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It would seem that a brief review of the current ad-
vances in the field of thin-film optical apparatus and
integrated systems based on them during the two years
that have elapsed since G. Kotel'nikov wrote his review
should start with listing the books and reviews that have
been published in this time. Foremost among them are
the monograph,C1] in which practically all the problems
bearing on integrated optics were reflected, the book by
Marcuse,C23 which treats the theory of asymmetric
plane waveguides and fiber optics, as well as the theory
of coupled modes as applied to thin-film waveguides,
and the book by Goncharenko and Red'ko,C 3 ] which main-
ly dealt with propagation of surface waves in anisotropic
waveguides. An entire set of reviews has been published
on general problems and prospectives of integrated op-
tics, e. g., "~®] nonlinear phenomena in thin films17·81

and lasers with distributed feedback.C9]

In line with the development of integrated optical sys-
tems, interest has grown considerably in optical thin
films and in methods and technology of preparing them.
This requires the most varied materials, both amor-
phous and monocrystalline.

A large number of studies has been devoted to organic
materials, an important property of which is their rath-
er small radiation losses and photosensitivity, i . e . , a
tendency toward changes in physicochemical character-
istics due to photochemical reactions (refractive index,
rate of diffusion, etc.). The most varied functional
elements can be built from such materials: strip (chan-
nel) waveguides, thin-film lenses, prisms, diffraction
gratings that operate as elements for the entry or exit
of radiation, narrow-band filters and mirrors, and film
waveguide lasers. The methods of preparing integrated-
optics elements and the technology of preparing polymer
waveguides are reviewed in1 1 0 1. One can obtain single-
mode strip waveguides with very small losses down to
0.2 dB/cm by applying the photolocking method,C11]

while the method itself ensures high resolution and is
suitable for manufacturing thin-film holographic grat-
ings. It has been possible to obtain thin-film wave-
guides with losses less than 0.13 dB/cm1121 by using
acrylic resin (refractive index «=1.485 at λ = 0.63 μ η ) .
Clair et al.:l3: deal with optimizing the quality of films
made of negative photoresists. The properties of optical
waveguides prepared by graft copolymerization on sub-
strates made of monomeric materials have been exam-
ined. C 1 4 ] Thin-film light guides have been obtained by
polymerizing aromatic organic compounds in a high-
frequency discharge.I 1 5 :

Waveguides with losses of 0.2 dB/cm (λ = 0.7 .
have been prepared by vacuum evaporation of a special

glass CAS (n = 1.46) onto a quartz substrate. Light-
guide films have been prepared by sputtering a tantalum
cathode in an O2-N2 mixture; they had a refractive in-
dex that was variable in the range 1.85-2.16 with a
variation of thickness of ~ 20 A: the losses of light
radiation energy do not exceed 1 dB/cm.C 1 7·1 8 1 Optical
waveguides made of Nb2O5 films (n= 2.1-2.27) have
been made by reactive d. c. sputtering; the minimal
losses were 0.5 dB/cm. t l 9 ] Recent studies have shown
that neodymium pentaphosphate has a high optical ampli-
fication of stimulated radiation, whereby it seems pos-
sible to build thin-film lasers; thin films of this mate-
rial can be easily obtained by hf sputtering (losses ~ 1
dB/cm at λ = 0.63 jim, and 1.2 dB/cm at λ=1.06 μηι). Β 0 !

Development of the technology of preparing waveguides
doped with neodymium is continuing. αι·**ι

Waveguides have been obtained by migration of silver
ions in lithium niobate in a melt of AgNO3 by out-dif-
fusion of LiNbO3 in LiTaO3.

