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The impact of third-order nonlinearities including self-phase modulation and two-photon absorption on the
efficiency of the second-harmonic generation is numerically investigated using the split-step Fourier method in
phase-matched Bragg reflection waveguides. Also using the same technique, the adverse effects of group ve-
locity mismatch and group velocity dispersion of the interacting frequencies on the efficiency of the nonlinear
process are examined and contrasted for optimal sample design. Using an optimized structure, we report effi-
cient femtosecond second-harmonic generation in monolithic AlGaAs Bragg reflection waveguides for a type II
nonlinear interaction. For a 190 fs pulsed pump around 1555 nm with an average power of 3.3 mW, a peak
second-harmonic power of 25.5 uW is measured in a sample with a length of 1.1 mm. The normalized conver-
sion efficiency of the process is estimated to be 2.0 X 10*% W-! cm~2. Pump depletion is clearly observed when
operating at the phase-matching wavelength. © 2010 Optical Society of America

OCIS codes: 230.7370, 230.1480, 190.2620, 320.7110.

1. INTRODUCTION

Nonlinear frequency conversion based on second-order
nonlinear interactions in semiconductor optical
waveguides is an attractive approach for creating com-
pact, widely tunable, monolithically integrated, and effi-
cient coherent light sources. In comparison, the wave-
length coverage of available laser sources is restricted by
inherent electronic transitions, leaving gaps in the spec-
trum, where no suitable material exists. Furthermore,
solid-state laser sources have large table-top footprints
and require careful alignment in comparison to mono-
lithic diode lasers. As such, coherent radiations generated
via nonlinear transitions have received much attention.
The GaAs/AlGaAs material system is of particular inter-
est for its large second-order nonlinearity (dgf?AS
~100 pm/V around 1550 nm), broad transparency win-
dow (0.9-17 um), and well-established fabrication tech-
nology. However, owing to their isotropic crystal struc-
ture, hence the lack of natural birefringence, phase-
matching (PM) x® nonlinearities in AlGaAs devices
generally involve significant challenges. Several tech-
niques have been demonstrated to achieve PM such as ar-
tificial birefringence phase matching (BPM) [1-3], quasi-
phase matching (QPM) [4,5], and modal phase matching
(MPM) [6]. PM using Bragg reflection waveguides (BRWs)
is another technique, akin to MPM, which utilizes the
strong modal dispersion properties of photonic bandgap
structures [7]. Unlike the conventional MPM, where at-
taining PM requires the involvement of higher order op-
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tical modes, BRWs offer exact PM between the lowest or-
der modes, hence enabling maximum power utilization
among the interacting frequencies. Also, the versatility
along with the reduced fabrication complexity in BRWs is
noteworthy. Unlike PM using birefringent waveguides,
which involves invoking AlO, elements within GaAs lay-
ers and QPM via domain reversal, which involves de-
manding overgrowth technology, PM using BRWs in-
volves simple structures for epitaxial growth and well
developed fabrication technologies. This in turn enables
the realization of novel monolithically integrated para-
metric devices, where active elements such as diode laser
pumps and diode photodetectors and passive elements
such as nonlinear frequency mixing waveguides can be in-
tegrated on the same platform without the necessity of ex-
ploiting complex hybrid fabrication techniques. Further
to being a powerful PM technique for dispersive semicon-
ductors, BRWs also offer the ability of tuning pertinent
waveguiding parameters, including overlap between the
modal profiles of the interacting waves, bandgap, losses,
group velocity mismatch (GVM), and group velocity dis-
persion (GVD), while maintaining PM. This in turn
greatly enhances the ability to optimize the performance.
Using BRWs, we can, not only obtain PM for any Al per-
centage and any bandgap desired, but also optimize the
GVM and GVD along with the overlap between the modal
profiles of the interacting waves, which relates the effec-
tive second-order nonlinear coefficient [8,9].

