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ABSTRACT In this paper the potential of M-waveguide struc-
tures for direct phase matching in AlGaAs is investigated by
numerical simulations. Principal waveguiding characteristics
are discussed. The impact of the optical layer thicknesses is
analyzed with respect to phase matching and conversion effi-
ciency for second harmonic generation (SHG). An optimization
of the M-waveguide parameters yields a normalized conversion
efficiency of 153 or 214 % /W respectively.

PACS 42.79.Gn; 42.79.Nv; 85.30.De

1 Introduction

Thin waveguide films in integrated optics offer an
interesting alternative for optical frequency conversion com-
pared to conventional bulk devices. High intensities can be
guided over relatively long path lengths, making waveguides
predetermined for nonlinear interactions such as second har-
monic generation (SHG). Critical phase matching can be
overcome in waveguides by equating the effective indices
of the fundamental and harmonic wave [1], resulting in dir-
ect phase matching. Different approaches for phase match-
ing applied in waveguides are, for example, Cerenkov radi-
ation phase matching [2] and quasi phase matching [3]. So
far mostly birefringent waveguides [4] have been applied for
direct phase matching. Another possibility for obtaining the
same effective indices at the frequencies w and 2w is to uti-
lize the waveguide dispersion in order to compensate for the
material dispersion. Especially in this case a large nonlin-
ear interaction overlap of the involved fields combined with
amaterial of high nonlinear susceptibility is required to obtain
efficient guided wave frequency conversion.

Principally two waveguiding mechanisms can be dis-
tinguished: conventional guiding by total internal reflection
(TIR) and leaky waveguiding due to Fabry—Perot reflections
(operating in antiresonance). Antiresonant reflecting optical
waveguides (ARROWS) [5-8] show a characteristic wave-
guide dispersion behavior. This contribution deals with the
possibility of using the distinctive ARROW dispersion char-
acteristics for direct phase matching.
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We chose AlGaAs as the material system. It is a promising
candidate for devices in integrated optics. It is easy to pro-
cess and allows integration by wafer fusion with AlGaAs laser
sources. Moreover, it has a high nonlinear susceptibility, but
also a strong material dispersion in the near infrared. For an
SHG experiment a laser source at 1.55 pm can be applied, be-
cause the harmonic wavelength will still lie above the bandgap
wavelength for Al fractions larger than 30%.

As a result of numerical simulations we obtained an
ARROW-M-waveguide as one variation of an M-shaped
refractive-index profile allowing direct phase matching. An-
other variation has been recently suggested in [9] for the
LiNbO3; material system. Our simulations show that the
M-waveguide, which is a derivation of a symmetric single-
cladding ARROW, can be operated either as an ARROW
structure or as a coupler structure [10]. In this paper we gen-
erally discuss the different M-waveguide structures with re-
spect to direct phase matching in AlGaAs. The M-waveguide
structures are compared with regard to waveguiding aspects
and optimized in consideration of frequency conversion effi-
ciency. The optimized device yields a normalized conversion
efficiency of 153 or 214% /W respectively.

2 Theoretical background

In a second harmonic process inside a waveguide
of an optical nonlinear material such as GaAs, a nonlinear
polarization is generated and there will be a nonlinear inter-
action of the fundamental mode field at frequency w and the
harmonic mode field at 2w. The normalized nonlinear overlap
integral K of the interacting mode field distributions E;(x, y)
of the fundamental wave at w and the harmonic wave at 2w is
calculated as follows:
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This formula is used in order to compare the presented M-
waveguide designs to the M-waveguide approach as first sug-
gested by Chowdhury and McCaughan [9]. However, for slab
waveguide designs with varying nonlinear susceptibility in
the plane perpendicular to the layers d;jx = d(x), the function
d(x) needs to be considered in the integral of the numera-
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tor [11] [see (5) and (6)]. With K an effective interaction area
Fe¢r can be defined according to [4]:
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This way the normalized conversion efficiency 5, for
a waveguide of the length L can be expressed as

PQw) 87 dzgy L
P2(w)  soch2n(@)neQw)  Fegr

3)

