of the minor to the major axis ) of these two wave com-
ponents. In Te, vy depends only on the angle, 6, between the wave
normal and the optic axis as

3/
= tan[%%tan'l((gllsin264-g33cosze) X )1 (2.4-1)

no3(1 - x1/2)

<
|

and

b
]

where g;; and gg33 are the components of a gyration tensor, and ng
and n, are the ordinary and extraordinary refractive indices, re-

spectively. The following relation holds between the gyration £33
and the rotatory power B [2]:

833 = AgngB/m. (2.4-3)
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Figure 2.4-3 shows the dispersion of the gyration tensor component
|g33| which is calculated according to Eq.(2.4-3) using the specific
rotatofy power data given in Fig.2.4-1 and the fefractivevindices
determined by Caldwell et al [18]. In this way, we have |g33|
= (2.54 * 0.06) x10~3 at 10.6 um. Though the actual magnitude of
g11 is still unknown, the first term g11sin26 in the small paren-
theses on the right-hand side of Eq.(2.4-1) can be dropped because
we are interested in the behavior only in the vicinity of the optic
axis ( sin28 « 1 ). Calculation of Eq.(2.4-1) with this approxi-
mation yeilds the dependence of the ellipticity y on 6 as in Fig.
2.4-4, The light transmitted exactly along the optic axis splits
into two circulérly polarized components with vy = 1. For 6 larger
than several degrees, y rapidly approaches zero, and the two wave
components are very closely linearly polarized.

Exactly speaking, in the measurements of Mjs, the propagation
direction of the incident and the diffracted light actually differs
from the optic axis by the magnitude of the Bragg angle O3 as

6 = sin~1( xo £/2nv), (2.4-4)

Because a photoelastic constant Py is a quantity defined with re-
spect to a linearly polarized wave, there arises some deterioration
in the accuracy of the deduced value for p;s due to the existence of
the optical activity. For obtaining an accurate result, the propa-
gation directions of both the incident and diffracted lights must be
inclined from the optic axis as far as possible by utilizing a large
Bragg angle.. For an 84 MHz longitudinal wave in the x direction
which was used in the measufements for My, Eq.(2.4-4) yields 6y

= 2.3° and My, was determined to be 3090 x 10”18 sec3/g. Though the
ellipticity corresponding to this 6p is small, vy = 0.14, the light
is not strictly linearly polarized. Therefore, the corresponding

p1o contains a small additional error in the determined value due to
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the optical activity. Thus, the total error for p;; is estimated as
less than 25 7.

2.5 Application to Acousto-Optic Deflector

One of the most important device applications of acousto-optic
effect in a medium is a light deflector. There have been several
methods of deflecting a light beam to a given position in a space.
The techniques may be divided into three groups [21]: mechanical
electro-optic, and acousto-optic ones. Among them, the acousto-
optic deflector has the following several advantages [21]: (1)ca-
pability of rather high capacity of signal processing, (2) ease in
control of deflection modes and position, (3) simple structure of
deflector element, and (4) wide variety of usage.

Figures 2.5-1 (a) and (b) show a schematic illustration and
photograph of the Te acousto-optic light deflector fabricated for

INCIDENT
LIGHT

(a) (b)

Fig.2.5-1 A schematic illustration (a) and photograph (b) of a Te
acousto-optic light deflector fabricated for the use at 10.6 um.
The coordinate axes denote the crystallographic orientation for the
Te crystal. The element sizes are axbxc=5.89x6.61x5,49mm for
the Te crystal and LxH=5.06 x4.12mm for the LiNbO3 transducer

( 36°-rotated y cut. The fundamental frequency is 13MHz ). A piece
of a Te crystal is cemented as an acoustic absorber.

=) Qi




10.6-um radiation, based on the experimental results described in
Sec.2.3. The coordinate axes denote the crystallographic orienta-
tion of the Te crystal. The element size is a=5.89mm along the x
axls, b=6.61mm along the y axis, and c=5.49mm along the z axis.
The longitudinal wave in the x direction was produced by bonding a
36°-rotated y-cut LiNbO3 transducer on the x face with epoxy resin.
The fundamental frequency and the size of the transducer are 13 MHz
and LxH=5,06x4.12mm, respectively. A plece of a Te crystal
obliquely cut and polished was cemented onto the opposite face as an
acoustic absorber. Figure 2.5-2 shows the 13-MHz rf-electrical
input pulse applied to the transducer and the first-order diffracted
light pulse. The suppression of the reflected acoustic wave by the
use of the absorber was about 10 dB.

As described in Appendix, a useful criterion to determine in
which regime (Bragg or Raman-Nath) an acousto-optic deflector oper- -
ates was given by Klein and Cook [39] as the value of Q=K2L/k,
where K and k are the wave number of the acoustic wave and the light
in the medium, respectively. For a center frequency of 13 MHz and
ordinarily polarized incident light, Q= 2.26. Therefore, the dif-
fraction occurs in the transition region near the Raman-Nath region.

Fig.2.5-2 The wave forms obtained
with the Te acousto-optic deflec-

Ié\ tor. The upper trace is the elec-
o /55" AT trical rf pulse applied to the
i T N transducer. The lower is the
P T l— first-order diffracted optical
: signal.

——— 10 usec/div
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Fig.2.5-3 Arrangement for the diffraction experiments.

ECHO PULSE

TRIGGER PULSE

Figure 2.5-3 illustrates the arrangement for the diffraction experi-
ments. Figure 2.5-4 shows the angular distribution of the diffrac-
ted light which was obtained when the input light was incident
normal to the x-z plane with the polarization parallel to the x axis.
Figure 2.5-5 plots the measured diffraction angles, where the theo-
retical curves are obtained from Eq.(A-13) in Appendix with 6( =0,
The existence of diffracted light from the negative third to the
positive third order confirms that the operation was actually per-
formed in the transition region. The diffracted light intensity of
the first order is shown in Fig.2.5-6 as a function of the input
acoustic power. The solid curve indicates the theoretical result
obtained from the numerical calculation employing the Klein-Cook
analysis under Q=2.26, as given in Appendix [39]. The electrical
impedance of the transducer was matched to the 50 & electrical
source through the MATEC matching network MODEL MN70. The figure of

merit corresponding to this diffraction geometry is M) =4360 x10”18
sec3/g.
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Fig.2.5-7 Angular distribution of the diffracted light intensi-
ties. The angles were measured outside the medium.

For operation using the third overtone at 38 MHz, Q=19.4 >4m,
and therefore, diffraction occurs in the Bragg region as shown in
Fig.2.5-7, where the incident light was transmitted at the Bragg
angle (=5.0° outside the crystal) to the acoustic wave. The ex-
perimental determination of the diffraction bandwidth Af was not
attempted since it was not obtainable with our present experimental
apparatus. However, assuming that the acoustic power is constant
throughout the whole frequency region, or in other words, when the
transducer possesses a sufficiently wide bandwidth, the 3-dB-
frequency bandwidth Af due to the Bragg-angle limitation can be
calculated from the relation [22]:

Af = 1.8nv? cosBy/A £y L. (2.5-1)

For a center frequency f£;=38Miz, an acoustic velocity v=2.29
x 10° cm/sec, the refractive index n=4.,7939, the interaction length
L=5.06 mm, and cosfg =cosfg =1, we obtain the value Af =22 MHz.
Since the deflection angle 64, which is defined as the anglhe‘between

the undiffracted beam and the first-order diffracted beam, is equal
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to twice the Bragg angle 6g, i.e., 68q = 26g = 2sin~1(Ag £/2V)

( outside the medium ), the maximum controllable range of the deflec-
tion angle without depletion of the diffraction intensity is obtained
as

ABq = Ao Af/v. (2.5-2)

For the present deflector with Af =22 Miz, Eq.(2.5-2) gives 284 =5.8%
This means that for the incident angle fixed at og =5.0°, the deflec-
tion angle in the range between 7.2° and 13.0° can be arbitrarily
accessed with constant diffraction intensity only by changing the
driving acoustic frequency from 27 to 49 MHz. Outside this frequen-

cy region, the diffraction intensity rapidly decreases because of
the deviation from the Bragg condition.

In an acousto-optic deflection system, there are two most im-

portant performance parameters [21,40]: resolution and access time.
Resolution, or the maximum number of resolvable angular positions,
can be found from the relation [21]:

N = DAf/v, - : ‘ (2.5-3)

where D 1s the width of the incident light beam in the plane of
deflection. The access time of the deflector is a measure of the
speed of the deflector and is equal to the transit time of the acous-

tic wave across the optical beam, i.e.,
T = D/V . (2.5-4)

Equations (2.5-3) and (2.5-4) manifest that there is a conflicting

relation between large resolution and short access time. Since we
have Af = N/t from Egs.(2.5-3) and (2.5-4), the deflector with

large Af 1in general possesses a large resolution and short access
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time. Besides, as discussed in Sec.2.3, since Af is approximately
proportional to the second figure of merit M', it is necessary to
obtain a material with large M' in order to realize an acousto-optic
deflector with large Af. The results given in Table 2.2 show that
\\Te is one of the materials which fulfill this requirenent.
When a rectangular incident beam with a width D of 5mm is
used, Eqs.(2.5-3) and (2.5-4) reveal that the deflector shown in
 Fig.2.5-1 can resolve about 50 spots with an access time of about 2
usec. The calculation also shows that an acoustic power of 10.5W
is needed to deflect 100 % of the incident 10,6-ym beam.
Figure 2.5-8 shows the relation between the observed and calcu-

lated Bragg angles as a function of acoustic frequency.

2.6 Discussion

Besides figures of merit which have been discussed in Sec.2.3,
another important property that an acousto-optic material must

possess is a low acoustic loss at high frequencies. Figure 2.6-1

-34-



shows the frequency dependence of acoustic attenuation for longitu-
dinal waves propagating in the x and in the z direction and a shear
wave propagating in the y direction. The latter shear wave is the
one shown in Fig.2.2-1 and is simple to experiment with because the
displacement direction is parallel to the x axis. The attenuation
gonstants in Fig.2.6-1 are obtained by the pulse-echo method and
increase approximately as the square of the frequency [41,42].

Table 2.4 lists the attenuation constants at 100 MHz and I'. T is the

—

00

Shear (Y)
Long.(X)

-
=)
{

Fig.2.6-1 Acoustic attenuation in
Te as a function of acoustic fre-
quency; O this work, @ after
Reiber {42].

-

ACOUSTIC ATTENUATION, QL (dB/cm )

04
10 10? 10*
FREQUENCY (MHz)

Table 2.4 Acoustic waves in Te.

Polarization Velocity Mechanical Attenuation T
and propagation 5 impedance at 100 MHz 2
direction (10 (108 (dB/cm) (dB/cm GHz%)
cm/sec) 2
kg/sec m®)
long. in x 2.29 14,3 4,2 420
long. in z 3.40 21.3 0.46 46
shear in y 1.39 8.7 13.0 1300

-35=-



acoustic attenuation constant at 1 GHz obtained on the assumption
that the attenuation is proportional to the square of the frequency.
Contrary to previous expectations [13,20,43], these relatively high
attenuation constants in Te may restrict the usable frequency to a
somewhat lower range except for the case of a longitudinal wave
propagating in the z direction. In Fig.2.6-2, the relation between
M and T is plotted for the five figures of merit in Te and for sev-
eral other infrared materials of interest which possess relatively
well-established acousto-optic data at 10.6 um [20,21,41,44-46]. It
is empirically known that the requirement of low acoustic attenua-
tion and large figure of merit, as a rule, conflict with each other
[20,21]. Figure 2.6-2 shows that this tendency holds true also in
Te. _ A
There are two contributions that are considered as being most
responsible for the acoustic loss mechanism in Te. According to
Reibef'[42], the major part of the loss at room temperature can be
attributed to ‘the phonon-phonon interaction similar to that theoret-
ically treated by Woodruff and Ehrenreich [47], which is often

referred to as the Akhieser loss and expressed by

10*
- oM 3
£ Te oMt ]
—~ F oMz 4
§n& Te M3 :
[3) - -
& E Gee Haareus 3 Fig.2.6-2 Relation between figure
Lo ° ] of merit and acoustic attenuation
2 Te M33
< for various acousto-optic materials
L]
=107 GaAs = measured at 10.6 ym. = The open
e F ] circles denote the values for Te.
& [ ]
=
=t
o
wio e
3 B esi E
w [ o CdS
aual sl MUY
10 10 10°
ACOUSTIC ATTENUATION I
(dB/cm-GHz? )
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a=y2wA2v<T/pv5 (wpat « 1), (2.6~1)

where wp 1s the acoustic frequency, vy is Gruneisen's constant, T
is the absolute temperature, ¢ is the thermal conductivity, and T
is the phonon relaxation time. TFor the longitudinal wave propaga-
ting in the x direction and for the shear wave propagating in the y
direction, however, additional loss arises due to the plezoelectric
coupling between the acoustic waves and the mobile charge carriers
because these two waves are plezoelectrically active [48]. The at-
tenuation for this case was theoretically derived by Fink and Quentin

[49] for Te at room temperature, it can be approximated as
a=eduw?2/2pv30, (2.6-2)

where e 1is the piezoelectxic_constant, and c. is theveieééyicél
conductivity, Equaﬁioqv(Z.é-Z) shdws that thevohly possiblé way.to
lessen the acoustic attenuation is to realize-aswhigh,a.éghdﬁctivity
as possible; for example, by dopiﬁg with Sb as an impﬁr;ty é£pce';he
conductivity is the only controllable physical parametef. Tﬂis tech-
nique will be especially important when using Te at lower tempera-
ture since the acoustic loss given by Eq.(2.6-2) incréases with de-
creasing temperature due to the temperature dependence of the con-
ductivity. | , i

In Sec.2.5, we have seen that the maximum number of resolvable
spots is determined.by Eq.(2.5-3). In some device applications.where
the speed of deflector is not a major importance, thé resolutionAis
also limited by the acoustic attenuation at high frequency. As a
tentative limit for the attenuation, aD=3,3dB is often used as a
practically torelable value, where a is the acoustic attenuation
in dB per unit length, D 1is the width of the incident light beam

in the plane of deflection, and therefore, a D is the attenuation
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Fig.2.6-3 Relation between number of resolvable spots,
N, and acoustic frequency.

that the acoustic wave suffers while it traverses the incident beam

(21,40]. Besides, as discussed by Uchida et al [21], if we assume
Af is limited only by the bandwidth of the transducer responsé, and
typically Af=fy/2 ( a fractional bandwidth of 50% ), we can modi-

fy Eq.(2.5-3) to become
N=(1.06 / vT £ )x10%, (2.6-3)

where fg 1s the center frequency in GHz. Thus, Eq.(2.6-3) deter-

mines the resolution in high frequency range, For the resolution at
low frequency, if we choose D as 5cm according to the convention

[21]*, We have

N = ( 2.50 £, /v ) x10%. (2.6-4)

* To estimate a potential spatial-resolution of a deflector, D=5cm
is conventionally used as a standard value for an incident beam—
width [21].
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The obtainable resolutions determined from Eqs.(2.6-3) and (2.6-4)
are plotted in Fig.2.6-3 as a function of acoustic frequency for Te

and the other materials which are shown in Fig.2.6-2. The maximum

attainable value of N 1is realized at fo==0.65/(I‘)1/2 as
Npax = ( 1.63 /v r1/2) x109. (2.6-5)

Though CdS and Si are the materials which possess the largest resolu-
tions, they may be of no practical importance because, as can be
understood from Fig.2.6-2, the figures of merit M of these materi-
als are considerably small compared with Te and the rest of the
materials. For a longitudinal wave in the z direction in Te, Np,y
is about 700 at £3 =96 MHz and larger than the values in Ge (Np,x
=540) and GaAs (Np,,=560).  On the other hand, Np,y 1is about 350
at 32MHz for a longitudinal wave in the x direction in Te.

