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Values for the two-photon absorption coefficient, �2, and nonlinear refractive index coefficients, n2, are mea-
sured for a waveguide core made of 14:14 monolayer GaAs/AlAs superlattice at photon energies below the
half-bandgap. Two-photon absorption coefficients show significant anisotropy with the TE mode having �2 val-
ues up to four times greater than the TM mode. For nonlinear refraction, we determined values of the nonlin-
ear index for the TE mode that are as much as two times larger than the TM mode. Measurements of cross-
phase modulation between the TE and TM modes gave ratios of cross-phase modulation to self-phase
modulation that were highly anisotropic. © 2007 Optical Society of America
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. INTRODUCTION
ompound semiconductors and AlGaAs, in particular,
ave opened many possibilities for all-optical signal pro-
essing by nonlinear optical phenomena. They have ma-
ure fabrication technologies, and the magnitude of the
err effect in AlGaAs is �500 times stronger than in

ilica fibers [1]. This allows devices such as ultrafast non-
inear directional couplers [2,3] to be scaled into compact
orms for integration with other components on the same
hip. Multiple quantum well (MQW) and superlattices in
he GaAs/AlGaAs material system have drawn interest
s nonlinear materials because of the ability to selectively
une the bandgap and nonlinear properties using post-
rowth techniques such as quantum-well intermixing
QWI) [4]. Short-period superlattices have the advantage
hat complete intermixing yields the largest possible
odification in the bandgap and nonlinear properties [5].
hanges may be large enough that the nonlinearity can
e reduced to the point where the material becomes rela-
ively linear. Thus, intermixing can be used to pattern ar-
as on a semiconductor chip that are optically linear or
onlinear. GaAs/AlAs superlattices and QWI have al-
eady been used to fabricate quasi-phase-matching struc-
ures for controlling second-order nonlinear processes
6,7]. The third-order nonlinear properties of the
aAs/AlAs superlattice are of great interest since nonlin-
ar refraction in GaAs/AlGaAs MQWs has shown en-
ancement of the polarization dependence over bulk
lGaAs [8]. However, detrimental nonlinear absorption
rocesses such as two-photon absorption (TPA) are
trengthened in quantum-well structures. Optimal de-
ices should be operated below but near the half-bandgap
0740-3224/07/071557-7/$15.00 © 2
o take advantage of large nonlinear refraction while lim-
ting TPA.

The physical asymmetry in a multilayer heterostruc-
ure such as a superlattice has the immediate conse-
uence of introducing anisotropy in the optical properties
f the structure. Translational symmetry is broken along
he [001] growth direction, thus making the optical prop-
rties of the material dependent on the crystallographic
irection. Breaking symmetry leads to new, nonzero ele-
ents in the electric susceptibility tensors. In the third-

rder susceptibility tensor for the single wavelength case,
he three independent nonzero components of bulk zinc-
lende semiconductors break into eight elements. For
ight propagating in the [110] direction (the usual wave-
uide orientation), four of these elements are involved in
elf-phase modulation (SPM): �xxxx

�3� , �xyxy
�3� , and �xxyy

�3� for the
E polarization, and �zzzz

�3� for the TM polarization. Two el-
ments are involved in cross-phase modulation (XPM) be-
ween both polarizations: �xzxz

�3� for TE and �zxzx
�3� for TM.

redicted values of the tensor components vary in magni-
ude and lead to a highly polarization-dependent nonlin-
ar index of refraction [9]. Significant birefringence in the
inear index of refraction has already been experimentally
erified for a superlattice [10]. Furthermore, the degen-
racy between the light- and heavy-hole valence bands is
ifted in quantum heterostructures, and therefore the
andgaps involving the heavy- and light-hole bands differ
n energy. Since linear transitions from the heavy-hole
and are forbidden for the linear polarization along the
001] direction but allowed for the [110] direction, the lin-
ar absorption peaks for TE- and TM-polarized light will
e found at different wavelengths. Thus, the location of
007 Optical Society of America
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he half-bandgap and behavior of the associated nonlinear
roperties, such as TPA and nonlinear refractive index,
ill be different for each polarization.
In this paper, we experimentally determine the third-