Practical x? nonlinear devices are essential elements
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in many important applications in ultrafast optical signal
processing. Examples include generation and detection of
ultrashort optical pulses [10], characterization of ul-
trafast optical signals [11], as well as temporal control of
optical signals [12]. Comprehensive understanding of y'?
nonlinear processes with ultrashort pulses in the differ-
ent pulse-width regimes, such as those in the femtosecond
region with moderate-to-high average powers, is not fea-
sible without including the effects of modal dispersion
properties as well as the effects of third-order optical non-
linearities. Although, the effects of x® nonlinearities
such as two-photon absorption (TPA) and self-phase
modulation (SPM) on second-order frequency mixing pro-
cesses have been well established in the literature for
bulk semiconductors and QPM waveguides [13-15], simi-
lar studies in BRWs have not been carried out. These
studies can play an important role in the design of these
structures due to the high degree of versatility they ex-
hibit. Designs can be further enhanced by carefully tailor-
ing the modal dispersion properties in BRWs particularly
within the ultrashort pulse regime. The characterization
of BRWs with picosecond pulses has been previously car-
ried out and reported in the literature [16]. However, the
effects of third-order nonlinearities were mildly mani-
fested in this regime, owing to a moderate pump peak in-
tensity. The employment of femtosecond pulses, where the
pump peak intensity is significantly enhanced, can fur-
ther highlight the effects of y'® interactions on second-
order processes, hence providing a more clear under-
standing of the potentials and limitations of these devices
for optical frequency mixing.

The design optimization of BRWs for an efficient non-
linear interaction for the femtosecond pulsed regime is
complex. This is because of the large number of param-
eters involved in the nonlinear process as well as the
trade-offs associated. For example, the choice of the
Al Ga;_,As elements of the different BRW layers affects
all dispersion orders, nonlinear coefficients, linear losses,
nonlinear losses, as well as the optical field overlap fac-
tors. The versatile dispersion properties of BRWs can help
decouple the aforementioned dependencies and enable
performance optimization. The limitations and extent of
the BRW capabilities will be investigated theoretically
and experimentally in this work.

The organization of this paper is as follows. Section 2
provides an overview of the required theoretical back-
ground used for simulations and analysis. In Section 3,
the simulation results are discussed, where detailed
analyses of first- and second-order dispersion effects as
well as the effects of x'® nonlinearity on the second-
harmonic generation (SHG) are presented. Section 4 pro-
vides the experimental results, where the pulse charac-
terization of BRW devices in a SHG experiment with
femtosecond pulses is carried out. Section 5 provides a
comparative study between the femtosecond characteriza-
tion of BRWs and other AlGaAs devices phase-matched
using other techniques. Conclusions are summarized in
Section 6.

2. THEORETICAL FRAMEWORK

In this section the theoretical framework, which describes
the SHG process, is detailed. This provides the platform
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where numerous effects influencing the outcome SHG ef-
ficiency and hence the device design parameters are ex-
amined. The type II SHG can be regarded as a degenerate
sum-frequency generation (SFG) involving the interac-
tions of a transverse-magnetic (TM)-polarized pump (p;),
a transverse-electric (TE)-polarized pump (p,), and a TE-
polarized second-harmonic (SH) wave (i). The process is
regarded as degenerate since the angular frequencies of
the two pump waves are identical. We assume a collinear
interaction in the waveguide along the z-axis and express
the electric fields of the harmonics as

Ej(x,y,Z,t) =AJ(Z)EJ(9C,y)eXP[—J(ﬁJZ - wjt)]y (1)

where j € {p1,p2,i}; Aj(2) is the slowly varying amplitude;
w; is the angular frequency; E;(x,y) is the normalized spa-
tial field profile; and G; is the propagation constant, §;
=2mm;/\;, where n; is the effective mode index and A; is
the wavelength in vacuum. The evolution of slowly vary-
ing amplitudes, A;(z), along the propagation direction can
be described by the couple-mode equations as [13,17]
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where AB= ;- B, - B,, is the wave number mismatch; v
is the group velocity; v is the spatial overlap factor; «; is
the linear loss coefficient; ay; and ny; are the effective
TPA and SPM coefficients of the structure, respectively;

and Ag’% " is the third-order effective area. It is defined as
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where I;(x,y) is the transverse intensity profile. The pulse
envelope is normalized such that the harmonic power P;
can be expressed as P;j=|A/|?. In Eqgs. (2)-(4), the coupling
coefficient «; is given by

, (5)
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where d is the effective second-order nonlinear coeffi-
cient, which is

f J E(x,y)d(x.9)E, (x,y)E,,(x,y)dxdy
o= , (D)
f J Ei(x,y)E, (x,y)E,,(x,y)dxdy

where d(x,y) is the effective x'? coefficient for bulk Al-
GaAs elements [18,19].