2.7 Concluding Remarks

In conclusion, in order to avoid the harmuful influence of an
optical attenuation due to the absorption band centered at 11 uym, the
use of an ordinarily polarized beam is preferred to the use of an
extraordinarily polarized one as an incident light. Furthermore,
for device applications where only the driving-power consideration is
important, appropriate deflector configurations may be those utiliz-
ing a longitudinal wave in the x direction and the corresponding
large value of M;,. On the other hand, the deflector utilizing a
longitudinal wave in the z direction and M;; has an advantage for the
applications which require operations with large resolution, large
bandwidth, and short access time.

In addition to its possible use as an infrared acousto-optic

medium utilizing normal Bragg diffraction as described thus far
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in this chapter, the single-ctystal Te also possesses one of the sym-
metries ‘that allow the use of anisotropic Bragg diffraction. 1In’
many anisotropic acousto-optic materials, the use of anisotropic
Bragg diffraction has been of interest since it enables one to design
wide-bandwidth deflectors. In such deflectors, the center frequency
is given by fo=v (] ng2 - neg? | )1/2/ 1o [43]. However, since the
birefringence of Te is very large, the required £ in general
becomes so high that the increase of the acoustic attenuation makes-
the practical application questionable. The longitudinal wave -
propagating along the x axis, for instance, can produce the aniso-
tropic Bragg diffraction for the light beam traveling in the z plane
due to the photoelastic component D, ,. Figure 2.6-4 shows the
anglés of incidence and diffraction for this anisotropic Bragg dif-
fraction which are calculated using Eqs.(3.2-42) and (3.2-43) in
Chap.3, from which the center frequency. f; can be obtained :as the
frequency at which the angle of diffraction equals zero. The corre-
sponding £ is therefore 864 MHz, for which the acoustic attenua-
tion is calculated as high as about 310 dB/cm. On the other hand,
anisotropic Bragg diffraction utilizing the strong optical activity
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in Te is worth considering since £, can be significantly reduced as
has been suggested by Warner et al [50] and by Yano et al [51,52] for
the case of TeO3.
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CHAPTER 3

PHOTOELASTICITY AND ACOUSTO-OPTIC DIFFRACTION INFLUENCED BY
SIMULTANEOUS PRESENCE OF PIEZOELECTRICITY AND CONDUCTIVITY

IN PIEZOELECTRIC SEMICONDUCTOR Te

3.1 Introduction

As has been seen in Chap.2, an elastic deformation accompanying
an acoustic mode traveling in a medium gives rise to optical scatter-
ing phenomena, known as Brillouin scattering or acousto-optic dif-
fraction. The physical mechanism of these scattering phenomena in
an anisotropic crystal can best be described in terms of the time-
space fluctuations in the inverse dielectric constant of the crystal.
Especially, as discussed by Keller [1-3], in strong piezoelectric
semiconductors three effects can contribute significantly to these

fluctuations:
A/ = /gy + 2@/0f8 + s/ois (3.1-1)

where A(l/K)ij is the change in the inverse dielectric constant at an
optical frequency caused by the elastic deformation. ( Hereinafter,
a dielectric constant at an opticl frequency will be designated by
Kij and we shall retain €14 to mean that at an acoustic frequency. )
The first term, A(l/K)gj, represents the direct photoelastic effect
arising from the fluctuations in the strgin ( or, equivalently, the
Pockels photoelasticity ) and the mean rotation of the volume
element. The formulation of the direct effect was derived by Nelson

and Lax [4-6] on the phenomenological basis as
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d _
A(l/K)ij S Py Sy t Pe1y) k1] Rrri]

= p(ij)kl uk’]_ ’ (3.1-2)

where the summation convention has been used. p(ij)(kl) in the first
term is the Pockels photoelastic tensor component and p(ij)[kl] in

the second term represents the photoelastic tensor due to the rota-

tional contribution. The infinitesimal strain and mean rotation are

defined, respectively, by

1
??( uk’l + ul,k ) (3'1-3)

S (k1)

and

Rrki1] %( ug,1 - Uk ) - (3.1-4)

Parentheses enclosing subscripts indicate symmetry upon interchange
of the subscripts, while bracketed subscripts indicate antisymmetry
upon interchange. The gradient of the displacement vector up of the
acoustic wave is denoted by uk,l_Eauk/axl « The antisymmetric part

P(ij)[ki] of the total photoelastic tensor can be calculated simply
from the optical dielectric tensor [4~6]:

1
P(1j) [k1] < 2 [(l/K)il ij + (l/K)lj ‘Sik

-(I/K)ik Glj - (l/K)kj Gil] . (3.1-5)

The second term on the right-hand side of Eq.(3.1-1), A(l/K)ig ,
represents the indirect photoelastic effect, i.e., the succession of
the piezoelectric and electro-optic effects. This effect includes the

screening caused by the free carriers and can be calculated from the
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acousto—electrically induced self-consistent electric field due to
the piezoelectric coupling. The third term, A(l/K)gg , gives the
change of the inverse dielectric constant caused by the fluctuation
in the free-carrier densities, i.e., an acoustic wave may be accom-
panied by free-carrier density waves arising also from the piezo-
electric coupling. Accordingly, the second and third terms are sig-
nificant only when the acoustic wave is piezoelectrically active, or
equivalently when the acoustic wave induces a longitudinal self-
consistent electric field. Contributions from the deformation-po-
tential coupling may be ignored, since in strong piezoelectric semi-
conductors contributions from the piezoelectric coupling dominate
these by many orders of magnitude. Appearance of the third term was
first theoretically predicted by Proklov, Shkerdin, and Gulyaev [7]
and experimentally verified by Proklov, Mirgorodsky, Shkerdin, and
Gulyaev[8] in an n-type CdS crystal.

Because both . the second and third terms in Eq.(3.1-1) are
tensor function of the elastic deformation ( the appropriate inde-
pendent elastic variable in this case is the strain ), it is possi-
ble to define effective photoelastic constants for these two terms.
An explicit expression for the photoelastic constant for the indi-
rect effect was derived by Nelson and Lax [5,6] for the case without
free-carrier screening and by Sasaki, Tsubouchi, Chubachi, and
Mikoshiba [9] for the case with screening. The latter authors
started from the Hutson and White formulation [10,11] for the acousto-
electric interaction assuming the existence of only one kind of free
carrier and therefore it applies only to extrinsic semiconductors.
On the other hand, Keller [2] gave rather general expressions for
the dielectric fluctuations of the second and third terms in Eq.
(3.1-1), but assumed also only one kind of free carrier.

In contrast to the previous works above, the theory which will

be developed here takes account of the existence of both electrons

and holes and derives the expressions for effective photoelasticity
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that are applicable to piezoelectric semiconductors in either intrin-
sic or extrinsic conduction regime. The theoretical treatment pre-
sented in Sec.3.2.A is based upon the linear acousto-electric theory
originally developed by Fink and Quentin [12] taking two kinds of free
carriers into account. The treatment is therefore valid for the
cases where the small-signal theory applies. The derived results
predict that in intrinsic semiconductors considerable cancellation
may occur between photoelasticity due to electron-density fluctuation
and that due to hole-density fluctuation. In Sec.3.2.B, we shall
apply the results to Te which is known as one of the most highly
plezoelectric semiconductors. Finally, in Sec.3.3, acousto-optic
diffraction experiments of 10,.6-ym infrared light from a CO, laser
are carried out using a Te crystal in intrinsic conduction regime at
room temperature. In accordance with the theoreticél prediction, an
appreciable diffraction ascribable to the free-carrier density flu-
ctuations is observed [15].

In this chapter, the notation for refractive index has been

changed from "n" to "N" and an electron density will be designated

by " n ".

3.2 Theoretical

3.2.A Photoelasticity in piezoelectric semiconductors

In this section, we derive the expressions for the effective
photoelastic constants corresponding to the second and third terms
in Eq.(3.1-1). 1In the following treatment, the recombination
between electrons and holes will be neglected. This assumption is
legitimate in Te, where Trecmlo‘6 sec [12], which is much longer
than the period of the acoustic wave we shall be concerned with. 1In
order to derive the effective photoelastic tensors with full symme-
try, the tensor notations will be retained throughout.
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The basic equations to describe the acousto-electric interac-

tion are the mechanical wave equations, the Maxwell equations, and
the piezoelectric equations of state [12]:

= + 3.2-2
Di ®imn Smn 0 F4 Ek ( )
where qu is the stress, Sy, is the strain, cpqk] is the elastic

stiffness constant, ejp, is the piezoelectric constant, and €, 4 is

the dielectric constant at an acoustic frequency. The subscripts

are referred to the usual rectangular crystallographic coordinates.
An acoustic wave propagating in the medium creates an instantaneous

local modulation of the free-carrier densities: neglecting trapping
effect,

]

n ng + n,

(3.2-3)

P =pytp (3.2-4)
where n, and Py are the equilibrium density of electrons and holes

in the absence of an acoustic wave, and n and p represent their
instantaneous local changes. Poisson's equation is satisfied sepa-

rately for the two kinds of free carriers:

n P

aDi BDi

ax = _qn ’ ax = qp ’ (3.2-5)
i i

and

= p¢ P -
D, =D, +D, (3.2-6)

where the superscripts n and p denote the component due to elec-
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trons and due to holes, respectively, and q is the electronic

charge. The equations of charge continuity are
n P
373 an Y3 _ %

=q ’
ox at 9x at
h| h|

The total current density 1is

n P
J,=J, +J
k| h| J
with
n n n oJn
Jj ij Ek + q Dij'EEI
and
p
P - 4P - P
I35 Oy B T 9 Dy a%,

(3.2-7)

(3.2-8)

(3.2-9)

(3.2-10)

where ng and ng are the diffusion constants, the equilibrium

electrical conductivities are

n _ n P - P
ckj q np gy Oy = 4 Po ukj’

(3.2-11)

and the nonlinear terms containing nEk and I)Ek have been dropped
as compared with the other terms. Equations (3.2-1) through (3.2-10)

can be solved by introducing plane-wave time and space dependences

such as
=f0 e a -
Ek Ek exp[j(ki X, - w t)]

and

n = n% exp[ j(ki X, -w t)],

=49~

(3.2-12)

(3.2-13)



where k: and w are the wave vector and the angular frequency of
the acoustic wave. The piezoelectrically induced self-consistent

longitudinal electric field is then obtained as

a_ a, e S
Er - T rs 1a lzm Zn n - p ? (3.2-14)
0 "k “kp “p 3 (wp/w) 3 (wp/w)
1+ = +
1+ 3 (w/wp) 1+j(w/wg)
where the dielectric relaxation frequencies are
a oh. a a, of, a
n i 713 7] p i "1 ]
o= T a e we = =% — , (3.2-15)
0 3 k1 A1 0 %% fx1 %1
and diffusion frequencies are
n n '
P = 2 D = 2 P -
wy =V /ai Dij a, qvVv /aj Mig 2y kg T . (3.2-17)

v is the acoustic velocity, a is the component of the directional
cosine of the acoustic wave vector, and kB is the Boltzmann con-.
stant. The local fluctuations in the free-carrier densities due to

acousto-electric bunching are then

0= 21 ®1mn Smn dg
Qv [1+3 (/6] 3 (ul/w) 3 (B /w) ’
1ol P C . C
1+3(w/up) 1-+j(w/wg)
(3.2-18)
and
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P

p=_alehmsm1 “c
v [1+3(u/ub)] Ly 3 (wg/w) . 3 (up/w)
1-+j(w/w;) l-fj(m/wg)

(3.2-19)

From Eq.(3.2-14), the change of the inverse dielectric constant

arising from the indirect effect, i.e., the second term on the right-
hand side of Eq.(3.1-1) can be written

A(llK)ig B Yijr Er

- Yijr ar 31 ©1mn Smn A

80 ak Ekp ap
= pi‘j‘m S__ s (3.2-20)
with
A= 1 , (3.2-21)
3 (wglw) 3 (u/w)
1+ — +
1+ 1 (o/up) 1+ 3 (w/ub)

where Yijr is the electro-optic constant measured at constant strain.
The effective photoelastic constant defined in Eq.(3.2-20) is then
given by

in Yijr @r 21 ©lmn A

pijmn =T €0 A Cyp 3p * (3.2-22)

The third term on the right-hand side of Eq.(3.1-1) can be ob=
tained through the relation for infrared radiation [13,14]:

q%n’ [1 ] _d®p' [1
2 J

—_=,., (3.2-23)
mn i 80 u)02 [m.p ]ij

where n' and p' have been defined in Eqs.(3.2-3) and (3.2-4), ng is

Eo Wo
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the dielectric constant in the absence of free carriers, w, 1s the
optical frequency, and m, and m, are the electron and the hole ef-
fective mass, respectively. Differentiating Eq.(3.2-23) with respect

to n' and p', we obtain

fec _ , n P
AKij = AKij + AKij
= - Kljl.j (n/ng) - sz (p/py) » (3.2-24)
where
2 2
K'n = q np [ 1 ) Kp = 1 po [ 1 ] s (3.2-25)
P L - AR MY

and n and p have been derived in Eqs.(3.2-18) and (3.2-19). To ob-
tain the change in the inverse dielectric constant, we shall employ
the following identity equation.

A(l/K)ij = - (1/|<)im AKmn (1/|<)n (3.2-26)

j L]
In the crystal symmetries except for triclinic and monoclinic sys-
tems, the coordinate system we have referred to above agrees with the
dielectric principal axes, so that Eq.(3.2-26) is reduced to the
simple form,

AKij

A(1/k) s (3.2-27)

ij Kii ij
where no summation over repeated subscripts is implied. Substitu-

tion of Eq.(3.2-24) into Eq.(3.2-27) yields

n P
fe _ 13 n *ij P ]
A(1/K):Lj - K11 F43 ('no ] 6ij + K11 €43 [ Po 6ij
_ fe
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The effective photoelastic constant is.then written

fc - .n P
Pijmn = Pijmn T Pijmn
n n P P
ay elllm A [Kij wc ) Kij we ]5
10 %33 VU0 145Gy PO 1+iCe/uly) T

(3.2-29)

Because the right-hand side of Eq.(3.2-29) contains K?j and ng
which are inversely proportional to the square of the optical fre-
quency w°2 » the photoelasticity arising from the free-carrier densi-
ty fluctuations in some favorable cases may become comparable to or
even larger than the two other contributions for the measurements
using long enough optical wavelength ( 10.6-um light of a CO, laser,
for example ).

For piezoelectric semiconductors in extrinsic conduction regime,
p-type for example, putting the equilibrium electron density n, equal
to zero as compared with Py» Eqs.(3.2-22) and (3.2-29) become

1 Yijr @r @1 €lmn L+ 3 (0/wd)
Py = - D (3.2-30)
jmn € %k Sxp Fp 14—j(wg/w + w/wg)
and P P
E a1 e1mn %13 S13 we (3.2-31)
1jmn K11 K43 9V Pg l-Pj(wg/m + w/wg)

Equation (3.2-30) reduces to the expression derived by Sasaki et al
[9]. Eduations (3.2-29) and (3.2-31) indicate that the conductivity
dependence of pigmn is considerably different between intrinsic and
extrinsic semiconductors. In particular, for intrinsic case where
the relation n, =p, holds between the two equilibrium carrier densi-
ties, p?jmn and pgjmn defined in Eq.(3.2-29) have the absolute values

which are in general not very much different from each other, while
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the phase angle between them is always greater than m/2 and less than

m. Especially, when wg'vwg s

from m regardless of w. The maximum deviation of the phase angle

the phase angle cannot deviate much

from m occurs at the acoustic frequency of w==(wg wpD)l/2 ., As a
striking result, considerable cancellarion is expected between the
photoelasticity due to the electron-density fluctuation and that due
to the hole-density fluctuation. This behavior, as suggested by Egs
Eqs.(3.2-18) and (3.2-19), reflects that the electron and hole
bunchings always occur nearly = out of phase provided that mg
~ wg. If mg=wg,
actly m so that the most effective cancellation takes place.