rder nonlinear optical properties of a waveguide core
ade of a nonintermixed 14:14 monolayer GaAs/AlAs su-

erlattice at wavelengths below its half-bandgap. The lin-
ar properties are examined to estimate their impact on
he nonlinear behavior of these waveguides. Measure-
ents of TPA are carried out by using the inverse trans-
ission method [1]. Nonlinear refraction is examined for

he case of SPM involving one linear polarization, and
PM involving the interaction between both polariza-

ions. Coefficients for SPM and XPM are obtained from
bservations of SPM- and XPM-induced spectral broaden-
ng and comprehensive modeling of nonlinear pulse
ropagation. In the case of XPM, we account for the group
elocity mismatch between the TE and TM modes that
auses the spectrum to broaden asymmetrically about the
enter wavelength. For both TPA and nonlinear refrac-
ion, we also isolate the nonlinear behavior of the super-
attice layer from the waveguide structure by accounting
or the nonlinear behavior of the cladding layers.

. STRUCTURE AND LINEAR PROPERTIES
F SUPERLATTICE WAVEGUIDES

o evaluate the nonlinear properties of the superlattice, it
as necessary to measure several of the linear properties
f the waveguides. This included the room-temperature
hotoluminescence to verify the bandgap energy, the
ransverse profiles of the guided modes, and the linear
oss. The wafer structure shown in Fig. 1 was devised to
ptimize second-harmonic generation from a 1550 nm
undamental [5] and was characterized previously [10]. It
onsisted of a 0.6 �m thick GaAs/AlAs superlattice core
ayer with 75 periods of 14:14 monolayers each. Buffer

ig. 1. Layer structure of the superlattice-core waveguide
afer.
ayers of 0.3 �m thick Al0.56Ga0.44As were placed on either
ide of the superlattice to increase the mode size and
ence the coupling efficiency from objective lenses. Upper
nd lower cladding layers were Al0.60Ga0.40As with thick-
esses of 0.8 and 4.0 �m, respectively. All layers were
rown nominally undoped by molecular beam epitaxy on

semi-insulating GaAs substrate. Strip-loaded
aveguides, each 3 �m wide and etched to a depth of
.8 �m, were fabricated using reactive-ion etching.
The room-temperature photoluminescence peaks of the

uperlattice layer were measured for each polarization.
ight from a frequency-doubled Nd:YAG laser emitting
t 532 nm was scanned along the cross section of the wa-
er. Re-emitted light from the wafer was passed through
olarization filters before detection. For TE-polarized
ight, the photoluminescence peak of the superlattice
ayer was located at 753 nm ��1.65 eV�, and for TM-
olarized light, it was found at 730 nm ��1.70 eV�, con-
rming the lifted degeneracy of the light- and heavy-hole
alence bands. For both polarizations, the half-bandgap is
lose to 1500 nm, making this material suitable for de-
ices operating at optical communications wavelengths
ith an expected minimal loss contribution from TPA.
A commercial mode solver from Lumerical Solutions,

nc. was used to find the mode profiles of the waveguides
or the TE and TM polarizations. The linear refractive in-
ices of the Al0.56Ga0.44As and Al0.60Ga0.40As layers were
btained from the empirical model of Gehrsitz et al. [11].
alues for the linear index of refraction for the superlat-
ice were derived from effective index values of this layer
tructure reported by Kleckner et al. [10]. Analysis of the
E mode profiles showed that �50% of the power is con-
ned to the superlattice layer, and 30% of the power is
ound in the buffer layers. The TM mode confines only
8% of the power to the superlattice layer, which results
rom the lower index contrast between the cladding and
he superlattice for TM-polarized light. Increased confine-
ent of the TE mode brings higher optical intensities and

hus stronger nonlinear effects compared with the TM
ode for the same optical power.
Linear losses for these waveguides were experimen-

ally determined using the Fabry–Perot method for wave-
engths between 1505 and 1640 nm. The loss coefficients
or the TE mode were measured as 0.25 cm−1 while the
M mode had a larger loss coefficient of 0.7 cm−1. We at-
ribute this increased loss in the TM modes to increased
cattering and leakage losses incurred by reduced con-
nement of this mode to the waveguide core.

