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Phase matching in a multilayer AlGaAs waveguide is used to generate mid-IR (7.5–8.5 μm) light through difference
frequency generation (DFG) between a 1550 nm pump and 1950 nm signal. This represents the longest wavelength
generated through DFG in a 2D waveguide mode in a semiconductor waveguide. It was produced with an efficiency
of 1.2 × 10−4 %∕W in a 1 mm long sample. The process is shown to be tunable across >2 μm through appropriate
tuning of the input pump and signal wavelengths and/or waveguide geometry, and is therefore a viable platform
for monolithic, tunable, mid-IR sources. © 2013 Optical Society of America
OCIS codes: (190.4975) Parametric processes; (230.4320) Nonlinear optical devices; (130.7405) Wavelength conver-

sion devices.
http://dx.doi.org/10.1364/OL.38.004457

Generation of mid-infrared and far-infrared (IR) radiation
using second-order optical nonlinearities is attractive
as it enables simultaneous access of several spectral re-
gions for sensing applications. Such multispectral win-
dow coverage is unavailable using conventional lasers,
as multiple sources need to be used. This is of particular
interest to applications requiring analysis of multiple
gases, which demands a wide spectral tuning range that
encompasses the signature absorption lines of several
gas molecules.
Todate, inventions that use second-order nonlinearities

are not amenable to monolithic integration with
active and passive photonic components. Most popular
nonlinear crystals, including lithiumniobate (LiNbO3), po-
tassium titanate phosphate (KTP), and barium borate
(BBO), do not lend themselves to the monolithic integra-
tion with laser pumps. More importantly, the wavelength
coverage of oxide-based crystals is limited tobelow 4–5 μm
[1]. The second atmospheric window (7.6–16 μm) has not
yetbeenaddressedusing frequencyconversion insemicon-
ductor waveguides. It has, however, been successfully ex-
ploited using quantum cascade lasers (QCLs), which
operate from3.4 to24μm.High-powerdistributed feedback
laserQCLshave limited temperature tuningof∼40 nm,and
can achieve extended spectral coverage of 2–3 μm by
adopting cavity arrays or an external cavity approach [2].
A promising material for on-chip frequency conversion

is GaAs/AlGaAs. It benefits from a large transparency
window extending to the infrared. By tuning the Al
composition, the wavelength range between 0.9 and
17 μm can be covered. GaAs/AlGaAs also has excellent
thermal properties, large optical nonlinearities, large
optical damage threshold, and mature fabrication tech-
nology [3]. This route has been slow to provide alterna-
tive sources of infrared radiation due, in part, to the
difficulty in phase matching (PM) second-order nonli-
nearities in semiconductors [3]. In addition, their effi-
ciency has not kept up with the advances in tunability
and the power attainable from QCLs [2]. To date, the lon-
gest wavelength generated in a guided mode in this
material system is 5.6 μm, in a selectively oxidized

GaAs–AlAs waveguide [4]. Tunable emissions from 6.7
to 12.7 μm [5,6] and optical parametric oscillation at
4.5 μm [7] have been demonstrated in nonguided orien-
tation patterned GaAs.

Bragg reflection waveguides (BRWs) are a class of
waveguides with leaky, low-loss propagating modes.
Because waveguiding takes place through Bragg reflec-
tion, the waveguide dispersion of this class of waveguides
can be very versatile [8]. PM using BRWs utilizes these
dispersion properties to match the propagation contacts
of the various interacting waves in a DFG process.
Through appropriate waveguide design, it is possible to
obtain exact PM without the assistance of a grating to
compensate for the momentum mismatch. PM using
BRWs has been used to achieve second-harmonic gener-
ation with conversion efficiency of over 10; 000 %∕Wcm2

using picosecond pulses [9]. Wide band sum-frequency
generation [10] and difference frequency generation
(DFG) [11] with bandwidths well in excess of 100 nm have
been obtained at 1550 nm. In addition to the frequency
conversion, BRW diode lasers have also been demon-
strated [12]. These developments indicate that this class
of waveguides is a candidate for self-pumped DFG devi-
ces. In this Letter, we extend the design of the BRW
PM approach to generate frequencies in the mid-IR using
pulsed (100 ps) pump and signal in the near-IR.