It is understood from Egs.(3.1-2), (3.1-5), (3.2-22), and (3.2

the phase angle between p?jmn and ngmn is ex-

-29) that the photoelastic tensors corresponding to the different
physical origins possess different summetries and show different
dependences on the acoustic and optical frequencies. This permits a
powerful experimental technique to measure each contribution sepa-
rately. For acoustic frequencies w « wn,p’ wn’p, Eqs.(3.2-22) and

C D
(3.2-29) can be approximated as

Yijr @r 21 €lmn '
pi?mn =] ej €, a n " p (3.2-32)
0 % kp p w, + w
C C
and
n n P .P
1)fc S %1 ®imn w [ k13 “c _ 13 “c ] 5
1
ijmn Kig ij qv m2+wz n, Po ij
(3.2-33)

indicating that the absolute values of both the photoelastic con-

stants increase in proportion to w. For sufficiently high frequen-

n n
cles w>» wc’p, wD’p

i
rapidly diminishes and pi?mn approaches its high-frequency limit,

, on the other hand, the free-carrier screening
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Y a. a e

i ijr “r ¢1 "1lmn

piglmn = - — —— , (3.2-34)
0 3 kp “p

which -is in agreement with the expression obtained by Nelson and Lax

£
[5,6] in the limit of zero conductivity. On the other hand, lpigmn|
decreases in inverse proportion to w as
R n n P P .P
K
pfc . a, elmn _l_ [ 13 mC wy _ Kij we Wy ] s
ijmn Kyg ij qv n, Po ij.

These frequency dependences will be considered in more detail in Sec.

3.2.B by taking Te as an example.

3.2.B Photoelasticity and acousto-optic Bragg diffraction in Te

As described in Sec.2.1, Te is a semiconducting material with a
trigonal crystal structure belonging to class-32 symmetry and
shows p-type extrinsic conduction below its Hall-reversal tempera-
ture of about 200°K. Since Te is one of the most highly piezo-
electric materials, it shows remarkable nonlinear conduction due to
the acousto-electric effect at low temperature [16-20]. Ultrasonic
amplification in this material was achieved for the first time by
Ishiguro et al [16,21] using a shear ultrasonic wave of 45MHz prop-
agating along the y axis at 77°K. These previous experimental re-
sults suggest that appreciable dielectric modulation due to the
plezoelectric coupling should be observed when peizoelectrically
active ultrasonic waves traverse the material.

The contracted matrix notation for the symmetric part p(ij)(kl)
of the photoelastic tensor for the direct effect in crystals with
the class 32 symmetry has been already given by Eq.(2.1-1) in Sec.

2.1. However, we shall give it here again for convenience sake [22]:
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pi1 P12 P13 Py O 0

pi2 pi11 P13 -pix O 0

P31 P31 p33 O 0 0

Iy (3-2-36)

pu1 -py1 O Puy O 0

0 0 0 0 Pyy Py

" 1
0 0 0 0 P 5 (P11~ P12)

( 8 independent components )

where the superscript "s'" is attatched to clarify its symmetric

roperty. Equation (3.1-5 ives the antisymmetric part
zsp y q ( ) g y P P(11) (k1]

1 1 1
p(13)[13] = p(23)[23] = '2-[ 2 - oz ] ’ (3.2-37)
. e [o]

where N, and Ng are the ordinary and the extraordinary index, respec-
tively. . The other antisymmetric components are identically zero in
this crystal class. For Te, Np=4.7939 and Ng =6.2433 at 10.6 um
[23].  Then the value of Eq.(3.2-37) reduces to - 0.0089.

The photoelastic tensor pi?mn for the indirect effect is deter-

mined from Eq.(3.2-22) using the dielectric-constant and piezoelec-

tric-constant tensors of the class 32 as

in
P11 P11 O Piy Pis Pis
“P11 P11 0  -Piy P15 ~Pie

0 0 0 0 0 0
. (3-2—38)
Pul1 -pu1 O Puy  Pus  Pug

pue -pue O pus P55 PSé

Pis -P1s O P1s Pes Pes
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( 12 independent components )

In a similar way, Eq.(3.2-29) determines pi;mn as

fc

P11 -P11 O Piy  Pis Pis
P11 -P11 O P14 P15 Pis
P31 -p31 O P3y  P3s Psg
0 00 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

( 8 independent components )

Because of the presence of the acoustic wave-vector direction a; in -
pi?mn as shown by Eq.(3.2-22), it does not transform as a simple
fourth-rank tensor. It is instead a tensor function of the acoustic
wave-vector direction. The same situation holds also in pijmn which
has been derived thus far in this study.. v

Since pijmn is equal to zero if 1i#3j, it is understood that the
acousto-optic diffraction of an incident light caused by the free-
carrier density fluctuations does not accompany a right-angle rota-
tion of the polarization plane. In the Bragg-diffraction limit [24],
therefore, when the polarization vector of the incident light lies in
the plane perpendicular to the optic axis in an optically uniaxial
crystal, like Te, the diffraction will take the form of isotropic
Bragg diffraction [26] ( see Appendix ). On the other hand, aniso-
tropic Bragg diffraction takes place when the polarization plane ro-
tates at a right angle to that of the incident light (i.e., 1#3j) and
also refractive indices for both lights differ from each other [26].

Starting from Eq.(13.5.52) in Ref.(6), an expression for the
diffracted optical intensity from the Bragg diffraction can be de-
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rived under the phase matching condition for plane waves. Ignoring

the incident optical wave depletion due to the diffraction, we obtain

I

=1 s (3.2-40)

3 3 2
2 [NI (8) Np“(8p) Poge ] Py L2
D

I 2 3 LH 2
2 AO p Vv cos“fyp

where the subscripts I and D indicate the quantities relating to the
incident and the diffracted light, respectively, N is the refractive
index, P is the acoustic power, L and H are respectively the width
and the height of the cross section of the acoustic column where the
direction of L lies in the scattering plane and is normal to the
acoustic wave vector, p is the demsity, v is the acoustic velocity,
Ay is the wavelength of the diffracted light in vacuum, 6 is the
angle between the optical wave vector and the normal to the acoustic
wave vector, and Pogs is the effective photoelastic constant [27]

given by

D I
Peff = ldp Prni1 90 21 bl » (3.2-41)

where dg and d% are unit vectors in the directions of the electric
displacements of the diffracted and incident waves. aj and by are
unit vectors in the direction of the acoustic wave vector and of the
material displacement, respectively. Ppniri 1S a relevant photoelas-
tic tensor component given by Egs.(3.2-22), (3.2-29), and (3.2-36)
-(3.2-39). In the derivation of Eq.(3.2-40), we have made the ap-
proximation that cosép =1 and cosdy = 1, where GD,I are the angles
between the optical Poynting vector and the wave vector. Equation
(3.2-40) is essentially the same as those usually referred to in
experimental determinations of acousto-optic figures of merit ( Eq.
(A-34) of Appendix, for example ) except that the latter expressionms
often contain some ambiguous notations for refractive indices and

phototelastic constant.
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In order to utilize Eqs.(3.2-40) and (3.2-41), it is necessary
to determine the frequency dependence of the angle of incidence 8

I
and the corresponding angle of the diffraction eD under the phase

matching condition ( or equivalently, the Bragg condition ), which
can be derived simply from consideration of energy and pseudomomentum
conservation as the following well-known equations [25].
A 2
= 0 v 2 2
= —— | —— - .2-
N N [f [Ny (8p) = Np*(6p) ]] (3.2-42)

2
f AO

sind

and

(3.2-43)

x0 Vz 2 29 ’
sinbp =Tty v |F T E 22 [N %(8) = Np©(6p) ]

where.f (=w/27) is the acoustic frequency.

In the acousto-~optic diffraction experiments we shall describe
below, a shear ultrasonic wave propagating along the crystallographic
y axis with the velocity of 1390 m/sec at room temperature was used
as one of the highly piezoelectrically active acoustic waves in Te.
This wave has its displacement vector parallel to the x axis, so that
the mean rotation of the volume element defined by Eq.(3.1-4) above
is reduced to R[12]. Because Eq.(3.2-37) reveals that there are no
non-zexo antisymmetric photoelastic components corresponding to
R[12] » We can neglect the rotational contribution and consequently
the only relevant variable we must retain to describe the elastic
deformation is the strain S12. The experimental geometry is shown in

Fig.3.2-~1, in which the angles measured outside the medium are deter-
mined by Snell's law as

' _ -1 -
GI = gin [NI(GI)sineI] (3.2-44)

and
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Fig.3.2-1 Schematic illustration of

N y § the wave vector diagram employed in
s N the acouito-optic+diffraction experi-
e, E 2 x S ments. kg and kp are the wave
: S vectors of the incident and diffracted
AR s S AIR lights, respectively. 61 and ©0p
N N .
N N are the angles of incidence and dif-
s N jé fraction measured inside the crystal,
$ f ' while 61 and 8p are those measured
N
E N outside the crystal. k2 is the wave
S S vector of the shear acoustic wave
A= N propagating along the y axis. The
6; -E S coordinate axes denote the crystallo-
N graphic orientation for the Te sample.
The diffraction plane is parallel to
the y-z plane.
8! = sin”![ Ny (6p) sinep . (3.2-45)

The incident optical beam was transmitted in the y-z plane and ofdi—
narily polarized parallel to the x axis. Therefore, in an isotropic
Bragg case the polarization of the diffracted 1light is also parallel
to the x axis and both NI(GI) and ND(GD) coincide_with the ordinary
index giyen by No, being independent of eI and eD. Equations (3.2-
42) and (3.2-43) are then reduced to

sinGI = sin6D = AO f/2No v. (3.2-46)

For anisotropic Bragg diffraction, on the other hand, the polariza-
tion vector of the diffracted light lies in the y-z plane and Egs.
(3.2-42) and (3.2-43) are simply modified by putting NI(GI)==No and

-60-



ND(eD)==1/[(coseD/No)2-+(sineD/Ne)2]1/2. Figure 3.2-2 shows the thus

I
tropic Bragg diffractions as a function of acoustic frequency. Here

calculated external angles 6. and 66 for both isotropic and aniso-

two kinds of solutions designated in the diagram respectively by
“"case 1" and "case 2" have been obtained for the anisotropic diffrac-
tion, for which the experiments were carried out with respect to the
case 1.

Inspection of Eqs.(3.2-36) and (3.2-41) reveals that in this
geometry the direct photoelastic effect gives rise to anisotropic
Bragg diffraction through the effective photoelastic constant

s s s
peff = Ip'+l SineD = DPss COSeD

. (3.2-47)

Numerical values for five of the eight independent photoeiastic ten-

sor components in Te have been already experimentaly determined in-

6., 65 (DEG)

- N\e—or 1
-60[——— ANISOTROPIC DIFFRACTION —
| - ~——ISOTROPIC DIFFRACTION \ :
ol

P TN R UITN B |
901 10 100 . 1000

ACOUSTIC FREQUENCY (MHz)

Fig.3.2-2 Calculated angles of incidence and diffraction outside
the Te crystal at 10.6 ym as a function of frequency of a shear

acoustic wave propagating in the y direction with displacement para-
llel to the x axis. The incident light is an ordinary wave polar-

ized along the x axis and the diffraction plane lies in the y-z
plane. The solid curves are obtained for anisotropic Bragg diffrac-

tion, while the broken curves are for isotropic Bragg diffraction.
There are two kinds of solutions denoted respectively by "case 1"
and "case 2" for the anisotropic diffraction.
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Table 3.1 Pockels photoelastic constants in Te.

|P?1| |P?2| |P?3| |P§1| |PS§3|‘ |P?l+| A|PLS+1| |P§u|
0.1l64 0.138 0.146 0.086 0.038 - - -

Sec.2.3 as shown in Table 2.3 [28,29]. These values are here again
listed in Table 3.1 for convenience sake, where values for piq, pﬁl,
and pﬁg have not been determined yet. Though the actual value for
pﬁl is still unknown, the first term in Eq.(3.2-47) may be dropped
compared to the second term which is a good approximation as long as
we are concerned with a small Bragg angle so as to satisfy the rela-
tion sineD'«Il. Then we have psz =|p§e|. The absolute value for
pgs can be determined from the relation [22] |p25|==|p?1-p?2|/2,
with IP?1|==0.164 and lp?2|==0.138. Because the relative sign of
p?l and p?z is unknown, we shall tentatively assume the following
two cases: (1) If p?l and p?z possess the same signs, then |p26|
=0.013; (2) if they possess different signs, then |p§5|=0.151.
The actual relative sign will be determined in Sec.3.3 by comparing
the experimentally observed diffraction intensity with those theo-
retically predicted from the two assumed kinds of values above.
Similarly the indirect photoelastic effect causes anisotropic
Bragg diffraction through the effective photoelastic constant

in in ~_dn
Pogf = IPSG sinGD-peecoseDl
~ i 3.2-48
= IPJé% ’ ( )
where Eq.(3.2-22) gives
in
Pes = =Ve2 €26A/€; €22¢ (3.2-49)
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On the other hand, it can be easily derived that the photoelasticity
arising from the free-carrier density fluctuations may give rise to

isotropic Bragg diffraction via
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Fig.3.2-3 Results of Hall measurements,
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Fig.3.2-4 Theoretical plot of ijs'gl and Ipf%l in Te as a fuction
of acoustic frequency. The calculations have been carried out for

Te in an intrinsic region at room temperature (wM=2.15x 109 Hz ) and
in a p-type extrinsic region at 77°K (wy=1.0x 10°% Hz ), respectively.

fc

_ l fc
peff = |P1s
' n R P
= l_ €26 & [ 11 ‘e _ _xh) “c )l
(KI11)2 qv o 1+j(w/w3) Po l+j(w/wg) '

v (3.2-50)
Tn order to estimate the frequency characteristics of the two photo-
elastic constants predicted by Egs.(3.2-48) and (3.2-50) above, the
dielectric relaxation‘frequgncies and the diffusion frequencies were
determined from the Hall measurements. The sample was cut from the
same crystal as used in the acousto-optic diffraction experiments in
Sec.3.3. The results of the Hall measurements are shown in Figs.
3.2-3 (a), (b), and (c){ 'The Hall reversal was observed at 200°K.
The estimation of the electron and hole mobilities, i.e., L and up
in the intrinsic region above the Hall reversal temperature was per-
formed according to the method and formulas proposed by Grosse [30],
from which we have n; =P, =4,4 x1015%em™3, W, = 1840 cm?/Vsec, u

p
= 800 cm?/Vsec, and b= un/up =2,3 at room temperature. Using the

64~



low frequency dielectric constant €95 =33 [31], we obtain w2==7.11

x 1010 Hz, wf =3.09 x 1010 Hz, u = 6.46 x 107 Hz, and wp =1.49 x 108 Hz,
The expected variations of Ipsgl and |p¥%| at 10.6 um are plotted in
Fig.3.2~4 as a function of acoustic frequency, wherez%{E(wgu%)l/z