. NONLINEAR OPTICAL MEASUREMENTS
n the waveguide structure studied here, the guided
odes were not completely confined to the superlattice

ayer. The buffer and cladding layers contributed to the
onlinear behavior of the waveguide as a whole. To isolate
he nonlinear behavior of the superlattice itself, it was
ecessary to account for the contributions from the bulk
lGaAs layers in the measured data. Using the formalism
f Grant [12], the total effective change in the index of re-
raction due to third-order nonlinear refraction is
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neff

=

n2,�1� � �
�1�

I2�x,y�dxdy + n2,�2� � �
�2�

I2�x,y�dxdy + ¯

�
−�

� �
−�

�

I�x,y�dxdy,

,

�1�

here I�x ,y� is the transverse profile of the irradiance,
nd n2,�i� is the nonlinear refraction coefficient for mate-
ial i of the waveguide structure. Equation (1) can be re-
ritten as

�neff = n2,�1�

P

Aeff,�1�
�3�

+ n2,�2�

P

Aeff,�2�
�3�

+ ¯ , �2�

here P is the optical power, and

Aeff,�i�
�3� =

��
−�

� �
−�

�

I�x,y�dxdy�2

� �
�i�

I2�x,y�dxdy

�3�

s the third-order effective area for material layer i. Given
particular structure, all the Aeff,�i�

�3� values can be deter-
ined from a mode solver and hence the n2 of any one
aterial can be found given known n2 values for the other
aterials. Similar equations for TPA can be derived by re-

lacing n with � in Eqs. (1) and (2).
Nonlinear coefficients for nonlinear refraction in the

ulk AlGaAs layer were calculated from known values n2
or Al0.18Ga0.82As [1] by using the direct bandgap energies
rom the model of Adachi [13] and the scaling laws for di-
ect III–V semiconductors [14]. The resulting coefficients
or Al0.56Ga0.44As and Al0.60Ga0.40As were calculated to be
etween 18% and 25% that of Al0.18Ga0.82As. While these
ompositions of AlGaAs have indirect bandgaps, calcula-
ions using the model of Dinu [15] showed that the con-
ributions of the indirect transition to nonlinear refrac-
ion are negligible. In the case of TPA, the wavelengths
sed were at photon energies well below the half-bandgap
f Al0.56Ga0.44As and Al0.60Ga0.40As where TPA is effec-
ively zero. Thus, the contribution of these layers to non-
inear absorption was ignored.

The effective mode areas were calculated by using the
olved mode profiles. For the superlattice core layer,

eff,core
�3� was calculated to be between 9.7 and 11.2 �m2 in

he TE mode and between 16 and 24 �m2 in the TM mode
or wavelengths between 1500 and 1600 nm. As with the
onfinement factor, the difference in the mode areas is the
esult of the birefringence in the superlattice layer.

Characterization of the nonlinear properties was car-
ied out using a singly resonant KTP optical parametric
scillator (OPO) synchronously pumped by a mode-locked
i:sapphire laser. Output pulses had full width at half
aximum (FWHM) lengths of 1.5 to 2.5 ps with a

5.6 MHz repetition rate and a maximum average power
f 150 mW. Infrared light between 1505 and 1625 nm was
nd-fire coupled into a 1.2 cm long sample with an
ntireflection-coated 40� objective lens. The output of the
aveguides was focused onto a power meter to measure

he amount of transmission through the samples and onto
n optical spectrum analyzer to track changes in the out-
ut spectrum.

. Two-Photon Absorption
wo-photon absorption coefficients were determined for
E and TM polarizations with photon energies below the
alf-bandgap. While two-photon transitions should not
ccur below the half-bandgap, band tail states can lead to
ignificant nonlinear absorption. To measure TPA, the
ransmission through the waveguides was recorded as a
unction of the input power at several wavelengths. The
PA coefficient, �2, is related to the inverse of the trans-
ission T by

1

T
=

1

T0
+ �2

�1 − exp�− �1L��

�1�1 − R�exp�− �1L�
Ieff

�3�, �4�

here T0 is the intercept with the 1/T axis, �1 is the lin-
ar loss coefficient, R is the reflectivity of the facets, and

eff
�3�=P /Aeff

�3� is the effective intensity. By measuring the
lope of the inverse transmission plot, the value of the
PA coefficient was calculated by Eq. (4). Since only the
uperlattice layer should contribute to TPA, Ieff

�3� was cal-
ulated by using the superlattice core effective mode area.

