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Abstract: Aluminum Gallium Arsenide (AlGaAs) is an attractive platform
for the development of integrated optical circuits for all-optical signal
processing thanks to its large nonlinear coefficients in the 1.55-um
telecommunication spectral region. In this paper we discuss the results of
the nonlinear continuous-wave optical characterization of AlGaAs
waveguides at a wavelength of 1.55 um. We also report the highest value
ever reported in the literature for the real part of the nonlinear coefficient in
this material (Re(y) =521 W'm™).
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1. Introduction

The development of optical circuits that integrate several functions on the same chip has been
a very active research field during the last two decades. Most of the attention is currently
focused on the Silicon-on-insulator (SOI) platform because it provides several advantages,
such as a well-developed and mature fabrication technology, the possibility to obtain high
refractive-index contrast waveguides, which enable the fabrication of small-footprint
components and the integration of optical and electronic circuits on the same substrate [1].
However, as optical material Silicon has two great limitations: its indirect bandgap prevents
light amplification by electrical injection, thus hampering the monolithic integration of light
sources or amplifiers. In addition, ultrafast nonlinear operations at 1.55 um are hindered by
the insurgence of two-photons-absorption and free-carriers-absorption (TPA and FCA
respectively), thus reducing the efficiency of high bit-rate signal processing devices [2].

AlGaAs is an alternative and promising material for the realization of integrated devices.
Indeed they were studied since more than ten years as nonlinear devices [3,4]. In recent years,
the improvements in waveguide fabrication technology have enabled to precisely tailor the
mode distribution and dispersion in waveguides with large nonlinear coefficients and
negligible nonlinear absorption at 1.55 pm [5-7]. As a result, many functionalities were
demonstrated by means of nonlinear effects in AlGaAs waveguides, such as optical
wavelength conversion [6,8], format conversion [7], and phase modulation by exploiting self-
phase modulation (SPM) or cross-phase modulation (XPM) [6,9]. Nevertheless, only
waveguides with relatively large modal area were generally investigated, thus preventing both
nonlinear operation at low power and the possibility to reduce the optical circuit footprint. To
address these limitations, photonic nanowires with sub-pum® modal cross-sections emerged as
a very appealing geometry [9,10]. The superior modal confinement in nanowire geometries
makes them ideal for the development of compact-linear devices that can operate at mW-
power levels. Up to nowadays, the major drawback of these waveguides has been the very
large propagation losses that severely limited their non-linear efficiency [10].

In this paper we report the nonlinear optical characterization of low-loss AlGaAs
waveguides over different lengths and cross-sections, with particular emphasis on their
nonlinear properties. Thanks to strong optical confinement and low propagation loss we
obtained efficient nonlinear behavior with optical power levels as low as a few mW under
continuous wave (CW) operation. This is a key result, as it allows for a straightforward
analysis of the experimental data, providing reliable and accurate value of the nonlinear
coefficients. On the contrary, all the nonlinear experimental results on AlGaAs waveguides
reported in the literature use high peak-power laser pulses. Such measurements call for an
accurate characterization of the spectral and temporal profile of the input pulses and require a
careful numerical analysis of their propagation through the waveguides.
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Fig. 1. a) Waveguide cross-section with the layer structure and the modal profile of the
fundamental TM mode for a waveguide width w = 0.6 pm. b) Scanning electron microscope
image of the cleaved facet.