In parametric processes involving ultrashort optical
pulses, first- and second-order modal dispersions can con-
siderably influence the efficiency of the nonlinear interac-
tion. The first-order dispersion is generally quantified by
the GVM, which accounts for the temporal pulse walk-off
between the harmonics. Due to the mismatch between the
group velocities among the interacting frequencies, the
harmonics with an initial temporal overlap progressively
undergo a temporal separation. For a type II interaction,
by definition, GVMs between the orthogonal field compo-
nents of pump (p1,po) and SH signal are

1 1
GVM,, = — = —, 8)
8:P1 8t
1 1
GVM, ;= — - —. 9)
P2 Vgpy Vg

Second-order modal dispersion properties can also have
degrading effects on the efficiency of the nonlinear inter-
action. Of particular importance is the GVD, which mani-
fests itself in the pulse broadening, hence reducing the
pulse peak power. By definition, the GVD at w; frequency
is given by

#B;
GVD,;=— =

2oy o
7 00 ¢ dw

¢ dw?’ (10)
where ¢ is the vacuum speed of light.

The presence of third-order nonlinearities, including
the TPA and SPM, under a high pump power condition
can further impair the efficiency of the SHG. The TPA
causes an increase in the absorption coefficient that is
proportional to the intensity of the optical field. For the
harmonic wj, the contribution of the TPA in increasing the
loss coefficient of a bulk material is given by

AajZ CYZJI] (11)

For a waveguide structure, Eq. (11) can also be used pro-
vided that ay; is replaced with the effective TPA coeffi-
cient and I; is replaced with the third-order nonlinear ef-
fective intensity [20].

An intensity dependence of the refractive index in non-
linear optical media occurs through the SPM, which leads
to nonlinear phase shifting and spectral broadening of op-
tical pulses. The changes in the refractive index An; due
to the SPM are given by
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where, in a guided-wave structure, ny; is the effective
nonlinear refraction for the harmonic w; [20].

3. SIMULATION RESULTS

The aforementioned theory is now used to examine the ef-
fect of numerous parameters on the efficient SHG and
hence the device design parameters, where two distinct
sample designs are used to highlight the unintuitive de-
sign rules required for an efficient BRW design. In disper-
sive media such as semiconductors, the dispersion of the
refractive index is sufficiently significant resulting in
temporal walk-off between the input and the generated
wavelengths, which reduces the conversion efficiency.
Some of the most successful nonlinear materials such as
periodically poled lithium niobate (PPLN) also exhibited
severe limitations posed by the GVM such as pulse distor-
tion and saturation effects when using femtosecond
pulses [21]. Recently, GVM correction schemes such as
quasi-group-velocity-matching [22] and noncollinear SHG
[23] have been demonstrated in PPLN to mitigate these
limitations. As such, we start by examining a BRW struc-
ture, with a minimal attainable GVM as an intuitive
choice for an optimal design. After, an alternative design
that utilizes the freedom of choice of the Al concentration
afforded by PM using BRWs is used to demonstrate how
the conversion efficiency can be increased at the expense
of the GVM in short samples.

For numerically solving the coupled-mode equations of
Egs. (2)-(4), we employed the split-step Fourier method
[15], where dispersion parameters as well as third-order
nonlinear effects were included. Simulations were run
such that the peak power of one wave remained fixed at
t=0 while the other waves were allowed to change accord-
ing to the differences in the group velocities. Two different
structures, named BRW; and BRWjy;, have been compara-
tively studied in this section.

A. BRW;
The initial structure has been optimized for having a
minimal GVM with practical dimensions. The details of
the waveguide geometry and how the optimization has
been achieved for BRW; have been published elsewhere
[9]. A summary of all simulation parameters is given in
Table 1, where ay . (,,) and ny, (,,) were chosen from the
maximum value of those in the layers of the structure.
They were evaluated from [14,24,25].