Nnor =

The phase-mismatch term sinc(AkL/2) is already neglected,
since direct phase matching is assumed. For the effective non-
linear coefficient deir = x® /2 (expressing x® as a scalar
quantity), a mean square value over all layers is determined
for a layer structure with different y ®-value per layer. The
mean-square value takes into account the fact that the mag-
nitude of x® in AlGaAs is expected to decrease with Al
concentration [12]. For each layer the squared d coefficient is
weighted by the layer thickness, and the mean value is scaled
by the thickness of the whole layer structure. For an N-layer
stack having layer thicknesses &, . . . h y with different Al con-
centrations xj ...xy, the “average” nonlinear d coefficient
desr 18 calculated as follows:

di h+dihy+. .. +d} hy
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To calculate the effective indices n.¢r a standard transfer ma-
trix algorithm [13] is employed.

3 Numerical results

Direct phase matching shows up in the dispersion
diagrams as crossing points of the dispersion curves of dif-
ferent modes of the fundamental wave at A and the harmonic
wave at A /2. For the appropriate mode fields the overlap inte-
gral K can be calculated. Subsequently the conversion param-
eters can be determined according to (2)—(4). As the funda-
mental wavelength we chose A = 1.6 wm. For all simulations
transverse electric (TE) polarization is used.

3.1 Potential of ARROWs for direct phase matching

ARROWs are based on the leaky guiding of waves
due to very strong multiple Fabry—Perot reflections at glanc-
ing incidence at the layers adjacent to the core layer. Therefore
those layers are called reflectors or claddings. This way, the
wave can also be guided in a semiconductor core area of low
core index. Lateral index profiles for two ARROW structures
are illustrated in Fig. 1. Figurela shows a symmetric ARROW
with one reflector layer on each side of the core. Figurelb
illustrates an asymmetric ARROW with TIR as the guiding
mechanism on one side of the core and ARROW guiding on
the other side of the core. However, even for the latter case,
the dispersion behavior is determined by the ARROW guid-
ing.

Due to their characteristic index profiles, ARROWSs have
distinctive waveguide dispersion [14]. In Fig. 2 the effective
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FIGURE1 ARROW  structures in the AlGaAs material system:

(a) symmetric single cladding ARROW; (b) asymmetric ARROW structure

index is shown versus the reflector thickness for the asym-
metric layer structure of Fig. 1b. The solid curves belong
to the fundamental wave, and the dashed curves to the har-
monic wave. There are flat parts, where ARROW modes
exist, and steep parts, where reflector modes are supported.
For the leaky ARROW modes the wave is mainly propa-
gating in the core layer and the effective index lies below
that of the refractive index of the core. For the reflector
modes, which are TIR modes, the wave is guided in the re-
flector layer and, therefore, the effective index will lie be-
tween the refractive index of the core and that of the reflector
layer.
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FIGURE 2 Effective index curves versus reflector thickness for the
ARROW structure of Fig. 1b. The thickness of the core is 6 wm; solid lines:
fundamental wavelength (here A is 2 wm), dashed lines: second harmonic
wavelength. Circles indicate possible direct phase matching points

The circles indicate intersections of the curves for the fun-
damental (solid) and harmonic (dashed) waves with different
combinations of ARROW and reflector modes of different
mode numbers. At each intersection the effective index is the
same for the fundamental wavelength at A and the harmonic
wavelength at 1/2. Therefore, each of those points repre-
sents a possible direct-phase-matching point. However, not
all mode combinations are suitable for direct phase match-
ing, because the nonlinear interaction overlap might be too
poor or the waveguide losses too high. An ARROW struc-
ture for direct phase matching has to fulfil the requirements
of high interaction overlap and good confinement in order
for an efficient wavelength conversion to be obtained. A bet-
ter nonlinear overlap could be achieved by the transition to
a symmetric structure, and a better confinement by a TIR su-
perstructure.
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3.2 M-waveguide structures for direct phase matching
The index profile given in Fig. 3, which is a mix-
ture of a TIR superstructure and an ARROW core area, was
developed.

It is a derivation of the symmetric single-cladding AR-
ROW (compare Fig. 1a). The superstructure causes a high
confinement of the wave, and the symmetry yields a good
overlap of the interacting mode fields. The larger fundamen-
tal wave at X is guided in the larger superstructure at the
higher refractive index, whereas the smaller harmonic wave
at A/2 is guided in the smaller ARROW core area at the
lower refractive index. This way the material dispersion can
be compensated.

