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ABSTRACT   

Supercontinuum generation in bulk media is not normally observed at the nJ-level pulse energies available from high-
repetition-rate femtosecond oscillators. Here, we present results demonstrating how a visible supercontinuum can be 
produced in bulk orientation-patterned gallium phosphide from 100-MHz 1040-nm femtosecond pulses with energies of 
up to 32 nJ. High-order parametric gain near 550 nm, seeded by self-phase-modulated spectral sidebands, underpins this 
new and simple supercontinuum process which yields an output spectrum spanning from the blue/green to the red.  

Keywords: Supercontinuum, OPGaP, orientation patterned gallium phosphide, high order phasematching, quasi phase 
matching. 

 

1. INTRODUCTION  
In this article we describe the analysis of what began as an experimental observation of a broadband output from a crystal 
of orientation patterned gallium phosphide (OPGaP) when this was illuminated with ultrafast pulses of wavelength 
1040 nm from a femtosecond oscillator.  Surprisingly, despite the pulse energies being very modest—only around 30 nJ—
we were able to observe a broad visible supercontinuum emitted by the crystal.  In Fig. 1 we present a photograph taken 
in the lab of the supercontinuum output under ambient lighting conditions.  The output wavelengths extend from the blue 
/ green through to the red region of the spectrum. 

This observation prompted us to explore the nonlinear generation processes behind this quite unexpected result, and to 
attempt to understand the physics behind the process.  Here, we describe a combination of experimental measurements and 
modelling results that illuminate the mechanism behind this phenomenon. 

 

2. EXPERIMENT 
2.1 Pump source 

The pump laser for the experiment was a commercial 1040-nm femtosecond laser (Chromacity 1040) operating with a 
pulse repetition frequency of 100 MHz.  The model of the laser which we used provided us with the ability to control the 
compression of the pulses outside the laser by using an external grating compressor, allowing us to be able to explore the 
pulse durations necessary to be able to obtain the widest supercontinuum.  Typical compressed pulse durations were around 
100 fs, and full compression was needed for supercontinuum generation. 

 

2.2 OPGaP crystal 

The crystal employed in all of the measurements is shown in Fig. 2 and was a 27-µm-period quasi-phasmatched crystal 
of orientation-patterned gallium phosphide (OPGaP).  It was grown at BAE Systems using an all epitaxial processing 
approach originally developed for the growth of orientation-patterned gallium arsenide (OP-GaAs) [1–4] and later 
extended to the GaP [5-7]. This approach relies on polar-on-nonpolar molecular beam epitaxy (MBE) whereby a thin Si 
layer (5 nm) is deposited on a GaP substrate (double-side polished, 4° offcut toward <111B>) and the subsequent GaP 
layer—under the proper growth conditions—has an inverted orientation relative to the substrate. This layer is then 
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lithographically patterned, etched back to the originally substrate, and then simultaneously regrown with the opposite 
substrate polarity—first by MBE then by high growth-rate hydride vapor phase epitaxy (HVPE)—to produce a thick 
(>500 µm) QPM structure for in-plane laser pumping. High-quality all-epitaxial OPGaP wafers were produced with a 
dedicated Varian Gen II MOD MBE for 3-inch patterned template growth and a commercial AIXTRON 103 LP-VPE 
reactor modified for phosphide growth. The HVPE growth was performed at low pressure (20 mbar) at a growth 
temperature of 793°C and a V/III ratio of 6 to achieve an average QPM layer thickness of 768 µm at a growth rate of 
96 µm/hr, but the propagation of the shorter grating periods (< 35 µm) was limited to a height of approximately 150 µm. 
The sample used for these experiments was diced and double-side polished to dimensions of 1.1 x 6 mm2 with an 
interaction length of 1 mm. 
 

 
Figure 1. Laboratory photograph of the observed supercontinuum. 
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Figure 2. OPGaP crystal grown by HVPE and prepared with a quasi-phasematching period of 27 µm. 

2.3 Beam measurements 

The experimental arrangement is shown in Fig. 3.  The pulses from the 1040-nm laser were compressed to around 100-fs 
durations and were focused into the OPGaP crystal.  Output light was collimated and was imaged using a beam profiler 
after a variety of color filters, which allowed the structure of the supercontinuum beam in different wavelength bands to 
be examined.  In Fig. 3 we show the results from this, with the profile of the pump beam shown in Fig. 3(a), followed by 
the full visible output in Fig. 3(b), and blue/green wavelengths below 500 nm (Fig. 3(c)), colors close to the second-
harmonic wavelength of 520 nm (Fig. 3(d)) and above 600 nm (Fig. 3(e)). 
 

