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ABSTRACT
We report a femtosecond optical parametric oscillator (OPO) based on the new semiconductor gain material orientation
patterned gallium phosphide (OP-GaP) and being the first example of a broadband OPO operating across the molecular
fingerprint region. OP-GaP crystals with lengths of 1 mm and several patterning periods were diced, polished, and antireflection (AR) coated for near- to mid-infrared wavelengths. We configured a synchronously pumped OP-GaP OPO in
a 101.2-MHz resonator with high reflectivity from 1.15–1.35 µm, pumped with 150-fs pulses from a 1040-nm
femtosecond laser (Chromacity Spark). The coating of one spherical mirror was optimized for transmission at the pump
wavelength of 1040 nm and for high reflectivity at the resonant signal wavelength in a range from 1.15–1.35 µm, while
the other spherical mirror collimated the idler beam emerging from the OP-GaP crystal and was silver coated to provide
high reflectivity for all idler wavelengths. This collimated idler beam was output-coupled from the cavity by
transmission through a plane mirror coated with high transmission for the idler wavelengths (5–12 µm) and high
reflectivity for the signal wavelengths (1.15–1.35 µm) on an infrared-transparent ZnSe substrate. Idler spectra centered
from 5.4–11.8 µm and extending to 12.5 µm were collected. The maximum average power was 55 mW at 5.4 µm with
7.5 mW being recorded at 11.8 µm. Details of Fourier transform spectroscopy using water vapor and a polystyrene
reference standard are presented.
Keywords: OPGaP, gallium phosphate, OPO, optical parametric oscillator, fingerprint, spectroscopy, femtosecond.

1. INTRODUCTION
The spectral fingerprint region, which is loosely defined as spanning from 3–20-µm, is known to contain strong and
characteristic absorption bands which can be used to identify chemicals from their ro-vibrational spectra, especially in
the 8–12-µm band where molecular-bond absorption features are dense and unique. Fourier transform spectroscopy has
until now been the prevailing paradigm, with black-body thermal sources being the only option for reaching these
wavelengths. Thermal sources (typically globars) have major drawbacks, including their very limited beam quality and
poor spectral and spatial brightness. In contrast, broadband coherent sources offer exciting new possibilities for
molecular spectroscopy. Their temporal coherence is makes it possible to generate mid-infrared frequency combs [1,2],
with applications in dual-comb spectroscopy [3–5], while their spatial coherence promises diffraction-limited focusing
for applications such as free-space propagation for stand-off chemical detection [7] and near-field micro-spectroscopy
[6].
When looking to replace thermal sources with a coherent alternative, ultrafast oscillators are immediately appealing
because of their broad instantaneous bandwidth, which permits the gold-standard methodology of Fourier-transform
spectroscopy (FTS) to continue to be applicable. In this way, the wavelength calibration is transferred from the source to
the detection system [8] and the many advantages of FTS over grating-based spectroscopy can be realized, such as its
excellent signal:noise characteristics and its wavelength-independent spectral resolution [9].
Current technical routes to broadband mid-infrared generation in the spectral fingerprint region include supercontinuum
generation in chalcogenide fiber [10], synchrotrons [11,12], difference-frequency mixing between two near-infrared
lasers [13] or different spectral components of broadband near-infrared pulses [14], and cascaded OPOs [15]. For
different reasons, each of these approaches faces challenges associated with their complexity, low repetition rate, size or
poor efficiency, limiting their potential for widespread adoption.
By contrast, femtosecond OPOs offer a compelling route to accessing the fingerprint region. In this paper we describe a
very promising embodiment based on the new gain material orientation patterned gallium phosphate (OP-GaP), and the
application of this system to some demonstration spectroscopy experiments.
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2. ORIENTATION-PATTERNED GALLIUM PHOSPHATE
2.1 Candidate materials for femtosecond OPOs in the long-wave infrared generation
Over the past two decades, quasi-phasematched oxide materials, predominantly periodically-poled LiNbO3 (PPLN) and
periodically-poled KTiOPO4 (PPKTP), have become the materials of choice for short- to mid-wave infrared generation.
However, these materials suffer severe absorption above 5 µm and so must be ruled out for applications requiring access
to the most useful spectroscopic 8–12-µm wavelength band. Semiconductor materials typically provide transparency
much deeper into mid-IR, with demonstrations to date employing orientation-patterned gallium arsenide (OP-GaAs)
being the most promising [16], addressing 4–14 µm with nanosecond pulses [15]. Femtosecond OPO pumping is
limited by two-photon absorption (TPA) of the pump wavelength, which in turn constrains the choice of pump sources to
those with suitable wavelength and pulse characteristics. In the case of OP-GaAs, two-photon absorption prevents it
from being pumped at wavelengths below 1.7 µm, so its implementation in a femtosecond oscillator has been limited by
the availability of suitable pump lasers to the production of idler wavelengths shorter than the fingerprint band [17].
In Table 1 several candidate quasi-phasematched materials for mid-infrared OPOs are compared. The attractions of OPGaP are immediately obvious on account of its high nonlinearity, absence of problematic TPA and wide transparency.
Table 1. Comparison of common quasi-phasematched gain media for the mid-infrared region.
OP-GaAs