Depending on the layer parameters chosen, the waveguide
shown is either an ARROW structure or a TIR coupler struc-
ture (Fig. 4). A similar TIR coupler structure has been recently
published by Chowdhury and McCaughan, who called this
waveguide profile M-structure and who were the first to sug-
gest the M-shaped index profile for direct phase matching in
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FIGURE 3 M-waveguide index profile with core thickness % and reflector
layer thicknesses /1 in the AlIGaAs material system
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FIGURE 4 M-waveguide variations: index profiles and corresponding
mode fields (solid lines: fundamental wavelength, dashed lines: second har-
monic wavelength). a ARROW structure, b TIR coupler structure

LiNbOs3 [9]. For the ARROW structure (with thin reflector
layers) the core determines the waveguiding and the effective
index lies below the refractive index of the core (Fig. 4a). For
the TIR coupler structure (with thicker reflector layers) the re-
flectors determine the waveguiding and the effective index lies
above the refractive index of the core and below that of the re-
flectors (Fig. 4b). The obtained mode fields are supermodes
and consist of two coupled reflector modes.

In order to demonstrate the dispersion behavior of the M-
waveguide the reflector layer thickness is varied for a fixed
core layer thickness for the layer structure given in Fig. 5.

There are two intersection points where the dispersion
curve of the fundamental wave crosses a dispersion curve of
an even TE mode (index 0, 2 or 4) of the harmonic wave.
Those two points are direct phase matching points. For point
A there is an interaction of a TE, pump field with a TE; mode
field of the second harmonic. Point B stands for a TEy—TE,4
interaction. Both points correspond to two waveguide struc-
tures. For the case of the dispersion diagram as shown in
Fig. 5, point A corresponds to an ARROW structure, whereas
point B represents a TIR coupler structure.

The impact of the variation of the reflector thickness on
the M-waveguide dispersion is clarified when the evolution of
the respective mode fields is analyzed. For the larger funda-
mental wavelength at A (heavy solid line in Fig. 5) the change
of the transverse mode profiles is illustrated in Fig. 6. The
core region determines the waveguiding predominantly for
hi < h, and a Gaussian fundamental mode field is obtained
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FIGURE 5 M-waveguide dispersion behavior for the given AlGaAs layer
structure. Substrate: GaAs; outer reflector layers: AlAs (thickness = 2 pm);
inner reflector layers: Alp3Gag 7As; central core layer: Alg7Gag3As (thick-
ness 7 = 0.385 wm). Heavy solid line: fundamental wave at A; dashed lines:
harmonic wave at A/2
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FIGURE 6 Evolution of the TEy mode fields of the fundamental wave dis-
persion curve of Fig. 5 for h; /h =a 0.26,b 0.44,¢ 1.3 and d 2.6
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FIGURE 7 TE(-TE4 mode fields of the harmonic wave for 4 /h = 1.3 in
Fig. 5

(Fig. 6a,b). With increasing reflector size, the core evolves
into a disturbance of the superior TIR structure manifested in
a dip in the middle of the mode profile (Fig. 6¢,d). Now the
wave must be interpreted as a supermode consisting of two
fundamental reflector modes. For 1 >> h the coupling charac-
ter vanishes.

For the smaller harmonic wavelength at A /2, the obtained
mode fields are shown in Fig. 7 for a fixed reflector size. Since
the reflector size is about the same size as that of the core, there
is an obvious coupling between the reflector modes. The TEy—
TE3; mode fields therefore correspond to supermodes. The
effective index lies above the refractive index of the core. For
the TE4 mode field, however, the effective index lies below
that of the core and an ARROW mode is obtained (compare
mode field at the right-hand edge of Fig. 7).