= (wg wg) 1/2 =2,15x10% Hz, The material constants used in the cal-
culations are eyg=-0.42C/m® [32], m_ =0.051mj, m, =0.146 m; [33],
K11 =No?=22.98 [23], and v, =6.97x10"12m/V, v, has been esti-
mated from the nonlinear optical coefficient [34] dj1 =920 x10"12m/V
employing Miller's rule [35]. At 77°K, this sample shows p-type ex-
trinsic conduction with Py = 2,3 x10M% cpn™3, y_=1920 cm2/V sec, wg =3,8
x 10%Hz, wP = 2.7 x 108 Hz, and wy = (wg wg) 1/221,0x 109Hz, from which
Ipégland |pf%| at 77°K are calculated using Eqs.(3.2-30) and (3.2-31)
as also illustrated in Fig.3.2-4., The frequency which gives the
maximum value for lpf§| coincides with wy at 77°K, while at room
temperature it is shifted toward higher frequencies but still located
in the range (w;, wg <w< wg, wg). For sufficiently high frequen-
cies (w>» wg, mg), the free-carrier bunchings attain a scale much
smaller than the Debye length [11] and are effectively smeared out by
the thermal motion of the free carriers. The magnitude.of |pf§|
arising from the free-carrier density fluctuations is therefore con-
siderably reduced. Figure 3.2-4 shows that the maximum attainable
value for |p§gl is about 0.022 at the acoustic frequency of 3.03 GHz
for room temperature'and about 0.0074 at 1,00 GHz for 77°K, These.
values can be compared with the photoelastic constants listed in
Table 3.1. In the intrinsic region at room temperature as discussed
in Sec.3.2.A, considerable cancellation may take place between P?s
and p?e. To make this point clear, p?s and p?e are evaluated by re-
solving them into their absolute values |p?6| and [p?sl, and the
phase angle ¢ between them. The results are illustrated in Fig.3.2-
5. As expected, ¢ does not deviate very much from T and shows small
but maximum deviation at w=0.0457 wye In the vicinity of the maxi-
mum of lpfgi, about 357% of lp?sl is effectively cancelled by |P?s|
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Fig.3.2-5 Dependences of

fe n P
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on acoustic frequency at
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4'P€6| and therefore is ob-
tained as their overall
effect. wy=2.15x 10° Hz.

so that the overall photoelastic constant |p§§| is reduced to about
65% of |plel. |

On  the other hand, Fig.3.2-4 shows that Ipégl increases mono-
tonically with and, . above mM, rapidly approaches its high-frequen-
cy limit value of 0.01. '

For a given acoustic frequency, the expected diffraction inten-
sities expressed by Eq.(3.2-40) can be determined by knowing the
Bragg angles and the relevant effective photoelastic constants. In
the acousto~optic diffraction experiments carried out at room tem-
perature as described in Sec.3.3, a shear ultrasonic wave of 120 MHz
was transmitted in the y direction. At this frequency, the angles
of incidence and diffraction for the anisotropic Bragg diffractions

)

are 91 =4.76° and 6p=6.18° ( or, correspondingly, 6} =23.42° and GD

=31.18° ), while they are 6;=06p=5.48° ( or 61=06)=27.23° ) for
the isotropic Bragg case. Besides, we have pi;f =|p%2|==2.1><10_5
and p£§f= |pfg =2,5x1073 at 120MHz. Therefore, (1) if the signs
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of p?l and p?z are the same, the expected diffraction intensities are
I0 17 I7 =1 : 2.6x1076 : 3,7x1072; (3.2-51)

(2) if different,

Id . Iin, Ifc

= . -8 . —l+ -
p P Ip I 1:1.9x10 -.2,7><10 , (3.2-52)

where Ig is the intensity of the diffracted light due to the direct
effect, I;n is that due to the free~carrier screened indirect effect,

and Igc is that due to the free-carrier density fluctuations. The

d

extremely small intensities of I%n may be neglected compared t:ovID

and ISC at this acoustic frequency.

3.3 Experimental Results and Discussion

The experiments were performed at room temperature, where Te
shows intrinsic conduction. A schematic illustration of the exper—-
imental arrangement is given in Fig.3.3-1l, The Te sample was cut from

a boule grown by the gradual cooling method. The preparation of the

y
{ gﬁ@.vzea z_lx KRSS
/

/ SAMPLE ¢ COz LASER
> Jporary ATTENUATOR
\\-ﬂ TABLE
PRE- INTEGRA-
AMPLIFIER TOR R MATCHING PULSED RF-
T NETWORK GENERATOR
(RECORDER] — |

Fig.3.3-1 Experimental arrangement for acousto-optic Bragg

diffraction in Te. The coordinate axes denote the crystallographic
orientation for the Te sample.
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sample was carried out in the same way as described in Sec.2.2. The
parallelepiped size of the polished sample is x xy xz=13,5%x7.7

x 12,5mm. The surface orientations were determined with respect to
the cleavage plane ( the (lOiO), hence, the y plane ) and believed to
properly coincide with the corresponding crystallographic planes
within an accuracy of much less than 1°.

For an ultrasonic transducers, a Se film epitaxially grown on
the Te y-face was used, as described by Shiosaki, Kawabata, and
Tanaka [36], by utilizing the fact that crystalline Se possesses an
isomorphic structure to Te. The film grown on the y face serves as
a transducer which generates only shear waves propagating along the
y direction. As long as the deviation of the actual sample face from
the ideal crystallographic y plane is negligibly small, unexpected
excitations of other unwanted acoustic modes (which often lead to
serious inconvenience when using bonded shear-mode transducers, ow-
ing mainly to misoriented bonding) can be easily avoided. In the
present experiments, the transducer with a fundamental center fre-
quency of about 51 MHz and fractional 3-dB bandwidth of about 90 %
was fabricated. The usual pulse-echo measurements carried out prior
to the acousto-optic diffraction experiments proved that the time

intervals of any two adjacent echoes appearing in the acoustic echo

train, as shown in Fig.3.3-2, precisely agreed with the value calcu-

Fig.3.3-2 Acoustic echo train. Horizontal sweep: 5 usec/div.
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lated from the shear wave velocity, 1390 m/sec, and any noticeable
spurious echo-pulses ascribable to other acoustic modes were not
detected. In the acousto-optic diffraction experiments, the acoustic
pulses with the carrier frequency of 120 MHz were excited by a pulsed
rf generator utilizing the third-overtone frequency band of the
transducer. The pulse width was chosen as 1 usec.

A 10.6-um cw CO, laser operating in the lowest transverse mode
was used as a coherent infrared light source. The high-power output
from the laser was reduced to about 20 mW with an optical attenuator
in order to minimize the effects arising from light absorption. The
well-collimated beam had a spot diameter of about 1mm at the sample
position. Any noticeable change was not observed in the electrical
conductivity of the sample when the sample was irradiated by light
with this level of intensity. The conductivity data of the sample
at room temperature have already been given in Sec.3.2.B.

A KRS5 lens focused the diffracted beam through a narrow slit
mounted in front of a HgCdTe photoconductive infrared detector. The
polarization direction of the laser beam was carefully adjusted by
rotating the Brewster plate inserted in the laser resonator so as to
align parallel to the x axis within the sample. A grid analyzer
placed in front of the KRS5 lens was used to determine the polariza-
tion direction of the diffracted beam. The motor-drivén rotary
table on which the sample was mounted was used to obtain the angle of
incidence required from the Bragg conditions as precisely as possi-
ble. The photodetector was also mechanically rotated in the y-z
plane about the sample to determine the diffraction angles precisely.
The signal from the photodetector was recorded after integration by
a Boxcar integtrator.

For the present transducer, L and H in Eq.(3.2-40) are respec-
tively equal to 3.5 and 11.0mm. Under these experimental condi-
tions we have pure Bragg diffraction because Q >4, (For the meaning

of Q, see Appendix. ) At the acoustic frequency of 120 MHz, diffrac-
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tion was observed for two different angles of incidence, 6} =23.9°
and 27.1°% The lower trace in Fig.3.3-3 shows the acoustic echo
train which was detected by the transducer and the upper trace is the
wave form of the diffracted light pulse. Figure 3.3-4 shows the an-
gular distribution of the diffracted light intensities recorded by
rotating the photodetector about the sample for these two angles of
incidence, the upper half of the figure for 6] =27.1° and the lower
half for Si =23.§°. The lower half has been drawn on a vertical
scale 100:1 to the upper half for the same acoustic power. The lin-
ear dependence of the diffracted light intensities on the acoustic
power was carefully checked by varying the electric power applied to
the transducer as shown in Fig.3.3-5, so that the small-signal
approximation of Eq.(3.2-40) was well satisfied under the present
experimental conditions. In the upper half of Fig.3.3-4, the polar-
ization plane of the analyzer was set parallel to the polarization
direction of the incident light and the diffraction angle corre-
sponding to the peak position was obtained eb =27.1° ( =6i ). In the
lower half, on the other hand, the polarization plane of the ana-
lyzer was set normal to that of the incident light and we have 6

=~ 31.6°., Figure 3.3-6 shows the polarization states of the incident

and diffracted lights measured as fuctions of rotation angles of the

Fig.3.3-3 Upper: diffracted light pulse. Lower: acoustic pulse.
Horizontal sweep: 5 usec/div.
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Fig.3.3-4 Angular distribution of
the diffracted light intensities
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Fig.3.3=5 Dependence of diffracted
light intensity on acoustic power.

Fig.3.3-6 Polarization states of
the incident and diffracted beams
determined by rotating the polar-
ization plane of the analyzer. The
solid curve in the upper-half of
the figure has been obtained with
respect to the diffraction peak
shown in the upper-portion of Fig.
3.3~4, while the broken curve _
corresponds to the peak shown in the
lower-portion of Fig.3.3-4.
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analyzer. The polarization state of the incident light is plotted
in the lower half of the diagrm. The solid curve in the upper half
of Fig.3.3-6 was obtained with respect to the diffraction peak given
in the upper half of Fig.3.3-4, indicating that the polarization of
the diffracted light is parallel to that of the incident light and
hence was created by the isotropic Bragg diffraction. Quantitative
agreements of the measured ei and eb with the calculation, i.e., ei
= Qb=27.23° also confirm that the diffraction arose according to the
isotropic Bragg law. On the other hand, the broken curve which was
obtained with respect to the diffraction peak in the lower half of
Fig.3.3-4 suggests that the polarization of the diffracted light in
this case is perpendicular to that of the incident light and hence
the diffraction is anisotropic, for which the calculated Bragg an-
gles are 6i==23.42° and eb==31.18° and agree well with the observed
angles of 23,9° and 31.6°., In addition, Fig.3.3-4 shows that the
intensity of the observed isotropic diffraction relative to the
intensity of the anisotropic diffraction is about 1.2 x 1072,

As we have seen in Sec.3.2.B, the isotropic diffraction ob-
served in the experiments can not be explained only by taking
account of the direct photoelastic effect. By the use of the Se
transducer epitaxially grown on the moderately oriented Te sample,
the possibility of excitation of unexpected spurious acoustic modes
which might give rise to the isotropic diffraction was negligibly
small, Besides, the plane of incidence and the polarization derec-
tion of the incident light had been closely adjusted. Even if we
allow misalignment to a certain extent in the experimental condi-
tions, the observed intensity of the isotropic diffraction is very
much larger than that predicted solely from the direct photoelastic
effect. Consequently, the possibility of an accidental contribution
from the isotropic photoelastic tensor components of the direct ef-
fect, which might arise from possible experimental misorientations,
can be ruled out. On the contrary, the observed relative intensity
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(1.2%x10"2) is in satisfactory agreement with the theoretically
predicted one ( Igc/1g==3.7><10_2 as given in Eq.(3.2-51)) within a
factor of 3, leading to the conclusion that the observed isotropic
diffraction should be attributed to the free-carrier density fluctu-
ations.,

This is the first time that an acousto-optic diffraction due to
free-carrier density fluctuations accompanying an acoustic wave has
been observed in an intrinsic semiconductor. It has been revealed
that this effect gives rise to an appreciable contribution to dif-
fraction intensity in Te for the optical wavelength of 10.6 ym. The
essential agreement of the observed diffraction intensity with the
theoretical prediction given by Eq.(3.2-51) suggests that the signs
of p?lmand p?z should be the same in Te.

3.4 Concluding Remarks.

In this chapter, contributions from the free-carrier screened
indirect photoelastic effect and from the free-carrier density . fluc--
tuations to the pﬁotoelasticity in pilezoelectric semiconductors have
been considered by taking the existence of both electrons ans holes
into account. Explicit expressions for the effective photoelastic
constants corresponding to these contributions have been derived on
the basis of the small-signal acousto-electrié‘theory. The results
obtained are-abplicable either to extrinsic or to intrinsic semicon-
ductors. The numerical evaluation of these contributions has been
carried out by taking Te as an example. In accordance with the
theoretical prediction, an appreciable diffraction ascribable to'the
free-carrier density fluctuations has been observed in the acousto-

optic diffraction experiments
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CHAPTER 4

APPLICATION OF ACOUSTO-OPTIC EFFECTS IN Te TO OPTICAL
SECOND HARMONIC GENERATION ( ACOUSTO-OPTICALLY

PHASE-MATCHED NONCOLLINEAR OPTICAL SECOND HARMONIC
GENERATION IN Te )

4.1 Introduction

In nonlinear optical interactions such as optical harmonic gen-
eration, possibility of phase-matching is one of the most essential
conditions to be satisfied in order to produce large enough con-~
verted signals. The most frequently performed technique for the
phase-matching is the one utilizing the birefringence of nonlinear
optical>materiais. In these materials, there are special directions
known as the index-matching directions, and their angles measured
from the optic axis are usually referred to as the matching angle
Op+ The phase-matching condition can be satisfied only when the
incident optical wave with specific polarization is transmitted in
these directions.

On the other hand, this chapter describes two kinds of acousto-
optically phase-matched noncolliear optical second harmonic genera-
tions (SHG) that have been experimentally observed for the first
time in Te as novel phase-matching techniques. The phenomena are
interpreted as being due to mixing of an incident light and
acousto-optically scattered light (four-wave interaction) and due to
mixing of two acousto-optically scattered lights (five-wave interac-

tion), respectively. The phase-matching techniques that are
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described here are especially suitable for Te since as we have seen,
its acousto-optic effects are exceptionally large in addition to the

large nonlinear optical coefficient ( dj; =920 x10"12m/V ) [1-4].

4,2 Theoretical

4,2.A SHG due to four-wave interaction

The possibility of this technique has been theoretically pre-
dicted by Harris et al and Nelson et al [5-7]. The basic principle
of this technique is to compensate the phase-mismatch AK in the
conventional SHG by interacting an acoustic wave that has the wave
vector K (=AK). The output second harmonic ( SH) wave (wgs KC) is
then produced due to mixing of two input waves (wa, ﬁA) and one
input acoustic wave (2, ﬁ). Therefore, the phenomenon consists of a
four-wave interaction process. Exactly speaking, the output freque-
cy “"C (= 2wA+Q) differs from the exact SH frequenC}; 2 wp by the neg-
ligible amount of Q. o

For a giveﬁ input optical frequency wp and ﬁaferial,.the
acoustic mode which should be used is determined from the considera-
tions that the phase-matching can be attained at a moderate acoustic
frequency and that the acoustic wave can actually produce the non-
linear polarization that governs the nonlinear process. In the
present experiments, a longitudinal wave propagating in the crystal-
lographic x direction with the velocity of 2290 m/sec was chosen as
such én acoustic wave., In this case, there are twpikinds of inter-
actions [6,7]: One is the direct mixing of the thfee input Vaves
through the fifth-rank mixing tensor Xifg'kl as shown in Fig.4.2-1
(a), where uk’1==8uk/8xl is the acoustic displacement gradient
corresponding to the acoustic field [8]. The other is a two-step

indirect mixing process as i1llustrated in Fig.4.2-1 (b). The latter
indirect process arises from the acousto-optic scattering ( the fre-
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quency of the scattered optical wave: wp=wp+Q ) followed by the

optical mixing Ouc==mA+-wB). Accordingly, the phase-matching con-
dition for the direct process is

> > >

kC = 2kA+ K . (4.2"1)
On the other hand, to realize the indirect process effectively,it

is essential to satisfy the following two conditions simultaneously:

ﬁg = KA+'K ( the Bragg condition required for the acousto-
optic scattering ) ‘ (4.,2-2-a)

and

ﬁc = ﬁA4- ﬁﬁ ( the phase-matching condition required for the
optical mixing ). ‘ (4.2-2-b)

When both Eqs.(4.2—2—a) and (4.2-2-b) are satisfied, the efficiency
of the indirect process can be larger than that of the direct pro-
cess by several orders of magnitude. To our knowledge, however,

this indirect process has never been experimentally exploited up to
date [9]. In what follows, we ignore the contribution from the
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direct mixing process since we shall treat only the case in which
Eqs.(4.2-2-a) and (4.2-2-b) are nearly satisfied.

