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First-order quasi-phase-matched difference frequency generation of narrowband tunable mid-infrared light is

demonstrated in orientation-patterned GaAs.

The all-epitaxial orientation-patterned crystal is fabricated by

a combination of molecular beam epitaxy and hydride vapor phase epitaxy. Lasers at 1.3 and 1.55 um
were mixed to give an idler output at 8 um, with power and wavelength tuning consistent with theoretical

estimates, indicating excellent material uniformity over the 19-mm-long and 500-um-thick device.
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Tunable mid-IR radiation is useful in applications
such as spectroscopy,! remote sensing, and IR coun-
termeasures. Devices based on nonlinear frequency
conversion are often used to generate suitable coherent
radiation. For applications such as IR countermea-
sures that demand efficient generation of high peak or
average output powers, optical parametric oscillators
are usually the preferred devices. Difference fre-
quency generation (DFQG), although it is less efficient,
often provides a simpler method to transfer the narrow
linewidth and frequency stability of the pump lasers to
the mid-IR output and so is often attractive for preci-
sion spectroscopic applications. Nonlinear materials
combining large nonlinear coefficients, noncritical
phase matching, and means for phase matching over
a broad spectral range are essential for meeting
the demanding requirements of high-efficiency DFG
interactions. Here we report on the use of a recently
developed material for quasi-phase-matched (QPM)
nonlinear optics, orientation-patterned (OP) GaAs,
for converting near-IR source into the 8-um band
for mid-IR spectroscopic applications. The wave-
length-tuning curve and idler power are measured and
found to be consistent with theoretical predictions,
indicating that the OP GaAs material quality is good.

GaAs is an attractive material for mid-IR nonlinear
optics, as it has a wide transparency range, 0.9-17 um,
low absorption, high thermal conductivity, and large
nonlinear susceptibility (d14 = 90 pm/V for GaAs)
but lacks birefringence and so requires an alternative
such as quasi-phase matching. Previous GaAs QPM
devices based on diffusion bonding of thin wafers??
presented challenging fabrication tolerances and were
difficult to extend to short coherence lengths. Wave-
guide QPM devices with periodic monolithic switching
between GaAs/Al,Ga;_,As layers result in reduced
effective nonlinearity. Recently, a method was
developed for all-epitaxial wafer-scale fabrication of
thick OP GaAs templates by a combination of molecu-
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lar beam epitaxy and hydride vapor phase epitaxy
(HVPE).>® DFG was previously demonstrated with
diffusion-bonded GaAs devices and third-order QPM
interaction.”® In comparison, we obtained OP GaAs
devices of good quality with domain widths as low as
7.7 pm, thus allowing a wide range of first-order QPM
DFG interaction with inherently higher conversion
efficiencies.’

The efficiency of an optimally focused DFG interac-
tion can be written as”*

Pout(L) = nOLPpumpPsignal(O) P

where L is the length of the crystal, Pyump and Psignal
are the powers of the two input lasers (pump and
signal, respectively), and the normalized efficiency
1m0 [W™ m™1] is given by
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where w;, w,, and w; are beam radii (1/e? intensity)
at the focusing plane in the crystal; n;, np,, and ng are
refractive indices; and w;, wp, and w, are the laser fre-
quencies for the idler, pump, and signal beams, respec-
tively; desr is the effective nonlinear coefficient, ¢ is the
speed of light, and €q is the permittivity of free space.
The beam diameter prefactor shown on the left-hand
side of Eq. (1) can be incorporated into the conversion
efficiency for optimally focused interaction, where the
idler output beam is set to be confocal in the crystal
(L = 2zR iqler) and zg is the Rayleigh length.