The variation of the SH power as a function of the de-
vice length L is shown in Fig. 1. To be consistent in the
comparison with experimental data, the pump average
power Pyuy, (Ppump=2P, =2P, ) was taken to be 3.3 mW
in simulation. From the figure, it can be observed that the
generated SH power increases with the increase in the
sample length and then reaches the maximum value of
93 uW at L=4.1 mm. Further increase in L gives rise to a
reduction in the SH power due to the adverse effects of
linear propagation losses. Also in Fig. 1, the impacts of
the TPA (ap), SPM (ng), GVM (GVM, (,,)), and GVD
(GVD,, »,) and GVD,) on the SH power were examined.
From the figure, the existence of any of these four param-
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Table 1. Simulation Parameters of BRW;

Parameter Value
Nonlinear interaction Type I
(ao,pl(pz) , a0 ;) (2.0,5.0)/cm
Q2.p1(py) 0.14 cm/GW
N2.p1(pg) 3.5X107% cm?/GW
A op A (7.9,4.9) um?
degr 6.4 pm/V
GVMpl(pz),i —3.99 ps/mm
GVD,,(py) 1.24 fs?/ um
GVD; -166 {52/ um
Pulse width 190 fs
Pulse repetition rate 76 MHz

eters will reduce the generated SH power. The impacts of
the TPA and SPM are small under the low power levels of
the pump and SH signal. Moreover, the GVD can degrade
the maximum SH power by 73%, while the GVM degrades
it by about 1.6 orders of magnitude. As such, it is believed
that, in the femtosecond pulse regime, the major limiting
factor in enhancing the SH power is the GVD and GVM
between the pump and SH signal.

The nonlinear conversion efficiency defined as 7%
=Pi/P§ump and its value normalized to the square of the
device length, 7,0rm=P;/ (PpumpL)Z, are two important fig-
ures of merit which characterize the waveguide perfor-
mance in a SHG process. The variations of 7 and 7, as
functions of L are illustrated in Fig. 2. In obtaining the
figures, the effects of the TPA, SPM, GVD, and GVM have
been taken into consideration. The graph of #» has the
same trend as that of the SH power in Fig. 1, while 7,0.m
exhibits a rapid reduction for sample lengths shorter than
500 um after which it decreases with a slower slope.
From Fig. 1, the simulated maximum SH power was ob-
tained to be =2.2 uW for L=2.1 mm. The corresponding
conversion efficiencies were estimated to be 7=0.2% W-!
and 7,0rm=452% W1 cm~2. In the following simulations
for BRWj, the length of the sample was taken as 2.1 mm,
because it agrees with the length of the tested samples.

In order to examine the effects of the SPM and TPA on
the efficiency of the SHG process, we simulated the varia-
tions of 7,,m as a function of the pump power for possible
permutations of ay (a2, (,)) and ng (n2,, (y2)) with the ef-
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= =only a, on pump
- = -onlyn,on

g 90'—--onIyGVDon

2 —=-- only GVMon -

b} -=-=-allon

% 60 -
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| T N N
0 i A———
0 1 2 3 4 5 6
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Fig. 1. (Color online) Simulated SH output power of BRWj as a
function of sample length where the effects of TPA with coeffi-
cient ay, SPM with coefficient ny,, GVM, and GVD are indepen-
dently included. All curves were obtained for a 190 fs pump with
an average power of 3.3 mW.
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Fig. 2. (Color online) Simulated internal conversion efficiency 7
and normalized internal conversion efficiency 7,,, (inset) of
BRW; as functions of sample length. The simulated graphs were
obtained by including the effects of SPM, TPA, GVM, and GVD
with their numerical values summarized in Table 1.

fect of the GVM included. The results are shown in Fig. 3.
From the figure, it can be seen that when both the SPM
and TPA were ignored (nq off, ay off), the efficiency nearly
does not change. Adding either the TPA (nq off, ay on) or
SPM (n9 on, ay off) conversion efficiency decreases with
the increase in the pump power. For the case where both
the SPM and TPA were included (ny on, ay on), the con-
version efficiency dropped by 50% when the pump power
was ~25 mW. At pump powers lower than 3.3 mW, the
degrading effects of third-order nonlinearities are within
3.6%.