Now, we shall derive an expression for the induced nonlinear
polarization which governs the nonlinear optical process, The crys-
tal axes and the wave vector diagram corresponding to the interaction
geometry are shown in Fig.4.2-2, Since we concern ourselves only
with a longitudinal acoustic wave in the x direction, we can use the
strain S; (=S511) instead of the displacement gradient u;,; as the
relevant variable to express the acoustic field, and hence the con-
tribution from the rotation of the volume element can be omitted [8].
The electric fields of the incident and the acousto-optically scat-
tered wave and the strain, denoted respectively by Ep» Eg, and S,

can be expressed as

Er(x, 2z, t) =5 E,(2) expl J(uy t- Ky D1+ cuca, (4.2-3-a)
Ep(x, z, t) =%EB(2) exp[ j(uwp t-ﬁB&*)]i- CeCoy (4.2-3-b)

and
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S,(x, t) =%Sl exp[ j(@t-Kx) ]+ c.c., (4.2-3-¢c)

> > > >
where ky°r=ky (xsiny + z cosBy), kger=kp (xsinbp + zcosbpg), and

wB=wA+ 2, In a similar way the output optical wave can be ex-
pressed by
Ec(x, z, t) =%~EC(Z) exp[ j(ug t-kc'T)]1 + coce, (4.2-4)

where wg= 2wp+ 2 and KC°¥=kC (x sinbg + zcos6c). In the above
expressions, we assumed the fields in the form of plane wave. These

waves are governed by the following nonlinear wave equation:

-
) 322 )3z . 32PyL,

where ¢ is the dielectric permittivity and i;NL is the induced non-
linear polarization. In the geometry shown in 'Fig.4.2—2, the inci-
dent optical wave Ep is transmitted as an ordinary wave in the direc-
tion making an angle 6, from the optic axis, and hence its polariza-
tion is paraliel to the y axis. The intermediate optical wave Eg is
t:hen'.generated as an extraordinary wave in the direction 6y by the

anisotropic Bragg scattering due to the photoelastic temsor compo-

nent py;. In this step, the acousto-optically induced nonlinear

polarizatibn which radiates Eg is given by
Pﬁg(x. z, t) = ¢gq noz nez(GD) Py1 sinbp cosp S1 Ep(x, z, t)  (4.2-6)
with |
ng(6g) = 1/[(cosby/ng)2+ (sineB/ne)Z]l/2 (4.2-7)
and
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cosa==(nezcoszegi-nozsinzeB)/(ne“coszeBi-ne“sinzeB)l/z,

(4.2-8)
where ngy and ne are the ordinary and the extraordinary refractive
index at wA(==wB), respectively, and § is the angle between the
Poynting vector and the propagation direction of Eg. Substituting
Eqs.(4.2-3-b) and (4.2-6) into Eq.(4.2-5) and neglecting the second-
order derivative, we obtain the following differential equation with
respect to the field amplitude Eg(z):

dEB(z) |
‘dz =-3jAS) Ep(z) exp(-jAkz) (4.2-9)

and
A = wpng? ne(0g) Py sinbp coss/4 ¢ cosby , (4.2-10)

where Ak=kAcoseA-kB.coseB, kg =wpno/c, kpg=uwp ne(6g)/c, ¢ is the
optical velocity in vacuum, and we assume that there is no phase~
mismatch for the x components. For simplicity, we shall solve Eq.
(4.2-9) in the usual small signal approximation, that is, we consid-
er the case where the depletion of the input optical wave is negli-
gible so that dEj(z)/dz =0 and Ep(z) =E5(0). Then Eq.(4.2-9) yields

Ep(z) = -1 AS1 EA(0) 2 (%}22—/2-)-] exp( - jakz/2),  (4.2-11)

When the Bragg condition (Eq.(4.2-2-a) ) is satisfied so that Ak =0,
the electric field amplitude of the acousto-optically scattered wave

is obtéined as

En(z) =-jAS; Ea(0) z . ' (4.2-12)
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In the next step, the output SH wave E; is generated as an
ordinary wave in the direction of 6¢ by mixing of the above acousto-
optically scattered wave Eg with the input optical wave E, via the
second-order optical mixing effect. Thus the polarization direction
of Eq 1s again parallel to the y axis. The induced nonlinear polar-
ization which radiates E¢ has, therefore, only one component along
the y axis. The simple argument similar to that in the conventional
optical-mixing effect gives the expression for this polarization as
[10,11]

PNL(xs zZ, t) = %PNL(Z) exp{ j [‘*’C t- (KA+ KB)°?]}+ CsCay |
(4.2-13-2a)

and

Pyp(2z) = - 2¢,d;) E4(0) Eg(z) cos(6g-96) . (4.2-13-b)

where dj; is the nonlinear optical coefficient. When the Bragg con-
dition is satisfied, Eq.(4.2-13-b) can be replaced by

Py1(z) =23 ¢e,d11 Acos(bg - 8) s, [EA(O)]2 Z. (4.2-13-¢)

In this way, we have derived the expression for the induced nonline-
ar polarizations which govern the entire nonlinear process.

The solution for Eg can be obtained by substituting Eqs.(4.2-4)
and (4.2-13-a) into Eq.(4.2-5). When the second phase-matching con-
dition expressed by Eq.(4.2-2-b) is simultaneously satisfied, the
output SH power Pg obéys the following relation:

PC < LL} Pac PA2 s (4.2"14)

where P, is the input optical power, P,. is the acoustic power, and

L is the effective interation length ( = the width of the acoustic
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column ).

4.2.B SHG due to five-wave interaction
The wave vector diagram for another phase-matching method is

schematically illustrated in Fig.4.2-3, where a shear acoustic wave

propagating in the y direction with the displacement parallel to the
x axis has been chosen. As illustrated in Fig.4.2-4, this nonlinear
effect consists of two-step indirect mixing process, which arises

from the acousto-optic scattering of the input optical wave from the

acoustic wave, followed by the second harmonic generation of the

scattered wave. The frequencies of the acousto-optically scattered

wave and output wave are therefore wpg =wp+Q and wp=2 wg, respec-

Z ( OPTIC AXIS )

4
8,=11.1°

BB- ec- 14,3°
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A% 2,/2 =5.3um
Fig.4.2-3 Wave vector diagram
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- Teo

R (= 2K)
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/ \ ORDINARY

ORDINARY

[u(Q)] [ Edwa)] [uQ)] [_Et(wa) ]

ACOUSTO-OPTIC
SCATTERING

Ei(us2Q)

2nd-ORDER
OPTICAL MIXING

OUTPUT [ Ei(2wa22Q) dijy

Fig.4.2-4 Nonlinear five-wave interaction process in Te.
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tively. The output optical frequency wg (= 2wy +22) again differs
from the exact SH frequency (2wp ) by the negligible amount of 2Q.

The phase-matching conditions required for this process are

KB = KA+K ( the Bragg condition ) (4.2-15-2a)
and
ﬁc =2 EB ( for the optical mixing ) (4.2-15-Db)

When Eqs.(4.2-15~a) and (4.2-15-b) are simultaneously satisfied, the
output SH power Pg obeys the following relation:

I EAS I N (4.2-16)

where the depletion of P, is again ignored.

4.3 - Experimental Results

4,3,A SHG due to four-wave interaction

The experiments were carried out in the setup as shown in Fig.
4.3-1. The relating refractive indices are ng =4.7939 and ne
=6.2433 at 10.6 ym, and ng=4.855 at 5.3 um[12,13]. The crystal
size was xxy xL=6.3x7.4x8,4mm, where the direction of L is as
defined in Fig.4.3-1. Pulsed longitudinal acoustic waves ( pulse
width: about 2 usec) propagating in the x direction (v =2290 m/sec)
were generated by a 36°-rotated y-cut LiNbO3 transducer cemented on
the x plane of the crystal. The thickness of the transducer was
adjusted by polishing so that its fundamental frequency was about 88
MHz. The cross section of the transducer was yxz=3,0%6,0mm,

The peak acoustic powers up to about 50 W were used. The impedance
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of the transducer was matched to the 50-Q electrical source through
the MATEC matching network MODEL MN70. A 10.6-um beam from a

CO, laser was focused with a KRS5 lens into the Te crystal so as to
propagate at an angle 6p =16.3° as an ordinary wave polarized along
the y axis. The peak power of the laser beam was about 50W at a

repetition rate of 100 sec”!. The width of the laser pulse was

estimated to be 0.3 to 0.4 usec. The confocal parameter and the
waist radius of the beam within the crystal were 80 mm and 170 um,
respectively. The acoustic pulse was triggered by an electrical
pulse from the CO, laser. The timing of the acoustic pulse with
respect to the laser pulse was adjusted by feeding the trigger pulse
through a delay circuit. Figure 4.3-2 shows the tuned electrical
insertion loss of the sample.

In order to realize the first step of the interactions, the
acoustic frequency was tuned to 88.8 Mz so as to satisfy the first
phase-matching condition that is given by Eq.(4.2-2—é). In this
geometry, the intermediate extraordinary wave (wg ) polarized in the
x-z plane was generated in the direction of BB==20.9°C by the aniso-
tropic Bragg scattering. The second condition (4.2~2-b) was then.
automatically satisfied at the frequency of 88.8 Mz and the output
SH wave (Ac=5.3 um) appeared as an ordinary wave in the direction
of 6¢c=18.6°.

The emergent optical waves were detected by a HgCdTe photo-
conductive infrared detector. The SH power was separated from the
unconverted fundamental by a sapphire-plate filter. The polariza-
tion directions of the waves were determined by the wire-grid polar-
izer inserted in front of the sapphire filter. Figure 4.3-3 shows
the intensity distributions of the emergent optical signals measured
by rotating the detector about the Te crystal, in which the incident
directions of the laser beam was kept at 6j =16.3°, The distribu-
tions of the unconverted fundamental wave ( Ay =10.6um) and the

acousto-optically scattered wave were obtained without the sapphire
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| ordinary wave (b). The acoustic fre-
quency was detuned to 86 MHz in (c).

SH intensity
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filter, where the CO, laser was operated in the cw condition with
the output power of about 0.5W since the distribution recording of
the pulsed signal was not obtainable with our present experimental
aparatus. On the other hand, the position of the SH signal was de-
termined using the sapphire filter and the laser in the pulsed oper-
ation. The intensity peaks of the acousto-optically scattered wave
and the SH wave were observed at the positions 21.8° and 10.7° away
from the emergent direction of the fundamental wave outside the
cryatal respectively and agreed well with their calculated positions
of 22:5° and 11.1%;

Figure 4.3-4 (a) shows the wave form of the observed SH signal
and the acoustic echo train detected by the LiNbOj3 transducer, where
the polarizer was set so as to pass only the ordinary-wave component.

In the experiment shown in Fig.4.3-4 (a), about 18 7% of the fundamen-
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tal power was acousto-optically scattered into the intermediate wave
and the obtained SH power was estimated to be the order of 10~3 W.
The corresponding conversion efficlency was the order of 10~5 with
the fundamental power of 50 W. However, the strong fluctuation of
the laser power prohibited the accurate measurements. When the
polarizer was rotated by 90° so as to pass the extraordinary wave,
no SH power was detected as in Fig.4.3-4 (b). When the acoustic
power was switched off, or when the acoustic frequency was changed,
as shown in Fig.4.3-4 (c), the SH power again vanished. These ex-
perimental evidences prove that the detected output was due to the

nonlinear process described above.

4,3.B SHG due to five-wave interaction

Figure 4.3~5 shows the Te crystal which was used in this exper-
iment. The crystal size was x xy xL=8,0x6.7 x10,3 mm, where L is
as defined in Fig.4.3-5. Pulsed shear acoustic waves ( pulse width:
about 2 usec) propagating in the y direction (v =1390 m/sec) were
generated by a 163°-rotated y-cut LiNbO3 transducer, The Poynting
vector of this acoustic wave tilts by about 44° from the propagation
direction as schematically shown in Fig.4.3-5. The transducer size
was x xz=3,5%4.0mm. The experimental conditions were essentially
the same as in the previously described experiments using a longitu-

| L

INCIDENT
IGHT

Wa
( Ap=10-6pm)
' 1n.249

(Ac=25.3um)
SIZE
Te: xxyxL =8.0x6.7x10.3mm
X z LINDOj : XxZ =3.5x4.0mm

Fig.4.3—5 Te crystal used in the five-wave interaction.
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Fig.4.3-6 The wave forms of the observed SH signal and the

acoustic echo train. The polarizer was set so as to pass only the
ordinary wave (a), and was rotated by 90° so as to pass only the

extraordinary wave (b). Horizontal sweep: 10 usec/div.

dinal wave propagating in the x direction. The incident light from
the pulsed CO, laser was focused with a KRS5 lens into the crystal
which propagated in the y-z plane at an angle 65 =11.1° as an ordina-
ry wave polarized along the x axis. The Bragg condition (4.2-15-a)
was fulfilled at the acoustic frequency of 36.3MHz and the inter-
mediate extraordinary wave ( wp ) polarized in the y-z plane was gen-
erated in the direction of 6p=14.3° by the anisotropic Bragg scat-
tering. Since the second phase-matching condition given by Eq.(4.2-
15-b) was automatically satisfied at 6 = 14.3°, the output SH wave
appeared as an ordinary wave in the same direction. Figure 4.3-6 (a)
shows the wave form of the observed SH signal separated from the un-
converted fundamental by the sapphire filter, where the polarizer
was set so as to pass only the ordinary wave component., The SH
signal disappeared when the polarizer was rotated by 90° so as to
pass the extraordinary component as shown in Fig.4.3-6 (b). In this
experiment, about 10 % of the fundamental power was acousto-optical-
ly scattered into the intermediate wave and the produced SH power was
about 3 x10™%W with the fundamental input power of about 50W. The

conversion efficiency was, therefore, about 6 x 1076,
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4.4 Discussion

For comparison with the results thus far described, the SHG ex~

periments making use of conventional collinear index-matching were
carried out with a cw CO, laser. The experimental setup was the
same as used in the acousto-optically phase-matched SHG éxcept for
the Te crystal measured. The fundamental beam was transmitted as an
extraordinary wave in the y-z plane at the index-matching angle 6m
from the optic axis. The SH wave was then generated as an ordinary
wave polarized along the x axis. The crystal was obliquely polished
at the desired angle for 6. Fig.4.4-1 shows the SH output as a
function of the external incident angle when the crystal was rotated
about the x axis. For the calculated 85 of 14.3°, the measured 6p
was 15.3°. The deviation of about 1.0° is considered as mostly due
to the misorientation of the crystal. For this interaction geometry,

the induced nonlinear polarization Pyj, and the conversion efficiency

o

Fig.4.4-1 SH power generated by

the conventional collinear index-

matching as a function of external
angle deviation from 6,

SECOND-HARMONIC POWER (ARB. UNIT)
(3,1
I

o [ T I | I [ I I |
4 -2 0 2 4
DEVIATION ANGLE

( deg. FROM 6m)
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n are given by

PNL | - 80 dll COSzem Eez (4. 4—1)
and

n =p2W/pY « L2 PW (4.4-2)

where Eg is the electric field amplitude -of the incident expraordi-
nary wave, P2¥ and P“ are the SH and the.fundamental power, and L is
the effective interaction length. When the crystal with L =13 mm was
used, the conversion efficiency n of about 10™* was obtained at the
fundamental power of P¥ ~0,5W. Now, suppose that the collinear
index-matched SHG is carried out in the same experimental conditions
as in the above-mentioned acousto-optiéally phase-matched SHG
utilizing the four-wave interaction, i.e., L6 mm and PY = 50 W,
Then the calculation of Eq.(4.4-2) yields P2“ ~0,1W and n =2 x 1073,
Therefore, it is concluded that the efficiency obtained in the
acousto-optically phase-matched SHG is about 1/100 times és small as
that obtainable in the conventional collinear index-matched SHG.

