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Octave-spanning visible supercontinuum generation from
an aluminum nitride single crystal pumped by a 355 nm
nanosecond pulse
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Supercontinuum generation (SC) of more than one octave spectrum spanning covering from 400 nm to 820 nm
was achieved by pumping a piece of aluminum nitride (AIN) single crystal using a nanosecond 355 nm ultraviolet
laser. The AIN with a thickness of ~0.8 mm was grown by an optimized physical vapor transport technique and
polished with solidification technology. Compared to previously reported ones, the achieved visible SC exhibited
the broadest spectrum spanning from bulk materials pumped by a nanosecond pulse laser. The visible
supercontinuum in AIN presents new opportunities for bulk material-based white light SC and may find more
potential applications beyond typical applications in integrated semiconductive photoelectronic devices.
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As a source of coherent broadband light, the supercontin-
uum (SC) has been studied for more than four decades due
to its vast variety of applications, such as spectroscopy,
white light microscopy, optical frequency comb, and being
a seed source for optical parametric amplification of
ultrashort pulses. Many SC sources with a spectrum span-
ning broader than one octave of bandwidth have been
demonstrated by using fibers or bulk solid state samples
pumped by femtosecond, picosecond, or nanosecond laser
pulses®?. Several nonlinear optical effects, such as self-
phase modulation (SPM), stimulated Raman scattering
(SRS), four-wave mixing (FWM), modulation instability
(MI), and soliton splitting, typically contribute to the
overall propagation dynamics mechanisms for SC genera-
tion. The studies on SC generation in the past decades
have mostly been explored in fibers, especially in photonic
crystals and chalcogenide fiberst®22, However, there are
intrinsic peak power limitation issues on fiber-based SC
generation. The power handling capability of some nonlin-
ear optical bulk materials presents new opportunities for
SC generation in the normal and anomalous group veloc-
ity dispersion regimes and shows no confinement loss with

wavelength 2421621,
Aluminum nitride (AIN) possesses many fascinating
properties, such as high thermal conductivity

(340 W-m™! - K1) and melting point (3546°C), which
greatly improve the heat dissipation and thus enhance
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the power handling capability. Meanwhile, the low dielectric
constant and good mechanical strength are also important
characteristics for optical applications®2Y. In recent years,
tremendous efforts have been devoted to its luminescence
properties, including photoluminescence, cathodolumines-
cence, afterglow luminescence, thermoluminescence, and op-
tically stimulated luminescenceZ 2!, Advantageously, AIN,
as a nonlinear optical material with a large nonlinear coef-
ficient, a wide range of transparency, a high optical damage
threshold, and good thermal stability, has also gained much
attention to its nonlinear properties®2!. Compared to silica
(ny = 2.6 x 10720 m? /W), the second-order optical nonlin-
earity of AINE [n, = (2.3 & 1.5) x 1071 m?/W]is approx-
imately an order larger in magnitude. However, to the best
of our knowledge, there are no experimental or theoretical
reports on the SC generation based on AIN.

In this Letter, we investigated the visible SC generation
in an AIN single crystal and utilized a Raman-enhanced
resonant cavity to increase the generation efficiency.
The SC can span from 400 nm to 820 nm when pumped
by a 355 nm laser pulse with an average power of 9 W. The
dominant nonlinear effects, i.e., cascade SRS, Raman-
enhanced SPM and cross phase modulation (XPM), facili-
tate the SC generation.

The AIN growth device is a resistance heating multi-
functional single crystal growth furnace with self-refit.
The raw AIN powder, with a purity of ~99%, was prepared
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by self-propagating combustion of high-purity aluminum
powder in a pure nitrogen atmosphere (~99.999%). The
particle size was ~0.5 pm after grinding. Because of the
oxidation of aluminum powder and the surface adsorption
of AIN powder, oxygen of ~0.08% is the main impurity
material in the AIN powder. Since the high content of
oxygen impurity is bound to affect the quality of the
AIN single crystal, pre-sintering processes have been
adopted to remove the oxygen impurity of the AIN pow-
der. The process of an AIN single crystal includes two
steps, i.e., pre-sintering of the AIN powder and crystal
growth. In the pre-sintering step, the tungsten crucible
with AIN powder is placed into a single crystal growth
furnace, vacuumized to ~2 x 1073 Pa, and heated to
~800°C for 1 h, to remove adsorbed oxygen and water
vapor from the crucible and the heat preservation device.
Then the furnace is filled with high-purity nitrogen to 1
atm pressure, and the tungsten is heated to ~1900°C
for 3 h. Then, by cooling the tungsten down to room tem-
perature, the AIN powder is further purified and sintered
since the oxygen aluminum compounds can be sublimated
below 1900°C.

