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Abstract: Enhancements of the continuous-wave four-wave mixing con-
version efficiency and bandwidth are accomplished through the application
of plasma-assisted photoresist reflow to reduce the sidewall roughness
of sub-square-micron-modal area waveguides. Nonlinear AlGaAs op-
tical waveguides with a propagation loss of 0.56 dB/cm demonstrate
continuous-wave four-wave mixing conversion efficiency of -7.8 dB.
Narrow waveguides that are fabricated with engineered processing produce
waveguides with uncoated sidewalls and anti-reflection coatings that show
group velocity dispersion of +0.22 #isn. Waveguides that are 5-mm long
demonstrate broadband four-wave mixing conversion efficiencies with a
half-width 3-dB bandwidth of 63.8-nm.
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1. Introduction

The trend of increasing spectral efficiency in modern optical communication systems leads to
improved data bandwidth and higher power consumption requirements for signal routing oper-
ations such as wavelength conversion and demultiplexing. Nonlinear optics offers an all-optical
alternative to optical-electrical-optical based solutions that may one day offer competitive ad-
vantages as data densities and rates continue to increase. Several waveguide materials have
been used to demonstrate all-optical signal processing capabilities at telecom wavelengths such
as nonlinear fiber [1], semiconductor optical amplifiers [2], chalcogenide glass waveguides [3],
crystalline and amorphous silicon nanowire waveguides [4-8], and GaAs and AlGaAs semi-
conductor waveguides [9-11].

Comparisons of these materials in light of all-optical signal processing performance focuses
on the assessment of material parameters important to nonlinear cross-phase modulation (XPM)
and four-wave mixing (FWM). Both of these processes are dependent on the nonlinear index
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and they are degraded by two-photon absorption (TPA) and free-carrier effects that can also be
induced by TPA [12]. This problem can be significantly mitigated by using materials with a
bandgap energy that is engineered to be at least twice the photon energy.

While desirable for a number of reasons, such as the promise of mass production cost-
efficiency and maturity of standard complementary-metal-oxide-semiconductor (CMOS) fabri-
cation techniques, photonic devices composed of crystalline silicon are an alluring and obvious
choice for nonlinear optical processing. However, crystalline silicon suffers from unavoidable
TPA and associated free-carrier effects at telecom wavelengths. AlGaAs is an attractive al-
ternative for semiconductor nonlinear waveguide because the AlGaAs bandgap can be opti-
mized to minimize the effects of TPA throughout the telecommunication C-band [13]. More-
over, the optical Kerr coefficienty,, of AlGaAs is approximately 500 times larger than that
of standard fiber, and 2 times larger than that of crystalline silicon [14]. Several groups have
demonstrated optical signal processing based on the third-order nonlinear effects in AIGaAs
waveguides [10, 11, 15, 16]. Despite the strong Kerr nonlinearity and broadband transparency
throughout the communication band of AlGaAs, these waveguides are usually fabricated in
smaller cleanrooms that do not maintain photolithography tools that can compete with those in
commercial CMOS foundries in terms of feature size and line edge roughness. Therefore, the
nonlinear performance of these waveguides are typically limited by waveguide width, and prop-
agation loss resulting from photolithographic limitations of the installed tools. Fabrication lim-
its are especially evident for sub-micron scale high-index contrast waveguides that are required
for high efficiency and low group velocity dispersion (GVD). Although an AlGaAs waveguide
with anomalous GVD was reported [17], its application is limited by the high propagation loss
of 80 dB/cm [15] resulting from scattering loss from the waveguide sidewall roughness.

FWM conversion efficiency is an important metric for comparing the nonlinear performance
of different waveguides. While the FWM conversion efficiency can be measured using pump
pulses[10], itis more accurate to determine the nonlinear characteristics of AlGaAs waveguides
in the continuous wave (CW) regime because there are no additional uncertainties related to
temporal profile of the input pulses

In this paper, waveguides that show a high CW FWM conversion efficiency and large band-
width are reported. Connection to the design and fabrication process is completed by examining
the impact of implementing the plasma-assisted photoresist reflow described in [18] and selec-
tive removal of the conformal dielectric coatings that is necessary to produce anti-reflection
coatings on the input and output facets.

