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Abstract: The technology of low-loss orientation-patterned gallium
arsenide (OP-GaAs) waveguided crystals was developed and realized by
reduction of diffraction scattering on the waveguide pattern. The
propagation losses in the OP-GaAs waveguide were estimated to be as low
as 2.1 dB/cm, thus demonstrating the efficient second harmonic generation
at 1621 nm under an external pumping.
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1. Introduction

The development of compact, low-cost broadly-tunable coherent sources in the mid-infrared
spectral range (3 - 16 wm and beyond) can provide indispensable tools for a variety of
scientific, technological and industrial applications, including biomedicine, spectroscopy,
trace gas sensing [1-3], and potentially for the detection of concealed explosive materials [4].
The devices presently used for this spectral range are typically based on narrow band-gap
semiconductors and quantum cascade lasers [5,6], but these are restricted to a limited
tunability range. Considerable progress over the last few years in material science, crystal
growth and semiconductor material processing, combined with recent advances in some of
the more traditional technologies - in particular nonlinear frequency conversion and
parametric sources - have led to the realization of a new generation of high-performance laser
sources.

Recent progress in the development of periodic-poling techniques for patterning the
domain structure of ferroelectric materials (LiNbO;, LiTaOs;, KTiOPO,) has led to the
implementation of different quasi-phase-matched (QPM) structures for efficient nonlinear
optical interactions [7]. Meanwhile, semiconductor materials such as GaAs and AlAs and
their alloys are especially promising for infra-red (IR) applications, because of their high
transparency in the IR region (from 1 um to 16 um [8]), large nonlinear coefficients and high
thresholds for optical damage. For example, GaAs exhibits a very broad optical transparency,
extending from 870 nm through to 16 pm and has nonlinearity as large as d;4 = 119 pm/V at
1.53 um wavelength [9]. However, GaAs-based materials have very high absorption losses
particularly at shorter wavelengths [10]. Therefore, the periodically poled design in GaAs
semiconductor structure is better suited to, and can be successfully realized for frequency
conversion (second harmonic generation or optical parametric oscillator) into the near- and
mid-infrared spectral region up to 16 pm.

The optically isotropic, non-ferroelectric nature of GaAs makes it unsuitable for common
phase-matching methods based on birefringence or periodic poling and so alternative methods
to utilize it as a medium for nonlinear optical frequency conversion have been implemented,
including diffusion-bonded GaAs stack of plates [11], direct wafer bonding for periodically
domain-inverted AlGaAs [12,13] and periodically-switched-nonlinearity method in a
semiconductor structure [14,15] using either an ion-implantation technique or an etch and re-
growth process.
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To address this issue, a novel technology has been developed for QPM of semiconductors
- so-called orientation-patterning (OP) [16—18] - which allows the fabrication of high quality
domain inverted semiconductor structures (for example, periodically-poled GaAs based
crystals [19,20]) which demonstrate significantly better conversion efficiencies. The idea of
this technology is to deposit a thin non-polar buffer layer (such as germanium, which has a
very similar lattice constant to GaAs with ~0.1% mismatch [21]) to reverse sublattice
occupation, followed by subsequent overgrowth of GaAs layer in antiphase to the substrate.
Without this buffer layer, deposited GaAs layers nucleate in the same orientation as the
preceding layer. Selective removal of inverted GaAs material and buffer layers followed by
MBE regrowth allows the creation of positive and negative material in a side-by-side all-
epitaxially grown structure. Regions of domain-inverted material exhibit sign reversal of all
their non-vanishing nonlinear coefficients resulting in a nonlinear coefficient variation
identical to the case of periodically poled ferroelectric crystals, to provide forward conversion
at each coherence length. No wafer bonding is utilized in this technology, making it robust
and very attractive in comparison with even the most sophisticated and mature of the earlier
developed techniques [20], which involve several process steps to minimize roughness and
defect density at the grown layers interfaces for deposition of high quality waveguide layer
stacks on OP-GaAs templates [22].