OP-GaP

OP-ZnSe

PPLN

PPKTP

Nonlinearity
deff (pm V-1)

2/π × 94 [18]

2/π × 70.6 [20]

2/π × 43 [22,23]

2/π × 27.2 [25]

2/π × 14.9 [27]

Transparency (µm)

0.95 – 17 [19]

0.6 – 12 [21]

0.5 – 22 [24]

0.33 – 5.5 [26]

0.35 – 4.5 [28]

Comment

TPA below 1.7 µm

Pumpable
at 1 µm

Immature QPM

Transparency
limit

Transparency
limit

2.2 Orientation-patterned gallium phosphide
The development of orientation-patterned gallium phosphide (OP-GaP) [20], represents the first new orientationpatterned semiconductor to produce meaningful output powers in nearly 15 years [29] and offers a new route to longwave mid-infrared generation. OP-GaP improves on OP-GaAs in one important respect: its band edge lies in the visible
region, so TPA above 1 µm is negligible, enabling it to be directly pumped with powerful 1-µm Yb-fiber lasers. Unlike
other candidate materials, OP-GaP can be produced in high quality wafers and provides transparency extending to
12 µm, thus delivering excellent coverage of the spectroscopic fingerprint region. In many respects, OP-GaP therefore
provides a natural extension to PPLN OPOs, which have shown excellent performance with 1-µm pumping.
In Fig. 1 we illustrate the relative coverage of PPLN and OP-GaP, alongside the mid-infrared absorption spectra of
selected chemicals (methane, VX, sulfur mustard and sarin). It is particularly clear from these spectra that while the 3–
5-µm region can offer some hope of detection of certain chemicals, they can only be reliably distinguished by observing
their absorption features across a much wider wavelength range, and in particular in the band extending from 5–15 µm.
Indeed, this is the motivation for the development of broadband OP-GaP OPO devices for chemical sensing and
spectroscopy.
Figure 2 depicts the phasematching efficiency map for a 1-mm-long OP-GaP crystal, along with the transmission
spectrum of OP-GaP. The wavevector mismatch ∆k=kpump-ksignal-kidler-2π⁄Λ was calculated over a matrix of grating
periods (Λ) and signal / idler wavelengths and used to obtain the phasematching efficiency factor sinc2 (ΔkL⁄2), where L
is the crystal length of 1 mm. From the data in Fig. 2 it can be seen that idler generation is possible throughout the OPGaP transparency window by varying the quasi-phasematching period from 15–35 µm, values which are compatible
with the capabilities of the hydride vapor phase epitaxy (HVPE) growth technique used to extend the thickness of the
MBE-grown QPM layer to several hundred microns.

Fig. 1. OP-GaP and PPLN transmission coverage and their alignment with selected chemical absorption spectra.

Fig. 2. Phasematching efficiency of OP-GaP for 1060-nm pumping and for a 1-mm-long crystal. Sellmeier data for the
calculation are taken from Parsons et al., Appl. Opt. 10, 1683 (1971).

2.3 OP-GaP crystal fabrication
An OP-GaP wafer was prepared with eighteen distinct regions including patterning periods in the required range, as well
as longer periods for evaluation purposes. The growth of this wafer has been described in detail already [30]. Figure 3
shows the layout of the wafer, and indicates the specific regions containing the shorter-period gratings relevant to 1-µm
pumping.

Fig. 3. Layout of the OP-GaP wafer (main image) and cross-sections through individual gratings (insets). The flat substrate
can be seen in each inset, on top of which is grown a shallow MBE template followed by the extended grating structure
grown by HVPE. The rough upper surface shows where HVPE growth ended. It can be seen that longer gratings can
preserve the domain structure throughout the HVPE growth, while shorter gratings are observed to coalesce and lose fidelity
further from the MBE template.

Operation at wavelengths > 5 µm and using 1-µm pumping requires seven OP-GaP crystals with domain periods from
21.5–34.0 µm. Despite the restricted aperture available due to domain coalescence, these grating periods remain
perfectly usable.