For a pump at 1.3 and a signal at 1.55 um,
and thus output in the vicinity of 8 um, 7y =
2.3 X 1072 Wl m~1. With a 19-mm-long OP GaAs
crystal, and laser-diode pumps amplified to 100 and
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1000 mW in appropriate fiber amplifiers, the output
power would be 43 uW, suitable for a variety of sen-
sitive spectroscopic techniques. The utility of such
a source is further enhanced by the possibilities for
broad wavelength tuning. For example, with pump
lasers tunable over 40 nm, the output is tunable over
0.35 um in a single QPM grating. With multiple
QPM gratings on a single chip™ or a fanned QPM
grating, the QPM range is readily extended to cover
whatever tuning range is available from the diode
pump lasers and can be tuned over as much as 2.5 um
from 7 to 9.5 um. In this Letter we report on a first
step in the direction of such a device, where pumps
of 2.3 and 555 mW, narrowly tunable around 1.307
and 1.567 um, produce outputs and tuning behav-
ior consistent with that expected from these model
predictions.

We fabricated the OP GaAs crystals by first growing
a thin orientation template by molecular beam epitaxy,
followed by growth of a thick epitaxial GaAs layer by
HVPE, as described elsewhere.’? It has been shown
that OP GaAs devices can be grown with good qual-
ity up to 500-um thickness and 20-mm length.’* The
present results were obtained in a device with length
19 mm, width 5 mm, thickness 0.5 mm, and grating
period 26.3 um. A fraction of the domains (f = 0.1)
has an orientation that is the opposite of the nominal
orientation because of growth defects. This fraction
was estimated from analysis of stain-etched cross sec-
tions and the morphology of the top surface of the crys-
tal. No significant deviation from the ideal 50% duty
cycle of the QPM period was observed in the device.
The input and output facets of the device were opti-
cally polished parallel within 1° to the {110}-oriented
domain walls.

Figure 1 shows the experimental setup. A fiber-
coupled cw distributed-feedback (DFB) laser diode
(Mitsubishi Electric FU-45SDF-3) was used as a pump
source. Temperature control provided wavelength
tuning from 1.306 to 1.314 um. The pump power
was wavelength dependent and ranged from 1.5 to
3.3 mW. The signal beam was generated with a cw
external-cavity diode laser (DL) (New Focus Velocity
6328) that was tunable from 1.510 to 1.580 wm,
coupled to a polarization-maintaining (PM) Er-doped
fiber amplifier (EDFA; IPG EAD-2-C-PM). The com-
bined source provided high power within the Er gain
band and was tuned from 1.535 to 1.570 um to provide
~1-W cw power. The polarizations of the pump and
signal were set with a polarization controller and the
polarization-maintaining fiber, respectively. At the
sample, the signal beam was polarized parallel to
the [100] growth direction of the GaAs layer, with
the pump beam perpendicular to it, resulting in a
nonlinear coefficient desr = (2/7)d14 (GaAs).

The pump and signal beams were focused into
the OP GaAs device by lenses L; (f = 300 mm) and
Ly (f = 200 mm), respectively, and combined into
coaxial beam paths parallel to the QPM grating in
the device. Both beams were focused at the middle
of the GaAs crystal. Beam radii (1/e? intensity) of
wo = 130 = 5 and 290 = 5 um were measured for
the pump and signal beam, respectively, somewhat
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looser than the 115 and 127 um that would have led
to optimum efficiency. The 500-um thickness of the
crystal permitted easy alignment and clipping-free
propagation of all three beams in the device. Two
ZnSe lenses (f = 50 mm) focused the idler beam into
a cooled mercury cadmium telluride (MCT) detector
(Kolmar Technologies KMVP9-0.5) We inserted a Ge
filter before the detector to block the near-IR beams
and pass the idler radiation.

