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Abstract—Second-harmonic generation in a quasi-phase
matched waveguide produced using a domain-disordered
GaAs-AlAs superlattice is modeled including the effects of
group velocity mismatch, nonlinear refraction, two-photon ab-
sorption, and linear loss. The model predicts our experimentally
observed second-harmonic powers within an order of magnitude.
Self-phase modulation and two-photon absorption led to reduced
conversion efficiencies of up to 33% at input peak powers >50 W.
Group velocity mismatch results in a reduction of 23% in conver-
sion efficiency using estimated group velocities calculated from the
measured effective refractive index. The modeling also shows that
the conversion efficiency peaks at propagation lengths longer than
the pulse walk off length and that duty cycle variations induced
shifts in the tuning curves. Group velocity mismatch also increased
the conversion bandwidth by ~ 30%. Incomplete modulation of
x(? in disordered regions reduced the output conversion effi-
ciency by up to two orders of magnitude. Grating-assisted phase
matching led to a 7% efficiency drop for a An of 0.045 at the
second-harmonic and 0.01 at the fundamental. This model serves
as a valuable tool to provide insight into the optimization of these
devices.

Index Terms—Integrated optics, nonlinear optics, optical phase
matching, optical waveguides.

I. INTRODUCTION

ARAMETRIC frequency conversion processes in semi-
Pconductor waveguides hold considerable promise for
the formation of compact all-optical devices suitable for
photonic integrated circuits. This is made possible by the
large nonlinear coefficients of semiconductors in comparison
with other crystals such as periodically poled lithium niobate
(PPLN) [1]. Furthermore, the mature fabrication technology
for AlGaAs enables low loss, highly confining waveguides
leading to higher optical intensities and enhanced nonlinear
effects. When ultra-short optical pulses are used in these highly
dispersive semiconductors, the design of devices which utilize
parametric processes such as second-harmonic generation
(SHG) are complicated by group velocity mismatch (GVM).
This is especially true when the second-harmonic wavelength
lies close to a resonance peak of the nonlinear medium where
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the dispersion of the refractive index is large relative to the
dispersion at the fundamental wavelength. The resulting tem-
poral walk off between the input and the generated pulses
can lead to lower conversion efficiency. Studies of PPLN for
quasi-phase matching (QPM) when using femtosecond pulses
demonstrated severe limitations posed by GVM such as pulse
distortion and saturation effects [2]. Recently, GVM correction
schemes such as quasi-group-velocity-matching (QGVM) [3]
and noncollinear SHG [4] have been demonstrated in PPLN. In
both cases, the effective interaction lengths were increased and
conversion efficiencies were improved.

GaAs—AlAs superlattices and quantum-well intermixing
(QWI) have been used to make domain-disordered QPM
waveguides [S]-[7]. In this scheme, the second-order nonlinear
coefficient x(? is periodically modulated between a high value
in the as-grown domains and a low value (ideally zero) in the
disordered domains. The amount of back-conversion is limited
when the fundamental and second-harmonic are out of phase
which in turn leads to net increase of the second-harmonic.
For this technique to be effective, the photon energy of the
fundamental is set just below the half-bandgap resonance where
the nonlinear coefficients are large while limiting two-photon
absorption (TPA). Domain-disordered structures have steadily
improved in performance by improving fabrication processes.
Further design optimization could be realized with compre-
hensive modeling that includes effects such as linear loss,
third-order nonlinearities, and GVM. The inherent birefrin-
gence in superlattice waveguides has highlighted the necessity
of taking GVM into account when analyzing cross-phase
modulation between two differently polarized modes [8]. By
analyzing the impact of GVM in QPM structures fabricated in
semiconductor superlattices, schemes such as QGVM could
be used to improve efficiency. Optimization of the conversion
efficiency is required to enable devices such as integrated
self-pumped optical parametric oscillators and monolithic
low-power frequency conversion devices.