2. Waveguide fabrication

The waveguide epitaxial structure is grown using solid-source molecular beam epitaxy (MBE)
on a n-doped GaAs substrate. As shown in Fig. 1, the epilayer heterostructure consists of a 0.8-
um-thick Alg 18Gay g2As core layer surrounded by a Or@n-thick Alg 7Gay 3As upper cladding

and a 2um-thick Alg7Gay 3As lower cladding. The core layer is designed to have an energy
bandgap of 1.64 eV in order to suppress TPA within the C-band. The waveguides are defined
by projection lithography using positive i-line photoresist. The photoresist is smoothed after
development using nitrogen plasma-assisted reflow [18]. This process is able to smooth the
sidewall roughness of the photoresist with little lateral spread of the photoresist. The reflowed
photoresist is then used as the etch mask in an inductively coupled plasma (ICP) etch to produce
dual-channel ridge waveguides using a B&hd N> gas mixture. The waveguides are cleaved

to length and then coated with a conformal silicon nitride ($iyer that is deposited on both
facets and the sidewalls of the waveguides via plasma-enhanced chemical vapor deposition. The
SiNy acts as a single layer anti reflection coating that reduces the facet reflection to less than
1x10°2. It is known that conformal silicon nitride coating increase the net dispersion [19]. To

#222708 - $15.00 USD Received 9 Sep 2014; revised 14 Oct 2014; accepted 15 Oct 2014; published 21 Oct 2014
(C) 2014 OSA 3 November 2014 | Vol. 22, No. 22 | DOI:10.1364/0OE.22.026814 | OPTICS EXPRESS 26816



P H Silicon nitride - 0~75Hm:<—

GaAs Substrate GaAs Substrate

(b)

1.

275 nm

&

200 nm

(© (d)

Fig. 1. Schematic cross-section superposed by the calculated fundamental TE mode con-
tours of (a) uncoated and (b) coated AlGaAs waveguides. (c) and (d) show cross-sectional
scanning electron micrograph of uncoated and coated @r7i%wide deep-etch AlGaAs
waveguides.

determine the impact on these waveguides, the facets of some AlGaAs waveguides are protected
with photoresist, and the silicon nitride is removed from the waveguide sidewalls using an
oxygen plasma. Figure 1(a) depicts a 0//®-wide AlGaAs ridge waveguide superposed by

the calculated transverse electric (TE) mode contours for uncoated waveguides, and Fig. 1(b)
shows the same for a similar waveguide coated with a conformal layer f B¢ nonlinear
effective ared\ is given by

[/, E(x,y)?dxdy]®
2 E(xy)%dxdy

whereE(x,y) is the electric field profile of the fundamental mode of the waveguide. The nonlin-
ear effective area of the uncoated waveguide is estimated to bee&and 0.47um? for the
coated waveguide, determined from a full-vector finite-difference calculation [20]. The cross-
sectional scanning electron micrograph of the uncoated and coated AlGaAs ridge waveguides
are also shown in Fig. 1(c) and Fig. 1(d), respectively.

For the presented waveguides, the optical loss primarily results from scattering loss due to the
sidewall roughness. For i-line photolithographic processes that are optimized to achieve small

At = (1)
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Fig. 2. Scanning electron micrographs of etched waveguides patterned by (a) as-developed
and (b) plasma-assisted reflow photoresist processes. Reduction of the deep-etched sidewall
roughness is evident in the plasma-assisted photoresist reflow process without significant

relaxation of the waveguide width.

feature sizes, the sidewall roughness is an inherent artifact of the photolithographic chemistry
and represents the ultimate line edge roughness that is achievable with a particular photochem-
istry. The vertical striations on the sidewalls of waveguides patterned by conventional photore-
sist processing is shown in Fig. 2(a) and demonstrates the texture that is transferred to the ridge
sidewall during the ICP etch. In contrast, Fig. 2(b) shows an AlGaAs waveguide produced with
the plasma-assisted reflow process producing much smoother waveguide sidewalls. The side-
wall roughness reduction is confirmed by the line edge profile extracted from the plan-view
SEM images of waveguide sidewalls. The RMS sidewall roughness is reduced from 3.4 nm for
the as-developed photoresist waveguide to 1.4 nm for the plasma-assisted photoresist reflow
waveguide.

3. Continuous-wave four-wave mixing efficiency

Figure 3 shows the experimental setup used to evaluate the conversion efficiency of these
waveguides. Pump and signal beams are generated from two CW lasers with wavelengths of
1552.5 nm and 1551.9 nm. Both pump and signal beams are combined along the same polar-
ization axis and coupled to the waveguide using polarization maintaining fibers, splitters, and
lensed fibers to excite only the TE mode of the waveguide. The wavelength spacing between
the pump and signal beams are less than 1 nm in order to minimize group-velocity mismatch
among the interacting waves. A tap coupler is used at the input and the output of the waveguide
to monitor the optical spectra and power coming in and out of the waveguide.

