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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 �W 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�104% W−1 cm−2. Pump depletion is clearly observed when
operating at the phase-matching wavelength. © 2010 Optical Society of America
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. INTRODUCTION
onlinear frequency conversion based on second-order
onlinear interactions in semiconductor optical
aveguides is an attractive approach for creating com-
act, widely tunable, monolithically integrated, and effi-
ient coherent light sources. In comparison, the wave-
ength coverage of available laser sources is restricted by
nherent electronic transitions, leaving gaps in the spec-
rum, where no suitable material exists. Furthermore,
olid-state laser sources have large table-top footprints
nd require careful alignment in comparison to mono-
ithic diode lasers. As such, coherent radiations generated
ia nonlinear transitions have received much attention.
he GaAs/AlGaAs material system is of particular inter-
st for its large second-order nonlinearity (deff

GaAs

100 pm/V around 1550 nm), broad transparency win-
ow �0.9–17 �m�, and well-established fabrication tech-
ology. However, owing to their isotropic crystal struc-
ure, hence the lack of natural birefringence, phase-
atching (PM) ��2� nonlinearities in AlGaAs devices

enerally involve significant challenges. Several tech-
iques have been demonstrated to achieve PM such as ar-
ificial birefringence phase matching (BPM) [1–3], quasi-
hase matching (QPM) [4,5], and modal phase matching
MPM) [6]. PM using Bragg reflection waveguides (BRWs)
s another technique, akin to MPM, which utilizes the
trong modal dispersion properties of photonic bandgap
tructures [7]. Unlike the conventional MPM, where at-
aining PM requires the involvement of higher order op-
0740-3224/10/061291-8/$15.00 © 2
ical modes, BRWs offer exact PM between the lowest or-
er modes, hence enabling maximum power utilization
mong the interacting frequencies. Also, the versatility
long with the reduced fabrication complexity in BRWs is
oteworthy. Unlike PM using birefringent waveguides,
hich involves invoking AlOx elements within GaAs lay-

rs and QPM via domain reversal, which involves de-
anding overgrowth technology, PM using BRWs in-

olves simple structures for epitaxial growth and well
eveloped fabrication technologies. This in turn enables
he realization of novel monolithically integrated para-
etric devices, where active elements such as diode laser

umps and diode photodetectors and passive elements
uch as nonlinear frequency mixing waveguides can be in-
egrated on the same platform without the necessity of ex-
loiting complex hybrid fabrication techniques. Further
o being a powerful PM technique for dispersive semicon-
uctors, BRWs also offer the ability of tuning pertinent
aveguiding parameters, including overlap between the
odal profiles of the interacting waves, bandgap, losses,

roup velocity mismatch (GVM), and group velocity dis-
ersion (GVD), while maintaining PM. This in turn
reatly enhances the ability to optimize the performance.
sing BRWs, we can, not only obtain PM for any Al per-

entage and any bandgap desired, but also optimize the
VM and GVD along with the overlap between the modal
rofiles of the interacting waves, which relates the effec-
ive second-order nonlinear coefficient [8,9].

Practical ��2� nonlinear devices are essential elements
010 Optical Society of America
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n many important applications in ultrafast optical signal
rocessing. Examples include generation and detection of
ltrashort optical pulses [10], characterization of ul-
rafast optical signals [11], as well as temporal control of
ptical signals [12]. Comprehensive understanding of ��2�

onlinear processes with ultrashort pulses in the differ-
nt pulse-width regimes, such as those in the femtosecond
egion with moderate-to-high average powers, is not fea-
ible without including the effects of modal dispersion
roperties as well as the effects of third-order optical non-
inearities. Although, the effects of ��3� nonlinearities
uch as two-photon absorption (TPA) and self-phase
odulation (SPM) on second-order frequency mixing pro-

esses have been well established in the literature for
ulk semiconductors and QPM waveguides [13–15], simi-
ar studies in BRWs have not been carried out. These
tudies can play an important role in the design of these
tructures due to the high degree of versatility they ex-
ibit. Designs can be further enhanced by carefully tailor-

ng the modal dispersion properties in BRWs particularly
ithin the ultrashort pulse regime. The characterization
f BRWs with picosecond pulses has been previously car-
ied out and reported in the literature [16]. However, the
ffects of third-order nonlinearities were mildly mani-
ested in this regime, owing to a moderate pump peak in-
ensity. The employment of femtosecond pulses, where the
ump peak intensity is significantly enhanced, can fur-
her highlight the effects of ��3� interactions on second-
rder processes, hence providing a more clear under-
tanding of the potentials and limitations of these devices
or optical frequency mixing.