3. SPECTROSCOPY USING AN OP-GAP FEMTOSECOND OPO
3.1 Configuration and performance of the OP-GaP femtosecond OPO
A schematic of the femtosecond OPO is shown in Fig. 4. The results discussed later were obtained using crystals with
periods of 21.5, 24.5, 27.0, 29.0, 31.0, 32.5 and 34.0 µm, which were fabricated by the process described in [20]. The
crystals were antireflection (AR) coated for 1.02 – 1.06 µm, 1.15 – 1.35 µm and 5 – 12 µm. The OPO was pumped by a
1040-nm Chromacity Spark femtosecond laser which was amplified to produce pulses with an average power of 2.7 W
at a repetition rate of 100 MHz and a center wavelength of 1.04 µm. The pulses were compressed in a transmissiongrating pulse compressor to < 200 fs. After loss from the pulse-compression and steering optics was accounted for, the
beam power was 1.97 W. The pump was focused into a 1-mm OPGaP crystal configured as a signal-resonant ring
cavity. The cavity optics had high reflectivity and low dispersion for the signal wavelengths from 1.15 – 1.35 µm, and
high transmission for the pump (1.02 – 1.06 µm) and the idler (5 – 12 µm). The OPO cavity repetition rate was matched
to the laser repetition rate for fundamental synchronous pumping. A 2% output coupler was used to extract the signal.
The idler beam was extracted after reflection from an intracavity silver mirror and was transmitted through a plane ZnSe
cavity mirror, following which an anti-reflection (AR) coated Ge window was used to remove the undepleted pump
beam.
As can be seen in Fig. 5a, spectrally broad signal spectra were measured which were consistent with the phase matching
calculations. By contrast, smooth and featureless idler spectra (Fig. 5b) were obtained, except where atmospheric water
absorption introduced dense structure at wavelengths below 7 µm. For the OPGaP grating periods of 21.5, 24.5, 27, 29
and 31 µm, idler powers of 52, 23, 19, 13 and 10 mW respectively were measured. For Λ = 32.5 µm the output coupler
was replaced with a plane high-reflectivity optic, resulting in 4 mW idler power.

Fig. 4. Layout of the synchronously pumped OP-GaP ring OPO.

Fig. 5. (a) Selected signal spectra and (right axis) measured power. (b) Idler spectra and (right axis) measured power.
Diamond markers represent measurements made using different cavity mirrors to the square markers.

3.2 Fourier-transform idler spectroscopy
Idler spectra centered from 5.4–11.8 µm and extending to 12.5 µm were collected (Fig. 5b) by steering the collimated
idler beam to a scanning Michelson interferometer acting as a Fourier transform spectrometer. The maximum average
power was 55 mW at 5.4 µm with 7.5 mW being recorded at 11.8 µm. The resulting interferogram was recorded using a
mercury cadmium telluride (MCT) detector. Spectra for Λ = 21.5 and 24.5 µm (measured with 1.2 cm-1 resolution)
showed significant structure due to the absorption by atmospheric water vapor in this wavelength region. Water vapor
absorption is also visible on the short-wavelength side of the Λ = 27 µm spectrum.
We implemented a dual-detector Fourier-transform spectrometer to demonstrate the practicality of this source for
molecular fingerprint-region spectroscopy. One detector was used to acquire a reference spectrum and the other to
synchronously record the measurement spectrum. A polystyrene FTS reference sample normally used for calibration of
commercial FTS instruments was used for the spectroscopy evaluation. By ratioing the spectrum transmitted through the
polystyrene with the reference spectrum we accurately obtained the transmission profile of the sample while preventing
any drift in the idler spectrum from influencing the measurement. At shorter wavelengths we used atmospheric water
vapor absorption as our spectroscopy reference. Spectroscopy results are presented in Fig. 6, which includes the water
vapor transmission spectra from the HITRAN molecular absorption database for comparison [31]. Excellent agreement

was obtained across the 5–13-µm region, representing a significant portion of the fingerprint region containing many of
the diagnostic stretching and bending frequencies of important molecular functional groups.

Fig. 6. Simulated water-vapor absorption spectra from the HITRAN database (grey) shown for comparison with idler
spectra recorded from the OPO operated with OP-GaP grating periods of 21.5 µm (a) and 24.5 µm (b). (c) Transmission
spectra of a polystyrene reference standard recorded from the OPO operated with OP-GaP grating periods of 24.5–34 µm
and reference spectrum supplied by the sample manufacturer (grey).

4. CONCLUSIONS
OP-GaP allows the paradigm of coherent broadband Fourier-transform infrared spectroscopy to be extended into the
spectroscopic fingerprint region. Access to this region, particularly at wavelengths > 5µm, was previously limited by the
transparencies of oxide nonlinear media such as LiNbO3, LiB3O5 and KTiOPO4 or by the need to pump at wavelengths
considerably greater than 1 µm to avoid two-photon absorption when using other semiconductor nonlinear gain media.
These constraints are fully circumvented by the use of OP-GaP, which can therefore be expected to accelerate the
development of new coherent spectroscopic applications of the mid-infrared in environmental sensing, security,
healthcare, drug-quality screening, material science and optical histopathology.
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