The 1.2um-wide waveguide, corresponding to an effective area of Qii2is patterned by
as-developed photoresist, while the 1 @&wide waveguide, which has an effective area of
0.83um?, is patterned by reflowed photoresist. Although both waveguides are originally pat-
terned by the same photoresist width, the reflowed photoresist waveguide is slightly wider due
to lateral spreading of patterned photoresist during the photoresist reflow process. The prop-
agation loss of the waveguides is measured prior to applying the anti-reflection coating using
the Fabry-Pérot technique [21]. The reflowed photoresist waveguide has smoother sidewalls,
resulting in a lower TE-polarized propagation loss of 0.56 dB/cm, compared to that of the as-
developed photoresist waveguide which is measured to be 1.90 dB/cm.
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Fig. 3. Experimental setup for measuring CW-FWM conversion efficiency in AlGaAs
waveguides.
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Fig. 4. Comparison of measured TE-polarized CW FWM conversion efficiency as a func-
tion of coupled input pump power of 2.5-cm long AlGaAs waveguides patterned by as-
developed photoresist and by plasma-assisted reflowed photoresist. The inset shows the
FWM output spectrum measured after AlIGaAs waveguide fabricated using the plasma-
assisted reflow process with a coupled input pump power of 29 dBm.

A comparison of the measured CW-FWM conversion efficiency for both 2.5-cm long waveg-
uides as a function of the input pump power is shown in Fig. 4. The data for the waveguide
fabricated with the as-developed photoresist process is depicted with open red circles and the
efficiency of the waveguide fabricated with the reflowed photoresist process is depicted by the
filled blue squares. FWM conversion efficiencies of both waveguides are proportional to the
square of the input pump power as evidenced by the slope of 2 when the data is plotted on
logarithmic-scale axes. In our experiment, the maximum coupled input pump power is limited
to 29 dBm by optical damage to the waveguide input facet. The lack of saturation in Fig. 4
indicates that the TPA values are negligibly small for these experimental conditions.

The inset of Fig. 4 depicts the output spectrum from the waveguide patterned with the re-
flowed photoresist at the coupled input pump power of 29 dBm, showing the ratio of the output
idler power to the output signal power to be -6.4 dB. This ratio includes propagation loss to the
pump, signal and idler. Because saturation is not observed in Fig. 4, it is reasonable to neglect
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the nonlinear loss of the waveguide. Therefore, the loss experienced by each beam propagating
through the waveguide is determined by the linear loss in the waveguide, which is measured
to be -1.4 dB. The FWM conversion efficiency, defined as a ratio of output idler to the input
signal is -7.8 dB, which is determined by the measured output ratio (-6.4 dB) plus the linear
loss of the signal beam (-1.4 dB). The FWM conversion efficiency in our waveguide is among
the highest CW-FWM conversion efficiency reported in any semiconductor waveguides [5, 22],
and represents a conservative estimate of the conversion efficiency in light of uncertainty in the
partitioning of the input and output coupling losses. It is important to note that the waveguides
are fabricated from different wafers, with slightly different bandgap energies, which results in
a slightly lowemn, for the waveguide that is fabricated with the plasma-assisted reflow process.
At these input powers there is no evidence of nonlinear absorption nor subsequent free-carrier
absorption that can cause a saturation of the FWM efficiency in either devices.

For cases such as this, where the pump is depleted by only linear loss, and the pump-signal
wavelength detuning is small, the FWM conversion efficiemcycan be solved analytically as

R (out) 2rmy
=B ~ PG,
whereR, i = {p,s,i} represent the powers of the pump, signal, and idler wavésthe prop-
agation lossAes Iis the effective area of the waveguidk;is the center wavelengthy; is a
waveguide length; anidet; is the effective length that is defined [@s- exp(—al)] /a.

From this analysis, the optical Kerr coefficients are extracted by fitting the data in Fig. 4
combined with measurements of the linear loss, and calculated effective area. These coefficients
aren, = 1.1 x 10~* cm?/GW for the as-developed-photoresist waveguidernd 0.7 x 104
cm?/GW for the plasma-reflowed-photoresist waveguide. This differenes,iis consistent
with the calculated change [23] based on the aluminum content of both wafers as measured by
x-ray diffraction and verified with photoluminescence. It is evident that the FWM conversion
efficiency in the waveguide made with the reflowed photoresist overcomes the higher optical
Kerr coefficient of the waveguide patterned by the as-developed photoresist because of the
reduction in the linear propagation loss. For completeness, these parameters are provided in
Table 1.