The design optimization of BRWs for an efficient non-
inear interaction for the femtosecond pulsed regime is
omplex. This is because of the large number of param-
ters involved in the nonlinear process as well as the
rade-offs associated. For example, the choice of the
lxGa1−xAs elements of the different BRW layers affects
ll dispersion orders, nonlinear coefficients, linear losses,
onlinear losses, as well as the optical field overlap fac-
ors. The versatile dispersion properties of BRWs can help
ecouple the aforementioned dependencies and enable
erformance optimization. The limitations and extent of
he BRW capabilities will be investigated theoretically
nd experimentally in this work.
The organization of this paper is as follows. Section 2

rovides an overview of the required theoretical back-
round used for simulations and analysis. In Section 3,
he simulation results are discussed, where detailed
nalyses of first- and second-order dispersion effects as
ell as the effects of ��3� nonlinearity on the second-
armonic generation (SHG) are presented. Section 4 pro-
ides the experimental results, where the pulse charac-
erization of BRW devices in a SHG experiment with
emtosecond pulses is carried out. Section 5 provides a
omparative study between the femtosecond characteriza-
ion of BRWs and other AlGaAs devices phase-matched
sing other techniques. Conclusions are summarized in
ection 6.

. THEORETICAL FRAMEWORK
n this section the theoretical framework, which describes
he SHG process, is detailed. This provides the platform
here numerous effects influencing the outcome SHG ef-
ciency and hence the device design parameters are ex-
mined. The type II SHG can be regarded as a degenerate
um-frequency generation (SFG) involving the interac-
ions of a transverse-magnetic (TM)-polarized pump �p1�,
transverse-electric (TE)-polarized pump �p2�, and a TE-

olarized second-harmonic (SH) wave �i�. The process is
egarded as degenerate since the angular frequencies of
he two pump waves are identical. We assume a collinear
nteraction in the waveguide along the z-axis and express
he electric fields of the harmonics as

Ej�x,y,z,t� = Aj�z�Ej�x,y�exp�− j��jz − �jt��, �1�

here j� �p1 ,p2 , i�; Aj�z� is the slowly varying amplitude;
j is the angular frequency; Ej�x ,y� is the normalized spa-

ial field profile; and �j is the propagation constant, �j
2�nj /�j, where nj is the effective mode index and �j is

he wavelength in vacuum. The evolution of slowly vary-
ng amplitudes, Aj�z�, along the propagation direction can
e described by the couple-mode equations as [13,17]

dAi
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, �4�

here 
�=�i−�p1
−�p2

is the wave number mismatch; vg,j
s the group velocity; 	 is the spatial overlap factor; �0,j is
he linear loss coefficient; �2,j and n2,j are the effective
PA and SPM coefficients of the structure, respectively;
nd Aeff,j

�3� is the third-order effective area. It is defined as

Aeff,j
�3� =

��
−�

+��
−�

+�

Ij�x,y�dxdy	2

�
−�

+��
−�

+�

Ij
2�x,y�dxdy

, �5�

here Ij�x ,y� is the transverse intensity profile. The pulse
nvelope is normalized such that the harmonic power Pj
an be expressed as Pj= 
Aj
2. In Eqs. (2)–(4), the coupling
oefficient � is given by
j
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�j = � 8�2deff
2