C 2 4 ] Optical waveguides in
quartz C2S"*7] and ZnTe1 3" have been obtained by ion im-
plantation. Typical energies and ion densities ranged
from 0.3 to 3 MeV and from 10 u to 5x 10le cm"2, re-
spectively, with minimal losses of 0.3 dB/cm. Thin-
film waveguides in GaAs have been made by neutron
irradiation. B 9 ]

A review is given inC 3 0 ] of the methods and technology
of preparing optical waveguides based on amorphous
and single-crystal semiconductor materials, and the
most recent advances in development of the molecular-
beam epitaxy method are discussed. The development
of the technology of growing single-crystal thin films of
LiNbO3 is important, since this material is cheaper
than GaAs, while the quality of electro-optic modulators
based on it is higher. The light losses amounted to
1 dB/cm for a LiNbO3 film on an LiTaO3 substrate pre-
pared by the epitaxy method. t 3 1 · 3 2 1 A new "capillary"
technology has been proposed for growing films of lith-
ium niobate on LiTaO3 substrates. I 3 3 ] A method has
been developed for preparing waveguides made of Ge/
GaAs.C34J

The excitation of different types of waveguides has its
contrasts and features, and it requires further analysis
of the input systems. For example, conditions are for-
mulated in t 3 5 ] in universal form for the most efficient
excitation of diffuse waveguides by tunneling and diffrac-
tion methods, and the efficiency of grating input devices
is analyzed.Ι 3 β·3 7 1 The coupling element used for input
of radiation into a thin-film waveguide can at the same
time be a convenient instrument for determining the
parameters of the film with high accuracy. m z The
parameters of heteroepitaxial structures in the system
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GaAs-AlAs have been measured by using coupling
prismsC 3 9 ] and diffraction gratings.C 4 0 ]

One of the most important problems to be faced in
preparing integrated-optics systems is to ensure effi-
cient coupling of the light flux between two thin-film
waveguides. For two different waveguides having a
substantial phase mismatch, efficient coupling can be
had by using a diffraction grating having the appropriate
period, placed in the space between the two thin-film
light guides, and used for phase matching. Experiments
have established that the maximum efficiency of cou-
pling of this device is 27%.C41]

A third method of input of radiation into a film
(through a tapered edge of the waveguide) is continuing
to be studied^"4 4 3 and it is already being applied in
actual integrated-optics devices, e.g., in semiconduc-
tor lasers that have a passive and an active waveguide
of this type coupled inside the resonator."5 3

The potentialities of integrated-optics systems will
be substantially expanded if efficient and simple devices
will be developed for coupling between glass-fiber and
film light guides. Some inventions have already been
made along this line,C 4 6·*7 3 and matching of a thin-film
waveguide with a fiber light guide has been obtained by
tunneling,C48:l diffraction,C493 and through a tapered
edge. [ 4 4 ]

In addition to the listed elements for matching laser
radiation with optical waveguides, there is another input
device, the holographic device, in which a hologram
plays the role of the matching element. One can feed
radiation through such a device into filmc5OfS1] and fiber
light guides.[ 5 2 ] Yet the technical realization of such a
device is complex, though it has some advantages.

Methods are being developed for direct input of laser
radiation into a light guide, and transfer of the emission
of a small-size laser to a thin-film waveguide by tunnel-
ing has been achieved. C53~S5:1

Much attention is being paid to problems of developing
and studying channel waveguides, since this seems to
be just the way of developing to build frequency mixers,
directional couplers, and other control elements for
laser radiation and information transfer in actual inte-
grated-optics systems. Channel waveguides obtained
on semiconductor substrates by diffusion1·563 and selec-
tive etching1·5173 methods have been studied. Different
variants of the design of waveguides are being studied
in a promising material such as GaAs, and the typical
radiation losses amount in the channel structures to
0.8 cm"1 at λ=1.06 μπι and 1.2 cm"1 at λ = 0.9 μ π ι / ' 8 1

while the losses in planar waveguides based on GaAs
having an impurity concentration of 10l 3-10l e cm"3 near
the intrinsic absorption edge are 2-18 dB/cm.C 5 9 ]

The elements of integrated-optics systems are being
intensively developed and studied experimentally. The
possible practical realizations of the main types of
optical directional power couplers have been studied
inC 6 0 ]. Controllable directional couplers based on chan-
nel waveguides have been built for switching light fluxes
in optical waveguides, and the switching therein is car-