Po(in)Let)? (2)

Table 1. Parameters used to calculate the FWM conversion efficiencies shown in Fig. 4

Parameter | As-deposited Plasma-reflowed
a (dB/cm) 1.91 0.56
az (cm/GW) 0.05 0.03
no (cm?/GW) | 1.1x104 0.7x10°*
Agr (UM?) 0.73 0.82
L (cm) 25 2.5

Separately, the nonlinear loss tangent technique [24] is used to determine the ratio of the
imaginary part,j, to the real partyr, of the nonlinear parameters. For both waveguides,
¥i/ ¥k = 0.006+ 0.002. The direct measurement of TPA coefficients using nonlinear transmis-
sion measurements shows that TPA coefficients of both waveguide-materials are below the de-
tection limit of our experimental apparatus [25]. Combining the nonlinear loss tangent, and the
extracted optical Kerr coefficients of these waveguides enables estimation of an upper bound of
the TPA coefficients to be 0.05 cm/GW for the as-developed-photoresist waveguide and 0.03
cm/GW for the plasma-reflowed-photoresist waveguide. Because the TPA is negligibly small,
the optimal waveguide length for FWM conversion efficielgy: only depends on the prop-
agation loss of the waveguide a$3iy/a [26]. With this analysis, the plasma-assisted reflow
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waveguide has an optimal length of 8.5 cm long, that is significantly longer than the fabricated
waveguides. Using the optimal length, the same conversion efficiency could be achieved at less
than half of the pump power, or a higher FWM conversion efficiency would be realized when
pumped to the same level.

4. Continuous-wave four-wave mixing bandwidth

20— 7 T T T

FWM conversion efficiency (dB)

Coated waveguide Uncoated waveguide
50 ®  Experimental data O  Experimental data i
—— Simulation —— Simulation
_55 — -
P Y U L
0 10 20 30 40 50 60 70 80

Pump-signal wavelength detuning | kp-ks\ (nm)

Fig. 5. Measured and simulated conversion efficiency as a function of pump-signal wave-
length detuning for the fundamental TE mode in a Qué8-wide waveguide before and
after the SiN has been removed from the waveguide sidewalls. After removing the SiN
on the sidewall, the waveguide has a larger bandwidth indicating a lower group velocity
dispersion.

To achieve large FWM conversion bandwidths, the GVD needs to be to be near-zero or
anomalous. For tightly confining sub-micron-area AlGaAs waveguides, the modal contribution
to the net dispersion dominates that of the intrinsic dispersion of the materials in the waveguide.
This allows adjusting the net dispersion by engineering the waveguide-geometry. [17, 27].

Figure 5 shows the TE-polarized FWM conversion efficiency as a function of pump-signal
wavelength detuning for a 0.69m wide and 5-mm long waveguide before and after the,SiN
has been removed from the waveguide sidewalls while leaving the anti-reflection coatings intact
on the input and output facets. In these experiments, the pump wavelgyigtfixed at 1550.4
nm, and the signal wavelength varies from 1551 nm to 1630 nm as limited by the laser
tuning range. The half-width 3-dB conversion bandwidth is measured to be 44.4 nm for the
coated waveguide, and 63.8 nm for the waveguide with the &oved.

The solid lines in Fig. 5 show the simulated results obtained by numerically integrating the
nonlinear Schrodinger’s equation. Specifically, the interaction between the pump, signal and
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idler is described by the following propagation equations [9, 28]

ddF;P app_E(Pp+2Ps+2P)Pp—4ﬂPp\/? Pising - 2—Pp\/? Rcosd (3
dd_F;S:—aPs Aeﬁ(ZPp+Ps+2P)PS+2 "2 pV/PRSNG - prﬁcose (3b)
%:—aa—%(zpﬁzpﬁp) +2ﬂPp\/?sn9— sz\/@cose (3¢)
% (ks + ki — 2kp) + “Z\r;(zpp ~R) (3d)

wnz (Pp\/>+pp\/7 4\/?)cose+ (Pp\/>+Pp\/7 4\/?>Sm9

wherePy andkn, m= {p,s,i} represent the powers and propagation constants of the pump,
signal and idler wavesy is the linear loss coefficienty is the optical center frequency,

is the speed of light in vacuum,, is the optical Kerr coefficienty, is the TPA coefficient,
and6(z) represents the local phase mismatch. On the RHS of Egs. (3a)—(3c), the second term
corresponds to degenerate and non-degenerate TPA. The third and the fourth terms correspond
to FWM contributed from the real and imaginary parts of the third-order nonlinear susceptibility
x®). These last two terms are also responsible for the power transfer between the interacting
signals, governed by the phase relat@fz). If the idler wave is absent at the input facet,