2. Fabrication

The devices were fabricated in the James Watt Nanofabrication Centre (JWNC) at Glasgow
University. The material consisted of a GaAs substrate on which a GaAs/AlGaAs multilayer
structure was grown by molecular beam epitaxy (MBE). Starting from the substrate, the layers
consisted of a lower cladding of Aly75Gag,sAs, a core layer of Aly,sGagrsAs, an upper
cladding of Aly75GagysAs and finally a thin cap layer of GaAs. The thicknesses of the
different layers are shown in Fig. 1(a) together with the simulated profile for the TM
polarized mode in a waveguide with width w = 0.6 pm. The simulated modal profiles were
used to evaluate the effective area 4.4 The deeply etched waveguide geometry provides high
lateral index-contrast and exhibits single-mode propagation for widths in the range 0.5 to
1.2 um. The exact molar fraction and energy bandgap of the core layer was verified through
photoluminescence measurements using a Fourier Transform Infrared (FTIR) Spectrometer,
with obtained values of 0.2565 and 1.7420 eV (0.712 pum), respectively. The corresponding
half-bandgap energy is sufficiently shifted to make any residual TPA absorption from band
tail states negligible at the operating wavelength of 1.55 um [4].

The pattern was defined by electron beam lithography (EBL) using hydrogen
silsesquioxane (HSQ) as a resist, and it contained several sets of straight waveguides with
different lengths (2.5, 3.0 and 3.5 mm) and widths (from 0.6 um to 1 pm by 0.1 um steps).
Tapers, 150 um-long, were used on either side of the waveguides to increase coupling
efficiency and to facilitate output collection, with the final width of the taper section at the
chip facet set to 2 um. Beam-propagation method (BPM) simulations were used to assess the
minimum taper length for adiabatic mode-size conversion [11], and 150 pm was found to be
sufficient for avoiding excitation of higher order modes for all considered waveguides widths.
Following mask definition through EBL, the structures were etched to a depth of 3.5 pm, a
value chosen by means of numerical simulation in order to avoid substrate mode losses.
Reactive ion etching (RIE) with a SiCly-based recipe was used to define the deep-etched
structures, being a well-known chemistry, and providing a non-selective and uniform etch of
GaAs/AlGaAs multilayer structures with good verticality and sidewall roughness of a few nm
[12]. After dry etching, poly-methyl-methacrylate (PMMA, n = 1.481 @ 1.550 pm) was spin-
coated on the sample as a protective layer, prior to cleaving of the devices. Figure 1(b) shows
a scanning electron microscope (SEM) image of the cleaved facet, where the core layer is
clearly visible.

#204176 - $15.00 USD Received 7 Jan 2014; revised 24 Jan 2014; accepted 26 Jan 2014; published 27 Feb 2014
(C) 2014 OSA 10 March 2014 | Vol. 22, No. 5 | DOI:10.1364/0E.22.005291 | OPTICS EXPRESS 5293



3. Linear characterization

The characterization of propagation and coupling losses was performed on the two sets of
waveguides having lengths L; = 2.5 mm and L, = 3.5 mm, respectively. In waveguides with
0.4 pm and 0.5 pm width, no guided-propagation was observed because both TE and TM
polarized modes were below cut-off. As a consequence the measurements were taken on
waveguides with a width in the range 0.6-1 um. Two main sources of losses were considered:
propagation losses in the narrow waveguide section (ay) and coupling losses (coyp), Which are
due to fiber-to-waveguide coupling losses and propagation losses in the taper-section. The
two sets of waveguides, have identical taper sections but different lengths, in particular
AL =L, -L;, = 1 mm. Hence we were able to isolate the propagation loss contribution by
measuring the transmission through both sets of waveguides. The difference in transmission
has to be ascribed to the propagation in a section of waveguide with length AL, from which
the oy coefficient can be extracted. Coupling losses were then determined by subtracting the
propagation losses from the overall waveguide insertion loss.

The optical source used for the measurements was a tunable laser spanning the wavelength
range 1.53-1.56 um. To select a linear state of polarization the source was connected to a
polarization beam splitter (PBS). One of the PBS fiber output was then spliced to a
polarization-maintaining (PM) tapered fiber. The output beam of the tapered fiber had a mode
field diameter of 2.5 um. The power was monitored by a power-meter placed before the PBS,
and an all-fiber polarization controller was used to maximize the power in the selected state of
polarization. The tapered PM fiber was inserted in a precision mountable to rotate with
respect to its longitudinal axis. TE and TM polarization states could be then selectively
launched into the waveguides by rotating the principal axes of the input PM fiber by 90°.
Propagation losses were similar for both the TE and TM mode and ranged from 4 to 5 dB/cm
for the 1 pm wide waveguide to 6-7 dB/cm for the 0.7 um waveguide. For the smallest cross
section waveguide (w = 0.6 um), a sharp increase in the propagation loss for the TE mode was
measured (i.e. 17 dB/cm loss compared to the 6.5 dB/cm of the TM mode). This result can be
explained considering that for a waveguide width of 0.6 um the TE mode is very close to cut-
off. Hence, the assessment of CW nonlinear optical performance on the 0.6 pm-wide
waveguide for which the FWM efficiency was highest was performed considering the TM
mode only.

