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We analyze the phase-matching conditions for second-harmonic generation ~SHG! and optical parametric
oscillation ~OPO! in birefringent nonlinear semiconductor waveguides and apply these results to the
model system of ZnGeP2 on a GaP substrate. The analyses and numerical results show that phase
matching can be achieved for OPO and SHG for reasonable guide thicknesses throughout much of the
infrared, indicating significant potential applications for nonlinear birefringent waveguides. For the
fundamental mode of a relatively thick guide the region of phase matching and the phase-matching
angles are similar to those in bulk material. However, the waveguide has the added flexibility that
phase-matched coupling can occur between the various modes of the guide. For example, the phase-
matching region for SHG can be considerably extended by coupling the pump into the guide in the
fundamental, m 5 0, mode and phase matching to the m 5 2 mode of the second harmonic. Significantly,
the results indicate, among other things, that ZnGeP2 waveguides with harmonic output in the m 5 2
mode can be used for efficient SHG from input radiation in the 9.6–10.6-mm region where bulk efficiencies
in this wavelength range are too small to be useful. © 2001 Optical Society of America
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1. Introduction

Chalcopyrite semiconductors are promising for opti-
cal frequency conversion applications in solid-state
laser systems, such as optical parametric oscillators
and frequency-doubling devices.1,2 ZnGeP2 is an ex-
cellent nonlinear optical material that exhibits good
optical transparency across the 0.7–12-mm wave-
length region and is therefore well suited for produc-
ing tunable laser output in the near infrared.3–8

The feasibility of constructing ZnGeP2–GaP hetero-
structures with appropriate refractive-index profiles
for waveguiding was reported several years back.9

In this paper we examine the phase-matching con-
ditions for second-harmonic generation ~SHG! and
optical parametric oscillation ~OPO! in birefringent
nonlinear waveguides and apply that analysis to the
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specific case of ZnGeP2–GaP waveguides. Although
the numerical results that we obtain are specific for a
given waveguide structure, the theoretical develop-
ment should be applicable for other nonlinear
waveguide configurations as well. To achieve
phase-matched conditions, we consider that the opti-
cal axis of the ZnGeP2 lies in the plane of the guide.
In that case the angle between the direction of prop-
agation of the wave in the guide and the optical axis
of the guide material can be adjusted to achieve the
phase-matching condition. As shown below, we
found that this can be accomplished for both SHG
and OPO in ZnGeP2 guides on GaP. Moreover the
waveguide geometry affords an additional opportu-
nity for phase matching not available in bulk mate-
rial. It is possible to couple radiation between
different modes of the guide. For example, in SHG
one can, in principle, couple the long-wavelength ra-
diation into the fundamental, m 5 0, mode of the
guide and adjust the propagation direction to obtain
phase matching to the m 5 2 mode of the guide at the
second harmonic. We found that this can greatly
extend the wavelength region over which phase-
matched SHG can be achieved in a planar waveguide
of ZnGeP2.

In Section 2 we outline the general theory for the
various modes. In Section 3 we give the results and
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discuss the theory applied to the model system of
ZnGeP2 on a GaP substrate. In Section 4 we present
he conclusions.

2. Theory

If the optical axis of the uniaxial, nonlinear guide
material lies in the plane of the guide, optical prop-
agation in the guide will be governed by two indices of
refraction, one of which is dependent on the direction
of propagation. If the wave is polarized perpendic-
ular to the guide, the TM mode, the index of the guide
will be related to the ordinary index of the guide
material. This index is independent of the direction
of propagation and is referred to as nTM. If the wave
is polarized in the plane of the guide, the TE mode,
the index will depend on the direction of propagation
with respect to the optical axis of the guide material.
This index is referred to as nTE. When standard
equations10 for step-index waveguides are used, nTM
and nTE are given by
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no and ne are the ordinary and the extraordinary
wave indices of the bulk guide material, ns is the
index of the substrate material, nc is the index of
the cladding, t is the guide thickness, k 5 2pyl is the
ree-space wave vector of the radiation, and m is the
ode number for the wave in the guide. In addition,
is the angle between the propagation direction and

he optical axis of the guide material.
Using Eqs. ~1!–~3! and knowledge of no and ne for

the guide material, ns for the substrate, and nc for the
cladding as a function of wavelength and choosing a
value of guide thickness and propagation direction,
one can calculate the values of nTM and nTE for the
guide. These can then be used to obtain phase-
matching conditions for the different nonlinear pro-
cesses.