this phase relationship has an initial val@€) = 17/2 [28]. In the phase-matched condition,

the sum of first and second terms on the RHS of Eq. (3d) is zer®&)dstaysrm/2. In this
condition, the power is efficiently transferred from the pump to the signal and the idler. In the
non-phase-matched conditior®z) deviates fromrr/2 and the power can transfer from the
signal and idler to the pump, which reduces FWM conversion efficiency. For the intensities
explored here, the induced fifth-order nonlinear refractive change and three-photon absorption
were not observed and therefore, their effects are not included in Eqgs. (3a)—(3d).

The dominant contributions in the local phase mismatch are the dispersion-length product
of the waveguide and the nonlinear phase change. For these waveguides, the nonlinear phase
change is determined by the Kerr effect since the TPA coefficients are negligibly small. The
group-velocity dispersion is determined by a combination of material and modal dispersion that
are determined by the alloys used in the heterostructure and the waveguide shape. Characteriz-
ing the FWM conversion efficiency with small wavelength detuning, linear loss measurements,
and nonlinear loss tangent allow the model fits of the data in Fig. 5 to determine the GVD of the
waveguide. These measurements of the FWM conversion efficiency as a function of detuning
wavelengthAA, is therefore used to determine the GVD of the coated waveguide to be +0.44
ps?/nm, and +0.22 g#nm for the same waveguide after SiNas been preferentially removed.

Measurements of several waveguides patterned by reflowed photoresist of different widths
were analyzed in this manner. Figure 6 summarizes these experiments along with simulations
of the GVD for both TE and TM modes as a function of waveguide width for a variety of
waveguides sidewall coatings. The GVD of the TE polarization mode was measured when the
input polarization state of pump and signal were adjusted to excite only the TE mode of the
waveguides. In the same way, the GVD of the TM polarization mode was measured when the
input polarization state of pump and signal were adjusted to excite only the TM mode of the
waveguides. Independent measurements of the iBitNicate an index of refraction of 1.86 and
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Fig. 6. Measured and simulated group velocity dispersion as a function of waveguide width
for the TE and TM waveguide modes of waveguides fabricated with a conformal SiN
coating, and the TE mode of wavegudies without,Sédating. All waveguides have anti-
reflection coatings and are evaluated at a wavelength of 1550 nm.

sidewall thickness of 225 nm. It is important to note that the actual physical parameters of the
SiNy coating are not routinely measured on waveguide devices that demonstrate low facet re-
flectivity. Additionally, the estimated facet reflection from a giddating with these parameters
is higher than the facet reflectivity that is verified for each waveguide. Two curves are therefore
shown in Fig. 6 (solid red and double-dash red) that represent reasonable variations in the index
of refraction and Sily thickness that produce perfect anti-reflection coatings. Through exten-
sive evaluation using plan-view scanning electron microscopy, it has been found that the actual
waveguide width varies with a very long period along the length of the waveguide. The length
scale of this variation is significantly longer than the optical wavelength and therefore does not
influence the optical scattering loss. The observed variation is represented as horizontal error
bars in Fig. 6, and varies from waveguide to waveguide. One example is the:th6@ide
waveguide that has a measured width variatios-d6 nm. This slow variation of the waveg-
uide width could affect the GVD plot versus waveguide width because the several point width
assessment completed here is insufficient to determine the true mean and standard deviation of
the entire waveguide

The simulation results of the waveguides are in good agreement with the experimental results
from TE and TM modes, with the exception of one of the uncoated waveguides. For this sample,
it is likely that the SiN. was not completely removed and a small region of residuak SiN
causes the unexpected increase in the measured GVD. From these results it is apparent that
the conformal Sily that is necessary as anti-reflection coatings on the input and output facets
negatively impacts the GVD, and that the highest bandwidth waveguides are those with low
GVD and no dielectric coatings on the waveguide sidewalls.

5. Conclusions

Engineering the fabrication process of sub-micron modal area AlIGaAs nonlinear optical waveg-
uides enables efficiency and bandwidth improvements in continuous-wave-four-wave mixing
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conversion. The reduction in propagation loss in the waveguide by plasma-assisted reflow pro-
cess, and selective removal of dielectric coatings from the waveguide sidewalls prove to be key
innovations for achieving the high conversion efficiency and large 3-dB bandwidth in waveg-
uides that show no measurable impact of two photon absorption.
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