The AlGaAs multilayer waveguide structure was de-
signed to support a Type-II DFG process between a
TE-polarized pump mode with wavelength in the region
of 1550 nm and a TM-polarized signal mode in the region
of 1950 nm, to produce a TE-polarized idler around
7.5 μm wavelength. The multilayer structure was de-
signed to support a BRW mode at 1550 nm to serve as
the pump, which was dispersion engineered to satisfy
exact modal PM with the fundamental signal and idler
modes at the desired wavelengths:
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whereΔβ is the wavenumber mismatch; np
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s
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are the modal indices of the pump, signal, and idler mode,
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respectively; and λp, λs, and λi are their respective wave-
lengths [13]. The ability to control the waveguide disper-
sive properties enables wide spectral tuning of the idler.
The epistructure was grown by MOCVD (Metal Or-

ganic Chemical Vapor Deposition) and had a thickness
of 16.5 μm. Al compositions were limited to 21%–61%
to minimize losses associated with free-carrier absorp-
tion. A 7.3 μm thick low index (61% Al) clad layer was
used to confine the long-wavelength idler mode. The
structure consisted of a dual-layer core, a matching layer
(ML), and a two-period Bragg Reflector stack. The layer
thicknesses were designed to satisfy the PM condition
of Eq. (1), and the resulting set of solutions were evalu-
ated to maximize the overlap integral of the modes and
the effective nonlinear coefficient of the structure. The
details of the BRW design process for PM using the
ML can be found in [9]. The design used is illustrated
in Fig. 1(a), and the interacting pump, signal, and idler
modes are depicted in Fig. 1(b). The spatial overlap be-
tween modes is intrinsically limited by the multilobed
BRW mode shape and the disparity between interacting
wavelengths. Here, the core thicknesses were chosen
to extend the peak intensity of the pump and signal
modes into the thicker ML layer, to enhance the overlap
with the broader idler mode profile. The nonlinear coef-
ficient of the layer with 21% Al composition has a
strength of 11 pm∕V.
The waveguides were characterized with a Genia

MOPA C-band laser as the TE-polarized pump source
and a Genia Programmable Laser as the TM-polarized
signal source. These laser sources were synchronized
with a repetition rate of 15.2 MHz and a 100 ps pulse
width. A polarization beam splitter cube was used to
mix the pump and signal. A Newport 40× objective lens
was used to couple light into the waveguide, and the
transmitted light was collected by an Innovation Photon-
ics 0.25NA ZnSe objective lens with 7.5–9.5 μm antireflec-
tion coating. The generated idler was focused onto an
Infrared Associates Mercury Cadmium Telluride (MCT)
photodetector, through two long-wavelength pass filters
with 5.5 μm cutoff to reject the pump and signal.
The coupling into the BRW mode is ∼4%, owing to the

significant modal mismatch. The insertion loss of the
pump and signal modes are estimated to be 21.8 and
3.7 dB, respectively.

Figure 2(a) plots the power measured on the MCT de-
tector (Pi) as a function of pump wavelength λp at fixed
coupled average power of 1.6 mW, while the signal wave-
length was fixed at λs � 1949.38 nm at an on-chip aver-
age power of 41.3 mW. Two peaks were observed: one
at λp � 1552.5 nm (2), and another just outside of the
tuning range of the C-band source (1). The pump was
fixed at λp � 1563.5 (the upper limit of the C-band tuning
range), and λs was tuned to investigate peak (1) via a
signal tuning curve, shown in Fig. 2(b). The idler power
reached a level of Pi � 55 nW at a signal wavelength
of λs � 1925.2 nm. The pump was then fixed at λp �
1552.5 nm and λs was varied to investigate peak (2), yield-
ing a maximum power of Pi � 12 nW at λs � 1942 nm.

The linearity of the transmitted power with both in-
jected pump and signal power levels was ensured to
confirm that two-photon absorption effects are not tak-
ing place. Neglecting the idler collection efficiency, an
efficiency of approximately η � 1.2 × 10−4 %∕W was ob-
tained using the expression η � Pi∕�PpPs� × f repτ, where
f rep is the repetition rate (15.2 MHz) and τ is the pulse
width (100 ps) of the two lasers. The propagation losses
in the modes limit the conversion efficiency, and may be
reduced by improving etch sidewall quality and therefore
reducing scattering loss. For instance, for a 5 dB∕cm loss
in each mode, the efficiency is calculated to be
9 × 10−3 %∕W, comparable to the values reported for se-
lectively oxidized GaAs–AlAs waveguides [4]. In addition,
deeply etched structures may be used to improve the spa-
tial overlap of the three modes through stronger lateral
confinement, which is weak as shown in Fig. 1(b). Note
also that Pi is the power detected by the MCT
detector, so the estimate above doesn’t take into account
the idler collection efficiency. The pump and signal had
Gaussian-shaped spectra, with FWHM of 0.1 nm and
0.7 nm, respectively. As a result, the idler spectral width

Fig. 1. (a) Schematic and description of the waveguide under
test and (b) simulated mode field profiles of the three interact-
ing modes.

