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4H-SiC: a new nonlinear material for midinfrared lasers

Nonlinear optical (NLO) frequency conversion is commonly used for generating midinfrared (MIR) lasers that offer light
sources for a variety of applications. However, the low laser damage thresholds of NLO crystals used so far seriously limit
the output power of MIR lasers. Shunchong Wang et al. (pp. 831-838) demonstrate a new nonlinear material 4H-SiC for
producing midinfrared laser. Broadband midinfrared laser ranging from 3.90 to 5.60 pm is generated in 4H-SiC by phase-
matched difference-frequency generation for the first time. The results may open a door to practically utilize wide bandgap
semiconductors with high laser damage thresholds as nonlinear optical materials for high power output of midinfrared
lasers.
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Abstract Nonlinear optical (NLO) frequency conversion is com-
monly used for generating midinfrared (MIR) lasers that offer
light sources for a variety of applications. However, the low laser
damage thresholds of NLO crystals used so far seriously limit
the output power of MIR lasers. Here, a new nonlinear material
4H-SiC is demonstrated for producing MIR laser. Broadband
MIR radiation ranging from 3.90 to 5.60 um is generated in 4H-
SiC by phase-matched difference-frequency generation for the
first time. The results may open a door to practically utilize wide-
bandgap semiconductors with high laser damage thresholds as
NLO materials for high power output of MIR lasers.

4H-SiC: a new nonlinear material for midinfrared lasers

Shunchong Wang?, Minjie Zhan?, Gang Wang'*, Hongwen Xuan?, Wei Zhang?, Chunjun Liu?,
Chunhua Xu?l, Yu Liu?l, Zhiyi Wei?, and Xiaolong Chen®*

1. Introduction

Midinfrared (MIR) lasers offer desired light sources for
avariety of applications, such as molecular identification,
industrial and environmental monitoring, medical diagnos-
tics, rapid detection of explosives, free-space communica
tion, and thermal imaging. Lead-salt laser diodes [1] and
guantum cascade lasers [2] are commonly used to generate
laser light in this wavelength range, but both suffer from
shortcomings. The former is often hindered in applications
by requiring low working temperatures [3] and the latter by
outputting low power and astigmatic beams [4, 5]. On the
other hand, generation of lasers with wavelengths longer
than 3 um based on solid-state lasers is limited by the
multiphonon relaxation process in gain medium at room
temperature [6]. Over the past decades, frequency conver-
sion through using nonlinear optical (NLO) crystals has
found more and more practical applications in producing
MIR lasers. The NLO crystals used so far include LiNbO3
[7], AgGaS; [8], AgGaSe; [9], ZnGeP, [10], GaSe [11]
etc. The key to this technique lies in the NLO crystals as
they usually possess high NL O coefficients but low damage
thresholds (<100 MW cm~2) [9,12-15]. It isthe low dam-
age threshold that limits outputting high-power MIR lasers
and hence cannot meet the increasing power demand in
various applications. Therefore, exploring new NLO crys-
talswith higher damage thresholds has been a pressing and
important issue in thisfield.

Although the damage mechanism of NLO crystals by
lasers has not been fully understood [16-18], it isgenerally

believed that weak covalent bonds or high ionicity within
compounds are the main reasons responsible for low dam-
age threshold. The NLO crystals like sulfides, selenides,
and oxides with akali metals are not good candidates to
this end. Silicon carbides (SiCs), as wide-bandgap semi-
conductors, are well known for their extensive applications
in high-power, high-frequency, and high-temperature de-
vices [19] due to their wide bandgap (2.3-3.2 €V) [20],
high thermal conductivity (about 480 W m~1 K—1) [21],
and high bond energy (about 5 €V/bond) [22]. Si atoms
and C atoms are tetrahedrally bonded to each other and
stack in different ways to form many polytypes. Among
them, 6H-SIC and 4H-SIC are the most common ones.
Their structures are shown in Figs. 1a and b, both crys-
tallizing in 6 mm point group. Symmetry 6 mm means that
they areuniaxial crystalsand exhibit the second-order NLO
effect. If the birefringence is proper, phase matching could
be attainable by taking appropriate polarizations and prop-
agation directions of the light travelling in SIC crystals.
The refractive indices of 6H-SIC and 4H-SiC were previ-
oudly investigated in the visible and near-infrared region
[23-25]. Calculations based on these data predicted that
phase-matched second-harmonic generation (SHG) [24] or
optical parametric oscillator (OPO) [26] were probable in
the MIR region in 6H-SIC. Up to now, however, experi-
mental realization of MIR radiation in SiC has never been
reported to the best of our knowledge [27-33].