B. BRW;

To further examine the potential of BRWs, another struc-
ture BRWy; with a higher GVM and with a higher effec-
tive second-order nonlinear coefficient has been designed.
This can be afforded in BRWs with relative ease in com-
parison to other PM techniques, where limitations on the
materials used and the operating wavelength relative to
the material bandgap involve strict trade-offs. Details of
the waveguide geometry of BRWy; were previously re-
ported [16]. A summary of all the simulation parameters
is given in Table 2, where the ridge width and etch depth
of BRW; were taken to be identical to those of BRWj for a
better comparison.

Figure 4 shows the variation of the SH power as a func-
tion of the device length for BRWy;. To be consistent with
the experimental characterization launch conditions dis-
cussed in Section 4, the pump average power Ppn,, was
taken to be 3.3 mW in the simulation. From the figure, it

500+
«— 400 +
5
"; 300F o a,0n, n,on
é 200k 0N n, off
£ —4— g, off, n, on £=2.1 mm

=~ 100+ —v—azoff, nzoff

0 L L L L 1
0 5 10 15 20 25

Pump power (mW)

Fig. 3. (Color online) Effects of SPM (ny) and TPA (ay) on the
normalized conversion efficiency (7,,m) of BRW; as the pump
power is increased.
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Table 2. Simulation Parameters of BRWy;

Parameter Value

Type 11
(2.0,2.2,5.0)/cm
(0.03,0.15) cm/GW

Nonlinear interaction
(ao,pl ’ aO,pZ ) aO,i)
(QZ,Pl 4 azﬁz)

Nop, 3.4x107% cm?/GW
ap, 3.7x107% cm?/GW
(A, A, AR (6.7,6.6,3.2) um?
degr 40.0 pm/V
GVM, ; —10.67 ps/mm
GVM,,,; —10.63 ps/mm
GVD,, 5.65 fs?/ um
GVD,, 5.65 fs?/ um
GVD; 170 fs?/ um
Pulse width 190 fs

Pulse repetition rate 76 MHz

can be observed that the generated SH power increases as
the sample length increases until it reaches the maxi-
mum value of 1.4 mW. Further increase in L gives rise to
a reduction in the SH power due to the adverse effects of
linear propagation losses. Also in Fig. 4, the impacts of
the TPA (ap), SPM (ng), GVM (GVM,, ; and GVM,,_,), and
GVD (GVDpl, GVDPZ, and GVD,) on the SH power were
examined. From the figure, the existence of any of these
four parameters will reduce the generated SH power. The
impacts of the TPA and SPM are small under the low
power levels of the pump and SH signal. Moreover, the
GVD can degrade the maximum SH power by 38%, while
the GVM degrades it by about 1.3 orders of magnitude.
However, the final maximum SH power is 69 uW at L
=1.5 mm when considering all the effects of the TPA,
SPM, GVD, and GVM, which is about 31 times larger
than that of BRWj. This indicates that, even though the
GVM and GVD are significant factors in limiting the SH
power, they are not the only dominant factors. The
second-order nonlinear coefficient also has a great effect
on the conversion efficiency.

The variations of » and 7,,m as functions of L are il-
lustrated in Fig. 5, where all the effects of the TPA, SPM,
GVD, and GVM have been taken into consideration. The
maximum conversion efficiency 7 was about 6.2% W-1;

1500

B all off
1200} A — —onlya,on
s N - - - onlyn,on
= A
= 900+ o— D —-=only GVD on
5 e \‘\ N —---only GVM on
g ./ NL s ----allon
g 600r [/ =33mw .
% 4 ol
? 300 S i
Qe 7" r
0 1 2 3 4 5 6
L (mm)

Fig. 4. (Color online) Simulated SH output power of BRWyj as a
function of sample length, where the effects of TPA with coeffi-
cient ay, SPM with coefficient ny,, GVM, and GVD are indepen-
dently included. All curves were obtained for a 190 fs pump with
an average power of 3.3 mW.
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Fig. 5. (Color online) Simulated internal conversion efficiency 7
and normalized internal conversion efficiency 7,,, (inset) of
BRW/; as functions of sample length. The simulated graphs were
obtained by including the effects of SPM, TPA, GVM, and GVD
with their numerical values summarized in Table 2.