np1
np2

nic
0�j
2
1/2

, �6�

here deff is the effective second-order nonlinear coeffi-
ient, which is

deff =

�
−�

+��
−�

+�

Ei
��x,y�d�x,y�Ep1

�x,y�Ep2
�x,y�dxdy

�
−�

+��
−�

+�

Ei
��x,y�Ep1

�x,y�Ep2
�x,y�dxdy

, �7�

here d�x ,y� is the effective ��2� coefficient for bulk Al-
aAs elements [18,19].
In parametric processes involving ultrashort optical

ulses, first- and second-order modal dispersions can con-
iderably influence the efficiency of the nonlinear interac-
ion. The first-order dispersion is generally quantified by
he GVM, which accounts for the temporal pulse walk-off
etween the harmonics. Due to the mismatch between the
roup velocities among the interacting frequencies, the
armonics with an initial temporal overlap progressively
ndergo a temporal separation. For a type II interaction,
y definition, GVMs between the orthogonal field compo-
ents of pump �p1 ,p2� and SH signal are

GVMp1,i =
1

vg,p1

−
1

vg,i
, �8�

GVMp2,i =
1

vg,p2

−
1

vg,i
. �9�

Second-order modal dispersion properties can also have
egrading effects on the efficiency of the nonlinear inter-
ction. Of particular importance is the GVD, which mani-
ests itself in the pulse broadening, hence reducing the
ulse peak power. By definition, the GVD at �j frequency
s given by

GVDj =
�2�j

��2 =
2

c

�nj

��
+

�j

c

�2nj

��2 , �10�

here c is the vacuum speed of light.
The presence of third-order nonlinearities, including

he TPA and SPM, under a high pump power condition
an further impair the efficiency of the SHG. The TPA
auses an increase in the absorption coefficient that is
roportional to the intensity of the optical field. For the
armonic �j, the contribution of the TPA in increasing the

oss coefficient of a bulk material is given by


�j = �2,jIj. �11�

or a waveguide structure, Eq. (11) can also be used pro-
ided that �2,j is replaced with the effective TPA coeffi-
ient and Ij is replaced with the third-order nonlinear ef-
ective intensity [20].

An intensity dependence of the refractive index in non-
inear optical media occurs through the SPM, which leads
o nonlinear phase shifting and spectral broadening of op-
ical pulses. The changes in the refractive index 
nj due
o the SPM are given by

nj = n2,jIj, �12�

here, in a guided-wave structure, n2,j is the effective
onlinear refraction for the harmonic �j [20].

. SIMULATION RESULTS
he aforementioned theory is now used to examine the ef-

ect of numerous parameters on the efficient SHG and
ence the device design parameters, where two distinct
ample designs are used to highlight the unintuitive de-
ign rules required for an efficient BRW design. In disper-
ive media such as semiconductors, the dispersion of the
efractive index is sufficiently significant resulting in
emporal walk-off between the input and the generated
avelengths, which reduces the conversion efficiency.
ome of the most successful nonlinear materials such as
eriodically poled lithium niobate (PPLN) also exhibited
evere limitations posed by the GVM such as pulse distor-
ion and saturation effects when using femtosecond
ulses [21]. Recently, GVM correction schemes such as
uasi-group-velocity-matching [22] and noncollinear SHG
23] have been demonstrated in PPLN to mitigate these
imitations. As such, we start by examining a BRW struc-
ure, with a minimal attainable GVM as an intuitive
hoice for an optimal design. After, an alternative design
hat utilizes the freedom of choice of the Al concentration
fforded by PM using BRWs is used to demonstrate how
he conversion efficiency can be increased at the expense
f the GVM in short samples.

For numerically solving the coupled-mode equations of
qs. (2)–(4), we employed the split-step Fourier method

15], where dispersion parameters as well as third-order
onlinear effects were included. Simulations were run
uch that the peak power of one wave remained fixed at
=0 while the other waves were allowed to change accord-
ng to the differences in the group velocities. Two different
tructures, named BRWI and BRWII, have been compara-
ively studied in this section.