Fig. 2. (a) Pump tuning curve: variation of idler power Pi as
input pump wavelength λp is varied across its 1531–1563.5 nm
tuning range for a constant signal wavelength λs � 1949.4 nm.
Signal tuning curves: variation of Pi as input signal wavelength
λs is varied across its 1908.5–1994 nm tuning range for a
constant pump wavelength of (b) λp � 1563.5 nm and (c) λp �
1552.5 nm.
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is estimated to be 2.1 nm, the convolution of the source
spectral widths.
This process was undertaken for three sample lengths,

and the signal tuning curves of peak (1) are shown in
Fig. 3. The inset plots the extracted efficiency η versus
length L, and yields values that are equal within uncer-
tainty over this length range, rather than the expected
quadratic dependence [10]. For the longer pulse widths
used here (100 ps), group velocity mismatch can be ruled
out as a limiting factor for the scaling of the efficiency
with lengths, as the walk off length of this pulse width
is ∼L � 200 cm. The PM bandwidth is also provided in
an inset plot. Considering the dispersion of the interact-
ing modes, the PM bandwidth for the signal at L � 1 mm
is calculated to be 17 nm, and is in reasonable agreement
with the measured value.
Figures 3(b) and 3(c) plot Pi with only Ps and Pp var-

ied, respectively, while the other is fixed, and exhibit the
linear dependence expected for a DFG process. The ex-
ception is that, in the longer waveguide, the characteris-
tic in Fig. 3(c) becomes sublinear for signal powers
greater than 30 mW, indicating that the process is being
limited by the available on-chip pump power in the BRW
mode. The measured power is reduced to zero when
either the pump or signal is removed, confirming that
neither are independently contributing to Pi.
For peaks (1) and (2) in Fig. 2, a series of signal tuning

curves were produced for different pump wavelengths in
order to generate a set of PM wavelength pairs. The set of
points (λp, λs) for each peak are plotted in Fig. 4 alongwith
the inferred idler wavelength λi, and indicate micrometers
of tuning range available in mid-IR generation.
The simulated Δβ of the interaction between the three

slab modes and three ridge modes is plotted in Fig. 4(b)
for a fixed λs � 1950 nm. The ridge modes are PM for
λp � 1556 nm, while the slab modes are PM for
λp � 1543 nm. The PM curves of these simulations are

plotted as black and red lines in Fig. 4(a). This shift in
PM wavelength between ridge and slab mode simulations
is similar to that observed between peak (1) and (2) in
measurement, andwe therefore believe that the slabmode
interaction is responsible for the weaker peak (2).
There are no higher-order modes supported by the struc-
ture that could interact to provide the second set of peaks.
The measured PM points are shifted significantly from the
simulated curves. This is likely caused by the 3% uncer-
tainty in Al fraction in the wafer growth as well as deficien-
cies in the refractive index models at mid-IR wavelengths.

From the ridge modes alone, the idler can be tuned from
6.9 to 8.9 μm by tuning λp from 1500 to 1600 nm and λs
from 1800 to 2100 nm. Therefore, this single substrate
can be deployed to generate a broad range of mid-IR
frequencies. The additional parameter in dispersion engi-
neering is the waveguide geometry. The signal tuning
curve for a sample with an etch depth (d) of 2.5 μm is plot-
ted in Fig. 5(a), along with the curve for d � 2.9 μm of
Fig. 2, for fixed pump and signal average in-coupled
powers of 14.3 and 1.6 mW, respectively. The dispersion
controls the PM signal wavelength λs predicted by Eq. (1).

Fig. 4. (a) Phase-matched curve simulated for interaction be-
tween ridge modes and slab modes of the waveguide (lines) and
measured points for peak (1) and (2); (b) simulated phase-
matched solution Δβ � 0 [see Eq. (1)] for λs � 1950 nm for
both ridge and slab modes, denoting generated wavelengths λi.

Fig. 5. (a) Signal power tuning curve of two waveguide geom-
etries; (b) simulated phase-matched curves for varied etch
depth d; (c) simulated phase-matched curve for fixed pump
and varied signal wavelength and etch depth; (d) simulated
phase-matched curve for fixed signal and varied pump wave-
length and d.

Fig. 3. (a) Signal tuning curve for three waveguide lengths L;
Inset 1, estimated efficiency η (%/W) versus L; Inset 2, phase-
matched signal bandwidth versus L (b) Pi versus input pump
power Pp. (c) Pi versus input signal power Ps.
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The simulated tuning of the structure as etch depth d is
varied is shown in Fig. 5(b), illustrating this added route
for tunability.
The full potential of this technique is illustrated in

Figs. 5(c) and 5(d), where large tuning range is provided
with variation of one input wavelength only. In Fig. 5(c),
λp is fixed while etch depth d and λs are varied to produce
an idler tuning range of >2 μm. In Fig. 5(d), λs is instead
fixed and λp is varied along with d, demonstrating that a
fixed signal wavelength and a pump wavelength tunable
across the C-band can produce >2 μm of idler tuning
on this substrate. This is competitive with the tunability
provided by external cavity QCLs [2].
In summary, we have demonstrated a platform for the

generation of a widely tunable mid-IR radiation using a
single multilayer waveguide using DFG. The structure
represents, to our knowledge, the longest wavelength
generated in a semiconductor waveguide using DFG.
Tuning ranges of >2 μm were shown to be feasible with
room for extending this range. This forms a platform for
self-pumped, widely tunable mid-IR generation, ame-
nable to integration with other waveguide components.
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