In the above discussion, we have derived the expressions for
the produced SH power for the cases in which the pump depletion can
be ignored. However, the present experimental conditions are consid-
ered as situated about at the applicable limit of the above discus-
sion since the results in Figs.4.3-4 and 4.3-6, for example, showed
the depletion of about 18 and 107% of the total fundamental power
respectively and the most part of the depleted powers were converted

into the acousto-optically scattered waves,

4,5 Concluding Remarks

In this chapter, the experiments using longitudinal acoustic
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waves propagating in the x direction and shear waves propagating in
the y direction were successfully demonstrated as examples for the
novel phase-matching technique for SHG utilizing the acousto-optic
interactions in Te. There are also several other acoustic waves
propagating in other directions which satisfy Eqs.(4.2-2-a) and
(4.2-2-b), and Eqs.(4.2-15-a) and (4.2-15-b), and hence the restric-
tion for the crystal orientation is much relaxed as compared with the
conventional collinear index-matching technique. One of the exam-
ples is a shear wave propagating in the z direction (v = 2240 m/sec)
with the frequency of 27.6 MHz., The calculation shows that the fun-
damental ordinary wave incident 20.8° away from the z axis and the
intermediate acousto-optically scattered extraordinary wave propa-
gating in the direction of 20.2° can produce the output SH wave in
the direction of 20.5° due to the four-wave interaction. Besides,
it is possible to apply this technique to a parametric oscillator in
which the oscillation frequencies can be varied by changing the
acoustic frequency in a similar way to that discussed by Harris et al

[5] for the collinear case.
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CHAPTER 5

ACOUSTO-OPTIC PROPERTIES OF AMORPHOUS Se

5.1 Introduction

Se is known as one of the peculiar materials which exist either
in amorphous or in crystallin form at room temperature. Though Se
crystal is a semiconductor with trigonal structure similar to Te,
its electrical properties are more like those of insulators since the
electrical conductivity of trigonal Se is as low as 10~5 to 1076 (@
x cm)~! at room temperature, and therefore the Joule heating arising
from the application of high electric field is relatively small.

For this reason, trigonal Se earlier drew wide attention as a prom-—
ising electro-optic material for infrared wavelengths, in particular,
for 10.6 ym [1-4]. However, the Se crystals obtained heretofore by
various growth techniques developed to date have a very low trans-
mission in the infrared, owing largely to the small-angle grain
boundaries unavoidably existing in the crystals. This property also
makes it difficult to apply an electric field uniformly over the
entire crystals [5-8] and prevents Se from being an efficient
electro-optic modulator material in the infrared in spite of its
high electro-optic coefficient.

On the other hand, amorphous Se has a low absorption as shown
in Fig.5.1-1 (0.1lcm™! at 10.6 ym) in addition to relatively large
refractive index ( 2,421 at 10.6 ym) [9], and these properties sug-
gest that amorphous Se should be an effective acousto-optic material
in the infrared region. Based on this expectation, amorphous Se is
taken up in this chapter and its acousto-optic properties at 10.6 um
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are examined in detail.

The amorphous samples measured in the experiments were prepared
in vacuum-sealed quartz tubes using Se of 99,999-% purity. After
these tubes were maintained in a furnace above 500°C for several
days, they were quenched by quickly dropping them into ice water or .

by exposing them to room air. No evidence of crystallization was ob-
served by x-ray inspections.

5.2 Experimental Results

5.2.A Acoustic properties ‘ ,

The acoustic properties of amorphous Se were measured prior to
the acousto-optic measurements which are described in Sec.5.2.B
below. Acoustic velocities and their variation with temperature T
were determined by the pulse-echo method developed by McSkimin [10].
The samples were 2- to 3-mm thick and the two large parallel faces
were ground and polished to be optically flat. Acoustic transducers
of quartz and LiNbOg Witﬁ various fundamental fréquencies ranging
from 10 to 20 MHz were bonded to the optically polished sample faces
with phenyl salicylate or epoxy resin., Figures 5.2-1 (a) and (b)
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Fig.5.2-1 Variation of acoustic velocities in amorphous Se with
temperature.

represent the variation of acoustic velocities in the temperature
range from -120 to 90°C, where vy, and vg. denote the longitudinal and

shear velocities. An abrupt change in the temperature dependence
was observed at about T =30°C, which is approximately corresponding
to the glass transition temperature Tg of Se. Tg is defined as the
range of temperature over which the transition between supercooled
liquid and glass phase takes place [11]. For amorphous Se, it is
known that 25°C <Tg <35°C [11]. In the temperature range below Tg,
both v; and vg show linear temperature dependences and decrease with
increase in T. From these measurements vy, vg, and their tempera-

ture coefficients at room temperature were determined as 1.83 x 103

Table 5.1 Acoustic velocities in amorphous Se and their temperature
coefficients at room temperature.

v 1 8VL 1 3's
VL S VL 9T VS 8T
1.83 x 103 0.92 x10° -140 ppm/°C -180 ppm/°C
cm/sec cm/sec

L and S respectively denote longitudinal and shear waves.
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Table 5.2 Elastic constants of amorphous Se (in the unit of 1011
dyne/cmz) at room temperature.

this work Graham et al. ¢ Vedam et al.b
Cii 1.43 1.443 1.436
C12 0.707 00690 00698

0=4.27 g/em3. %Ref.[12]. ° Ref.[13].

cm/sec, 0.920 x 10° cm/sec, -140 ppm/°C, and -180 ppm/°C, respectively,
as listed in Table 5.1, These relatively slow velocities suggest
that amorphous Se may possess large figures of merit. Table 5.2
tabulates the values of the two independent elements of the elastic
tensor, C¢;; and Ccj2, at room temperature along with those reported by

Graham et al [12] and by Vedam et al [13]. These values were ob-

tained from the relations
Ci1 <0 VL2 and (c11-c12)/2=va2, (5.2-1)

where the density p was determined as 4.27 g/cm3 by measuring the
weight and sizes of a parallelepiped sample.

The temperature and frequency dependences of acoustic attenua-
tion were also measured by the pulse-echo method. The intensity of a

plane acoustic wave in a lossy medium is expressed by
A(x) = A(0) exp(-ax), (5.2-2)

where x is the propagation distance and a is the acoustic attenuation
constant. From Eq.(5.2-2), the intensity of the n-th echo Ay can be

written

Ap = Ajexp[-2(n-1)al], (5.2-3)

where A; is the intensity of the first écho, L is the thickness of
the sample, and the acoustic reflectivity at each sample end has

been assumed to be unity as a realistic approximation. Therefore,
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the acoustic attenuation constant & can be determined by measuring
the exponential decay of the acoustic echo train. Figure 5.2-2 is
an example of the typical echo trains which show approximately expo-
nential decay. The thus-obtained o in amorphous Se at room tempera-
ture is plotted in Fig.5.2-3 as a function of acoustic frequency for
longitudinal ( Fig.5.2-3 (a) ) and shear ( Fig.5.2-3 (b)) waves; from
which it is found that o measured in dB/cm obeys

o=1,22f£0.73 ( longitudinal waves ) (5.2-4)
and
a=2,12 £0.81 ( shear waves ) ‘ (5.2-5)

where £ is measured in Miz.

Figure 5.2-4 shows the temperature dependence of o for the
1dngitudinal acoustic frequency of 12MHz. As we have seen in the
temperature dependence of the acoustic velocities, a also shows an
abrupt change at about 300°K, »correspondlng to the glass transition,
and rapidly increases with T above this temperature Consequently,
in order to use amorphous Se as an acousto-optic medium, it may be
necessary to maintain the temperature below this glass transition
temperature so as to assure stable operation and to avoid an in-
crease in the acoustic loss, and this will be a serious drawback in
its acousto-optic applications. Improvement of this difficulty by
alloying with other elements will be discussed in Sec.5.2.C.

5.2.B Figures of merit and photoelastic constants

The determination of figures of merit was carried out by the
Dixon-Cohen method [14-17] in the same way as has been described in
Cap.2 for Te. A fused quartz buffer rod was used as a standard

reference material ( see Fig.2.2-2), on which a 36°-rotated y-cut
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LiNbOj3 transducer was bonded to generate pulsed longitudinal acous-
tic waves. The amorphous Se samples were bonded to the buffer rod
on the face opposite to the transducer with phenyl salicylate or
epoxy resiﬁ bond. The light sources were a 0.6328~um He-Ne laser
for the fused quartz and a 10.6-um cw COzklaser for the sample, re-
spectively. The incident linearly polarized CO, laser beam had a
spot diameter of about 1mm at the sample face. Care was taken to
suppress the incident optical power to be much less than a few hun-
dred mW so that increase in the sample temperature was negligible.
The acoustic frequency generated by the transducer was ranged over
15 to 170 MHz, Corréspondingly, the diffraction conditions for the
smorphous Se samples were located in the Bragg region, whereas for
the fused-quartz rod the diffraction could be either in the Raman-
Nath or in the Bragg region depending on the frequency generated
[18].

The photoelastic tensor matrix for isotropic materials like
amorphous Se is written as [19]

P11 Pi2 P12 0 0 0

P12 P11 P12 0 0 0

Pi2 P12 P11 0 0 0

0o 0 0 F(pn-p12) 0 0 ’
0 0 0 0 ';—(Pn ~P12) 0

0 o o 0 0 %%pn-pm)

(5.2-6)

which contains only two independent non-vanishing components, pj;
and pys. According to the diffraction theory given in Appendix, for
a longitudinal wave propagating in an optically isotropic material,
M;; and hence p;; can be measured by using an incident light with
polarization parallel to the displacement direction of the acoustic
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wave. On the other hand, M;, and p;, can be determined from the
measurements employing an incident light with polarization perpendic-

ular to the elastic displacement.

The plots of the results obtained

in this way from the Dixon-Cohen measurements are shown in Fig.5.2-5

(a), (b), and (c), where I, and I; are the relative first-order dif-

fracted light intensities for amorphous Se due to the acoustic pulse

outgoing from the transducer and due to the pulse reflected from the

free end of the amorphous Se, respectively, and I, and I, are the

relative first-order diffracted intensities for the fused quartz due

to the outgoing pulse and due to the reflected pulse, respectively.
The figures of merit obtained from a similar procedure to that de-

scribed in Sec.2.3 are tabulated in Table 5.3.

The values determined

by Schneider and Vedam for the wavelength of 1,15 um, which have been

the only measurements made to date as to the photoelastic properties
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Table 5.3 Acousto-optic properties of amorphous Se.

Figures of merit

Wave- Refractive Acoustic wave Acoustic Optical wave
length index polarization velocity polarization M M' M"
(um) and direction ( 105 and direction (10"18 (10~7 (10-12
cm/sec) sec3/g) cm? sec/g) cmsec?/g)
1.15 2.4969 long. 1.83 /i 1100 920 501
| 1 1210 1010 552
10.6 2.421 long. 1.83 /! - 981 795 434
A1 1080 877 479

p=4.27 g/em3, M=nbp2?/pv3, M' =n’p?/pv, and M' =n7 p?/p v2.

Table 5.4 Photoelastic constants of amorphous Se.

Wavelength . P13 P2
(um) '
1.15 0.345 0.362

10.6 : 0.357 0.375




of amorphous Se, are also given in Table 5.3 [20]. Their results
were obtained by the conventional static method in which the change
of the refractive index was measured as a function of applied static
pressure. It should be noted that amorphous Se has fairly large
figures of merit at 10.6 ym as well as 1,15um and is a very at-
tractive material for acousto-optic applications at wide infrared
wavelength range since as we have seen in Fig,5.1-1 the transparent
region of this material spans from about 1 to 20 ym. Table 5.4 lists
the photoelastic constants deduced from the above-determined figures
of merit employing Eq.(2.2-4) together with the values obtained by
Schneider and Vedam at 1.15 um [20]. The values for the refractive
indices used in the calculations were those determined by Koehler et
al [9].

Schneider and Vedam concluded in their literature that the
photoelastic constants obtained at 1.15 uym were enhanced compared
with the values obtained at longer wavelengths because this experi-
mental wavelength was located near the absorption edge. Contrary to
their conclusion, however, the present results reveal that the values
at 10,6 ym are a little_largef than those at 1.15um for both p;; and
P12 and no enhancement can be observed at the shorter wavelength.
This wavelength dependence is also supported by the pressure depend-
ence of the optical reflectivity of amorphous Se measured by Kastner
et al [21]. Figure 5.2-6 shows the fractional change of reflectivity

Fig.5.2-6 Fractional reflec-

g tivity change per unit hydro-

q, 2f-mmnmmnv | static pressure applied to

z amorphous Se as a function of
photon energy ( after Kastner

ZE,_ | et al [21]).

L 1 1 t
0 1 2 3 4 5
Photon Energy (eV)

-103-



per unit hydrostatic pressure AR/R AP measured by Kastner et al at
room temperature as a function of photon energy. Extrapolating
the plot in Fig.5.2-6, we obtain

1 AR

~5 -1
X P 2,0 x107° bar

2.0 x10"!! cm?/dyne (5.2-7)

for both 1.15 and 10.6 um. Since the relation
R= (n-1)2/(n+1)2 (5.2-8)

holds between the reflectivity and refractive index of dielectric

materials in a transparent region, we have

4(n-1)
= —An
(n+1)3

AR . (5.2-9)

In isotropic solids under hydrostatic pressure, the relation between
the increment of the hydrostatic pressure, AP, and the induced longi-
tudinal strain S; is given by

AP = - (c;,+2¢;,) 81, (5.2-10)

where €1 and c,, are the elastic constants. Combining Eqs.(5.2-6)

and (5.2-10), we obtain the change of refractive index as
1 3
bn =-=0°(p;, +2p;2) 51 . (5.2-11)

Equations (5.2-9), (5.2-10), and (5.2-11) then yield

1 AR

- (m+1)(n-1) (c

P;; +2p;, 3
2n
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Substituting AR/RAP==2.0><10"11cm2/dyne and the values for the
refractive indices into Eq.(5.2-~12), we obtailn pi11+2p12=0.952 at
1.15um and p;; +2p;2=0.967 at 10.6 um. On the other hand, the ex-
perimentally determined values are p;; +2p;,=1.07 at 1.15um and
P11+2p12=1.11 at 10.6 ym. Thus, these two kinds of values obtained
in the different ways show good agreement with each other and support
the experimental fact that the photoelastic constants at 10.6 um are
larger than those at 1.15 um.