. BRWI
he initial structure has been optimized for having a
inimal GVM with practical dimensions. The details of

he waveguide geometry and how the optimization has
een achieved for BRWI have been published elsewhere
9]. A summary of all simulation parameters is given in
able 1, where �2,p1�p2� and n2,p1�p2� were chosen from the
aximum value of those in the layers of the structure.
hey were evaluated from [14,24,25].
The variation of the SH power as a function of the de-

ice length L is shown in Fig. 1. To be consistent in the
omparison with experimental data, the pump average
ower Ppump �Ppump=2Pp1

=2Pp2
� was taken to be 3.3 mW

n simulation. From the figure, it can be observed that the
enerated SH power increases with the increase in the
ample length and then reaches the maximum value of
3 �W at L=4.1 mm. Further increase in L gives rise to a
eduction in the SH power due to the adverse effects of
inear propagation losses. Also in Fig. 1, the impacts of
he TPA ��2�, SPM �n2�, GVM �GVMp1�p2�,i�, and GVD
GVDp1�p2� and GVDi) on the SH power were examined.
rom the figure, the existence of any of these four param-
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ters will reduce the generated SH power. The impacts of
he TPA and SPM are small under the low power levels of
he pump and SH signal. Moreover, the GVD can degrade
he maximum SH power by 73%, while the GVM degrades
t by about 1.6 orders of magnitude. As such, it is believed
hat, in the femtosecond pulse regime, the major limiting
actor in enhancing the SH power is the GVD and GVM
etween the pump and SH signal.
The nonlinear conversion efficiency defined as �

Pi /Ppump
2 and its value normalized to the square of the

evice length, �norm=Pi / �PpumpL�2, are two important fig-
res of merit which characterize the waveguide perfor-
ance in a SHG process. The variations of � and �norm as

unctions of L are illustrated in Fig. 2. In obtaining the
gures, the effects of the TPA, SPM, GVD, and GVM have
een taken into consideration. The graph of � has the
ame trend as that of the SH power in Fig. 1, while �norm
xhibits a rapid reduction for sample lengths shorter than
00 �m after which it decreases with a slower slope.
rom Fig. 1, the simulated maximum SH power was ob-
ained to be �2.2 �W for L=2.1 mm. The corresponding
onversion efficiencies were estimated to be �=0.2% W−1

nd �norm=452% W−1 cm−2. In the following simulations
or BRWI, the length of the sample was taken as 2.1 mm,
ecause it agrees with the length of the tested samples.
In order to examine the effects of the SPM and TPA on

he efficiency of the SHG process, we simulated the varia-
ions of �norm as a function of the pump power for possible
ermutations of �2 ��2,p1�p2�� and n2 �n2,p1�p2�� with the ef-

Table 1. Simulation Parameters of BRWI

arameter Value

onlinear interaction Type I
�0,p1�p2� ,�0,i� (2.0,5.0)/cm

2,p1�p2� 0.14 cm/GW

2,p1�p2� 3.5�10−5 cm2/GW

Aeff,p1�p2�
�3� ,Aeff,i

�3� � �7.9,4.9� �m2

eff 6.4 pm/V
VMp1�p2�,i �3.99 ps/mm
VDp1�p2� 1.24 fs2/�m
VDi −166 fs2/�m
ulse width 190 fs
ulse repetition rate 76 MHz

ig. 1. (Color online) Simulated SH output power of BRWI as a
unction of sample length where the effects of TPA with coeffi-
ient �2, SPM with coefficient n2, GVM, and GVD are indepen-
ently included. All curves were obtained for a 190 fs pump with
n average power of 3.3 mW.
ect of the GVM included. The results are shown in Fig. 3.
rom the figure, it can be seen that when both the SPM
nd TPA were ignored (n2 off, �2 off), the efficiency nearly
oes not change. Adding either the TPA (n2 off, �2 on) or
PM (n2 on, �2 off) conversion efficiency decreases with
he increase in the pump power. For the case where both
he SPM and TPA were included (n2 on, �2 on), the con-
ersion efficiency dropped by 50% when the pump power
as �25 mW. At pump powers lower than 3.3 mW, the
egrading effects of third-order nonlinearities are within
.6%.