ried out by using the electro-optical effect in the coupler
material. Most employed waveguides are based on
either lithium niobate,c e l > 6 2 ] in which the switching ef-
fect is attained at voltages ~6 V, or on GaAs. The
switching frequency in the latter is above 100 MHz, the
power consumption is 180 μ'\ν/ΜΗζ, and the losses are
~3 dB/cm.[ 8 3 3 Other elements of integrated systems
are also being studied in addition to the directional cou-
plers: planar lenses, prisms, diffraction gratings,
thin-film beam splitters and reflectors of waveguide
modes,c e 4 ] integrated-optics polarizers,C 6 5 3 a thin-film
interferometer that can be used for building a calorim-
eter and a refractometer,c e e : waveguide thin-film photo-
detectors"7·' (a photodetector was prepared on a silicon
substrate in[ 6 8 3 inside an optical channel waveguide and
had a sensitivity of 0.33 μΑ/μ\ν at λ = 0.63 μπι with a
resolution of 10'9 sec). Diffraction gratings that have
been produced in a thin-film waveguide have been studied
in detail, and they fulfill various functions: mode trans-
formation with efficiency ~90%,ce93 emission and reflec-
tion of waveguide modes with a reflection coefficient of
about unity, or matching of miniature lasers with thin-
film waveguides. " 0 1 The effect of the polarization of the
light wave on their emission has been studied.[ 7 1 ]

Studies are continuing on the different types of dielec-
tric waveguides and their properties. In : 7 2 1 is pre-
sented a technique of preparation and a methodology and
results of experimental study of focusing optical wave-
guides for integrated-optics systems prepared by dif-
fusion into glass and semiconductor substrates. Reso-
nance optical effects have been studied in two-layer
thin-film structures.C 7 3 ] Interesting results of theoret-
ical and experimental studies of the phenomenon of
image production in homogeneous planar optical wave-
guides are given i n " 4 · 7 5 3 where they showed that self-
imaging is a property of highly-multimode parallel thin-
film waveguides. A large number of papers has been
devoted to studying the characteristics of diffusion wave-
guides as one of the most promising types; they permit
one to produce optical waveguides and elements of in-
tegrated systems in a broad class of monocrystalline
and amorphous materials. [ 7 6-7 8 3 Along this line, an im-
portant problem is to establish the parameters of wave-
guides that have a defined refractive-index profile. C79~e33

The thin-film modulators for laser-radiation based
on the electro-optical effect are highly varied. Amplitude
modulation of light arising from diffraction by electro-
optically produced gratings has been achieved in wave-
guides of LiN^Ta^Oa o n LiTaO3 substrates. Radiation
from a cw semiconductor laser was modulated, and
modulations were attained of ~ 8O%"43 and 60% with a
voltage on the electrodes of 8 v.c e 5 3 They got 80% mod-
ulation of the radiation at 80 V in waveguides based on
epitaxial ZnO layers, with a speed of the element of 3
ns and control power of 4 μ\ν/ΜΗζ.ι:ββ:ι

Phase modulation has been studied in channel wave-
guides 4.6 μΐη wide that were obtained by diffusion of
titanium into a LiNbO3 crystal. The coefficient of modu-
lation amounted to 0.3 V/radian with a modulating
power of 1.7 μλν/ΜΗζ · radian2 at λ = 0.63 μΐηΕ 8 7 ]; fre-
quency modulation at 150 MHz has been obtained in chan-
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nel waveguides based on epitaxial GaAs films with a
power of 300 MW/MHZ. C M ] A frequency of 1 GHz was
attained in ridge waveguides based on LiTaO3 with a
ridge width of 24 μ m at a control voltage of 30 V.c e 9 ] A
phase difference of 150° in heterostructures based on
AlGaAs corresponded to a control voltage of 10 V.t e 0 ]

A modulator based on a Mach-Zehnder interferometer
has been developed in a thin-film design, and the modu-
lator was made in the form of a coupling ridge waveguide
in LiNbO3"

13 and ZnSe. [ e 2 ] A typical value of the half-
wave voltage for it was 19 V.