The loss measurements showed that, as expected, higher propagation losses occur for
smaller waveguide cross sections, in which the interaction of the mode with the etched
interfaces is more relevant (see Fig. 2) [13]. The coupling losses are about 8.5 dB that is one
of the best values reported for this kind of waveguides.
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Fig. 2. Propagation loss as a function of waveguide width (blue circles) and coupling loss as a
function of waveguide width (green diamonds).
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4. Nonlinear characterization

The main goal of this work was the assessment of the real part of the y coefficient by means of
CW four-wave mixing (FWM) experiments. Figure 3 shows the experimental setup, where an
intense CW pump beam and a weaker CW probe (wavelength tunable) were polarization
controlled, combined by a 90/10 (pump/signal) fiber coupler, and then input to a PBS, so as to
guarantee that the light input to the waveguide was TM-polarized. The wavelength of signal
and pump were kept very close (AL < 1nm) to make negligible the phase mismatch in the
nonlinear interaction.

The output radiation was collected by a tapered single mode fiber, connected to an Optical
Spectrum Analyzer (OSA), to enable the independent measurement of the power carried by
the probe beam and idler beam at the waveguide output. FWM efficiency was calculated as
the ratio between idler-power and probe-power using the following expression:

})idler (L)
P probe (L)
where # = 1 when the phase matching condition is satisfied.

The obtained values for the Re(y) are shown in Fig. 4, as a function of the waveguide
width.

=(nP,,, (0)L, Re(y))z. (1)
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Fig. 3. Schematic of the experimental FWM-setup. PM: Power Meter; PBS: Polarization Beam
Splitter; OSA: Optical Spectrum Analyzer.

As expected, smaller waveguides exhibit a higher nonlinear coefficient due to the stronger
optical mode confinement. For the 0.6 pm-wide waveguide we obtain a nonlinear parameter
Re(y) =521 W 'm™, which is the highest figure reported in the literature for waveguides
based on this material [6,8,14]. We also evaluated the nonlinear refractive index n, for the
different waveguides, by combining the experimental values of Re(y) with the effective area
values by using the expression Re(y) = (2mny)/(AAcs) [15]. Acgr values were calculated by
using the following equation [16]:

ay, j T S_dxdy

o = Q Sdxdy @

where S, =(ExH)-zis the time averaged z component of the Poynting vector, z is the unit

vector along the waveguide axis, ay; is the core cross section area and NL denotes the
integration over the nonlinear region. Electric and magnetic field distributions were evaluated
by means of numerical simulations carried out with Rsoft Beamprop. Equation (2) allows
evaluating 4. in strongly confined structures. It is worth noting that, for such waveguides, the
value of 4,5 could significantly differ from ay; when the waveguide cross-section sizes are
much smaller than the operating wavelength (see Fig. 4 inset) [16—-18].

The results, reported in Fig. 4 (green line), confirm that the measured 7, values
(1.98 £ 0.5 x 1077 m%W) are in good agreement with the typical figures reported in the
scientific literature [5,8].
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Fig. 4. Real part of gamma (blue line) and estimated n, (green line) as a function of the
waveguide width. Inset: 4.y as a function of the waveguide width calculated by numerical
simulations.