. BRWII
o further examine the potential of BRWs, another struc-
ure BRWII with a higher GVM and with a higher effec-
ive second-order nonlinear coefficient has been designed.
his can be afforded in BRWs with relative ease in com-
arison to other PM techniques, where limitations on the
aterials used and the operating wavelength relative to

he material bandgap involve strict trade-offs. Details of
he waveguide geometry of BRWII were previously re-
orted [16]. A summary of all the simulation parameters
s given in Table 2, where the ridge width and etch depth
f BRWII were taken to be identical to those of BRWI for a
etter comparison.
Figure 4 shows the variation of the SH power as a func-

ion of the device length for BRWII. To be consistent with
he experimental characterization launch conditions dis-
ussed in Section 4, the pump average power Ppump was
aken to be 3.3 mW in the simulation. From the figure, it

ig. 2. (Color online) Simulated internal conversion efficiency �
nd normalized internal conversion efficiency �norm (inset) of
RWI as functions of sample length. The simulated graphs were
btained by including the effects of SPM, TPA, GVM, and GVD
ith their numerical values summarized in Table 1.

ig. 3. (Color online) Effects of SPM �n2� and TPA ��2� on the
ormalized conversion efficiency ��norm� of BRWI as the pump
ower is increased.
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an be observed that the generated SH power increases as
he sample length increases until it reaches the maxi-
um value of 1.4 mW. Further increase in L gives rise to
reduction in the SH power due to the adverse effects of

inear propagation losses. Also in Fig. 4, the impacts of
he TPA ��2�, SPM �n2�, GVM (GVMp1,i and GVMp2,i), and
VD (GVDp1

, GVDp2
, and GVDi) on the SH power were

xamined. From the figure, the existence of any of these
our parameters will reduce the generated SH power. The
mpacts of the TPA and SPM are small under the low
ower levels of the pump and SH signal. Moreover, the
VD can degrade the maximum SH power by 38%, while

he GVM degrades it by about 1.3 orders of magnitude.
owever, the final maximum SH power is 69 �W at L
1.5 mm when considering all the effects of the TPA,
PM, GVD, and GVM, which is about 31 times larger
han that of BRWI. This indicates that, even though the
VM and GVD are significant factors in limiting the SH
ower, they are not the only dominant factors. The
econd-order nonlinear coefficient also has a great effect
n the conversion efficiency.

The variations of � and �norm as functions of L are il-
ustrated in Fig. 5, where all the effects of the TPA, SPM,
VD, and GVM have been taken into consideration. The
aximum conversion efficiency � was about 6.2% W−1;

Table 2. Simulation Parameters of BRWII

arameter Value

onlinear interaction Type II
�0,p1

,�0,p2
,�0,i� (2.0,2.2,5.0)/cm

�2,p1
,�2,p2

� (0.03,0.15) cm/GW

2,p1
3.4�10−5 cm2/GW

2,p2
3.7�10−5 cm2/GW

Aeff,p1

�3� ,Aeff,p2

�3� ,Aeff,i
�3� � �6.7,6.6,3.2� �m2

eff 40.0 pm/V
VMp1,i �10.67 ps/mm
VMp2,i �10.63 ps/mm
VDp1

5.65 fs2/�m
VDp2

5.65 fs2/�m
VDi 170 fs2/�m
ulse width 190 fs
ulse repetition rate 76 MHz

0 1 2 3 4 5 6
0

300

600

900

1200

1500

S
H
po
w
er
(
W
)

L (mm)

all off
only 2 on
only n2 on
only GVD on
only GVM on
all on

Ppump = 3.3 mW

ig. 4. (Color online) Simulated SH output power of BRWII as a
unction of sample length, where the effects of TPA with coeffi-
ient �2, SPM with coefficient n2, GVM, and GVD are indepen-
ently included. All curves were obtained for a 190 fs pump with
n average power of 3.3 mW.
he corresponding �norm was estimated to be 2.70
104% W−1 cm−2. The characterized sample discussed in

ection 4 had a length of L=1.1 mm. From Fig. 4, the
imulated SH power for a sample with the length of 1.1
m was obtained to be 60 �W, which was in proximity to

he maximum value of 69 �W. The corresponding normal-
zed conversion efficiency was estimated to be �norm
4.58�104% W−1 cm−2. In the following simulations for
RWII, the length of the sample was taken as close as
ractically possible to the calculated optimum and it was
et to be 1.1 mm.