33 M-waveguide optimization

In order to optimize the waveguide parameters,
both the thickness and refractive index of the core layer are
varied step by step: 2 =0.2 to 0.7 um, n¢ee = n(AlAs) to
n(Alp3Gag7As) in steps of 10% Al fractions.! The refrac-
tive indices for the reflector layers are fixed: that of AlAs
for the outer reflector layers and that of Aly3Gag7As for the
inner reflector layers (compare Fig. 3). The thickness of the
outer reflector layers is also fixed at 2 wm. For each parame-
ter pair (ncore, 1) direct-phase-matching points are determined
by variation of the reflector layer thickness (between O and
1 wm). Then the frequency conversion parameters (1)—(4) are
calculated in order to determine 7,,. Next, one parameter is
changed (either & or n) and the phase-matching points and
conversion parameters are derived until an optimum value
for nyor is found. This way the obtained lateral index profiles
vary between that of a single-cladding ARROW structure (as
shown in Fig. 1a) and that of a simple TIR structure.

As expected the TE()—TE, interaction (point A in Fig. 5)
yields higher values for the overlap integral, whereas the TEy—
TE, interaction (point B in Fig. 5) yields a higher mean non-
linear coefficient. For Al fractions up to 80%, only coupler
structures are found. For an Al fraction of 70% and less, both
regimes exist: ARROW and coupler structures, depending
on the layer parameters. The best conversion parameters are
found for an Al fraction of the core of 70% (compare layer
structure on the right-hand side of Fig. 5).

! For the Al,Ga;_,As material system the refractive index is determined
by the Al fraction x. The higher the Al content, the lower the refractive
index.

For the TE;-TE, interaction, the optimized ARROW
structure with a normalized conversion efficiency of npor =
103% /W for a device length L = 1 cm is shown in Fig. 8. For
this structure the ARROW criterion is fulfilled for both A and
A/2; the effective index lies below the refractive index of the
core. Accordingly the mode field of the fundamental wave
corresponds to a spatial fundamental ARROW mode and the
mode field of the harmonic wave to a second-order ARROW
mode. The waveguide and corresponding conversion parame-
ters are listed in Table 1. The optimized TIR coupler structure
for the same nonlinear mode interaction (TEy—TE,) yields
a best normalized conversion efficiency of nuor = 153%/W
(for L = 1 cm). For this structure the mode profiles basically
resemble those of Fig. 8. However, for the fundamental wave-
length the reflectors determine the waveguiding; therefore,
the mode profile at A shows a small dip in the middle and
the effective index lies above the refractive index of the core
(compare Table 1). The large interaction overlap results in the
highest normalized conversion efficiency found in our calcu-
lations (compare Table 1).

For the TE(—TE, interaction, the ARROW structures yield
small values for the nonlinear overlap, so that the normalized
conversion efficiencies lie around 10% /W despite large mean
nonlinear coefficients of about 90 pm/V. For this interaction
the optimized TIR coupler structure corresponds to the M-
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FIGURE 8 Optimized ARROW structure and mode fields for the TEy —
TE,; interaction. Solid lines: fundamental wave at A; dashed lines: harmonic
wave at A/2

ARROW TIR coupler
Core thickness (pum) 0.37 0.28
Reflector thickness (pum) 0.156 0.23
Teff 3.026 3.062
desr (pm/V) (4) 56.1 62.7
Fegt (pm?) (2) with (1) 128 104
Mnor (%/W) (3) with (1) 103 153
Futr (um?2) (2) with (5) 101 75
Mnor (/W) (3) with (5) 130 214

TABLE 1  Waveguide and conversion parameters of the optimized M-
waveguide structures for the TE)—TE; interaction. The refractive indices of
the core are neore = 3.028 @ 1.6 wm and n¢ore = 3.18 @ 0.8 um The values
of the normalized conversion efficiency 7o are calculated for an interaction
length of L =1cm
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FIGURE 9 Optimized TIR coupler structure and mode fields for the TEy—
TE, interaction. Solid lines: fundamental wave at A; dashed lines: harmonic
wave at /2

waveguide approach by Chowdhury and McCaughan adapted
to the AlGaAs material system. It yields a normalized con-
version efficiency of 1o = 105%/W (for L = 1 cm) and is
depicted in Fig. 9.

For the fundamental wave the waveguiding is determined
by the reflector layers. The effective index lies above the re-
fractive index of the core, and the mode field consists of
a supermode. For the harmonic wave the effective index lies
below the refractive index of the core, and the mode field con-
sists of a fourth-order ARROW mode. The waveguide and
corresponding conversion parameters are listed in Table 2.
The nonlinear overlap is less than that for the presented TEy—
TE, interactions, whereas the mean value of the nonlinear
coefficient is higher due to the thicker reflectors with a smaller
Al fraction.