In the second step, the sintered AIN is used as the raw
material for crystal growth. With a high-nitrogen atmos-
phere (99.999%) at 1 atm pressure, the components of
AIN, i.e., Al and N,, can be sublimated from the sintered
AIN at the hot bottom of the crucible, which can be re-
condensed at the crucible lid where the temperature is rel-
atively lower. In other words, in the crystal growth, the
overall reaction AIN(s)<Al(g) + (1/2)Ny(g) runs in the
forward (sublimation) direction at the source, and in
the reverse (re-condensation) direction at the top of the
crucible. The AIN crystal can be formed and grown on
top of the crucible lid. The sintered AIN usually begins
to sublimate above 1800°C. Achieving high-quality
AIN crystals in bulk at a fast growth rate (>200 pm/h)
requires a high temperature, above 2100°C. Compared
to the first step, the processes of vacuumizing, heating,
and filling with high-purity nitrogen are the same with
the pre-sintering. The tungsten was heated to 2250°C
at 1 atm for 9 h, and then slowly lowered down to room
temperature. The AIN single crystal is finally grown on the
tungsten sheet with ~10 mm in size.

When the crystal was removed from the tungsten sheet,
one surface of the AIN sample was smooth and the oppo-
site side was rough. The hardness of the AIN crystal is
800 kg - mm~2 and the size is just ~10 mm, which is
too hard and brittle to shape and grind by normal man-
ners. Meanwhile, the AIN single crystal is too small to
clamp in the normal fixture. Then acrylic powder and sol-
vent were used to solidify the AIN single crystal with the
diameter of a 25 mm grinding sample. Figure 1 shows the
solidification processing of the grinding sample. A grinder-
polisher (MetaSer 250) was utilized to polish the AIN sin-
gle crystal. Figure 2 is the polishing schematic. The sample
was polished for 5 min with 600 mesh and 1200 mesh SiC-
coated abrasive paper, respectively, for the first and sec-
ond coarse grinding with 20 N pressure force and 150
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Fig. 1. Solidification process of the grinding sample.
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Fig. 2. Schematic illustration of the polishing process.

revolutions per minute (RPM) of the installation plat-
form. Then 6 and 1 pm monocrystalline diamond suspen-
sions were used for the third and fourth fine grinding with
10 N pressure force and 120 RPM grinding rotating speed,
and the polishing duration was ~20 min . Finally 0.06 pm
colloidal silica polishing suspension was used for 60 min
polishing with 5 N pressure force and 100 RPM grinding
rotating speed. Pressure force is a key parameter for pol-
ishing the sample at different steps. The larger pressure
would lead the AIN single crystal to be cracked or even
to be broken during the grinding process. Finally, the pol-
ymethyl methacrylate of the ground sample was dissolved
with an acetone solution. The polished single crystal was
washed using an ultrasonic cleaning machine with an
acetone solution for ~60 min to relieve the stress and
clean the residual polymathic methacrylate. The opposite
face was polished with the same procedure.

We used X-ray diffraction (XRD) measurement to
evaluate the crystal quality. Figure 3 shows the sample’s
/(20) XRD data, with only a sharp diffraction peak for
wurtzite (100), indicating that the AIN crystal’s growth is
only surface-oriented in the M plane. The AIN crystal ex-
hibits a maximum length of ~10 mm, as shown in the inset
of Fig. 3.