In order to examine the effects of the SPM and TPA on
he efficiency of the SHG process, we simulated the varia-
ions of �norm as functions of the pump power for possible
ermutations of �2 (�2,p1 and �2,p2) and n2 (n2,p1 and n2,p2)
ith the effect of the GVM included. The results are

hown in Fig. 6. It can be seen that when both the SPM
nd TPA were ignored (n2 off, �2 off), the efficiency re-
uced solely due to the depletion of the pump power. Add-
ng either the TPA (n2 off, �2 on) or SPM (n2 on, �2 off)
ad a similar behavior of the conversion efficiency, reduc-

ng as much as 16% at the pump power of �25 mW. At
ower powers, the TPA attenuates the pump and has a
arger effect on the efficiency than does the SPM. Above
.6 mW, nonlinear phase shift and spectral broadening
isturb the PM process and the SPM dominates in drop-
ing the conversion efficiency. Finally, for the case where
oth the SPM and TPA were included (n2 on, �2 on), the
onversion efficiency dropped by 20%. At pump powers
ower than 3.3 mW, the effects of third-order nonlineari-
ies degrade the power by 1.4% and can be ignored.

ig. 5. (Color online) Simulated internal conversion efficiency �
nd normalized internal conversion efficiency �norm (inset) of
RWII as functions of sample length. The simulated graphs were
btained by including the effects of SPM, TPA, GVM, and GVD
ith their numerical values summarized in Table 2.

ig. 6. (Color online) Effects of SPM �n2� and TPA ��2� on the
ormalized conversion efficiency ��norm� of BRWII as the pump
ower is increased.
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From the numerical simulation results above, it can be
een that BRWI cannot give us higher SH output powers
nd conversion efficiencies, although it benefits from the
maller first- and second-order dispersion compared to
hose in BRWII. The relatively smaller effective second-
rder nonlinear coefficient of the structure limits the per-
ormance of BRWI. As a result, in designing BRWs for ul-
rafast applications, trade-offs between various
arameters including first- and second-order dispersion,
hird-order nonlinear effects, as well as the effective
econd-order nonlinear coefficient of the structure should
ll be carefully taken into consideration. As such
aveguides identical to BRWII were fabricated and char-
cterized in the next section.

. EXPERIMENTAL RESULTS
etailed descriptions of the wafer used for the experi-
ents �BRWII� and its pulse characterization in the pico-

econd regime have been previously reported in [16]. The
idge waveguides studied here had a ridge width of
.4 �m and an etch depth of 3.6 �m with a length of 1.1
m. Propagation losses of the pump around 1550 nm
ere measured using the Fabry–Perot method and were

ound to be 2.0 and 2.2 cm−1 for the TE and TM compo-
ents, respectively. The Fresnel reflection at the wave-
uide facets was estimated to be 29%. The input coupling
actor due to the spatial overlap between the incident
aussian beam and the excited pump mode was found to
e 49%. Nonlinear characterization of the device was car-
ied out using a homemade nearly transform-limited
with a temporal-spectral bandwidth product of 
�
	
