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Integrated Optical Parametric Devices

W. SOHLER, B. HAMPEL, R. REGENER, R. RICKEN, H. SUCHE, ano R. VOLK
(Invited Paper)

Abstract—A short review of 1 development and the siste of the act
of teg » ic devices for neslisenr sptical fre-
quency coaversion bs given. The special aspects for phase maiching and
Beld lapin gwide devi di d. Mawrial sysiems wved
for second-arder moalinesr effects are reviewed. Fimaly,

Th: LINMO, devices for secomd-harmanic grutration sad parsmetric
sacillation sre preseniod sad discussed in mare dolall.

I. InTRODUCTION

WITH THE ADVENT of the laser 25 yean ago it
became possible o operate parametric devices—
well known from microwave physics for a long time—
also in the optical regime. Now a nonlinear crystal is
pumped by a laser beam of high intensity yielding a po-
larization 1erm proporiional 1o the square of the optical
field. This leads 10 second harmonic generaion (SHG),
which was observed for the first time by Franken et al. in
1961 [1]. If a second optical wave of another frequency
passes the crystal, polarization terms of sum and differ-
ence frequencics also occur. In case of phase matching of
the polarization wave and the generated ficlds their am-
plitudes can grow up to figures comparable with those of
the pump wave. This growth occurs at the expense of the
pump, cxpressed very clearly by the language of quantum
mechanics: one pump photon is annihilated if a signal and
idier photon arc created. This process can be spontancous
{parametric fluorescence [2]) or stimulated (parametric
amplification and difference frequency generation) (see,
for example [3)). It is obvious that encrgy and wave vec-
tor conscrvation (phase maiching) determine the pars-
metric processes. These effects are the bases of para-
metric devices which were developed mainly as tunable
sources of coherent radiation in the near-infrared speciral
region; the best known device is the parametric oscillator
(see, for example [4]) which was invented by Giordmaine
and Miller [5] in 1965.

While bulk optical pammetric devices demand high-
pump intensitics and, therefore, high-power lasers, inte-
grated optica! versions have the potential to be operated
with very low-power levels. This was recognized very
s0om in the carly days of integrated optics (see, for ex-
ample [6]). Due 10 the concentration of opticai fields in a
(long) waveguide with cross section dimensions of the or-
der of a wavelength, a high light intensity can be main-

M 14, 1985,
The suihors are with the Usiversitit-GH- Paderborm, Fachbesich hy-
sik, Angewanditc Physik, D-4790 Paderbom, W. Germany.

1EEE Log Number 3608996,

tained along the whole inleraction length (which can ap-
proach the waveguide length). Diffraction effects, as in
bulk optics, are avoided. Therefore, very efficient nonkin-
car optical interactions can be expected in guided wave
structures. Furthermare, phase malching can be achicved
even in isotropic materials which is not possible in bulk
optics. And finally, nonlinear intcgrated opiical devices
arc small, rugged, and stable in comparison with their bulk
counicrparts; this is especially true for inlegrated versions
of optical resonators. ’

All these attractive prospects of integrated optical par-
ametric devices stimulated many groups in the last few
years to investigate nonlinear effects in intcgrated optical
waveguides [7] and [7, seferences). The aim of these ef-
fons is 1o fabricate small, eventually tunsble, imegrated
optical parametric devices for efficient frequency conver-
sion with low power (semiconductor) lasers as a pump
saurce. There are numerous very interesting applications
for such devices in speciroscopy, optical siomge, and
communicalion systems.

It is the aim of this paper to give a shon review of the
development and the state of the art of integrated optical
parametric devices. The special aspecis, arising from the
intcgmtion in optical waveguides, are discussed in the next
two sections. The materials used for nonlinear optical ex-
periments with guided waves are reviewed in Section IV,
In Section V our own results oblained with resonant de-
vices are presented.

Il. PHASE MATCHING IN WAVEGUIDE STRUCTURES

Parametric processes require phase matching of the in-
teracting optical modes 10 achicve a reasonsble coaver-
sion efficiency. This means, ¢.g., for second harmonic
genention: k(w) + kf{w) = k(2w), resulting in a(w) =
A{2w). In bulk optics only bircfringent nonlinear mate-
rials allow—by coupling waves of onthogonal polariza-
tion—to fulfill this relation. In integrated optics, how-
ever, several methods exist 10 achieve further phase
matching; they are presented in this section together with
the birefringence—analog for the special case of second
harmonic generation. It is obvious that these methods can
be used also for other parametric processes.