However, using (1) and (3) for the waveguide optimization
is a rough approximation, because the problem is separated
into an effective nonlinear coefficient and an effective area. If
the nonlinear overlap integral is calculated exactly by

12 A0 B By, dxdy]
K= - 5)
SIS ERaxdy (f)73 B, dxdy)”
with
- d(x)
d(x) = A (6)

different values are obtained for the quantities that charac-
terize the conversion process. Then the waveguide configu-
ration for the TE,—TE, interaction, as shown in Fig. 9 and
Table 2 (approach by Chowdhury and McCaughan adapted
to AlGaAs), yields a small nonlinear overlap (<> Fep =
6490 punz), because the product of the electric field distri-
butions changes sign four times across the waveguide. This
results in a large reduction of the normalized conversion effi-
ciency to 3.7%/W. For the TE()—TE, interaction the ARROW
structure, as shown in Fig. 8 and Table 1, yields an effective
area of F = 101 um?2, resulting in a normalized conversion
efficiency of nyor = 130%/W for a device length of 1 cm. For

TIR coupler
Core thickness (pum) 0.6
Reflector thickness (jum) 0.453
Teff 3.111
detr (pm/V) (4) 80
Fetr (um?2) (2) with (1) 233
Tnor (%/W) (3) with (1) 105
Futr (wm?2) (2) with (5) 6490
Mnor (%/W) (3) with (5) 3.7

TABLE 2 Waveguide and conversion parameters of the optimized TIR
coupler structure for the TE(—TE4 interaction. The refractive indices of the
core are neore = 3.028 @ 1.6 wm and n¢ore = 3.18 @ 0.8 wm. The values of
the normalized conversion efficiency nnor are calculated for an interaction
length of L =1cm

the TEo—TE; interaction the TIR coupler waveguide config-
uration as given in Table 1 shows an even better nonlinear
overlap (<> Fegf =75 umz), and therefore a higher normal-
ized conversion efficiency of nnor = 214%/W for the same
interaction length.

4 Conclusions

By numerical simulations we obtain simple wave-
guide designs based on M-waveguide structures which are
usable for phase-matched SHG in AlGaAs. The total internal
reflection background structure provides good confinement
of the wave, while the core in the middle of the index pro-
file causes compensation of the material dispersion. There are
two relevant phase-matching points for a nonlinear interac-
tion of a TEy pump field with a TE, or a TE, field of the
second harmonic. For both field interactions, the waveguide
parameters can be chosen either in the ARROW regime or in
the coupler regime. Whereas in the ARROW case the core
area determines the waveguiding, in the coupler structures
with thicker reflectors the core acts as a perturbation of the
overall total internal reflection structure. The differences in
the waveguide geometry influence the conversion efficiency.
Both the interaction overlap and the effective nonlinear coef-
ficient are affected. Best conversion parameters are found for
a coupler design of the TE(—TE, interaction. The normalized
conversion efficiency is nnor = 153 or 214%/W respectively
for adevice length of L = 1 cm.

The theoretical value obtained is in good correspondence
with those cited in the literature for other phase-matching
approaches in AlGaAs. Whereas Fiore et al. [15] report a the-
oretical value of 81% /W for a waveguide of 1.7 mm by intro-
duction of artificial birefringence in multilayers, acomparable
value of 124% /W is given by Yoo et al. [16] for a quasi-phase-
matched AlGaAs waveguide. Eyres et al. [17] give 24%/W
for another orientation patterned GaAs device.

For an experimental realization the slab waveguide design
can be grown on GaAs substrates using standard molecular
beam epitaxy (MBE). Due to the symmetry of the non-zero
tensor element dy4 of the nonlinear susceptibility of GaAs,
the growth direction should be chosen in the (111) direc-
tion for a TE polarized pump field, in order to obtain second
harmonic polarization in the same polarization plane. The M-
waveguide designs suggested in this contribution are univer-
sally valid. They can be transferred to other material systems
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and might also be used for other phase-matched, second-order
processes. Therefore, the M-waveguide represents an inter-
esting alternative device for efficient guided-wave frequency
conversion.
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