0.45) optical parametric oscillator (OPO) able to provide
fficient tunable femtosecond pulses in the near-infrared
pectra. The OPO was based on a periodically poled
iNbO3 [26] and was synchronously pumped by a com-
ercial Kerr-lens-mode-locked Ti:sapphire laser at 814
m, enabling the generation of pulses with a duration of
90 fs at a repetition rate of 76 MHz and continuously
unable around 1550 nm through adjustment of the cavity
elay.
Figure 7 shows the internal SH power plotted as a

unction of the pump wavelength for the type II interac-
ion and for the fixed internal pump power of 3.3 mW.
rom the figure, the corresponding PM wavelength was
easured to be 1555 nm. The maximum SH power, esti-

ig. 7. (Color online) SH power as a function of pump wave-
ength for type-II interactions, the solid line is best fit to Lorent-
ian function. Inset: dependence of SH power on pump power
lotted on log-log scale.
ated before the exit facet of the waveguide, was ob-
ained to be 25.5 �W. The corresponding internal conver-
ion efficiency was evaluated to be 2.0�104% W−1 cm−2.
owever, the actual conversion efficiency is likely to be
uch higher given that more than 30% of the generated
HG power could not be collected due to the fast diver-
ence of the BRW mode. Also given is that the internal
ump power is overestimated based on the fact that the
easured insertion loss value of �11 dB is much smaller

han that estimated from linear loss measurement (�7
B). The wavelength acceptance bandwidth, full width at
alf-maximum (FWHM), of the interaction was estimated
o be 15.1 nm, which is comparable to that of the pump
pectrum which is about 17.8 nm. In a recent work [27], a
ype II SFG process using a continuous-wave pump
round the PM wavelength of 1555 nm was carried out on
he device discussed here. In the aforementioned work, it
as found that the FWHM bandwidth of the SFG process
xceeds 60 nm. Considering the bandwidth of the femto-
econd pump pulses in this work in addition to the large
avelength acceptance bandwidth of the SFG process, the
FG process may occur during the interactions. In order
o determine the dominant nonlinear process in the char-
cterization here, we examined the power dependence of
he upconverted signal on that of the pump. The result is
hown in the inset of Fig. 7, where the measured data are
lotted on a log-log scale and are compared with a linear
t. The slope of the fit was obtained to be �1.75. From
heory, it is well known that for the SHG the dependence
f the SH power on that of the pump is quadratic, giving
ise to a slope of 2 in log-log scale. On the other hand for
he SFG, the powers of the pump and sum-frequency sig-
al have a linear relationship resulting in a slope of unity

n a log-log scale. Assuming that third-order nonlineari-
ies can be neglected, the estimated slope of �1.75 in the
nset of Fig. 7 clearly indicates that the dominant process
n the measurement was indeed the SHG.

We further characterized waveguides with ridge widths
anging from 2.8–4.8 �m. Our measurements showed
hat, in all examined devices, the SH power was not sen-
itive to the ridge width of the waveguides. Also, for a
onger sample with a length of 1.5 mm, the generated SH
ower was obtained to be �28.3 �W, denoting negligible
nhancement compared to the obtained SH power of
5.5 �W in the sample with a length of 1.1 mm. The
ength dependence of the SH power agrees well with the
alculations shown in Fig. 4. The discrepancy between the
alculation and the experiment in estimating the SH
ower can be ascribed to the uncertainties involved in
ome of the simulation parameters including the SH loss,
he structure deff, dispersion values, as well as the SPM
nd TPA coefficients used in the theoretical model.
The input and transmitted pump spectra at PM (1555

m) and off PM (1575 nm) wavelengths are plotted in Fig.
, where the solid curves show the input spectra while the
otted curves are those of the transmitted ones. From the
gure, a clear dip can be observed in the transmitted
pectra at the PM wavelength while no such dip can be
bserved away from the PM wavelength. The appearance
f such a dip clearly indicates the depletion of the pump
t the PM wavelength, where power transfer between the
armonics is the highest. It is worth noting that the SPM



c
t
d
s
c
S
c
b
t
e
P

5
T
l
c
p
i
s
u
i
n
p
t
1
p
g
i
t

p
g
s
a
p
m
i
b
t
t
s
F
s
t
p
B
w
l
t
m
m
c
o
g
w

6
U
o
fi
m
i
p
t
o
w
d
1
2
a
fi
�
p
s
p
a

A
T
O
F
N
C

R

F
c
t
c
w

S

Q
Q
M
B
B

Han et al. Vol. 27, No. 6 /June 2010/J. Opt. Soc. Am. B 1297
an also result in the appearance of a dip with distorted
ransmitted pump spectra. However, this possibility was
ismissed by noticing that the bandwidths of the pump
pectra at the input and output of the device were identi-
al, denoting negligible spectral broadening due to the
PM. Also, during the experiment, it was noted that
hanging the central pump wavelength within the pump
andwidth did not change the position of the dip in the
ransmitted pump spectra which further confirmed the
xistence of the pump depletion taking place around the
M wavelength.