Domain disordering a superlattice introduces several other
unique challenges when designing QPM structures using this
technique. While the purpose of QWTI is to introduce a peri-
odic modulation in the magnitude of X(Q), the linear refractive
index is also modified. This requires the duty cycle between
the as-grown and disordered regions to be asymmetric. Devi-
ation from the ideal duty cycle results in an accumulated phase
mismatch as the fundamental and second-harmonic propagate
through the structure. In practice, achieving the ideal duty cycle
is complicated by the resolution of the QWI process [9]. Mod-
ulation of the linear index also leads to a process known as
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grating assisted phase matching (GAPM) [10] which can in-
terfere with the QPM process. Furthermore, the second-order
nonlinearity cannot be completely suppressed by intermixing
the superlattice. Back conversion of the second-harmonic oc-
curs in the disordered domains of the QPM grating and reduces
the overall conversion efficiency. Additionally, third-order non-
linear effects such as self-phase modulation (SPM) and TPA
may disrupt the conversion process. Both effects have been ex-
perimentally measured for a GaAs—AlAs superlattice and SPM
was found to be about three orders of magnitude larger than in
PPLN [8]. In order to analyze the behavior of QPM with all of
these effects acting simultaneously, numerical methods must be
employed.

In this paper, we model the effects of third-order nonlinear-
ities, GVM, variations in grating duty cycle, x(*) modulation
depth, and GAPM on the SHG efficiency in domain-disordered
QPM superlattice waveguides by computer simulations. We
show good agreement with experimental results and analyze
the impact of each effect on the amount of second-harmonic
generated. By having a more complete model, we identify
routes to optimize the QPM structure for improved conversion
efficiency.

II. THEORY AND MODELING

In straight waveguides, it is not necessary to simulate all three
dimensions under the assumption that linear and nonlinear ef-
fects are weak and do not to disrupt the transverse mode profile.
In addition, the refractive index modulation in the waveguides
studied due to periodic disordering are on the order of 0.05 for
second-harmonic wavelengths around 775 nm which is a suf-
ficiently small percentage of the refractive index such that the
mode profiles are not disrupted. This yields several simplifica-
tions that reduce computation time. Solving Maxwell’s equa-
tions under the slowly varying envelope approximation gives
rise to the following coupled equations for SHG [2]:
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where As, is the pulse envelope of the second-harmonic,
A, is the pulse envelope of the fundamental, v,; are the
group velocities, ag; are the linear loss coefficients, Ak is
the wavenumber mismatch, and z is the propagation distance.
The pulse envelopes are normalized such that the fundamental
and second-harmonic powers are P = |A|2. The coupling
coefficient, k, is defined as

(2)
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where ng) is the effective second-order nonlinear coefficient.

Spatial distributions of the waveguide modes are accounted for
in the effective second-order overlap area defined by
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where Fy,, and F,, are the transverse mode profiles for the
second-harmonic and fundamental respectively. SPM and
TPA are modeled in (1) and (2) by coefficients ny and as
respectively, and the third-order effective areas Agéf), which
is defined in [8]. Values for these coefficients were obtained
previously for 14:14 monolayer GaAs—AlAs superlattice-core
waveguides at wavelengths around 1550 nm [8]. All of the
above parameters are different for the as-grown and disordered
superlattice. Most notably, Ak varies along z due to modulation
of the linear index, and ng) varies along z as intended for the
QPM process. However, these changes are small enough that
the slowly varying amplitude approximation still applies, thus
(1) and (2) remain valid.

The QPM waveguide was discretized into segments of either
as-grown or disordered material. Equations (1) and (2) were
then solved numerically using the split-step Fourier method
[11]. Simulations were run such that the fundamental pulse
peak remained at ¢ = 0 and the generated second-harmonic
pulse was allowed to drift in relative to the fundamental ac-
cording to the difference in the group velocities.

The waveguide structure modeled is based on a 14:14 mono-
layer GaAs—AlAs superlattice core layer which was optimized
to give a maximal modulation and end-fire coupling efficiency
[12]. Effective refractive index measurements were previously
reported for this structure [13] and were used to calculate
the waveguide mode profiles and QPM period lengths. For
3.0 pm-wide and 0.8 pm-deep rib waveguides, the effective
overlap area between a 1550 nm fundamental and 775 nm
second-harmonic was calculated by (4) as 12 zm? using mode
profiles generated by Lumerical MODE Solutions software. For
the Type-I SHG interaction (TE fundamental, TM second-har-
monic), ng) = Xii)y and was set to the theoretical value of 125
pm/V for the as-grown superlattice and 80 pm/V in disordered
superlattice [14]. Group velocity values were calculated from
the effective index dispersion curves and the GVM parameters
are defined as