Furthermore, ridge waveguide configuration can be employed to ensure good optical
confinement and efficient nonlinear conversion and thus permit the exploitation of low power
pump sources (potentially diode lasers). Moreover, the fabrication of OP-GaAs waveguided
devices requires shorter growth time and is cheaper in comparison with bulk devices.
Therefore, the waveguide design of orientation-patterned semiconductor structure [20,23] is
better suited to, and can be successfully realized for the development of new all-
semiconductor frequency conversion and parametric sources with previously unattainable
performance capabilities.

Here we present our results on the investigation of frequency conversion in OP-GaAs
waveguides. The technology of low-loss “periodically poled” waveguided crystals with a 6
um GaAs layer was developed and realized. These periodically-domain inverted GaAs
waveguided devices differ from the previously reported in the material structure [16—18,23]
or in the growth and fabrication techniques [20]. The performance of the optimized low-loss
OP-GaAs waveguides was investigated and second harmonic generation (SHG) at 1621 nm in
such device was demonstrated. A loss value as low as 2.1 dB/cm was measured, which is
comparable to the lowest losses reported to date for an OP-GaAs waveguide [20]. For this
proof-of-principle work, an optical parametric oscillator (OPO) system was developed as a
pump source. It was based on a periodically poled 5 mol% MgO-doped Congruent Lithium
Niobate (PPLN) crystal, generating light in the wavelength range between 1430 nm and 4157
nm.

2. OP-GaAs sample fabrication
2.1 Waveguide design

When designing the OP-GaAs structure and waveguide, we first aimed to reduce the
propagation losses of the system to the level of a few dB/cm, which is necessary for any
practical application. These losses are typically associated mainly with (i) scattering due to
the low quality of interfaces of the orientation-patterning and (ii) diffractive out-coupling of
the waveguide modes due to corrugation of the waveguide, associated with formation of the
contrary-oriented GaAs patterns. Manufacture of the orientation-patterned structure involved
considerable efforts to improve the interfaces quality and totally eliminate unwanted
corrugations of the waveguide. However, the latter appeared to be technically impossible due
to involvement of the extra layer (Ge) underlying the inverted patterns (see Section 2.2).
Therefore, thoughtful engineering of the OP-GaAs structure was crucial for reduction of the
diffraction losses to an acceptable level.
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The effect of the waveguide corrugation on the diffraction out-coupling was found to be a
function of not only the corrugation depth, but also the composition of the waveguide barriers
and thickness of the waveguide. Mode confinement (the reason for dependence of the
diffraction losses on the waveguide parameters, as discussed) was analyzed not only for the
fundamental TE mode [20] but also for its higher-order counterparts. This research revealed
the strong dependence of waveguide losses on the optical alignment, which was later
confirmed experimentally.

Our analysis of the light propagation through the OP-GaAs structure was based on the
scalar linear theory [24,25] and involved only material parameters alongside the wavelength
A, corrugation depth Ad and the effective refractive index of the waveguide Ny The last
parameter was calculated numerically in the thin-film approximation, which was well
applicable with the planned ridge width of 15um. With this approximation, waveguide
thickness d and the waveguide barrier Al,Ga, As composition x were directly included into
the calculation of the diffraction losses through the effective refractive index Ng.
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Fig. 1. (a) Profile of the OP-GaAs structure. (b) Calculated diffraction losses of the
fundamental TE mode vs composition of the 1pum, 3um and 6pum-thick AlGa, As/GaAs
waveguide with corrugation depth Ad = 150nm. (c) SEM image of the fabricated OP-GaAs
waveguide.