. DISCUSSION
he attributes of PM using BRW waveguides come to

ight once their SHG performance is compared with their
ounterparts. A comparison among some previously re-
orted femtosecond SHGs using different PM techniques
s provided in Table 3. For the referenced QPM and MPM
amples in Table 3 the characterization was carried out
sing 250 fs pulses, while the BPM device was character-

zed using 200 fs pulses. From Table 3 it can be seen that
onlinear interaction in our device is more efficient com-
ared to QPM and MPM devices. However, in comparison
o BPM waveguide, our device is less efficient by less than
order of magnitude. It should be highlighted that the re-
orted SH power of BRWII defined a lower limit for the
enerated SH signal. This can be justified by noticing that
n estimating the SH power, we assumed perfect collec-
ion through the output stage objective lens. In reality,

ig. 8. (Color online) Normalized power spectral density of in-
ident (solid curve) and transmitted (dotted curve) pumps for
ype-II interaction at PM and off PM wavelengths. The dashed
urve is the Gaussian fitting of the transmitted spectrum at PM
avelength.

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

ample
Length
(mm)

PFH
(mW)

PSH
��W�

PSH/PFH
(%)

PM-I [28] 4.0 2.3 0.11 0.02
PM-I [29] 2.0 11 1.5 0.06
PM-II [6] 1.5 20 10.3 0.15
PM-I [3] 1.0 50 650 1.3a

RWII-II 1.1 3.3 25.5 0.77

aExternal efficiency.
art of the beam could not be collected due to fast diver-
ence of the emerging beam from the waveguide facet. As
uch, we believe that in terms of the signal to noise ratio
nd the efficiency of the nonlinear interaction, our re-
orted device is in vicinity of well-established phase-
atched AlxGa1−xAs waveguides. The advantages of us-

ng phase-matched BRWs in the femtosecond regime can
e further enhanced by utilizing the flexibility afforded by
he BRW in choosing the material bandgap in comparison
o the operating wavelength, which is compensated by the
trong waveguide dispersion properties of these devices.
or example, in the choice of material for the BPM
ample in [3] the required birefringence could only be ob-
ained between GaAs and AlOx elements. While the em-
loyment of AlOx layers could limit the practicality of
PM devices for integration with diode laser pumps,
here electric pumping is required, the choice of GaAs

ayers with material resonances around 870 nm could fur-
her limit their useful spectral range for optical frequency
ixing. In contrast, BRWs avoid such limitations, which
ake them promising for novel parametric devices. The

omparison suggests that the samples tested in the previ-
us section may provide a near optimum performance
iven the practical limitations of the epitaxial growth and
aveguide fabrication in this material system.

. CONCLUSIONS
sing the split-step Fourier method, the impact of third-

rder nonlinearities including the SPM and TPA on the ef-
ciency of the SHG is numerically investigated. Further-
ore, the adverse effects of the GVM and GVD of the

nteracting frequencies on the efficiency of the nonlinear
rocess are studied using the same method. Using the op-
imized designs inferred from these studies, we have dem-
nstrated an efficient SHG in Bragg reflection
aveguides (BRWs) using femtosecond pulses. Pump
epletion was observed in a waveguide with a length of
.1 mm in a type II interaction. The peak SH power of
5.5 �W was estimated for a pump power of 3.3 mW
round 1555 nm. The normalized internal conversion ef-
ciency of the process was estimated to be 2.0
104% W−1 cm−2. Theoretical simulations indicated that

ulse walk-off due to the GVM between the pump and SH
ignal was the main limitation in enhancing the SH
ower, hence limiting the efficiency of the nonlinear inter-
ction.
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