Optical losses were estimated by measurement
of the transmission of the pump and signal beams
through the HVPE layer. Fresnel losses at the
uncoated facets were calculated from literature data
on GaAs dispersion.’* Multiple reflections were also
taken into account. At the pump (A = 1.319 um) and
signal (A = 1.560 um) wavelengths, the loss coefficient
a was found to be 0.058 and 0.034 cm ™! in the QPM
grating patterned region, respectively, compared
with 0.033 and 0.02 cm™! in the unpatterned region
next to the grating, respectively. In other samples,
losses as low as 0.025 cm™! even at 1.06 um were
measured in unpatterned HVPE samples. The cause
of the sample-to-sample variability, and whether the
losses (and the difference between patterned and
unpatterned regions of the HVPE grown film) are
due to absorption or scatter are not yet clear and
are currently under study. We note that these loss
values at the pump and signal wavelengths, at the
vicinity of the absorption edge, are significantly lower
than those previously reported for bulk-grown GaAs
wafers.” HVPE growth can have very low back-
ground doping, ~2-5 X 1013 cm™3,'%!" resulting in
lower absorption compared with higher doping levels
in compensated semi-insulating bulk growth.!® At
higher wavelengths of the idler beam a free carrier
absorption mechanism dominates and should be neg-
ligible in undoped HVPE, molecular beam epitaxy,
films, and bulk-grown semi-insulating films with
carrier concentrations below 10'® cm™3.%

To evaluate the phase-matching conditions in the de-
vice we recorded the wavelength-tuning curve of the

Pol. BS OP-GaAs Ge filter
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Fig. 1. Experimental setup: The pump source (1.3 um,
3.3 mW) is mixed with a signal source (1.55 um,
0.79 W) to generate idler wavelength radiation

(7.9 pm, 38 nW). The polarization of the three interact-
ing beams relative to the crystal lattice are indicated.
The pump and signal are combined with a polarizing beam
splitter. Lenses Li(f = 300 mm) and Ly(f = 200 mm)
are used for beam focusing into the device. ZnSe lenses
L3 and L4, with f = 50 mm, focus the idler beam into the
detector. A Ge filter, F;, blocks the 1.3- and 1.55-um
radiation from reaching the detector. Other abbreviations
defined in text.
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Fig. 2. Measured DFG relative intensity in OP-GaAs
versus idler wavelength (e). The predicted shape of the
tuning curve is shown for comparison (solid curve). The
theoretical curve was slightly shifted in wavelength to
coincide with experimental DFG peak location.
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idler radiation by scanning the signal wavelength while
keeping the pump wavelength fixed. Figure 2 shows
the relative idler power versus wavelength. The pre-
dicted curve in the figure was calculated from liter-
ature data on GaAs dispersion,’ and we fitted it to
the experiment by slightly shifting the theoretical tun-
ing curve to coincide spectrally with experimental data
and scaling it to equal height. The peak of this tun-
ing curve occurs at pump and signal wavelengths of
A = 1.3077 and 1.5669 um respectively, resulting in
an idler peak wavelength of A = 7.905 um. The tun-
ing curve FWHM was found to be 2.4 cm™!, close to
the predicted value of 2.16 cm™!. The good agreement
between measured and predicted width for the nearly
2-cm-long crystal demonstrates the excellent unifor-
mity of the material.

The theoretically expected idler output power was
calculated in the near-field undepleted-pump ap-
proximation, accounting for Fresnel reflections,”!® to
be 0.1 uW, for external (internal) pump and signal
powers of 3.3 (2.3) and 787 (555) mW. In this cal-
culation we used a value of the nonlinear coefficient
d14(GaAs) = 90 pm/V from a COg laser doubling
experiment'? at 10.6-um fundamental wavelength
and scaled it via Miller’s rule® to the specific wave-
lengths in our DFG interaction, obtaining a value of
d14(GaAs) = 104.5 pm/V. We also accounted for the
fraction of missing domains f = 0.1, which results in
a reduction of the conversion efficiency n expressed
by’ Nmissrev = (1-2f)? = 0.64. The experimentally
observed idler power was 38 nW, 2.8 times smaller
than the theoretical value, reasonable given possible
nonideal focusing and beam overlap in the crystal.

In conclusion, we have demonstrated generation of
mid-IR radiation in all-epitaxially grown OP GaAs
with length and aperture useful for bulk nonlinear
interactions. The consistency between theoretical
predictions and experiment for idler power and
phase-matching tuning bandwidth indicates that the
broadly tunable (2.5-um), narrow-linewidth (1-MHz),
moderate output power (40-um) mid-IR sources for
precision spectroscopy discussed at the beginning of
this Letter can be based on readily available commer-
cial components and a suitable OP GaAs crystal. We
are currently working to demonstrate such a device.
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