1 1

bu = — —
Vg,w
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This gives estimated GVM parameter values of dug = 2.44 x
1079 s/m for as-grown domains and §ug = 2.06 x 1079 s/m
disordered domains. Linear loss coefficients for the fundamental
were set to 3.5 cm ™! for as-grown segments and 7.5 cm ™! for
disordered segments. For the second-harmonic, loss coefficients
were estimated for as-grown and disordered segments as 35 and
75 cm !, respectively. A QPM period of 3.7 ym was calculated
from the coherence lengths

(6)
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where An = ns,, — n,, is the difference in the effective indexes
for the second-harmonic and fundamental waves. The coherence
lengths for as-grown and disordered segments were 1.7 and 2.0
pm, respectively, which yields an ideal duty cycle of 45:55 in the
QPM period. Grating lengths of 200 QPM periods were used,
giving a propagation length of 740 pm.

For all simulations, the fundamental wavelength was set to
1550 nm, which falls below the half-bandgap resonance of the
superlattice. The input fundamental peak power was set to 25
W such that the output fundamental average power was on the
order of milliwatts, similar to experiments with actual QPM
waveguides. Gaussian pulses were used and set to a full-width at
half-maximum (FWHM) duration of 1.3 ps. These values mimic
our experimental setup and samples [7].

III. RESULTS

A. Third-Order Nonlinear Effects

Third-order nonlinear effects, such as SPM and TPA, were ex-
amined for their impact on the conversion efficiency. The effec-
tive nonlinear coefficients for the fundamental in the as-grown
regions were set to ny = 2.5 x 1071 cm?/W and ap =
1.4 cm/GW. In the disordered domains, na was set to be an
order of magnitude smaller than in as-grown regions as is ex-
pected from theoretical calculations [14]. Disordering the su-
perlattice should also shift the TPA peak at least 100 nm below
the fundamental wavelength and thus as was set to zero in dis-
ordered domains. Other parameters were set to their nominal
values.

Fig. 1 shows the normalized SHG conversion efficiency as the
input fundamental peak power is increased. In the case where
both SPM and TPA were set to zero, the efficiency reduced
solely due to depletion of the fundamental by the conversion
process. Adding either TPA or SPM had a similar impact on
the conversion efficiency, reducing it by as much as 24% at 250
W of input power. At lower powers, TPA attenuates the fun-
damental and has a larger effect on the efficiency than SPM
does. Above 150 W, nonlinear phase shifts and spectral broad-
ening disturb the phase matching process and SPM dominates in
dropping the conversion efficiency. With both effects included
simultaneously, the conversion efficiency drops by ~ 33% for
an input peak power of 250 W. The TPA portion of the effi-
ciency drop could potentially be eliminated by operating the
fundamental further below the half-bandgap to avoid the tail of
the TPA peak or by redesigning the superlattice structure to ad-
just the location of the half-bandgap. However, ny will remain
and limits the maximum amount of fundamental power that can
be used. At peak powers below 50 W, the impact of SPM and
TPA is less than 1%. In subsequent simulations where other phe-
nomena were examined, the input peak power was kept at 25 W
to limit third-order effects. It is worth noting the limitation on
the QPM efficiency due to third-order effects, which this sec-
tion highlights. Because the bandgap modulation is central to
the modulation of the second-order nonlinearity, there exists a
requirement to work as close as possible to a resonance. How-
ever as can be seen in this section, this is accompanied by an-
other limitation caused by third-order effects which sets in near
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Fig. 1. Effect of SPM (n2) and TPA (a2) on the normalized conversion effi-
ciency as the input fundamental peak power is increased.

the optimum operating regime favorable for maximum modula-
tion in the second-order nonlinearity.