Light modulation has been obtained by varying the
parameters of the electro-optical substrate of a wave-
guide. The modulation coefficient amounted to ~8x 10"8

radians/V/cm at frequencies of 1 kHz when CdTe and
KDP substrates were used.c 9 3 3 A "push-pull" modulator
based on an Nb2O5 film deposited on a LiNbO3 substrate
has also been built, and they attained a frequency of 1.8
GHz with a control voltage of 17 V. t 9 4 ]

Modulation of radiation at a frequency of 600 MHz has
been attained at voltages of 300 V in a thin LiTaO3 plate
70-μπι thick with strip contacts. t e 5 ] A modulator based
on gallium arsenide has been made for radiation of
wavelength 10.6 μτη, and the frequency of modulation
was 16 GHz.C 9 e :

Modulation by electroabsorption in waveguides based
on GaAs has been studied.C97]

Modulation with a depth of 10% at 60-Hz frequency
based on the magneto-optic effect has been obtained at
a field strength of 6 OeC98]; optical-mode conversion in
a ferrite film has been studied by using a homogeneous
magnetic field.: 9 9 ]

The characteristics of waveguide acousto-optical
modulators have been widely studied. They studied in c l 0 0 ]

the phase modulation of light at 62-MHz frequency. An
experimental study has been made of diffraction of light
propagating through a thin-film ZnO waveguide by acous-
tic surface waves that were being excited at 130-MHz
frequency by using interdigital electrodes whose diffrac-
tion efficiency was as much as 90% at 100 mW acoustic
power. c i o n A frequency of 28.7 MHz was attained in
devices made of polystyrene films.[ 1 ( B : An element has
been built for processing optical information in a thin-
film waveguide by volume gratings induced by acoustic
surface waves. Here they used As2S3 films on LiNbO3

substrates, and obtained a diffraction efficiency of 93%
at 3 mW acoustic power.t 1 0 3 3

A new configuration of electrodes has been proposed:
when deposited on an optical waveguide, they act anal-
ogously to an electro-optical prism, and switching is
attained with a control voltage of 15 V. a 0 4 J

Light modulation has been obtained in waveguides
based on liquid crystals. t l 0 S 3 They report in" 0 6 ] on light
modulation in liquid crystals and in nitrobenzene based
on the Kerr effect, and they attained frequencies of 50
kHz and 2 MHz with control voltages of 100 and 60 V,
respectively. In1 1 0 7 1, they studied amplitude modulation
of light arising from loss of total internal reflection at

the boundary of a light guide with a coating made of a
liquid crystal.

Studies of nonlinear phenomena in thin-film wave-
guides are continuing. Second-harmonic generation has
been carried out experimentally under phase-synchro-
nization conditions in ZnS waveguides deposited on a
crystalline substrate made of LiNbO3, with use of the
nonlinear properties of both the film and the sub-
strate, C1083 and in GaP waveguides on a CaF2 sub-
s t r a t e . " 0 "

A large number of studies has been devoted to distrib-
uted-feedback lasers, but since a review193 has been
published recently on this topic, we shall take up only
the most recent advances.

The stationary regime of laser action in an optically-
pumped laser has been treated theoretically, and they
calculated the amplification coefficient, threshold, and
output laser-action amplitude as functions of the co-
herence of the pumping radiation. t U 0 ] Possibilities have
been studied of mode selection and obtaining a single-
frequency generation reg ime. c l l l ] Laser action has been
obtained in an injection heterolaser with distributed
Bragg mirrors at a temperature of 180 °K11121 and at
room temperature.C 1 1 3 3 Dye lasers have been reported
that have a small radiation divergence,I11<3 and which
operate at a repetition frequency up to 100 H z . m 5 3

'introduction to Integrated Optics, Ed. Μ. Κ. Barnoski, New
York—London, Plenum Press, 1974.

2D. Marcuse, Theory of Dielectric Optical Waveguides, New

York—London, Academic Press, 1974.
3A. M. Goneharenko and V. P. Red'ko, Vvedenie ν intregral'nuyu

optiku (Introduction to Integrated Optics) Nauka i tekhnika
Minsk, 1975.

4 E. M. Zolotov, V. A. Kiselev, and V. A. Sychugov, Usp.
Fiz. Nauk 112, 231 (1974) C3ov. Phys. Usp. 17, 64 (1974)].

5 P . K. Tien, Laser Applied Optics and Spectroscopy, Beading,
Mass., W. H. Benjamin, Inc., 1975, p. 199.

6 F. A. Blum, Microwaves 14 (5), 56 (1975).
7I. Ya. Itskhoki, Zarubezhn. radioelektron., No. 9, 99 (1975).
8Y. R. Shen, Revs. Mod. Phys. 48, 1 (1976).
9V. N. Luk'yanov, A. T. Semenov, N. V. Shelkov, and S. D.