The Raman spectrum of the polished AIN single crystal
was measured using a Horiba Jobin-Yvon LabRam HR800
system with a nitrogen-cooled charge-coupled-device
(CCD) camera. The 325 nm line of a He—Cd laser was used
as the excitation source. The spectral resolution was
~1 cm™!, and the laser power was ~15 mW. Figure 4
shows the Raman spectrum of the polished AIN under
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Fig. 3. XRD spectrum of the as-obtained AIN crystal. Inset: pho-
tograph of the polished AIN single crystal.
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Fig. 4. Raman spectrum of the polished AIN under ambient
conditions.

normal pressure and room temperature. Raman-active op-
tical phonon modes of A;(TO), E2, E;(TO), and E;(LO)
can be clearly observed from the Raman spectrum. The
peak positions of the four modes are centered at 620.96,
660.18,673.77, and 914.12 cm ™!, respectively, which agree
well with other reports¥.

Figure 5 presents the experimental setup for the SC gen-
eration. The UV laser at 355 nm is a diode-pumped third
harmonic @-switched solid-state laser that can deliver UV
pulses with a maximum average power of ~9 W and maxi-
mum peak power of ~50 kW, respectively. A spectrometer

«—>
NPF L1

(Avantes 4368) with a Si photodetector is used for the
spectrum measurement. The laser pulse can be focused
into the AIN single crystal with a peak intensity of
~10'2 W /cm? (spot size of 22.2 pm). Prior to the focusing
lens, a narrow bandpass filter is inserted to block the un-
converted second harmonic and fundamental laser beams
at 532 and 1064 nm, respectively. L1 is a UV-fused silica
plano—convex lens with a focusing length of 100 mm. Then
two dichroic mirrors (DMs), with a transmittance higher
than 80% at 330-360 nm and a reflectivity higher than
95% at 385-450 nm, were used to construct a Raman res-
onant enhanced cavity. Afterward, L2 with a focusing
length of 50 mm was used to collect the generated light
from the AIN sample, and a longpass filter was used to
block the 355 nm pump light. L1, L2, and the AIN can
be moved forward and backward to obtain the best posi-
tions to produce and collect the visible SC. A spectrom-
eter (AvaSpec-ULS3648) with a slit size of 10 pm and a
resolution of 0.05-0.06 nm was utilized to measure the
generated SC spectra.

Figure 6 shows the spectra of the SC with different
pump powers. The SC exhibits a red frequency shift as
the single-pulse energy increases. The experimental re-
sults indicate that the spectral broadening of the SC is
impressively extended. It shows a wide and flat spectral
profile in the range from 400 nm to 465 nm, and seven
remarkable peaks at 471, 495, 519, 553, 593, 626, and
659 nm, respectively, with a pump power of 8 W or
9 W. The threshold average pump power for the SC gen-
eration is ~3 W with spectrum broadening from 400 nm
to 557 nm. Four small peaks can be found on the spectrum
profile under a pump power of 7 W, which increases to
seven with ~8 W or ~9 W pump powers. These indicate
that 7 W is approximately the threshold power of higher-
order SRS initiation.

Figure 7 shows the SC generation from the AIN single
crystal at a pump power of 9 W with a logarithmic scale,
and the inset shows the corresponding output far-field
beam profile. The maximum intensity difference of the flat
spectrum spanning from 400 nm to 653 nm is ~5 dB. The
whole spectrum is spanning from 400 nm to 820 nm. From
Fig. 7, it can also be clearly seen that the spectrum width

Fig. 5. Experimental setup for the SC generation. UV laser: 355 nm laser; Mirror: flat mirror with protected aluminum; NPF: narrow-
bandpass filter; L1, L2: UV-fused silica plano—convex lenses; DM: dichroic mirrors HT@330-360 nm and HR@385-450 nm; LPF:

longpass filter; Spect: spectrometer.
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Fig. 6. Supercontinuum evolution with different pump powers at
355 nm.
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Fig. 7. Output spectrum at the maximum pump power of 9 W.
Inset: the corresponding output far-field beam profile.

and intensity of the SC linearly increase with the pump
power. At ~9 W average power emission, the correspond-
ing pulse duration is ~30 ns with a peak power of ~50 kW.