Figures 1(a) and 1(b) show the modeled profile of the OP-GaAs waveguide and calculated
dependence of the diffraction losses on the waveguide composition x for the fundamental TE
mode. From these figures, one can note the contra-intuitive increase of the waveguide losses
with increase of the ‘heights’ of the waveguide barrier. This behavior of the diffraction losses
can be understood if the mode confinement is taken into account. Indeed, distribution of the
weaker confined optical field (low x) is less affected by the corrugation of the waveguide than
that of its better confined counterpart (high x).
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Fig. 2. (a) Diffraction losses of the fundamental TE mode vs corrugation depth for d = 3um
and d = 6um for AlyGa,(As barriers compositions x = 0.1, x = 0.3 and x = 0.45. (b) Diffraction
losses of the different-order modes vs waveguide thickness for Ad = 40nm for x = 0.45 (black)
and x = 0.1 (red). The range of possible diffraction losses increasing from the fundamental TE
to the higher-order modes is shown in (b) with hatch. Inset: log-scale zoom in.
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In Fig. 2 the dependence of diffraction losses on the waveguide thickness and the depth of
corrugation are shown. It is important to note that the options to achieve practical value of
losses with deep corrugation Ad (thick Ge layer) are very limited even for very broad
waveguides and vice-versa narrow waveguides are prone of high diffraction losses. This is in-
line with our earlier experiments as well as [23] demonstrating 9dB/cm losses for 3um-thick
waveguide. On the other hand, taking into account higher-order modes shows the importance
of the optical alignment for reduction of diffraction losses. With broad waveguides, a number
of higher-order modes can be involved in light propagation, leading to completely different
diffraction losses with the same light coupling efficiency. The range of possible diffraction
losses increasing from zero- to the high-order modes is shown with hatch in Fig. 2(b). One
can see that reduction of the Al,Ga, As barrier heights can dramatically reduce the range of
the alignment-defined waveguide losses, which we found to be very important in our
experiments.

2.2 Sample fabrication

According to our calculations (see Section 2.1), the epitaxial layer structure of OP-GaAs
devices was optimized in order to reduce the propagation losses. The fabrication of the OP-
GaAs samples involved a few steps. First, growth was initiated on a (100) GaAs substrate
misoriented 4° towards (111) with an AlAs/GaAs superlattice buffer growth (~1 wm). Then
the 1000A layer of GaAs and 200A of Aly,sGagasAs were grown, and after that the growth
was completed by a 100A layer of GaAs. Then a buffer layer of Ge (40A) was grown on top
of the GaAs, followed by growth of a 1200A GaAs layer, whose crystallographic orientation
is rotated 90° around the [100] direction with respect to the substrate equivalent to an

inversion in the 43m zinc-blende structure. Then 200A of AlysGag,sAs and 200A of GaAs
were grown to protect the GaAs layer from contaminants such as photoresist used for
patterning of QPM gratings.

Exposure and development of a photoresist etch mask (with appropriate designed periods)
followed by chemical or ion beam etching down to the GaAs layer that lay below Ge layer
which produced an orientation grating pattern across the wafer surface. The patterned
orientation template produced by such a process after appropriate cleaning was then placed
back into the MBE system for re-growth of a thick layer of GaAs (0.25 pm) to produce an
OP-GaAs template, which was covered by AlAs/GaAs superlattice buffer layer (0.25pm) and
then Aly;GagsAs (0.2um) and Aly;GagoAs (0.5um) deposition to form the lower
waveguiding layer. The next phase in the manufacture was re-growth to form the active
region of GaAs (6pum) and subsequent Aly;GagoAs (0.5um) and Aly3Gag;As (0.2pum)
deposition to form the upper waveguiding layer and complete the optical waveguide in the
vertical direction. At the final stage of the sample preparation, the 15um-wide waveguides
were defined in the material in a direction perpendicular to the grating using Chemically
Assisted Ion Beam Etching. Very high beam voltages of around 1800 V in conjunction with
low beam currents of around 20 mA were utilized to produce the type of the high quality,
high aspect ratio trenches required for such devices. The material was etched down to a depth
of ~6 um to define the mesa waveguides. The SEM image of a fabricated OP-GaAs
waveguide is shown in Fig. 1(c).