Yakubovich, Kvantovaya Elektron. (Moscow) 2, 2373 (1975)
ESov. J. Quantum Electron. 5, 1293 (1975)].

1 0H. P. Weber, W. J. Tomlinson, and E. A. Chandross, Opt.
and Quantum Electron. 7, 465 (1975).

UW. I. Tomlinson, H. P. Weber, C. A. Pryde, andE. A.
Chandross, Appl. Phys. Lett. 26, 303 (1975).

1 2F. Mohring, D. Volkmann, and D. Huhn, Opt. and Quantum
Electron. 7, 443 (1975).

1 3I. I. Clair, I. Frejlich, I. M. I. Ionathan, and L. H. Torres,
Nouv. rev. opt. 6, 303 (1975).

14Okada Takeshi and Oikawa Shigeru, Kenkyu jitsueka hokoku,
Electr. Comm. Lab. Techn. J. 24, 2693 (1975). ^

15R. E. Pogorelov, V. P. Red'ko, and L. M. Shtefngart,
Kvantovaya Elektron. (Moscow) 2, 1847 (1975) fcov. J. Quan-
tum Electron. 5, 1014 (1975)].

16R. Th. Kersten and W. Rauscher, Optics Comm. 13, 189
(1975).

" S . J. Ingrey, W. D. Westwood, Y. C. Cheng, and J. Wei,
Appl. Optics 14, 2194 (1975).

1 8J. Wei, S. J. Ingrey, W. D. Westwood, and S. Kos, Appl.
Phys. Lett. 28, 317 (1976).

19R. L. Aagard, ibid. 27, 605 (1975).

346 Sov. Phys. Usp., Vol. 20, No. 4, April 1977 A. S. Semenov and V. L. Smirnov 346



2 0D. I. Quinn, I. Berak, and D. E. Cullen, J. Appl. Phys. 46,
3866 (1975).

2 1B. U. Chen and C. L. Tang, Appl. Phys. Lett. 28, 435 (1976).
2 2S. J. Ingrey and W. D. Westwood, Appl. Optics 15, 607

(1976).
23M. L. Shah, Appl. Phys. Lett. 26, 652 (1975).
24M. Minakata, J. Noda, and N. Uohlda, ibid., p. 395.
2 5E.V. K. Rao and D. Montonnet, J. Appl. Phys. 46, 955 (1975).
26R. Th. Kersten and H. Boroffka, Optics Comm. 17, 119

(1976); Opt. and Quantum Electron. 8, 263 (1976).
27V. V. Vasil'ev, A. A. Nesterov, S. A. Sokolov, and V. V.

Shashkin, Kvantovaya Elektron. (Moscow) 3, 461 (1976) [Sov.
J. Quantum Electron. 6, 254 (1976)].

2SS. Valette, G. Labrunie, and J. Lizet, J. Appl. Phys. 46,
2731 (1975).

2 9S. Share, A. S. Epstein, T. Mouse, and W. S. C. Chang,
Appl. Phys. Lett. 28, 340 (1976).

3 0 P . K. Tien and A. A. Ballman, J. Vac. Sci. and Technol.
12, 892 (1975).

3 1S. Miyazawa, K. Sugii, and N. Uchida, J. Appl. Phys. 46,
2223 (1975).

32A. A. Ballman, H. Brown, and P. K. Tien, J. Cryst.
Growth 29, 289 (1975).

3 3T. Fukuda and H. Hirano, Appl. Phys. Lett. 28, 575 (1976).
3 4 F . Bergler and R. Ulrich, Wave Electron. 1, 153 (1975).
35V. A. Kiselev and A. M. Prokhorov, Kvantovaya Elektron.

(Moscow) 2, 2026 (1975) ISov. J. Quantum Electron. 5, 1100
(1975)].

36H. A. Haus and R. V. Schmidt, Appl. Optics 15, 774 (1976).
3 7D. C. Dalgoutte and C. D. W. Wilkinson, ibid. 14, 2983

(1975).
38R. Th. Kersten, Opt. Acta 22, 503 (1975).
39Yu. A. Bykovskif, A. V. Makovkin, and V. L. Smirnov,

Kvantovaya Elektron. (Moscow) 1. 1880 (1974) ISov. J. Quan-
tum Electron. 4, 1050 (1974)].