B. Group-Velocity Mismatch

GVM will limit the amount of conversion to the second-har-
monic by causing the generated pulse to walkoff from the input
fundamental. To study this effect, the ideal QPM duty cycle was
simulated with varying levels of GVM. An accurate account of
the GVM in dispersive media such as GaAs—AlGaAs semicon-
ductors is difficult to obtain. Therefore, the GVM is varied here
in both directions around the best estimate. Fig. 2 shows the gen-
erated second-harmonic pulse energy over propagation through
200 QPM periods. Output average powers are on the order of mi-
crowatts for a 80-MHz pulse repetition rate, which agrees with
actual experimental results to within an order of magnitude [7].
At the estimated GVM values for the actual structure modeled,
the second-harmonic pulse energy is reduced by ~ 23% over
the case where GVM is zero. If the GVM is twice as large as
was calculated, the second-harmonic generated drops further to
nearly 50% of the ideal.

Peak second-harmonic powers were generated at a propaga-
tion length shorter than the total length of the simulated struc-
ture. In the case where du = duy, this peak occurs after a length
of 585 pum. This is longer than the walkoff length of 350 um
calculated using L., = 7/du where 7 is the 1/e pulse length of
the fundamental [15]. This shows that the walkoff length is not
necessarily the optimal QPM device length. Output second-har-
monic pulse shapes are shown in Fig. 3. The half-maximum
point on the leading edge of the pulse for the du = dug case
is ~ 47% of the FWHM. This distortion is minimal when com-
pared with the 26w case and shows that allowing the interaction
to proceed past the walkoff length is not detrimental. After the
peak shown in Fig. 2, further walkoff reduces the interaction
and second-harmonic power is decreased through linear loss.
Furthermore, linear losses in the fundamental stalls the interac-
tion and hence the appearance of a peak even in the case where
GVM is zero.

A graph such as Fig. 2 is pivotal when choosing the optimal
QPM grating length. At the peak point identified, the second-
harmonic and fundamental pulses should be selectively delayed
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Fig. 2. Second-harmonic pulse energy generated over propagation distance for
the 45:55 duty cycle at different values for the GVM parameter with 25-W peak
fundamental power.
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Fig. 3. Generated second-harmonic pulses for different values of the GVM pa-
rameter with 25-W peak fundamental power.

to realign their peaks as is done in the QGVM scheme. An-
other possible method for improving the efficiency would be
to tailor the group index by using highly confining waveguide
structures such as photonic nanowires [16]. However, this so-
lution requires delicate balancing between the GVM parameter
and the increased scattering losses of deeply etched waveguides.

C. Duty Cycle Variations

Fabrication tolerances of QWI technology provide imperfect
control over the duty cycle of the domains. This is governed by
the type of QWI technology. For example, lateral diffusion of
lattice constituents is more dominant in impurity free vacancy
disordering (IFVD) [17] techniques than in ion implantation.
While studies conducted previously suggest that ion implanta-
tion has better resolution [18], deviations greater than 10% in
the designed duty cycle are likely. As such, variation in the QPM
duty cycle was explored in our simulations.

In general, the QPM period can be calculated as
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~ 2[aAng + (1 — a) Ans]

)

0.081— -
—45:55

0.07t — 50:50 A
= || -8565 v
006 |—4ss5,0u0| |,
20.05
2 |
=
LW 0.04f ,l
3
= 0.03 |
a
T 0.02 \
“ \

0.01+

| .- — \ —
1230 1540 1550 1560 1570

Fundamental Wavelength (nm)

Fig. 4. SHG tuning curves for a QPM period of 3.7 um with duty cycles of
45:55,50:50, and 35:65. The tuning curve for the 45:55 duty cycle without GVM
effects is also included. Peak input power was 25 W.

where the duty cycle between the domains is @ : (1 — a). In the
case where Any; = Ang, (7) becomes A = A, /2An and the
period does not depend on the duty cycle. As this is not the case
for the superlattice studied, the peak conversion wavelength for
a given QPM period length will be different for different duty
cycles.

Tuning curves from simulations for duty cycles of 45:55,
50:50, and 35:65 are shown in Fig. 4 with GVM and linear loss
included. A red-shift in the peak wavelength of about 4 nm re-
sults for the 50:50 case and a blue-shift of 9 nm happens for the
35:65 case. The 50:50 duty cycle outperformed the ideal duty
cycle at its respective peak wavelength. This was due to reduced
losses in the shorter disordered domains of the 50:50 structure.
Without linear losses included in the simulations, the 45:55 duty
cycle outperformed the 50:50 duty cycle which has a reduced
gain due to shorter as-grown domains where x(?) is larger. The
35:65 duty cycle remained as the lowest performing structure
with or without linear loss since the more strongly nonlinear
as-grown domains are shorter and the lossy disordered domains
are longer than in the other two structures. The spectral band-
width was ~ 3 nm for all of the curves. When the GVM was
set to zero the bandwidth was reduced to about 2.3 nm for the
45:55 case. This was explained by the temporal walkoff which
limits the amount of back-conversion at nearly phase matched
wavelengths on either side of the peak.