 
Figure 3.  Supercontinuum generation experiment.  Stretched pulses from an Yb:fiber laser were de-chirped in a grating 
compressor before being focused into an OPGaP crystal (X).  The resulting supercontinuum was measured using a visible 
spectrometer and optical spectrum analyzer (OSA), and also with a beam profiling camera.  Intense pump light was rejected 
using two attenuators (A) and beam profiling employed different color-filters (C) to isolate: (a) pump light at 1040 nm; (b) 
all visible outputs; (c) wavelengths < 500 nm; (d) wavelengths at 520 nm ± 10 nm; and (e) wavelengths > 600 nm.  Profiles 
were measured at different observation planes, so their relative sizes are not comparable. 
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2.4 Spectral measurements 

We measured the spectrum using optical spectrum analyzers (OSAs) operating in the visible from approximately 450 to 
650 nm, and another one operating in the infrared from below 900 to 1250 nanometers. We recorded spectra as we 
increased the pump power and into the crystal.  These measurements have been rendered as color plots in Fig. 4(a), and 
show that until pump powers of above 1 W there is no supercontinuum generation and the output is dominated by second 
harmonic generation, corresponding to an output in the green at 520 nm. Above around 1.5 W spectral broadening is 
observed. We begin to see long wavelength sidebands appear in the visible output spectrum, accompanied by some more 
symmetric spectral broadening of the pump by self-phase modulation. 

 

3. SIMULATION 
3.1 Phase matching 

The multiple long-wave spectral sidebands in the visible spectrum (Fig. 4(a), left) can be understood as originating from 
high-order phasematched processes.  Specifically, 5th order parametric gain and higher can allow the intense 520-nm 
second-harmonic light to act as a pump field that amplifies weak, longer-wavelength green light arising from frequency 
doubling of the self-phase-modulated wings of the pump spectrum.  As the pump power is increased, the bandwidth 
available in the wings of the pump spectrum also increases and progressively longer wavelengths are amplified and 
contribute to the supercontinuum. 

 

 

 
Figure 4.  Spectral evolution with power. (a) Experimentally recorded spectra in the visible (left) and the infrared (right), 
with (top) the spectra acquired at maximum pump power of 3.2 W.  (b) Simulated evolution of the visible and near-infrared 
spectra after propagation.  The upper panels show the spectra obtained at maximum pump power and the effect on these of 
switching off either the 𝜒(2) or 𝜒(3) nonlinearity. 
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3.2 Full-field pulse propagation model 

Using the formalism detailed in [8-12] we simulated the supercontinuum process in nonlinear envelope evolution (NEE) 
model based on using the actual pump spectrum as an input.  The model took into account the second- and third-order 
nonlinearities present in OPGaP. 

Figure 4(b) shows the results of the simulation.  With all the nonlinearities "switched on" the qualitative behavior is similar 
to what is observed experimentally (Fig. 4(a)), with the exception of the self-phase modulation bandwidth of the pump 
light being broader in the simulation.  As discussed in greater detail in [12], this can be attributed to cascaded second-order 
effects leading to a negative 𝑛! value, which self-limits the self-phase modulation of the pump by spatially defocusing the 
beam.  Experimental measurements not presented here but also detailed in [12] show a strong self-defocusing effect at 
pump powers above around 1.5 W.  

 

 
Figure 5.  Fundamental and high-order (m = 3–17) phasematching efficiency map for 520-nm-pumped difference-frequency 
mixing, illustrated by considering how a narrow 520-nm pump field (right axis) is mapped into multiple signal fields (top 
axis, green).  The top axis shows in red the experimentally measured spectrum, whose maxima agree well with those 
predicted for 𝑚 = 5,7	and	9.  

 

4. CONCLUSIONS 
With the limited pulse energies and peak powers available from high-repetition-rate ultrafast laser oscillators, 
supercontinuum generation is not normally observed in a bulk medium, but rather requires the use of a waveguide to 
confine light over a sufficient length for nonlinear processes to act.  The observations presented here in OPGaP are 
remarkable in that they are made without any waveguiding being required. 

The supercontinuum process may be unique to OPGaP because it depends on a combination of a number of properties that 
few, if any, other materials possess.  Both visible and long-wave infrared transparency are required for the 520-nm-pumped 
parametric gain process needed for supercontinuum generation, since the idler light is generated in the 8–12-µm band. 
Uniquely OPGaP combines transparency extending well into the visible region with a long-wavelength cut-off around 
13 µm.  High nonlinearity is also needed, and again here OPGaP stands out; it possesses a second-order nonlinear 
coefficient (d14 = 70.6 pm V-1) [13] that results in a nonlinear figure of merit (d 2eff /n3) three times that of PPLN [14], making 
it one of the most nonlinear materials available in this wavelength range. 
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In the long term, engineering of the second-order conversion processes in OPGaP may permit supercontinuum generation 
to be achieved at still lower powers, or with greater conversion efficiencies. 
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