3. Experimental results

In order to investigate the frequency conversion properties of the orientation-patterned GaAs
waveguides, a continuously tunable laser source was required. For this purpose an OPO
system based on a PPLN crystal and pumped by a Q-switched Nd:YAG laser was built. The
Nd:YAG laser had a wavelength of 1064 nm, a maximum pulse energy of 30 uJ, a pulse
duration of 15 ns and 10 kHz repetition rate. The combined signal and idler spectra
continuously covered the spectral range between 1430 nm and 4157 nm. The maximum idler
average output power of 10.5 mW and idler slope efficiency of 6.13% at 3242 nm were
achieved for 250 mW of pump power at 1064 nm. The total generated power of the signal and
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idler waves was 12.38 mW. This corresponded to a pump power of 250 mW and a total
down-conversion slope efficiency of 7.2%. This OPO system was used as the pump source
for SHG in OP-GaAs waveguide. The output of the OPO system was coupled using a 40x
aspheric lens (NA of 0.55) in an OP-GaAs waveguide with temperature controlled by a
thermo-electric cooler. The SHG output was collected using a similar aspheric lens.

An OP-GaAs waveguide with a length of ~4 mm and a width of 15 um was selected to
examine the possibility of obtaining second harmonic generation. According to our
calculation, a wavelength of 3242 nm was chosen as a suitable pump for the OP-GaAs
waveguide sample with a coherence length of 14.5 um (grating period of 29 pm). The spectra
of the fundamental (3242 nm) and SHG (1621 nm) wavelengths were measured with a
monochromator and PbSe Photoconductive detector, as shown in the inset to Fig. 3(a). The
optical spectrum of the fundamental and second harmonic waves exhibited a bandwidth of
around 5.1 nm and 1.2 nm, respectively. For measurements of the frequency doubled light, a
high speed InGaAs detector assisted via a lock-in amplifier was used to detect the SHG
signal. The SHG intensity is plotted in Fig. 3(a) as a function of the pump power of the
fundamental wavelength launched into the OP-GaAs waveguide. The data shows the expected
quadratic response for the SHG process, as can be seen from the linear fit which has a slope
of ~1.91 (Fig. 3(a)). The SHG signal vanished when the polarization of the fundamental
wavelength was rotated by 90°.
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Fig. 3. (a) Second harmonic intensity as a function of fundamental input power. Inset: Spectra
of the pump and SHG waves. (b) Total insertion loss measured using the cutback method.

OP-GaAs waveguide loss measurements were made using the cutback method [26]. The
OP-GaAs waveguides used in this work were identical and had a width of 15 pm and 3
different lengths: 4 mm, 2 mm and 1 mm. The 1621 nm wavelength from the OPO system
was chosen as a pump for the OP-GaAs waveguide loss measurements. From Fig. 3(b),
insertion losses were estimated to be ~4 dB and the propagation losses - around 2.1 dB/cm.
The latter is comparable to the lowest losses reported to date for OP-GaAs waveguides [20].

4. Conclusion

The investigations undertaken in our work sought to evaluate the suitability of newly
developed orientation-patterning technique to fabricate low-loss “periodically poled” GaAs
waveguided devices for nonlinear frequency conversion, as the laser sources based on the
orientation-patterned semiconductor crystals can be suitable for studies in gas sensing,
atmospheric transmission, telecommunications and medical applications.

For this purpose, the technology of low-loss orientation-patterned GaAs waveguided
crystals was developed and realized. In order to optimize the waveguide design and minimize
the propagation losses, the calculation of diffraction light out-coupling from such waveguides
was undertaken which enabled demonstration of losses as low as 2.1 dB/cm. Using the
extremely versatile home-made OPO system as a pump source, frequency doubled light at
1621 nm in a low-loss orientation-patterned GaAs waveguide was demonstrated. In our future
work, we will use antireflection coatings on the crystal facets which, along with optimization
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of the focusing optics, will minimize coupling losses and assist in further improvement of the
system.

Here we have shared extremely promising results for fabrication of high-performance
frequency conversion devices by orientation-patterned GaAs waveguides. Their further
optimization can lead to realization of significantly more power efficient laser devices and
allow us to extend the generated wavelength up to 16 um with all-semiconductor optical
parametric oscillation technology.
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