Figure 2 shows the value of �2 for the superlattice layer
t several wavelengths. At 1545 nm, �2 is 1.94 cm/GW for
he TE mode and 0.94 cm/GW for the TM mode. In both
olarizations, TPA is enhanced over bulk Al0.18Ga0.82As
1] by up to four times. In the TE mode, �2 increases rap-
dly as the half-bandgap of �1500 nm is approached. The
alue of �2 does not increase as rapidly for the TM mode
ince its half-bandgap is located at �1460 nm. This differ-
nce in the bandgap leads to a large polarization depen-
ence with the TE mode exhibiting TPA coefficients ap-
roximately six to nine times higher than that for the TM
ode across the studied spectrum. Error in the values
as the result of uncertainty in the calculated Aeff

�3� values
nd measured pulse length.

ig. 2. Measured values of the two-photon absorption coeffi-
ient, � , for the TE and TM modes.
2
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. Self-Phase Modulation
he nonlinear index of refraction was characterized by
bserving the spectral broadening induced by SPM. Fig-
re 3 depicts the evolution of the measured output spec-
rum with increasing input peak power for TE and TM
odes at a wavelength of 1545 nm. Pulse lengths of 2.5 ps
ere used for the TE mode while pulse lengths of 1.5 ps
ere used for the TM mode. While this widens the spec-

ral width of the pulses for the TM mode experiments,
his difference does not affect the shape of the spectral
volution in this pulse length regime. Thus, it is possible
o make direct quantitative comparisons between the two
olarizations. As the figures show, the spectrum splits
part into two peaks with a maximum dip in the middle.
t this point, the phase shift is �1.5� [16]. The dotted

ines show the position of this point, which occurs at
58 W for the TE mode. The amount of power required to

each this same point in the TM mode is approximately
our times larger. This difference is the result of reduced
onfinement and nonlinear strength in the TM mode.

To accurately determine the value of n2 from the spec-
ral measurements, it is necessary to account for disper-
ion, linear loss, and TPA. Propagation of an optical pulse
hrough a nonlinear material is described by the nonlin-
ar Schrödinger equation (NLSE) [17]:

j
�A

�z
+ j

�1

2
A + j

�2

2

	A	2

Aeff
�3�

A −
�2

2

�2A

�t2 +
2�n2

	Aeff
�3�

	A	2A = 0, �5�

here A�t ,z� is the pulse envelope, z is the propagation
istance, t is the retarded time, and �2 is the group-
elocity dispersion coefficient. The NLSE was solved nu-
erically by using the split-step Fourier method [16].
roup-velocity dispersion coefficients calculated from the

ig. 3. (Color online) Measured SPM-induced spectral broaden-
ng at 1545 nm for the (a) TE mode and (b) TM mode. The dashed
ine indicates the input peak power at which the spectral broad-
ning pattern corresponds to a 1.5� nonlinear phase shift.
ispersion of the effective refractive index for the
aveguides were of the order of 10−24 s2/m. The input
ulses were modeled as chirped super-Gaussian of the
orm [16]:

A�t,0� = A0 exp�−
1 + iC

2 
 t

t0
�2m� , �6�

here C is the chirp parameter, t0 is the initial pulse
idth, and m is the super-Gaussian parameter. The val-
es of C and m were set such that the simulations pro-
uced similar spectral evolution shapes as observed in ex-
eriments. Values of n2 were determined by matching the
ower level at which the 1.5� phase-shift point occurs. An
xample of a simulation result matching the TE result of
ig. 3(a) is shown in Fig. 4 for the TE mode at 1545 nm.
t 1545 nm, n2 was determined to be �3.2
10−13 cm2/W for TE and �1.7�10−13 cm2/W for TM.
easured values of n2 at other wavelengths are shown in
ig. 5 for both polarizations. As with �2, nonlinear refrac-

ion is enhanced with coefficient values that are up to

ig. 4. (Color online) Simulated SPM-induced spectral broaden-
ng at 1545 nm for the TE mode produced by the split-step Fou-
ier method. The evolution of the spectrum with input power and
he location of the 3� /2 nonlinear phase shift fits well with the
easured spectral broadening of Fig. 3(a).