40Zh. I. Alferov, S. A. Gurevich, N. V. Klepikova, Ν. Ν.

Mizerov, E. L. Portnoi" M. E. Raikh, and B. S. Ryvkin,
Zh. Tekh. Fiz. 46, 558 (1976) [Sov. Phys. Tech. Phys. 21,
320 (1976)].

4 1H. P. Hsu and W. S. C. Chang, Opt. and Quantum Electron.
7, 459 (1975).

4 2T. R. Ranganath, W. T. Tsang, and S. Wang, Appl. Optics
14, 1847 (1975).

43A. R. Nelson, ibid., p. 3012.
4 4 E. M. Zolotov, V. M. Pelekhatyi, and A. M. Prokhorov,

Kvantovaya Elektron. (Moscow) 3, 1478 (1976) ISov. J. Quan-
tum Electron. 6, 800(1976)].

4 5 F . K. Reinhart and R. A. Logan, Appl. Phys. Lett. 26, 516
(1975).

4 6D. Vincent and J. W. Y. Lit, Appl. Optics 14, 1256 (1975).
4 7C. A. Goben, D. L. Begley, and M. Davarpanah, ibid., p.

1481.
48Yu. A. BykovskH, A. V. Makovkin, and V. L. Smirnov,

Kvantovaya Elektron. (Moscow) 2, 844 (1975) ISov. J. Quan-
tum Electron. 5, 470 (1975)].

4 9 J. M. Hammer, R. A. Bartolini, A. Miller, and C. C. Neil,
Appl. Phys. Lett. 28, 192 (1976).

50Yu. A. BykovskU, A. V. Makovkin, and V. L. Smirnov, Opt.
Spektrosk. 37, 1008 (1974).

5 IS. K. Case and Μ. Κ. Han, Optics Comm. 15, 306 (1975).
52H. Nishihara, S. Inohara, T. Suhara, and J . Koyama, IEEE

J. Quantum Electron. QE-11, 794 (1975).
53A. A. Zlenko, A. M. Prokhorov, V. A. Sychugov, and G. P.

Shipulo, Kvantovaya Elektron. (Moscow) 1, 2576 (1974) ISov.
J. Quantum Electron. 4, 1430 (1974)].

54Y. Suematsu, M. Yamada, and K. Hayashi, IEEE J. Quantum
Electron. QE-11, 457 (1975).

55Yu. A. Bykovskii, A. V. Makovkin, V. I. Molochev, V. L.
Smirnov, and A. V. Shmal'ko, Opt. Spektrosk. 41, 143
(1976).

5 6J. M. Hammer, Appl. Optics 15, 319 (1976).

5 7C. C. Tseng, D. Botez, and S. Wang, Appl. Phys. Lett. 26,
699 (1976).

5 8 F . J. Leonberger, I. P. Donnelly, C. O. Bozler, ibid. 28,
616 (1976).

5 9 I . Stillman, C. M. Wolfe, I. A. Rossi, and H. Heckscher,
ibid., p. 197.

e o F . Anracher, R. Th. Kersten, H. H. Witte, and G. Zieder,
Siemens Forsch. und Entwicklungsber. 5, 47 (1976).

61M. Papuchon, Y. Combemale, X. Mathieu, D. B. Ostrowsky,
L. Reiber, A. M. R. B. Sejourne, and M. Werner, Appl. Phys.
Lett. 27, 289 (1975).

62R. V. Schmidt and H. Kogelnik, ibid. 28, 503 (1976).
6 3J. C. Campbell, F. A. Blum, D. W. Shaw, and K. L.

Lawley, Appl. Phys. Lett. 27, 202 (1975).
64W. -T. Tsang and S. Wang, ibid., p. 588.
65H. F. Mahlein, Optics Comm. 16, 420 (1976).
6 6E. M. Zolotov, Kvantovaya Elektron. (Moscow) 3, 453 (1976)

[Sov. J. Quantum Electron. 6, 247 (1976)].
6 7J. T. Boyd and C. L. Chen, Appl. Optics 15, 1389 (1976).
6 8C. C. Tseng and S. Wang, Appl. Phys. Lett. 26, 632 (1975).
6 9E. M. Zolotov, A. M. Prokhorov, andE. A. Shcherbakov,

Kvantovaya Elektron. (Moscow) 2, 173 (1975) CSov. J . Quan-
tum Electron. 5, 107 (1975)].