Figure 8 gives the relationship between the output char-
acteristics and the input pump power. The broadened
spectrum and output power show an almost linear in-
crease with the input pump power. The generated maxi-
mum output power and corresponding slope efficiency are
1.6 W and ~27%, respectively. It should be noted that 9 W
is not the saturated input pump power for the SC
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Fig. 8. Relationship between the output characteristics and the
input pump power.

generation, and the spectrum should be broader with a
larger pump power, although our pump laser is currently
limited to ~9 W.

Many nonlinear mechanisms should contribute to the
achieved SC spectral broadening. The zero-dispersion
wavelength  (ZDW) of the AIN single-crystal is
~1.6 pm?. For a normal dispersion pumping regime,
the 355 nm pumping light is far from the ZDW of the
AIN, and SPM is responsible for the initial spectral broad-
ening. The intensive nonlinear effect of SPM causes a re-
fractive index change when the strong optical pulse
propagates through the AIN single crystal. Nonlinear
phase change is an important parameter for characterizing
the nonlinear progress,. The well-known formula to calcu-
late the nonlinear phase is ywyp, = y Py Ly, where y is the
nonlinear coefficient of the polished AIN single crystal,
Py =~50 kW is the maximum pulse peak power at
355 nm, and L.y is the effective length of the polished
AIN single crystal in the propagating fiber. The nonlinear
coefficient y = 2zny /1Ay, where ny is the second-order
optical nonlinearity coefficient. For AIN, the ny is typi-
cally around 2.3 x 1072 m?/W, and A is the effective
area. Lgy is the effective length, which approximately
equals the AIN thickness of 0.8 mm. According to these
relationships, we can calculate that, with the maximum
pulse peak power, the nonlinear phase change is
~0.4 rad for a pulse single pass through the crystal. Mean-
while, SRS effects have also been observed in our experi-
ment, which is an important process that competes with
SPM. The Raman-induced frequency shift is responsible
for the long-wavelength components of the SCEY, The
theoretical research has been explored by Gerston et al.
to describe the resonance enhancement of y3, and cross
modulation and interference between the SRS and
SPM. The Stokes pulse broadens due to a combination
of XPM and Raman parametric amplification®.

In a wurtzite AIN crystal, there are six optical phonon
modes of 1A, 2B, 1E;, and 2E, in the center of the Bril-
louin zone, and the A; and E; modes are Raman- and
infrared-active, where A, is polarized along the z direction
and E; is polarized in the 2-y plane. The E, mode, being
twofold degenerate, is only Raman-active. The two B,
modes are silent modes. At room temperature, the Raman
shift of four Raman-active optical phonon modes of
A((TO), E2, and E;(LO) are 620.96, 660.18, 673.77,
and 914.12 cm™', respectively. Most of the low-order
stimulated Raman scattering of the optical phonon modes
are in the spectrum of 385-450 nm. In the case of SRS, the
frequency shift takes place in units of the vibrational
frequencies of the single crystal molecular AIN in a quan-
tized manner for the energy transferring from the primary
mode of the laser frequency to other modes. The main
mode becomes depleted and the Stokes modes are inten-
sified. The Stokes mode occurs in a quantized manner
when the SC occurs. However, the spectrum of SPM is
broadening in a gradual manner. When the laser pulses
pass through the single crystal AIN, owing to the nonlin-
earity and the Raman-enhanced cavity, the pulse and
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Stokes light oscillate against each other and gradually
broaden the SC spectrum.

Meanwhile, under ~8 W or ~9 W of pump power, the
six strong peaks observed on the spectral profile (Fig. 6)
indicate that a Raman bullet is radiated resulting
from the molecular response and interaction with each
other. These Stokes components satisfy the energy conser-
vation condition of FWM as 2,495 ,m = @571 nm + @519 um
and 266 ym = ®5931m + @659 um-

In conclusion, we have demonstrated the octave-
spanning visible SC generation from an AIN single crystal
with 355 nm UV laser pumping assisted with a Raman-
enhanced-cavity configuration. The main nonlinear proc-
esses contributing to the SC generation are cascade SRS,
Raman-enhanced SPM, XPM, and FWM. To the best of
our knowledge, it is the broadest visible SC in bulk
material with nanosecond pulse pumping. This Raman-
enhanced resonant cavity may also provide a useful con-
figuration to enhance the broadband SC generation in
bulk materials.
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