In a second set of experiments we measured the FWM efficiency as a function of the input
pump power, in order to evaluate the presence of nonlinear absorption. The results, shown in
Fig. 5 for the 0.6 pm-wide waveguide, indicate that the FWM efficiency increases
quadratically with the pump power with no saturation, even when high-intensity beams (e.g. 7
MW cm™?) propagate in the waveguide. The experimental data can be fitted by a parabolic
curve, as described by Eq. (1). Setting in the fit the experimental value of L.t we obtain
Re(y) =521 W'm™" as reported in the inset of Fig. 5(a)

) 0 ~—P_(L)=0.18 dB
0.03 Re(n)=521W"'m~" ﬂ - "
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Fig. 5. a) FWM efficiency as a function of the pump power for a 3.5 mm long waveguide with
w = 0.6 um; red circles represent the experimental data while the blue line is the fitting
function obtained by using the parameters indicated in the inset. b) Experimental spectra
recorded at the output of the same waveguide with a coupled pump power of 13 mW.
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A FWM efficiency of —34.7 dB (see Fig. 5(b)) was measured in the CW regime with a
coupled pump power of 13 mW. Equation (1) clearly shows that the absolute value of the
FWM efficiency can be enhanced by increasing the pump power value at the AlGaAs
waveguide input. However, due to the coupling loss of our waveguides the maximum
available input pump power in our experiments, estimated after the tapering section, was
about 13 mW thus preventing higher FWM efficiency values.

In order to compare the nonlinear performance of different waveguides, it is useful to
introduce a suitable figure of merit (FOM). In the literature the following FOM is often
considered [15,19], which provides the total phase shift per unit power that is cumulated by a
signal due to the contribution of the nonlinear refractive index.

m=7Ly- A3)
Nevertheless, when dealing with integrated optical circuits, the waveguide footprint
becomes a critical issue. Hence it is worth considering a different FOM [20] in which the
FWM nonlinear efficiency is normalized with respect to both the waveguide length and the

pump power:
100><Pfd%
_ probe ) ( 4)

772 Pzpump Lz

Table 1 reports #; and #, calculated for the available data obtained in AlIGaAs waveguides.
For a comparison we report also the values obtained with the most efficient waveguides
reported in the literature fabricated on different platforms.

It can be noticed that the values of #; and #, obtained in this work for the 0.6 pm wide
waveguide is considerably higher than the data reported in the literature for other AlGaAs
waveguides. Chalcogenide nanowires provide a much better value of #; [21] but, as expected,
the value of #, highlights that these waveguides are not suitable for integration in miniaturized
optical circuits. Moreover, it is worth noting that similar efficiency values have been
previously obtained in resonant structures such as photonic-crystal GalnP waveguides [22],
which are inherently narrow-band devices or in Si-based slot-waveguides [20]. In the latter,
the nonlinearity was enhanced by the presence of silicon nanocrystals and high power
operation was still hindered by TPA and FCA.

Table 1. Performance comparison between different nonlinear semiconductor waveguides

Waveguide Re(y) [W'm™] i 72 [Wmm™]
AlGaAs [8] 10 0.09 107%
AlGaAs [10] 20 0.07 not measured
AlGaAs [6] 68 1.03 0.11%
Present Work 521 1.39 14%
GalnP [22] 2900 2.11 23.8%
As:S3 [’;f]“"“’ire 63 6.19 1.1%
Si - Sizne [20] 1100 443 112.2%

5. Conclusion

In this work we experimentally report on the non-linear characterization of AlGaAs optical
nanowires. We measured, in a CW regime, the real part of their nonlinear coefficient and
analyzed its dependence on waveguide cross-section. We obtained the highest value ever
reported for AlGaAs waveguides of Re(y) = 521 W 'm™'. Furthermore a normalized
efficiency equal to 14% W >mm™ is demonstrated, and TPA is found to be negligible in the
range of investigated operating powers.
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We believe that AlIGaAs can represent a viable choice for stand-alone nonlinear optical
based devices. In addition it could be the ideal material to functionalize silicon photonic
integrated devices as well, by replacing silicon when high power propagation is required.
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