70A. A. Zlenko, V. A. Kiselev, A. M. Prokhorov, A. A.
Spikhal'skii, and V. A. Sychugov, ibid. 2, 2433 (1975) [Sov.
J. Quantum Electron. 5, 1325 (1975)].

7IA. A. Zlenko, A. M. Prokhorov, A. A. Spikhal'skii, and
V. A. Sychugov, ibid. 3, 1056 (1976) [Sov. J. Quantum.
Electron. 6, 565 (1976)].

7 2 I. Nishizawa and A. Otsuka, in: Proc. of Symposium of Op-
tical and Acoustic Micro-Electronics, Ν. Υ., 1975.

73V. I. Anikin and L. N. Deryugin, Opt. Spektrosk. 39, 956
(1975) [Opt. Spectrosc. (USSR) 39, 546 (1975)].

74R. Ulrich, Optics Comm. 13, 259 (1975).
7SR. Ulrich and G. Ankele, Appl. Phys. Lett. 27, 337 (1975).
76V. I. Anikin and A. G. Gorobets, Kvantovaya Elektron. (Mos-

cow) 2, 1465 (1975) [Sov. J. Quantum Electron. 5, 787
(1975)].

77V. I. Anikin and A. P. Gorobets, Mikroelektronika 5, 194
(1976).

7 8E. Garmire, D. F. Lovelace, and G. Η. Β. Thompson,
Appl. Phys. Lett. 26, 329 (1975).

7 9 I . Savatinova and E. Uadjakav, Appl. Phys. 8, 245 (1975).
8 0J. M. White and P. F. Heidrich, Appl. Optics 15, 151 (1976).
8 1E. M. Zolotov, V. A. Kiselev, A. M. Prokhorov, andE. A.

Shcherbakov, Kvantovaya Elektron. (Moscow) 3, 1672 (1976)
(Sov. J. Quantum Electron. 6, 905 (1976)].

82K. D. Laakmann and W. H. Steier, Appl. Opt. 15, 1334
(1976).

83Yu. S. Kuzminov, N. M. Lindin, A. M. Prokhorov, A. A.
Spikhal'skii, and V. A. Sychugov, Kvantovaya Elektron.
(Moscow) 2, 2309 (1975) [Sov. J. Quantum Electron. 5, 1257
(1975)].

8 4J. M. Hammer, H. Kressel, I. Ladany, C. C. Neil, and W.
Phillips, Proc. IEEE 63, 325 (1975).

85V. M. Ermolaev, F. A. Logachev, Ν. Μ. Lyndin, Β. Β.
Meshkov, A. M. Prokhorov, V. A. Sychugov, and G. P.
Shipulo, Kvantovaya Elektron. (Moscow) 3, 2074(1976)
[Sov. J. Quantum. Electron. 6, 1134 (1976)].

8 6 J. M. Hammer, D. J. Channin, et al., IEEE J. Quantum
Electron. QE-11, 138 (1975).

8 7 I . P. Kaminow, L. W. Stulz, and Ε. Η. Turner, Appl. Phys.
Lett. 27, 555 (1975).

8 8J. C. Campbell, F. A. Blum, and D. W. Shaw, ibid. 26,
640.

8 9J. Noda, N. Uchida, M. Minakata, T. Saku, S. Saito, and
Y. Ohmachi, ibid., p. 298.

9 0 F . K. Reinhart, W. R. Sinclair, and R. A. Logan, ibid. 29,
(1976).

91Y. Ohmachi and J. Noda, ibid. 27, 544 (1975).
92W. E. Martin, ibid. 26, 562.

347 Sov. Phys. Usp., Vol. 20. No. 4, April 1977 A. S. Semenov and V. L. Smirnov 347



"•izutsu Masayuki and Sueta Tadasl, Denkl Tsushin Chakkai
rombunshi, Transl. Inst. Electron, and Comm. Eng. Japan
C58, 532 (1975).