D. Modulation Depth of Nonlinear and Linear Properties

The size of the differential shift in x(® between as-grown
and disordered domains depends greatly on the QWI process.
Photoluminescence measurements of QPM samples made using
ion-implantation indicated that the bandgap shift in the disor-
dered regions was only half of what is theoretically possible for
a 14:14 GaAs—AlAs superlattice [18]. With less bandgap shift,
the change in X(Q) will also be less. Thus, different levels of
modulation in x(?) were investigated to determine the impact
of incomplete disordering of the superlattice in the disordered
domains.

As-grown domains were set to have the theoretical x () value
of 125 pm/V. In disordered domains, x(?) was set to different
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Fig. 5. Output second-harmonic pulse energy for different values of in the dis-
ordered domains of the QPM grating. The expected is 45 pm/V. Peak input
power was 25 W.

levels to simulate various degrees of modulation. GVM values
were set to dug and linear losses were included in all simula-
tions. As shown in Fig. 5, the expected change in x(?) of 45
pm/V reduces the amount of second-harmonic energy to about
6% of what would be generated in the ideal case where x(2) = 0
in disordered regions. In the cases where the x(? is reduced to
an order of magnitude below the theoretical values for as-grown
and disordered superlattice, the reduction in efficiency is less
than 20%. If the superlattice is not completely disordered such
that AX(Z) is half of what is expected, the second-harmonic en-
ergy generated is reduced by over two orders of magnitude com-
pared to the case where complete disordering is achieved. This
emphasizes the need to optimize the QWI process to yield com-
plete intermixing in disordered regions.

Periodic modulation of the linear index has a similar effect
on the coupling coefficient of (3) as modulation of x(?). Thus,
linear index changes influence the power flow between the fun-
damental and second-harmonic by the GAPM process. For the
superlattice waveguides, index changes of 0.045 at the second-
harmonic and 0.01 at the fundamental raised x by ~ 1% in the
disordered regions, leading to more backconversion to the fun-
damental. In all previous results, the modulation was included
and GAPM was affecting the SHG process. To isolate the im-
pact of GAPM, the refractive indexes in (3) were held constant
throughout the QPM structure and only x(?) was allowed to
modulate . The resulting output second-harmonic pulse ener-
gies were found to be ~ 7% larger in this non-GAPM case over
the GAPM case. Compared with incomplete modulation of x(2),
GAPM introduces only a small efficiency drop. However, this
efficiency loss may be regained with optimization of the wave-
guide design to lessen the change in the effective index between
as-grown and disordered segments.

IV. CONCLUSIONS

In conclusion, the effects of GVM, duty cycle, and X(z)
modulation on SHG in superlattice QPM waveguides have been
analyzed by computer simulations. Output second-harmonic
powers from the simulations agree within an order of magni-
tude with actual experimental results. SPM and TPA both led
to drops in conversion efficiency of up to 33% as the input
fundamental peak power was increased. Large reductions in
conversion efficiency result from temporal walkoff and incom-
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plete disordering. Optimal QPM grating lengths for maximum
conversion were identified which did not correspond to the
walkoff length. Variations in the duty cycle shift the tuning
curve and GVM broadens the spectral bandwidth by reducing
back conversion at nearly phase-matched wavelengths. Max-
imal modulation of x(? by complete intermixing was found
to be necessary for optimal conversion. Modulation in the
linear index led to GAPM and an efficiency reduction of ~ 7%.
Similar consequences are expected for other three-wave mixing
processes such as sum- and difference-frequency mixing. With
more data on the waveguide characteristics and on fabrication
tolerances, optimal domain-disordered QPM waveguides can
be designed and modeled to give more efficient frequency
conversion devices.
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