The phenomenological photoelastic theory developed by Wemple and
DiDomenico [22-25] may be helpful to explain this wavelength depend-
ence. Their theory starts from the well-known Sellmeier dispersion

formula
n2-1= z Fy/(E42 - E?) , (5.2-13)

where E is the photon energy, n is the refractive index, and F; and

E{ are the strength and the position of the i-th oscillator, respec-
tively. In the case of amorphous Se, the summation of the rigﬁt?
hand side of Eq.(5.2-13) can be approximated only by one term. This
is shown in Fig.5.2-7. The parameters obtained by fitting Eq.(5.2-
13) to the refractive index data given by Koehler et al [9] are F,
=75.1(eV)2 and Eg=3.93eV, and it is found that the position of Eg
approximately corresponds to the transition from the lone-pair p band

Fig.5.2-7 The Sellmeler
dispersion relation observed
in the refractive index of

016 TRANSPARENT REGION «————— . -1 amorphous Se. The data for
015 *. the refractive index were
075 ym those reported by Koehler et
o Loy oy oy al [9].
0 02 04 06 08 10 12 14 16 1.8 20 22 °
172 )
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ture diagram for amorphous Se.

Schematic band-struc-

( the valence band of amorphous Se ) to the antibonding p band ( the

conduction band ) [26].

Figure 5.2-8 shows a schematic band-struc- .

ture diagram for amorphous Se originally proposed by Kastner [26].

It is therefore understood that the refractive index in the longer

wavelength region is mainly determined by this transition.
Differentiating Eq.(5.2-13) with respect to the strain, Wemple

and DiDomenico derived the following equations to describe the photo-

elasticity of dielectrics [22-25]:

Pi4 2
(1-1/n2)2

Ed = FO/EO ’

and

AFo/Fo

N
Kij 2 ( TE0/Eo

where no summation over repeated subscripts is implied.

= E
= Ed- Dij (l +Kij a1-—)

] ’ (5.2-14)

(5.2-15)

(5.2-16)

pij is a



photoelastic constant, Dij is a deformation potential, and Kij de-
scribes interband-transition strength change induced by the strain.
Substituting the experimental results given in Tables 5.3 and 5.4
into Eq.(5.2-14), we obtain Dij and Ky as follows: For p;,

Dj;=1.20ev, K;;=3.13, (5.2-17)
and for p,,,
D;» =1.15eV, Kj3=3.52. (5.2-18)

Hence it can be concluded that the photoelasticity of amorphous Se

and its wavelength dependence are mainly originated from the strain-
induced change of the interband transition located approximately at
3.93eV. The amount of the change 1s determined by the parameters

given by Eqs.(5.2-17) and (5.2-18)

5.2.C Improvement of acousto-optic properties of amorphous Se by
alloying ‘

From an applicational point of view, amorphous Se possesses a
few practical drawbacks as an acousto-optic medium as follows.
(1) Low melting point : The melting point of this material is as low
as about 220°C, so that the optical absorption, though small, may
probably cause material damage under high incident power. Contrary
to this anticipation, we however did not observe any evidence of
damage even when the incident cw optical power at 10.6 ym was as high
as several watts, and therefore we may conclude that this low melting
point will not become a very serious problem as long as a moderate
optical power is used. (2) Low glass transition temperature: As we
have seen, Tg of amorphous Se is located in the range between about
25 and 35°C [11], so that the material is both optically and electri-

cally unstable above this temperature. As one of the ways to over-
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Fig.5.2-9 Variation of acoustic velocities of SegsAss (a) and
SeggAs, (b) with temperature.

come these problems, alloying with several percents of other elemen-
tal materials was attempted. The element taken up here is arsenic

( As) because it has been discovered that the addition of small
amount of As to some chalcogenide glasses results in strikingly dif-
ferent acoustic behavior [27]. The examined compositions are
SegsAss and SeggAsjg. These materials were prepared by direct fusion
of Se and As in vacuum-sealed quartz tubes. The v vs T curves

for these amorphous materials are shown in Figs.5.2-9 (a) and (b).
The temperature which is considered as corresponding to Tg shows
significant shift toward higher temperature region compared with the
results obtained for pure amorphous Se (Fig.5.2-1). Tg for SegsAss
and SeggAs)p is respectively 63 and 80°C and satisfactorily higher

than room temperature. Table 5.5 shows the temperature coefficients

Table 5.5 Temperature coefficients of velocity at room temperature.

1 3vy 1 3Vs
composition AT VS 9T
SegsAss -110 ppm/°C -85 ppm/°C
SeqpAsig -53 =75
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Table 5.6 Figures of merit in amorphous SegsAsg and SeggAs;g.

composition M, Mio
SegsAss 1100 x 1018 gec3/g 1160 x 10~18 gecd/g
SegpAsio0 954 963

Mij =nb Pijz/p v3.

of velocity at room temperature, which suggests that both of these
materials possess smaller temperature coefficients than those of
pure amorphous Se (Table 5.1) and therefore are more stable at room
temperature.

Figures 5.2-10 (a), (b), (c), and (d) show the acoustic attenu-
ation constant o versus frequency relations for these materials. o
for longitudinal waves propagating in SeggAsg 1s shown in Fig.5.2-11
as a function of temperature. Table 5.6 lists the figures of merit
determined by the Dixon-Cohen method [14,15] for SeggAsg and
SegpAs;g. It is noted that these values are all comparable to or
even larger than those of pure Se ( see Table 5.3).

From the results described above, it is concluded that the addi-
tion of small amount of As to Se results in a more preferable

acousto~optic behavior than pure amorphous Se.

5.3 Concluding Remarks

It is found that amorphous Se possesses large figures of merit
at 10.6 ym which are almost comparable to those of Te (see Figs.2.6-2
and 2.6-3 ). The wavelength dependence of the photoelastic constans
suggests that the photoelasticity in amorphous Se can be attributed
to the interband transition from the lone-pair p band to the anti-
bonding p band. 1In spite of the large figures of merit, amorphous Se

is not very satisfactory as an acousto-optic medium since the glass

-110-



transition temperature of about 30°C makes the material very unstable

at room temperature. It is however found that the addition of sever—

al percents of As significantly improves the acousto-optic proper-

ties.
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CHAPTER 6

Au-CLAD AMORPHOUS Se OPTICAL WAVEGUIDES AND
PHOTOELASTIC MODULATOR

6.1 Introduction

Recent experimental and theoretical efforts to develop efficient
optical waveguides and integrated optical elements have been made
mostly in visible or near infrared region. In such circumstances, it
is especially necessary to pay attention to inherent superior feasi-
bilities of the 10.6-um radiation of a CO, laser. Except GaAs, how-
ever, we have not yet obtained materials practically applicable to
waveguides at 10.6 ym [1-4],

In this chapter, the first experimental observation of wave-
guiding phenomena in amorphous Se at 10.6 um and its application to
a photoelastic modulator are described. The optical absorption of
this material is relatively low in the infrared region from about 1
to 20 ym as shown in Fig.5.1-1. The absoption at 10.6 um is about
0.1cm~! and the lowest in the measured wavelength range. This value
is considered to be low enough for the application to optical wave-
guides. Besides, it has been revealed in Chap.5 that amorphous Se
possesses large acousto-optic figures of merit at 10.6 ym and is at-
tractive for the device application utilizing the interaction between
surface acoustic waves and guided optical waves [5].

In general, dielectric optical waveguides are constructed making
use of a guiding layer of high refractive index and a substrate of
low refractive index. In the infrared region, however, it is not

easy to find a proper combination of the materials of low absorption
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since at present the materials available in the infrared region are
not so many as in the visible. Hence, the structure of one-sided
metal cladding is adopted for the present purpose siﬁce in this
structure any choice of the substrate material does not affect the

properties of the guide [6,7].

6.2 Experimental Results

6.2.A Au-clad amorphous Se waveguides

Figure 6.2-1 illustrates the structure of the sample. The
material used as a cladding metal was an evaporated Au film. The Cr
layer was sandwiched between the Au layer and the glass substrate to
obtain strong adhesion. Then, the Se of 99.999 Z purity was depos-
ited at room temperature in the vacuum of several 10~% Torr. It was
confirmed by x-ray investigations that the above-prepared Se film
was amorphous. The ends of the sample were mechanically polished to
obtain flat parallel faces normal to the optical propagation direc-
tion The refractive indices of amorphoué Se and Au at 10.6 um are
2,421 and 17.23 -3+56.00, respectively [9].

Waveguiding experiments were performed with the setup shown in
Fig.6.2-2, A linearly polarized cw COz laser beam which was care-
fully adjusted to operate in the fundamental Gaussian TEM;,; mode was
used in the waveguiding experiments. Coupling between the incident
beam and the guided modes was accomplished by focusing the incident

Fig.6.2-1 Structure of

10.6 um  |AMORPHOUS Se
the waveguide.

LIGHT Au

[y

t
P
«—Cr

SCANNING
DIRECTION

GLASS

1
i
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beam onto the sample input face with a KRS5 lens. To identify the
confined modes, the far-field intensity pattern of the transmitted
light was measured by mechanically rotating the HgCdTe infrared de-
tector about the sample. Figure 6.2-3 shows the transmitted intensi-
ty pattern which was obtained by mechanically translating the sample
4cross the focused laser beam. The scanning direction 1s shown in
Fig.6.2-1 by an arrow. The spatial resolution was limited by the
about 90-um half-power spot-diameter of the laser beam. The Se
thickness of the sample in Fig.6.2-3 was 11.0 ym and the length in
the propagation direction was 4.22mm., The incident beam was polar-
ized so as to excite TE modes. The strong sharp peak was observed
when the incident beam illuminated the Se input face, suggesting the
occurrence of optical confinement in the Se layer. When the beam

illuminated the glass substrate, no transmission was observed because
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the glass was not transparent for the 10.6-um radiation.

Figure 6.2-4 shows the angular distribution of the far-field
intensity pattern obtained for a Se film of 44~um thickness. The
shape of the pattern is approximately symmetrical with respect to
the position of 0°., The dominant structure is a single broad lobe
centered at 0°, which suggests that the fundamental TEp mode is most
dominantly confined. The pattern shows the width of about 10° at the
half-power points. Now, it is possible to estimate the field distri-
bution in the guide layer by assuming that the field distribution in
the far-field is Gaussian to good approximation. The diffraction-
spread angle of about 10° at the half-power points in the far-field
then corresponds to a field distribution with the full-width of 45.5
Km at the 1/e2-power points at the output face of the Se layer [12],
which is in good agreement with the film thickness of 44 um. Hence,
it can be concluded that the most dominant mode confined in the film
is the TEg mode. This is the first experimental observation of the
waveguiding phenomena in the film of amorphous Se at 10.6 ym. In
the experiments to excite TE modes, the TE; mode was always found to
be more or less dominant.

Confinement of TM modes was also attempted. However, no evi-
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dence of the confinement was observed. It is concluded that this is
mainly due to the large attenuation of TM modes inherent of metal-
clad optical guides. The theoretical calculation of attenuation
constants is shown in Fig.6.2-5 as a function of the thickness of the
amorphous Se layer [8]. It is assumed in this calculation that the
Au cladding is much thicker than the penetration depth (543.&).

The attenuation of the TEp mode is the smallest and it increases with
mode order. The attenuation of the TMp mode is larger than that of
the TEy by almost three orders of magnitude. The broken line in Fig.
6.2-5 denotes the limit corresponding to the inherently existing bulk

absorption as shown in Fig.5.1-1.

6.2.B Photoelastic modulator
As we have seen in Chap.5, amorphous Se has large acousto-optic

figures of merit at 10.6 ym as well as at 1.15um[3,10] and is an

attractive material from an applicational point of view. One of the
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5T 1 Fig.6.2-5 The attenuation constant
§, | 4 of the Au-clad amorphous Se wave-
z F ] gulde as a function of the Se thick-
2 r 1 mness. The surface plasma mode has
3 1 Dbeen neglected in this calculation.
wor 1 The broken line denotes the limit
zm*: 4 originated from the bulk absorption
E | LN ] given in Fig.5.1-1.
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Fig.6.2-6 Schematic illustration of photoelastic modulator (a)
and photograph of its cross section (b).

merits of the metal-clad Se waveguides is that this structure enables
us to construct guided acousto-optic devices on piezoelectric sub-
strates utilizing a large acousto-optic effect in amorphous Se.
Since most of piezoelectric materials show considerable optical ab-
sorption at 10.6 ym, they cannot be used as the substrate of ordina-
ry dielectric guide structures. This difficulty can be avoided by
forming a metal-cladding layer between the piezoelectric substrate
and the amorphous Se layer.

As preliminary experiments, a photoelastic modulator utilizing
a piezoelectric resonance of the composite resonator as shown in Fig.
6.2-6 was constructed. PZT piezoelectric ceramics was used as a
substrate to excite a mechanical vibration, onto which the amorphous
Se layer with Au cladding was bonded with epoxy adhesive. The reso-
nance excited in the experiments was a fundamental length-expanding
mode or a longitudinal vibration along the length direction of the
thin bar sample. Therefore, if we define the three coordinate axes

X, ¥, z as shown in Fig.6.2-6, the excited mechanical strain is given

-118-




by S;, under the one dimensional approximation as

0
S13 ='%'Sll sinlgi exp( jut )+ c.c., (6.2-1)

where w and L are the frequency of the mechanical vibration and the
length of the sample, respectively. The incident light was focused
onto the side face so as to excite TE modes. Therefore, upon

emerging from the guide output face, the transmitted light will ac-
quire the relative phase shift ¢ as

27 2m

¢ =—-nw - TAHW s (6.2-2)
0 0
1l 3

An =>5n’p11811, (6.2-3)

where n is the effective refractive index without the strain and P11
is the photoelastic constant [5]. w is the width of the sample in
which direction the incident beam was transmitted.

In order to detect the intensity light modulation due to the
photoelastic effect, a Mach-Zehnder type interferometer was construc-
ted as shown in Fig.6.2-7. The incident beam from a CO, laser is
split into the two branches. As given by Eqs.(6.2-2) and (6.2-3),
the light beam on one of the two branches undergoes the phase modu-

lation caused by the photoelastic effect due to the mechanical

Attenuator
HgCdT
Detgectore { Beam Splitter
Ge Sample \, (Ge)
6

Polarization

Oscilloscope

Fig.6.2-7 Schematic illustration of the setup used in the modula-
tion experiments.
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strain. The thickness of the Se layer was 74 um., The length L and
the width w were 8.1 mm and 3.4 mm, respectively. The resonance
frequency of this sample was 211.2 kHz and was in good agreement
with the calculated value of 209.5 kHz., The wave forms of the ap-
plied voltage at 211.2 kHz and modulated optical intensity are shown
in the photograph in Fig.6.2-9, The solid curve in Fig.6.2-8 shows
the electrical admittance of the sample as a function of frequency in
the vicinity of the resonance. The amplitude change of the detected
light intensity is shown by the broken curve. When either one of
the two branches of the interferometer was blocked, the intensity
modulation disappeared. This proves that the detected modulation is
due to the phase modulation caused by the photoelastic effect. The
amplitude of the driving voltage was 22.5V. According to Fig.6.2-8,
the band-width of this modulator is determined to be 5.4 kHz.

Figure 6.2~10 shows the detected light intensity as a function
of applied voltage. The half-wave voltage V;, derived from

p11vSi1, (6.2-4)

T o= e——p
)\0
is found to be 55V. The extinction of the modulator is 91 7. This
imperfect extinction is considered to be due to an unbalanced power
splitting of the beam splitter and the additional interference of

the air mode which has not been coupled into the guiding layer [13].

6.3 Concluding Remarks

Optical Waveguiding‘phenomena at 10.6 ym have been observed
in evaporated amorphous Se films with Au-cladding. The far-field
analysis has shown that the fundamental TE; mode is most dominantly
confined. The results show that amorphous Se can be used to form

planar waveguides for the 10.6-uym radiation of a CO2 laser. It has
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been also observed that the attenuation of TM modes is much larger
than that of TE modes in accordance with the theory of metal-clad
optical waveguildes.