A. Birefringence

In optically bircfringeat waveguides the fundemental
mode excites a second harmonic wave of orthogonal po-
larization if phase maiching is adjusted. This car be
achieved for a collinear interaction by a wavelength, tem-

0733-8724/86/0700-0772501.00 © 1986 IEEE
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crature, or angle wning. The lasi method is applicable
aly for planar guides. For the most desirable 90°, un-
ritical interaclion configuration Fig. | presents as ex-
mple second harmonic generation in a Ti: LiNbO, opti-
al waveguide with TM -+ TE coupling of the fun-
amental modes in a y-cut crystal [B). The second har-
nonic powcer is shown versus the waveguide temperature
btaincd with approximately 30-uW fundamental power
Ay = 1.13 um). The deviations of the experimental result
rom the theorctical sinc’-response function allow an es-
imation of the inhomogensity of phase matching in the
raveguide structure.

L. Modal Dispersion

In multimode oplical waveguides a nonlinear coupling
f modes of diffcrent order is possible. This can again be
0 interaction of modes of different polarization leading
2 a broadening of the phase-matchable wavelength range
a corresponding example with Ti: LiNbO, guides is given
n [9]). If the amplitude of the index profile of the optical
vaveguide is Jarge enough the material dispersion can be
ompensated by the modal dispersion: a coupling of a low-
rder fundamental to high-order harmonic modes be-
omes possible even for the same polarization. Integrated
plics, therefore, allows us 10 use even isolropic materials
or nonlinear parametric devices. This is of greal impor-
wnce as strongly nontincar materials like GaAs [10) or
he organic PCPU [11] could be used as waveguide ma-
srials for second-harmonic generation. As an example—
sken from a paper from lo and Inaba [t2]-the results
f second-harmonic generation in a ZnS-film on LiNbO,
a8 TEy ~ TE; coupling are given in Fig. 2.

*. Grating Structure

Another way 10 achieve phase matching is the coupling
f fundamental and harmonic modes by a periodic grating

m
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structure on top of the guide or (more generally) by a pe-
riodic modulation of the (linear or nonlincar) waveguide
properties | 13]-113). This approach is especially useful if
birefringence and modal dispersion Fail o achicve phase
matching. However, the conversion efficiency is in gen-
enal drastically reduced [ 4], As an example, Fig. 3 pre-
sents a phase-maiched second-harmonic gencration in &
periodic GaAs waveguide taken from van der Ziel er al.
[13).

1. OverLar oF Movai, FikLps

Nonlinear processes with guided optical waves are ef-
fective only in that pan of the waveguide where the modal
fields overlap. Therefore, the efficiency of frequency con-
version by imegrated optical parametric devices is essen-
tially determined by an overlap integral of the interacting
ficlds (integration over the waveguide cross section) [7].
This normally leads to u drastic reduction of the conver-
sion cfficiency, if modes of a diffcrent order are coupled.
Even for the interaction of fundamental modes in optical
wavcguides with a graded index profile a serious problem
arises: as the size of a ficld distribution depends on the
wavelength, an incomplete overlup is the result. This is

T
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Fig. 4. Near ficld di

phs) of (8) the f 1 TM

(h, = 1,13 sn) and (b) harmoic TE, modes ia s 20-um-wide Ti:LiNDD,
channe! guide on & y-cul substrate. Resulis of o Knite element calculation
110] plotied as solid (90, 70, 50, 30. 10. aad | perces) lines. Scade: 8

um beiween (large) marks.

illustrated by Fig. 4 for second-hanmonic gencration in a
Ti: LiNbO, channel guide; it demonstrates that the opti-
mization of the overdap in such structures is of great
imponance. Several methods have been proposed and in-
vestigated [16], [17]; we prefer to fabricate guides of low
Ti-concentration (or the LiNbO, system [18]. A careful
theoretical study of the influence of numerous waveguide
s has confirmed this idea | 19].

pa

1IV. MATERIALS

In bulk optics quite a lot of very useful crystals for par-
ametric devices are known. Most of them have been in-
vestigated in detail, so that their indices of refraction, their
bandgap, their absorption coefficients, and the tensors of
nonlincar coefficents can be found in the literature (sce,
¢.g., the Table Il in [21]). However, most of them have
not yet been used for (nonlinear) integrated optics. It
tumed out that it is often very difficult to prepare epilaxial
(to maintain the nonlincarity) layers on a suited substrate
a3 an optical waveguide system. Funthermore, only low
loss and very homogeneous guides can be used for non-
linear optical applications, as an imeraction length of more
than a centimeter is nomally required.