M J . C. Webster and F. Zernike, Appl. Phys. Lett. 26, 465
(1975).

95A. R. Nelson, D. H. McMahon, and K. L. Gravell, ibid. 28,
321 (1976).

9 6 P . K. Cheo and M. Gilden, ibid., p. 626.
97G. E. Stllmann, C. M. Walfe, etal., ibid., p. 544.
"Agrawal Vijal Kumar, Migazakl Yasmuitsy, and Akaa Yasuo,

Japan J. Appl. Phys. 14, 1313 (1975).
"G. A. SmolenskU, E. P. Stinser, M. A. Garsiya, A. N.

Ageev, S. A. Mironov, O. N. Dikarev, E. S. Sher, and A.
V. Antonov, Pis'ma Zh. Tekh. Fiz. 2, 289 (1976) [Sov.
Tech. Phys. Lett. 2, 111 (1976)].

1 0 0 C. P. Christnsen, W. H. Steier, and R. Basn, IEEE J.in-
Quantum Electron. QE-11, 849 (1975).

1 0 1J. Kushibishi, H. Sasaki, N. Chubachi, N. Mikoshiba, and

K. Shibayama, Appl. Phys. Lett. 26, 362 (1975).
102A. I. Gudzenko, O. V. Gusev, L. N. Deryugin, S. A.

Zabuzov, V. V. Kluzdin, L. A. Osadchev, B. P. Razzhivin,
G. F. Sirotin, V. E. Sot in, and N. I. Chernyshev, Radio-
tekhn. i elektron. 21, 386 (1976).

103K. W. Loh, W. S. C. Chang, and R. A. Becker, Appl.
Phys. Lett. 28, 109 (1976).

1 M I . P. Kaminow and L. W. Stulz, IEEE J. Quantum Electron.
11, (pt. 1), 633 (1975).

1 0 5T. G. Giallorenzi, J. A. Weiss, and J. P. Sheridan, J.

Appl. Phys. 47, 1820 (1976).
106Yu. A. Bykovskii, A. V. Makovkin, V. L. Smirnov, and V.

N. Sorokovikov, Kvantovaya Elektron. (Moscow) 2, 2499
(1975) [Sov. J. Quantum Electron. 5, 1361 (1975)].

1 0 7Z. E. Buachidze, V. I. Busurin, V. V. Nikitin, A. S.
Semenov, and N. P. Udalov, ibid. 3, 448 (197«)'[Sov. J.
Quantum Electron. 6, 243 (1976)].

1 0 8H. Bo and H. Inaba, Optics Comm. 15, 104 (1975).
1 0 8J. P. van der Ziel, R. M. Mikulyak, and A. Y. Cho, Appl.

Phys. Lett. 27, 71 (1975).
1 1 0T. A. Lyakhov and Yu. V. Ponomarev, Kvantovaya Elek-

tron. (Moscow) 3, 107 (1976) [Sov. J. Quantum Electron. 6,
57 (1976)].

U 1 R. F. Kazarinov, Z. N. Sokolova, and R. A. Suris, Zh.
Tekh. Fiz. 46, 229 (1976) [Sov. Phys. Tech. Fiz. 21, 130
(1976)].

112W. T. Tsang and S. Wang, Appl. Phys. Lett. 28, 596
(1976).

U 3 Zh. I. Alferov, S. A. Gurevich, N. V. Klepikova, Μ. Ν.
Mizerov, and E. L. Portnoi, Pis'ma Zh. Tekh. Fiz. 2,
245 (1976) [Sov. Tech. Phys. Lett. 2, (1976)].

1 1 4T. Aoyagi, Y. Aoyagi, and S. Namba, Japan J. Appl. Phys.
15, 941 (1976).

U 5A. I. Rubinov, T. Zh. Efendiev, and A. V. Adamushko,
Kvantovaya Elektron. (Moscow) 3, 1816 (1976) J3ov. J. Quan-
tum Electron. 6, 988 (1976)].

Translated by M. V. King

348 Sov. Phys. Usp., Vol. 20, No. 4, April 1977 A. S. Semenov and V. L. Smirnov 348