the corresponding 7,,,m Wwas estimated to be 2.70
X 10%*% W-! em~2. The characterized sample discussed in
Section 4 had a length of L=1.1 mm. From Fig. 4, the
simulated SH power for a sample with the length of 1.1
mm was obtained to be 60 uW, which was in proximity to
the maximum value of 69 uW. The corresponding normal-
ized conversion efficiency was estimated to be 7,0mm
=4.58%10%% W~ cm™2. In the following simulations for
BRWj;, the length of the sample was taken as close as
practically possible to the calculated optimum and it was
set to be 1.1 mm.

In order to examine the effects of the SPM and TPA on
the efficiency of the SHG process, we simulated the varia-
tions of 7,,m as functions of the pump power for possible
permutations of ay (@ ,1 and ay 9) and 1y (19,1 and ng o)
with the effect of the GVM included. The results are
shown in Fig. 6. It can be seen that when both the SPM
and TPA were ignored (ny off, ay off), the efficiency re-
duced solely due to the depletion of the pump power. Add-
ing either the TPA (nq off, ay on) or SPM (19 on, ay off)
had a similar behavior of the conversion efficiency, reduc-
ing as much as 16% at the pump power of =25 mW. At
lower powers, the TPA attenuates the pump and has a
larger effect on the efficiency than does the SPM. Above
6.6 mW, nonlinear phase shift and spectral broadening
disturb the PM process and the SPM dominates in drop-
ping the conversion efficiency. Finally, for the case where
both the SPM and TPA were included (ny on, ay on), the
conversion efficiency dropped by 20%. At pump powers
lower than 3.3 mW, the effects of third-order nonlineari-
ties degrade the power by 1.4% and can be ignored.

—a—a,0n, n,0n
—o— q, 0n, n, off
—=4— g, off, n,on

& —~—a, off, n, off

0 5 1‘0 1‘5 2‘0 2‘5
Pump power (mW)
Fig. 6. (Color online) Effects of SPM (ny) and TPA (ay) on the

normalized conversion efficiency (7,,m) of BRWy as the pump
power is increased.
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From the numerical simulation results above, it can be
seen that BRW; cannot give us higher SH output powers
and conversion efficiencies, although it benefits from the
smaller first- and second-order dispersion compared to
those in BRWy;. The relatively smaller effective second-
order nonlinear coefficient of the structure limits the per-
formance of BRWj. As a result, in designing BRWs for ul-
trafast applications, trade-offs between various
parameters including first- and second-order dispersion,
third-order nonlinear effects, as well as the effective
second-order nonlinear coefficient of the structure should
all be carefully taken into consideration. As such
waveguides identical to BRWy; were fabricated and char-
acterized in the next section.

4. EXPERIMENTAL RESULTS

Detailed descriptions of the wafer used for the experi-
ments (BRWy;) and its pulse characterization in the pico-
second regime have been previously reported in [16]. The
ridge waveguides studied here had a ridge width of
4.4 ym and an etch depth of 3.6 um with a length of 1.1
mm. Propagation losses of the pump around 1550 nm
were measured using the Fabry—Perot method and were
found to be 2.0 and 2.2 cm™! for the TE and TM compo-
nents, respectively. The Fresnel reflection at the wave-
guide facets was estimated to be 29%. The input coupling
factor due to the spatial overlap between the incident
Gaussian beam and the excited pump mode was found to
be 49%. Nonlinear characterization of the device was car-
ried out using a homemade nearly transform-limited
(with a temporal-spectral bandwidth product of ArAvw
=0.45) optical parametric oscillator (OPO) able to provide
efficient tunable femtosecond pulses in the near-infrared
spectra. The OPO was based on a periodically poled
LiNbO; [26] and was synchronously pumped by a com-
mercial Kerr-lens-mode-locked Ti:sapphire laser at 814
nm, enabling the generation of pulses with a duration of
190 fs at a repetition rate of 76 MHz and continuously
tunable around 1550 nm through adjustment of the cavity
delay.