Nevertheless, there are some material systems which
could be prepared for applications in nonlinear integrated
optics. Most of them were studied in experiments for sec-
ond-harmonic gencration. ZnS-layers on TiO, [16], ZaO
[22). glass [23], and LiNbQ, | 12] were investigated. ZnO-
(24], glass- [25), ALO,- [26], and TiO;- [27] wave-
guides, deposited on a single-crystal quanz substrate as
nonlinear material, were studied. With expeniments using
GaF Iayers on CaF, [28] and GaAs guides on Ga,Al; _ A3
129] it was proven that optically isotropic materials can
be used for integrated nonlinear optics.

By far the best results up to now have been obiained
with the Ti: LINbO, system. Therz are oot only very in-
teresting devices for second-harmonic generation [30],
[31], (41}, but also for difference frequency generation
[32), parametric amplification [33] and oscillation [34].
Recently, de Micheli et al. [35] have shown that the
phase-matching range for second-harmonic gencration can

[ Ny 872

i
2 )
”e 1
s"’ﬁmm .
; :
il "
10 A Fum) 15
Fig. 3. Phase hing d for second b b won with

TIPE-guide; aher de Micheki of of. [37].

be considerably extended with Ti diffused/proton ex-
changed (““TIPE''-) waveguides (see Fig. 5). Ana!ucr
consequence is the possible reduction of the opemtion
temperature of an integrated optical parametric oscillator
if fabricated with a TIPE-guide [36]). Unfortunately, the
quality of such guides is not yet sufficient o allow the
fabrication of resonant devices. On the other hand, the
oplical damage is considerably reduced in T’I.PE:-lee-
guides [37], as well as in guides prepared by Tl-dll_l'u:m
in Mg-doped LiNbO; crystals {38). Very encouraging re-
sults—up 1o 800-mW second-harmonic power in cw op-
eration—have just been reponed by Fejer et al. [38}.
Nevenheless, the conversion efficiency for ¢.g, SHG is
limited to about 1 percent in 2-cm long Ti: LiNbO, guides
with 20-mW fundamental power [36]. As i0 percent are
necessary for many applications, other device configura-
tions (sec Section V) or betier materials have to be ued
Some organic crystals like MNA (2-methyl-4-nitroani-
line) or PCPU (parachlorophenylurea) have very large
nonlincar cocfficients { ~ one order of magnitude Inqu
than those of LiNbO,) and promise, therefore, consider-
ably berter results [39). However, up 1o now only few
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Fig. 6. Transmined intensity /r through an imiegrated optical channel
id vErsus ils lemp toperntion as oplical spoc-

- teim :ulyuroﬁh: A = .15 um He-Ne-laser emission). Free spacirsl
mage (1.4 GHz) correspoads 10 AT = 0.29°C.

sitempis have been made to prepare optical waveguides
with these materials for parametric devices [J 11, [40).

V. RESONANT ParameThic Devices

To improve the efficiency of second-harmonic genera-
tion, we have proposed 10 use integrated optical resona-
tors to get an enhancement of the intensity of the funda-
mental wave [42). The atainable improvement is of
course strongly dependent on the resonator finesse. Res-
onanl structures are also necessary for parametric oscil-
lalors. In this case the threshold pump power depends very
critically on the quality of the resonaior. For both appli-
calions we have prepaned integrated optical resonators by
coating the polished end faces of low-loss (<0.] dB/cm),
single-mode (TM-polarization, A = 1.5 #m), y-cut, x-
propagating Ti:LiNbO, channel guides with diciectric
mirrors of reflectivity up to 99 percent. The quality of
such 3 device is investigated by using it as an optical spec-
trum analyzer [43). Fig. 6 presents as an cxample the
measured spectrum of a He-Ne laser, emilting two lon-
gitudinal modes of 385 MHZ mode spacing at A = |.15
um. The finesse of the symmetrical resonator used in this
experiment was 40, defined by its free speciral range di-
vided by the frequency resolution of 35 MHz.