We chose to examine the specific examples of OPO
and SHG type I phase matching in a ZnGeP2 planar

aveguide on a GaP substrate and with GaP clad-
ing. The optical ~or z! axis of the ZnGeP2 lies in the

plane of the guide as does the x ~or y! axis for the
optimum type 1 nonlinear coupling. For SHG type I
phase matching the guide is pumped in the TE mode
with propagation at an angle Q with respect to the
optical axis of the ZnGeP2, and phase matching oc-
curs for angle Q when

nTE~2l! 5 nTM~l!. (4)

For OPO type I phase matching the guide is
pumped in the TM mode with propagation at angle Q
with respect to the optical axis of the ZnGeP2, and
phase matching occurs for angle Q when

1
lP

5
1
lS

1
1
lI

, (5)

where lp is the wavelength of the pump, lS is the
wavelength of the output signal, lI is the wavelength
of the idler wave, and

nTM~lP!

lP
5

nTE~ls!

ls
1

nTE~lI!

lI
. (6)

3. Results and Discussion

Using fits to the literature values11 for the ordinary
and the extraordinary indices of bulk ZnGeP2 ~Ref.
12! and GaP ~Ref. 13! and Eqs. ~1!–~6!, we predict
he phase-matching angles shown in Fig. 1 for SHG
nd OPO for a 16-mm planar ZnGeP2 guide on GaP

operation in the m 5 0 mode. The corresponding
hase-matching angles for bulk ZnGeP2 are shown

for comparison. These results show phase-
matching angles that are quite similar to those of
bulk ZnGeP2 ~Refs. 3–8! as would be expected for a

Fig. 1. Calculated phase-matching angles for SHG and OPO in a
16-mm ZnGeP2 waveguide with a GaP substrate and cladding layer
compared with similar curves for bulk material.
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guide this thick. This simply shows that phased-
matched SHG and OPO should be readily obtain-
able in waveguides of ZnGeP2 that operate in the

5 0 mode. The applicability of the bulk indices
for the waveguide will depend on the guide thick-
ness, method of growth, degree of doping, lattice
mismatch, and internal strain. Bulk indices
should be a good approximation for a well-
constructed 16-mm-thick guide with reasonable lat-
tice match as could be obtained with ZnGeP2 on
GaP.

However, we can also examine the case in which
coupling into the guide occurs in one mode of the
guide, the nonlinear process within the guide cou-
ples energy to another mode, and coupling out of the
guide occurs from the second mode. Although we
have not calculated in detail the strength of cou-
pling, we estimate that nonlinear coupling from, for
example, the m 5 0 to the m 5 2 mode could be as
large as 20% of the coupling to the m 5 0 mode of
the guide for similar phase-matching conditions.
For the purpose of illustration, we consider the case
of SHG where the input wave is in the m 5 0 mode
with the second-harmonic output considered in the
m 5 2 mode. In this case we use the value of
nTM~l! for the m 5 2 mode but nTE~2l! for the m 5

mode. The resulting phase-matching angle is
lotted in Fig. 2 along with the SHG curve from Fig.
and for the bulk material for comparison. Note

hat in this case phase matching for SHG can be
btained over a wider wavelength region than for

5 0 to m 5 0 or for bulk ZnGeP2.

Fig. 2. Calculated phase-matching angles for SHG in the 16-mm
nGeP2 waveguide of Fig. 1 pumped in the m 5 0 mode with output

n the m 5 2 mode compared with the m 5 0 to m 5 0 coupling of
ig. 1 and that of the bulk material.
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4. Conclusions

In conclusion, we have theoretically analyzed nonlin-
ear propagation in birefringent waveguide material
for the generation of coherent IR laser light by
second-harmonic generation and by optical paramet-
ric oscillation. The specific guide material used in
the calculation was ZnGeP2 on a GaP substrate.
This structure has the added flexibility that phase-
matched coupling can occur between the various
modes of the guide. Moreover the coupling is a func-
tion of the guide thickness. These added degrees of
freedom will allow for high gain in conditions in
which it is difficult or impossible to achieve in bulk
material. The results in Fig. 1 indicate that for a
16-mm waveguide the phase-matching angles for
SHG and OPO in the m 5 0 mode are not signifi-
antly changed from those of the bulk material given
n Refs. 14–16. However, the phase-matching an-
les for SHG coupling from the m 5 0 to the m 5 2
ode for a 16-mm guide shown in Fig. 2 are signifi-

antly different and much more attractive than those
f the bulk material. For example, Fig. 2 indicates
hat type I SHG from 10.6-mm radiation occurs at a
hase-matching angle of ;48 deg, which is nearly
ptimal. In bulk material, SHG from radiation in
he 10.6-mm region is virtually unachievable as the
hase-matching angle approaches 90 deg. Our re-
ults thus indicate, among other things, that ZnGeP2

waveguides with harmonic output in the m 5 2 mode
an be used for efficient SHG from input radiation
round 10.6 mm where bulk efficiencies in this wave-
ength range are too small to be useful. The realiza-
ion of such a structure would thus pave the way for
yriad novel optoelectronic devices.
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