Figure 7 shows the internal SH power plotted as a
function of the pump wavelength for the type II interac-
tion and for the fixed internal pump power of 3.3 mW.
From the figure, the corresponding PM wavelength was
measured to be 1555 nm. The maximum SH power, esti-

30 ‘s (1555 nm, 25.5 uW)
€T Slope~1.75
® P _=33mwW
— H pump
;1 202 1 A2=15.1 nm
= 2]
g X 1
<) Pump power (mW)
Qo
T~ 10}
%]
° ° S L

0 1 L L L L [) L
1520 1530 1540 1550 1560 1570 1580
Pump wavelength (nm)

Fig. 7. (Color online) SH power as a function of pump wave-
length for type-II interactions, the solid line is best fit to Lorent-

zian function. Inset: dependence of SH power on pump power
plotted on log-log scale.
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mated before the exit facet of the waveguide, was ob-
tained to be 25.5 uW. The corresponding internal conver-
sion efficiency was evaluated to be 2.0 X 10*% W~! cm=2.
However, the actual conversion efficiency is likely to be
much higher given that more than 30% of the generated
SHG power could not be collected due to the fast diver-
gence of the BRW mode. Also given is that the internal
pump power is overestimated based on the fact that the
measured insertion loss value of —11 dB is much smaller
than that estimated from linear loss measurement (-7
dB). The wavelength acceptance bandwidth, full width at
half-maximum (FWHM), of the interaction was estimated
to be 15.1 nm, which is comparable to that of the pump
spectrum which is about 17.8 nm. In a recent work [27], a
type II SFG process using a continuous-wave pump
around the PM wavelength of 1555 nm was carried out on
the device discussed here. In the aforementioned work, it
was found that the FWHM bandwidth of the SFG process
exceeds 60 nm. Considering the bandwidth of the femto-
second pump pulses in this work in addition to the large
wavelength acceptance bandwidth of the SFG process, the
SFG process may occur during the interactions. In order
to determine the dominant nonlinear process in the char-
acterization here, we examined the power dependence of
the upconverted signal on that of the pump. The result is
shown in the inset of Fig. 7, where the measured data are
plotted on a log-log scale and are compared with a linear
fit. The slope of the fit was obtained to be ~1.75. From
theory, it is well known that for the SHG the dependence
of the SH power on that of the pump is quadratic, giving
rise to a slope of 2 in log-log scale. On the other hand for
the SFG, the powers of the pump and sum-frequency sig-
nal have a linear relationship resulting in a slope of unity
in a log-log scale. Assuming that third-order nonlineari-
ties can be neglected, the estimated slope of ~1.75 in the
inset of Fig. 7 clearly indicates that the dominant process
in the measurement was indeed the SHG.

We further characterized waveguides with ridge widths
ranging from 2.8—4.8 um. Our measurements showed
that, in all examined devices, the SH power was not sen-
sitive to the ridge width of the waveguides. Also, for a
longer sample with a length of 1.5 mm, the generated SH
power was obtained to be =28.3 uW, denoting negligible
enhancement compared to the obtained SH power of
25.5 uW in the sample with a length of 1.1 mm. The
length dependence of the SH power agrees well with the
calculations shown in Fig. 4. The discrepancy between the
calculation and the experiment in estimating the SH
power can be ascribed to the uncertainties involved in
some of the simulation parameters including the SH loss,
the structure d, dispersion values, as well as the SPM
and TPA coefficients used in the theoretical model.