A. Resonant Second-Harmonic Generator

With a 48-mm-long channel wavcguide resonator of fi-
nesse 18 (reflectivity of ~0.96 at both end facesyat A =
LIS pm we studied second-harmonic generation. The
phase-matching condition required a crystal temperature
of about 176*C. Funkermore, the device had to be tuned
10 & resonance to generate the fundamental intensity en-
hancement inside the cavity. If both conditions were ap-
proximately fullfilled, second-harmonic generation could
be observed (Fig. 7). The conversion cificiency was about
1+ 107" with 1.5 mW (exiemal) fundamental power. This
result is of reasonable agreement with the theory.

However, the maximum improvement of the efficiency
can be obtained with matched resonstors as demonstrated
in butk oprics [44]. The idea is to irap the fundamenial
wave in the resonator completely where it is absorbed or
convened 1o a second-harmenic wave. A matched reso-

s

i €
Apym v LY :‘—-

FUNDAMENTAL INTENSITY fau|

SECOND HARMONIC INTENSITY {au}
-

TEMPERATURE {*C)

Fig. 1. T itted fund and d second h . ity
iluhﬂmyuhulummdummuohh\nvquik FEORBOE,

a
i
o

T~

Fig. 8. Expenmentaily obuerved (dots; left scale) snd cakulated (xolid kine;
right scale) pump power level P, 10 achicve an infrared emission of 10
#W resp. | uW as funciion of tke ducalion of the pump pulscs, Dashed
line: calcwlated CW pump power threshold.

nator, therefore, has & 100-percent vear mirror and a
maiched loss- and length-dependent from mirror 1o yield
zero reflectivity in a resonance. In this way the funda-
mental ficld enhancement and—as a consequence—the
conversion cfficiency arc optimized. Calculstions with
experimentally determined waveguide parameters show
[9] that very efficient (> 10 percent) harmonic generators
could be fabricated in this way (assuming again 20 mW
fundamental power).

B. Integraied Opiical Parameter Oscillator

The symmetrical waveguide resonator of the above ex-
ample (Fig. 6) was operated as optical parametric oscil-
lator by pumping it with short puises (up to 150 ns) from
a flashlamp-pumped dye laser (\, ~ 600 nm; § pps). To
achieve phase matching the device was heated 1o about
250*C depending on the pump wavelength and the de-
sired output. With 60-ns-long pump pulses parametric os-
cillation of infrared radiation sct in—defined by a signal
10 noise ratio of iwo in our detection system—al pump
peak powers of about 700 mW: with 150-as-long pulses
this level was reduced funher 10 250 mw. These experi-
mental results are given in Fig. § together with the results
of calculations of the pump power level to achieve an in-
frared output power of 1 uW as function of the duration
7 of the pump pulses. The theoretical limit for T ®is

e . .
.

the steudy-state threshold power of 15 mW (inside the os-
cillator). Compuring the experimental results with the
theary demonstraies that a funther reduction of the thresh-
old pump power down 1o about |50 mW (measured oul-
side the oscillutor) can be expecied for longer pulses.
The experimentally observed uning range coincides for
doubly resonunt operation (both signal and idler waves
are resonant) with the mimor reflection band from 1.10
Am < A < 135 um; tuning of the crystal temperature
required a shift of the pump wavelength according 1o the-
ory. The singly resonant operation mode would allow 1o
extend the tuning range of the parametric oscillator fur-
ther. As an example we had demonstrated earlier a tuning
range from 0.96 10 1.6 um with a single device [9).

V1. ConcLusion

Integrated optical parsmetric devices promise a number
of advantages. Duc to the high-optical power density
slong the whole interaction length, pump power levels or-
ders of magnilude fower than necessary in bulk oplics
should be possible. Many material systems have been in-
vestigaied mainly by experiments to second-harmonic
gencration. However, only the Ti: LiNbO, sysiem has
proven 1o answer most of the ¢xpectations set in nonlinear
integraied opiics. The most promising devices are reso-
nant Ti: LibOy structures for second-harmonic generation
and parametric oscillation. A conversion efficiency of
harmonic generaion up to 10 percent with 20-mW fun-
damental power seems to be feasible: therefore, a semi-
conductor laser might be used as pump source. The par-
ametric oscillator can be operated with 250-mW pump
power; ils wning range is 1.1 ym < A < 1.35 am. A
further reduction of the threshold snd an extension of the
tuning range are possible allowing infrared spect
from laser monitoring of the atmosphere (molecular spec-
troscopy) 1o investigations of optical waveguides and
waveguide devices.
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