ig. 5. Measured values of the nonlinear refractive index coef-
cient, n , for the TE and TM modes.
2
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wice as large in bulk AlGaAs. The experimental values
re larger than those predicted from models of the super-
attice band structure [9]. The Kerr effect is highly aniso-
ropic with the TE mode having an n2 up to twice as large
s the TM mode. In bulk AlGaAs waveguides, the differ-
nce between the polarizations is 27% at most [18]. The
ffect of the difference in the position of the electronic
andgap for the TE and TM polarizations is evident with
he value of n2 rapidly increasing as the TE half-bandgap
s approached. At shorter wavelengths, the anisotropy
grees with the theoretical predictions of a three-times-
nhanced nonlinearity for the TE polarization [9].

. Cross-Phase Modulation
easuring the coefficients related to XPM between the
E and TM polarizations is complicated by the large bire-

ringence, which leads to a group-velocity mismatch be-
ween the polarizations. Furthermore, pulse shape and
hirp can significantly affect XPM-induced spectral
roadening and has not been taken into account previ-
usly when measuring similar bulk structures. In our
imulations of copropagating orthogonally polarized
ulses, we accounted for the temporal walk-off, pulse
hape, and chirp.

For a sufficiently weak probe polarization, the propaga-
ion of two orthogonally polarized optical pulses through a
onlinear material is described by the coupled NLSEs
16]:

j
�Apm

�z
+ j

�pm

2
Apm + j

�2,pm

2

	Apm	2

Aeff,pm
�3�

Apm −
1

vg,pm

�Apm

�t

−
�2,pm

2

�2Apm

�t2 +
2�

	

n2

Aeff,pm
�3�

	Apm	2Apm = 0, �7�

j
�Apb

�z
+ j

�pb

2
Apb −

1

vg,pb

�Apb

�t
−

�2,pb

2

�2Apb

�t2

+
2�

	

nX2

Aeff,pm
�3�

	Apm	2Apb = 0, �8�

here the subscripts pm and pb denote the pump and
robe, respectively. Four-wave mixing was ignored due to
he large birefringence in the superlattice. The group-
elocity terms containing vg,pm and vg,pb cause the pump
nd probe to walk off from each other in the time domain.
ross-phase modulation is accounted for with the term in
q. (8) containing nX2, the XPM nonlinear refraction co-
fficient. As with SPM, these equations were solved nu-
erically by using the split-step Fourier method.
Cross-phase modulation was measured with a weak

robe on one polarization and a strong pump on the other
hat were launched simultaneously into the superlattice
aveguide. The probe was kept to no more than 7% of the
ower in the pump to limit SPM in the probe. The mea-
ured spectral broadening of the probe pulse is shown in
ig. 6 for the TM pump → TE probe configuration at
545 nm. In this case, the TE probe had a lower group ve-
ocity and progressively lagged the TM pump over propa-
ation through the waveguide. Due to the walk-off, the
alling edge of the pump pulse acted on the probe pulse.
ince the change in the instantaneous optical frequency is
elated to the pulse envelope as [16]


� � −
�

�t
	A�z,t�	2, �9�

he spectral components of the probe tend to shift toward
igher frequencies. As a result, the spectral evolves asym-
etrically with more of the probe power shifting toward

lue as the pump power is increased. In the TE pump →
M probe case, the pump lagged the probe, and the probe
pectrum broadened asymmetrically toward longer wave-
engths.