The input and transmitted pump spectra at PM (1555
nm) and off PM (1575 nm) wavelengths are plotted in Fig.
8, where the solid curves show the input spectra while the
dotted curves are those of the transmitted ones. From the
figure, a clear dip can be observed in the transmitted
spectra at the PM wavelength while no such dip can be
observed away from the PM wavelength. The appearance
of such a dip clearly indicates the depletion of the pump
at the PM wavelength, where power transfer between the
harmonics is the highest. It is worth noting that the SPM
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Fig. 8. (Color online) Normalized power spectral density of in-
cident (solid curve) and transmitted (dotted curve) pumps for
type-II interaction at PM and off PM wavelengths. The dashed
curve is the Gaussian fitting of the transmitted spectrum at PM
wavelength.

can also result in the appearance of a dip with distorted
transmitted pump spectra. However, this possibility was
dismissed by noticing that the bandwidths of the pump
spectra at the input and output of the device were identi-
cal, denoting negligible spectral broadening due to the
SPM. Also, during the experiment, it was noted that
changing the central pump wavelength within the pump
bandwidth did not change the position of the dip in the
transmitted pump spectra which further confirmed the
existence of the pump depletion taking place around the
PM wavelength.

5. DISCUSSION

The attributes of PM using BRW waveguides come to
light once their SHG performance is compared with their
counterparts. A comparison among some previously re-
ported femtosecond SHGs using different PM techniques
is provided in Table 3. For the referenced QPM and MPM
samples in Table 3 the characterization was carried out
using 250 fs pulses, while the BPM device was character-
ized using 200 fs pulses. From Table 3 it can be seen that
nonlinear interaction in our device is more efficient com-
pared to QPM and MPM devices. However, in comparison
to BPM waveguide, our device is less efficient by less than
1 order of magnitude. It should be highlighted that the re-
ported SH power of BRWy; defined a lower limit for the
generated SH signal. This can be justified by noticing that
in estimating the SH power, we assumed perfect collec-
tion through the output stage objective lens. In reality,

Table 3. Comparison of Efficiencies Obtained for

Various Samples Using Different PM Techniques.

The Extensions-I and -II Indicate Types I and II
PMs, Respectively

Leng‘th PFH PSH PSH/PFH
Sample (mm) (mW) (uW) (%)
QPM-I [28] 4.0 2.3 0.11 0.02
QPM-I [29] 2.0 11 1.5 0.06
MPM-II [6] 1.5 20 10.3 0.15
BPM-I (3] 1.0 50 650 1.3
BRWy-11 1.1 3.3 25.5 0.77

“External efficiency.
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part of the beam could not be collected due to fast diver-
gence of the emerging beam from the waveguide facet. As
such, we believe that in terms of the signal to noise ratio
and the efficiency of the nonlinear interaction, our re-
ported device is in vicinity of well-established phase-
matched Al,Ga;_,As waveguides. The advantages of us-
ing phase-matched BRWs in the femtosecond regime can
be further enhanced by utilizing the flexibility afforded by
the BRW in choosing the material bandgap in comparison
to the operating wavelength, which is compensated by the
strong waveguide dispersion properties of these devices.
For example, in the choice of material for the BPM
sample in [3] the required birefringence could only be ob-
tained between GaAs and AlO, elements. While the em-
ployment of AlO, layers could limit the practicality of
BPM devices for integration with diode laser pumps,
where electric pumping is required, the choice of GaAs
layers with material resonances around 870 nm could fur-
ther limit their useful spectral range for optical frequency
mixing. In contrast, BRWs avoid such limitations, which
make them promising for novel parametric devices. The
comparison suggests that the samples tested in the previ-
ous section may provide a near optimum performance
given the practical limitations of the epitaxial growth and
waveguide fabrication in this material system.

6. CONCLUSIONS

Using the split-step Fourier method, the impact of third-
order nonlinearities including the SPM and TPA on the ef-
ficiency of the SHG is numerically investigated. Further-
more, the adverse effects of the GVM and GVD of the
interacting frequencies on the efficiency of the nonlinear
process are studied using the same method. Using the op-
timized designs inferred from these studies, we have dem-
onstrated an efficient SHG in Bragg reflection
waveguides (BRWs) using femtosecond pulses. Pump
depletion was observed in a waveguide with a length of
1.1 mm in a type II interaction. The peak SH power of
25.5 uW was estimated for a pump power of 3.3 mW
around 1555 nm. The normalized internal conversion ef-
ficiency of the process was estimated to be 2.0
X 10%% W' cm~2. Theoretical simulations indicated that
pulse walk-off due to the GVM between the pump and SH
signal was the main limitation in enhancing the SH
power, hence limiting the efficiency of the nonlinear inter-
action.
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