As an application, a photoelastic modulator utilizing a piezo-
electric resonance of a Au-clad amorphous Se waveguide has been fab-
ricated. PZT piezoelectric ceramics is used as a substrate to excite
mechanical vibration. The modulator is operated around its funda-
mental length-expanding resonance of 211.2 kHz., The band-width and

half-wave voltage are determined to be 5.4 kHz and 55V, respective-
ly [11].
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CHAPTER 7

CONCLUSIONS

In this thesis, acousto-optic properties of single-crystal Te
and amorphous Se at the 10.6-um wavelength of a CO, laser are
studied and discussed in detail from an applicational point of view.
The results and conclusions obtained in this study are summarized as

follows.

CHAPTER 2:

(1) Experimental results have been described for the acousto-optic
properties of Te single crystal at 10.6 um. It has been found that
Te possesses exceptionally large acousto-optic frgures of merit M.
The largest value, My, = 5850 x 10718 sec3/g, has been obtained for
longitudinal acoustic waves propagating along the crystallographic x
axis and incident light polarized parallel to the z axis. The value
of 4360 x 1018 gec3/g, obtained for M;1, is in fair agreement with
the value determined by Dixon et al.

(2) Five of the eight non-vanishing independent Pockels photo-
elastic tensor components have been deduced from the above-measured
figures of merit. _

(3) The optical activity in Te has been precisely measured over the
infrared wavelength range between 4.0 and 10,6 ym. Contrary to the
previous results, the present measurements reveal that the magni-
tudes of levo- and dextrorotatory powers coincide with each other.
(4) The influences of optical activity on the acousto-optic prop-
erties of Te have been discussed.

(5) Based on the thus-obtained knowledges, the potential practical
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applicabilities of Te crystal to an infrared acousto-optic deflector

and modulator for the use especially at 10.6 um have been evaluated
in terms of figures of merit, optical properties, acoustic prop-
erties ( especially acoustic loss ), and resolution and access time.
As a result, it has been found that Te single crystal is one of the
most promising acousto-optic materials for 10.6-pym radiation.

(6) In order to avoid the harmful influence of an optical attenua-
tion due to the absorption band centered at 11 ym, the use of an
ordinarily polarized beam is preferred to the use of an extraordi-
narily polarized one as an incident light., Furthermore, for device
applications in which only the driving power consideration is impor-
tant, appropriate deflector configurations may be those utilizing
longitudinal waves in the x direction and the corresponding large
value of Mj>. On the other hand, the deflector utilizing longitudi-
nal waves in the z direction and M;3 has an advantage for the appli-
cations which require operations with large resolution, large band-
width, and short access time.

(7) A prototype of Te acousto-optic deflector has been fabricéted
based on these results and 1ts operational characteristics have been

examined at 10.6 um.

CHAPTER 3:

(1) Contributions from the free-carrier screened indirect photo-
elastic effect and from the acousto-electrically induced free-carrier
density waves to the photoelasticity in piezoelectric semiconductors
have been considered by taking the existence of both electrons and
holes into account. Explicit expressions for the effective photo-
elastic constants corresponding to these contributions have been
derived on the basis of the small-signal acousto-electric theory.
The results obtained are applicable either to extrinsic or to in-
trinsic semiconductors. It is derived that considerable cancella-

tion takes place between photoelasticity due to the electron-density
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wave and that due to the hole-density wave in intrinsic piezoelec-
tric semiconductors. The numerical evaluation of these contribu-
tions to the photoelasticity has been carried out by taking Te as an
example.

(2) 1In accordance with the theoretical prediction, an appreciable
diffraction ascribable to the free-carrier density waves propagating
in Te has been observed in the acousto-optic diffraction experiments
using a 10.6-ym wavelength at room temperature. The observed dif-
fraction intensity is in satisfactory agreement with the theoreti-~
cally predicted one within a factor of 3. This is the first time
that an acousto-optic diffraction due to free-carrier demsity fluc-
tuations accompanying an acoustic wave has been observed in an in-
trinsic piezoelectric semiconductors.

(3) The experimental results have revealed that two of the non-
vanishing independent Pockels photoelastic tensor components, p?l

and p?z, have the same sign in Te.

CHAPTER 4:

This chapter describes an aﬁplication of superior acousto-optic
properties of Te to nonlinear optical effects and proposes a novel
phase-matching technique utilizing acousto-optic interactions.
Employing this phase-matching technique, relatively efficient opti-
cal second harmonic generation of a 10.6-um light has been experi-
mentally demonstrated. It has been revealed that by making use of
this new phase-matching technique, restriction for the crystal ori-
entation can be much relaxed as compared with the conventional col-

linear index-matching technique.

CHAPTER 5:

(1) It has been found that amorphous Se possesses large acousto-
optic figureé of merit almost comparable to those of Te. The
obtained values are M;; =981 x 1018 sec3/g and M;, =1080 x 10718
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sec3/g at 10,6 um.

(2) The two non-vanishing independent Pockels photoelastic tensor
components in amorphous Se have been determined as pi11 =0.357 and
P12 =0.375 at 10.6 um. The wavelength dependence of these photo-
elastic constants suggests that the photoelasticity in amorphous Se
can be attributed to the strain-induced change in the interband
transition between the lone-pair p band and the antibonding p band.
(3) 1In spite of the large figures of merit, it has been found that
pure amorphous Se is not very satisfactory as an acousto~optic medi-
um since the glass transition temperature of about 30°C makes the
material both mechanically and electrically very unstable at room
temperature. It has however been found that the addition of several
percents of arsenic (As) significantly shifts the glass transition
temperature toward higher temperature region and consequently im-

proves the acousto-optic properties as compared with pure Se.

CHAPTER 6:

(1) Optical waveguiding phenomena at 10.6 ym have been experimen-
tally demonstrated for the first time in evaporated amorphous Se
films with Au-cladding. The far-field analysis has shown that the
fundamental TE; mode is most dominantly confined. The results have
shown that amorphous Se can be used to form planar waveguides for
the 10.6-pm radiation of a CO, laser. it has been also observed
that the attenuation of TM modes is much larger than that of TE
modes in accordance with the theory of metal-clad optical wave-
guldes.

(2) As an application of remarkable photoelastic and acousto-optic
properties of amorphous Se, a photoelastic modulator utilizing a
plezoelectric resonance of a Au-clad amorphous Se waveguide has been
fabricated. PZT piezoelectric ceramics is used as a substrate to
excite mechanical vibration. The modulator is operated around its
fundamental length-expanding resonance of 211.1 kHz. The band-width
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and half-wave voltage have been determined as 5.4 kHz and 55V,

respectively.
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APPENDIX

ACOUSTO-OPTIC DIFFRACTION THEORY

In this appendix, the theory of an acousto-optic interaction is
briefly outlined [1,2].

The basic geometry of an acousto-optic interaction is defined
in Fig.A-1. The x axis is chosen perpendicular to the boundary of
the medium. An acoustic wave is propagating along the y axis. An
optical beam is incident in the x-y plane with an angle 8g from the x

axis., The beam width of the acoustic wave is L. The wave equation

which describes the propagation of the optical wave in the medium

can be written

VZE = [n(y’ t)]z azE
c2 at2

’ : . (A“l)

where n(y, t) 1is the refractive index in the region of the acoustic
field (0 <x<L) and can be written ' '

n(y, t) = n+Ansin(Qt-Ky) | (A-2)
Y\

Fig.A-1 Interaction geometry.
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for a sinusoidal acoustic field, where © and K are the angular fre-
quency and wave vector of the acoustic wave, n is the refractive in-
dex of the medium in the absence of the acoustic field, and An is
the amplitude of the index change. As the perturbed electrical
field E is periodic in time and space with the acoustic field, it

can be expanded in a Fourier series, yielding

E=m£_wEm(X) exp[j{(w+mQ)t—_1€m-;}] . (A-3)
where

> >

kp'r = nk(xcosfj - ysind, )+ nKy (A=4)

and w and ic* are the angular frequency and wave vector of the inci-
dent optical wave in vacuum. Ep(x) represents the amplitude of the
m-th diffracted light with frequency of w+mQ. By substituting
Eqs.(A-2) through (A-4) into Eq.(A-1) and neglecting second-order
terms, we obtain a set of coupled, difference-differetial equations

B £ (Batr - Fao1)
=3 2megse0 (m’ :ii:;]Em , (4-5)
where |
£ = kAnL/cosf, , (A-6)
Q=KL/nk, (A7)
and
sinbg = K/2 nk, | T (ALS)
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where 6 is the Bragg angle measured in the medium. Q is the param—

eter Introduced by Klein and Cook [1] as a useful criterion to deter-
mine in which regime the diffraction takes place: Raman-Nath (Q « 1),

transition (Qv1), or Bragg (Q>» 1) diffraction. However, the prac-
tical limits of Raman-Nath and Bragg diffractions-are customarily
defined as Q <0.3 for Raman-Nath region and Q >4m for Bragg region.

Case (1): Q «1 (Raman-Nath diffraction)

For an acoustic beam of low frequency and narrow width so as to
satisfy the relation Q « 1, the diffraction takes the form of what is
known as Raman-Nath diffraction, for which Eq.(A-5) reduces to

dEm £ (
T "% (En+1-Ep-1)

= —jmKtaneoEm. (A-9)
Using the identity equation for ordinary Bessel functions,

In(x) = '—25— [Jp-1(xX) + Jp+1(x) 1, (A-10)

m
we obtain the solution

sin(K x tan60/2)
KL tan6,/2

Em(x) = exp( - —%-j mK x tan6; ) Jm(- £ ] . (A-11)

The normalized intensity of the m—-th diffracted light at L is then

In =|En(W)|?

sin(K L tan8y/2) ] (A-12)

= Jm [- & KLtaneo/Z

Equation (A-12) reveals that many diffraction orders can be observed
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in Raman-Nath diffraction. The diffraction pattern is symmetric at
all angles of incidence since Ip=I.,, The angle of diffraction of

the m—th -order is determined by
K
sinfp = sinby + m— . (A-13)

Case (2): Q~ 1 (transition region)

. When Q ~ 1, it is no longer possible to obtain analytical solu-
tions for Eq.(A-5). For a small value of Q, however, diffraction
taking place in this region has a feature analogous to Raman-Nath
diffraction. For a large value of Q, on the other hand, it resem-
bles Bragg diffraction. The technique to obtain numerical solutions
was proposed by Klein and Cook [1].

Case (3): Q » 1 (Bragg diffraction)
When the acoustic frequency is so high as to satisfy the rela-
tion Q > 1 and 6y = T 6y, only zeroth and first order beams are

predominant. For 60 close to +6p, Eq.(A-5) can be approximated as

dEg £
x ~7IrE1=0, (A-14)
dE, £ 2¢

= F, (A-15)

with

z = LK (sinfp - sin6y)/2 cos8, . (a-16)

Phariseau obtained the solutions of these coupled wave equations as

(3]

Eg(x) = Eg(0) exp(jz X/L)[cOS[-}f—{cz+ (5/2)2}1/2]
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z X
-] sin[-- c2-+(s/2)2}1/2]] . (a-17)
{62+ (£/2)2}1/2 2
£/2
E,(x) = -E4(0) exp(j ¢ x/L)
' ° {z2 + (g/2)2)1/2
«sin(E-{e2+ (2/2)2)1/2), (a-18)

where the boundary condition, E;(0) =0, has been employed. The in-
tensities of these waves at x=1L are obtained from the relations

Ip(L) |Eq (L) |2 I (L) |E1 (L) |2
= ’ = (A-19)
I0(0)  |Eg(0)]2 I5(0)  |EgC0)]2
as
Io(L) = T(0)[ 1~ (E/20)2 8in20 ], (A-20)
I;(L) = 19(0)(&/20)2 sin0 , (A-21)
where

02 = 2+ (g/2)2 (A-22)

and Ip(0) is the intensity of the incident beam at x=0. When the
angle of incidence g, satisfies the Bragg condition sind = sindy ,

we have £ =0 and Eqs.(A-20) and (A-21) reduce to
Ig(L) = Iy(0) cos2(E/2) , (A-23)

I1(L) = I(0) sin2(&/2) . (A-24)
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Now, we shall derive a more explicit expression for £ by making
use of the inverse dielectric constant which is defined by

(l/K)ij = Eo "a—Dj_ . (A"25>

The changes in (1/k) due to strain are given by the photoelastic
constant pijkl of the medium in the form

A(l/K)ij = pijkl Skl ’ (A-26)
or in the contracted matrix notation,

The change in the dielectric constant is then obtained by making use

of the identity equation

as

bkij = = ¥4k Pilmn Smn¥13 * (4-29)

P
Using the relation n? =k, we have
An = —»—2—n , pS ’ A . ) _ L o (A-30)

where for simplicity the teﬁsdr notatioﬁ'is 6mitted.

. It was shown by Nelson and Lax [4-6] that the formulation (A-26)
is not sufficiently general to describe all acousto-opﬁic phenomena.
Iﬁ'particular, the photoelasticity arising from shear acoustic waves

in anisotropic media is not fully covered by the conventional de-
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scription ( or equivalently, Pockels photoelasticity ), which is ex-
pressed by Eq.(A-26). This is so because a shear wave not only
causes a shear strain but also a rotation of the infinitesimal vol-
ume element [4]. In this appendix, however, we shall neglectlthis
rotational contribution since it is discussed in detail in Chap.3.

The strain S is related to the acoustic power Py as
1 .3
PA=79V SS* LH (A-3l)

where p is the density, v is the acoustic velocity, and H is the
height of the acoustic beam. The parameter & defined by Eq.(A-6)

is then written

2 62 Y1/2 P, Ly1i/2 :
- " [ n°p ] [_A /2 (A-32)
Ag cosfy 0 v3 2H

Substituting Eq.(A-32) into Eqs. (A-23) and (AQZA); we obtain

. B (M P, LY1/2 1]
I5(L) = I,(0) cos?| . i ' : -
T ( MP, Lyy1/2 S \
T . LA _ A
I;(L) = I4(0) sin? (A-34)
1(L) o(_) | 3ocosty | 28 ) J‘ ’ N (4=34)

and the diffraction efficiency is given by
= 11('L)/Io(_0)", o : (A-35)
where M is Fhe fiéﬁre'bf merit defined by =

M = nb 2/pv I w3

The diffraction treated above is ‘what is known as isotropic (or

normal ) Bragg diffraction, which can be observed only when the op-
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tical propagation constant k=2 Tn/A, concerning to the diffraction
is of constant magnitude for all propagation directions. Since the
Bragg condition stated by Eq.(A-8) is a consequence of the pseudo-

momentum and energy conservation conditions

ko = k; +K (A-37)
and
Wy = Wy ta
= W (wy » Q) , (A-38)

the angle of diffraction in isotropic diffraction equals the angle
of incidence, where KO and Kl are the wave vectors of the zeroth and
first order diffracted lights within the medium. The wave vector
diagram describing isotropic diffraction is therefore an isosceles
triangle as shown in Fig.A-2 (a).

On the other hand, anisotropic (or abnormal) Bragg diffraction
takes place when the polarization plane of the diffracted light beam
rotates at a right angle to that of the incident light (i.e., |
in Eq.(A-26) ) and also refractive indices for both lights differ

from each other [1,7,8]. In this case, the angle of incidence need

(a)

Fig.A-2 Wave vector diagrams for isotropic Bragg diffraction (a)
and anisotropic Bragg diffraction (b).
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not equal the angle of diffraction and a drastic asymmetry is ob-
served in the wave vector diagram as shown in Fig.A-2 (b). The Bragg
condition for anisotropic diffraction is given in Sec.3.2.B as Egs.
(3.2-42) and (3.2-43) [7]. The rigorous expression for the intensity
of the first-order diffracted light is derived as Eq.(3.2-40) in
Sec.3.2,B by properly taking all of the material anisotropy into ac-

count.
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