Nonlinear refraction coefficients for XPM were ob-
ained by matching measured spectrum changes with
omputer simulations of chirped super-Gaussian pulses
ropagated through a nonlinear medium. Group-velocity
oefficients for these simulations were obtained from the
easured dispersion of the refractive index for the super-

attice [10]. Figure 7 shows a well-matched spectral

ig. 6. (Color online) Measured XPM-induced spectral broaden-
ng of a 1545 nm TE mode probe acted on by a TM mode pump.
symmetric broadening results from the group velocity mis-
atch between probe and pump.

ig. 7. (Color online) Simulated XPM-induced spectral broaden-
ng of a TE probe acted on by TM pump at 1545 nm. The broad-
ning pattern matches well with the measured pattern in Fig. 7.
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roadening pattern from the simulator for the TM pump
TE probe case at 1545 nm. The measured values of nX2

btained by this method are shown in Fig. 8. The coeffi-
ients are of the same order of magnitude as values of n2
or SPM. As with the SPM values, the experimental val-
es are larger than those predicted [9]. The polarization
ependence is apparent in the ratio of XPM to SPM,
X2 /n2, which is shown in Fig. 9. The ratio is 0.75±0.1 for
M pumps on TE probes and 0.43±0.07 for TE pumps on
M probes. This agrees well with previous measurements
f XPM in AlGaAs/GaAs MQW waveguides [19].

. Device Implications
o evaluate the potential of the superlattice as a nonlin-
ar material for all-optical switching devices, the strength
f nonlinear refraction must be weighted with the detri-
ental effects of TPA. Here, the figure of merit used is de-

ned as [20]

FOM =
2�2	

n2
. �10�

igure 10 shows the value of the figure of merit for the
avelengths studied. The TM mode gives a better figure

ig. 8. Measured nonlinear refraction coefficients for XPM, nX2,
n the superlattice.

Fig. 9. Measured XPM–SPM ratios for the superlattice.
f merit with values that are closer to the desired value of
. While the figure of merit is not as low as in bulk
lGaAs [1], this does not rule out the usefulness of the su-
erlattice. Compared with the figure of merit for other
emiconductors such as silicon [21] and AlGaAs/GaAs
QWs [8], the figure of merit for the investigated super-

attice is better at wavelengths near 1550 nm by at least a
actor of 2. Additionally, the high anisotropy in the Kerr
oefficient is desirable for several types of polarization-
ependent devices such as nonlinear Mach–Zehnder in-
erferometers [22].

The ability to intermix the superlattice as a technique
or monolithic integration makes up for the reduced non-
inear performance. Selective control of the nonlinearity

onolithically using QWI enables the integration of lin-
ar and nonlinear sections on the same chip and/or de-
ice. Applications include maximizing switching efficiency
n nonlinear directional couplers and Mach–Zehnder in-
erferometers, for example. Using the same technology to
ntegrate active and passive devices may open a route for
he integration of active and passive nonlinear elements.

Changes to the superlattice structure can be made to
mprove the figure of merit. The core layers adjacent to
he buffer layers are GaAs quantum wells, and hence,
his pair of asymmetric quantum wells with an energy
eparation between the lowest conduction state and high-
st valence state is smaller than the rest of the superlat-
ice. Hence there will be a degree of parasitic TPA from
hese layers in the spectral region studied. A redesigned
afer with AlAs barrier layers adjacent to the buffer lay-
rs will eliminate this parasitic nonlinear loss.

. CONCLUSIONS
n conclusion, we determined experimentally the third-
rder nonlinear optical properties of a GaAs/AlAs super-
attice for wavelengths below the half-bandgap. The
tructure of the superlattice breaks symmetry, which
rings new nonzero components in the third-order nonlin-
ar electric susceptibility tensor. The difference in the ab-
orption peaks for the TE and TM polarizations leads to
urther anisotropy in the optical properties. Two-photon
bsorption and the nonlinear index of refraction of the su-

Fig. 10. Figure of merit for TE and TM modes.
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erlattice were found to be enhanced over bulk AlGaAs.
oth phenomena are highly anisotropic with the TE mode
xhibiting stronger nonlinear effects due to closer proxim-
ty to the half-bandgap resonance. At appropriate optical
ower levels, the superlattice investigated can be consid-
red a nonlinear medium in the TE polarization and a lin-
ar medium in the TM polarization. Cross-phase modula-
ion showed similar polarization dependencies. While the
gure of merit has a value that is larger than desired, the
olarization dependence and the ability to modify the su-
erlattice with QWI make the superlattice useful for non-
inear optics and photonic-integrated circuits.
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