In this study, we demonstrate a MIR laser output tun-
able from 3.90 to 5.60 um by phase-matched difference-
frequency generation (DFG) in 4H-SiC for the first time.
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Figure 1 (a) and (b) Schematic cross-sectional depictions of 6H-SIC and 4H-SiC structures. The repeated stacking sequences of
6H-SiC and 4H-SiC along [0001] direction are ABCACB and ABCB, respectively. (c) and (d) The schematic of principle of type Il phase
matching for 6H-SIiC and 4H-SiC, respectively. ni,, Ny, and ns, are the ordinary refractive indices for wavelengths 11, 1,, and Az,
respectively. nye is the extraordinary refractive index for wavelength A,. The plotting is based on the nonlinear process (% + i = %

with A; = 3.90 um, A, = 0.928 um, and A3 = 0.75 um. The refractive indices are obtained from Egs. (1)—(4) in this work. The difference
between ry, and rye is plotted much larger than the real value for clarity. The phase-matching condition is satisfied at the intersections

of the dashed and dotted surfaces in 4H-SiC with 6 = 82°, while it is impossible to achieve the phase-matching condition for 6H-SiC.

(e) The 4H-SiC crystal for DFG experiment cutting at an angle of 82° with respect to the optical axis (c-axis).

The phase matching can be realized on semi-insulating
(Sl) 4H-SIC crystals with phase-matching angle (PMA)
from 74.6-89.4° with available input light based on our
re-evaluation of therefractive indices from visible light ex-
tending to the MIR light range. We al so verify phase match-
ing isimpossiblein 6H-SiC. The results may open the door
to practically utilizing wide-bandgap semiconductors with
high damage thresholds as NLO materias for high power
output of MIR lasers.

2. Experimental method

2-inch SI 6H-SIC and 3 inch SI 4H-SIC (0001) wafers
(TankeBlue, Beijing) with thicknesses of 353 and 379 um
respectively, were selected for transmission measurements
using Fourier transform infrared spectrometers (TU-1901,
FTS-60V, and FTS-6000). 2-inch Sl 6H-SIC with a thick-

ness of 0.4 mm and 3-inch Sl 4H-SiC with a thickness of
0.6 mm (TankeBlue, Beijing) were cut into pieces of 20
x 20 mm? for the laser damage threshold test using a Q-
switched Nd:YAG laser. The Nd:YAG laser was operated
in the TEMgg mode with 5 ns pulse width at 1064 nm.
The laser beam was focused on the crystal surface with a
diameter of 150 um. The test mode is 1-on-1 according
to the International Standard Organization 112541 [34].
Sl 6H-SIC and 4H-SiC boules (TankeBlue, Beijing) were
cut into triangular prisms with apex angles of 18.34° and
16.69°, respectively. The heights of the 6H-SIC and 4H-
SiC prisms (along the c-axis) were about 10 mm and 8 mm,
respectively. The refractive indices were measured as func-
tions of wavelength (0.4047-2.325 um) by the method of
minimum deviation (SpectroMaster UV-VIS-IR). The or-
dinary refractive indices of 4H-SiC at wavelengths ranging
from 3.00 to 5.00 um were measured by the arbitrary ray
deviation method [35].
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Figure 2 (a) The optical transmittance spectrum of S| 6H-SiC
(0001) wafer with thickness of 353 um and (b) the optical trans-
mittance spectrum of S| 4H-SiC (0001) wafer with thickness of
379 um.

For the DFG experiment, the pump laser sourceis com-
posed of a25-fs chirped-pul seamplified Ti:sapphire system
(Femtolasers Femtopower Pro) and a gas-filled (0.2 MPa
neon) hollow fiber. A set of chirped mirrors was used to
compensate the dispersion caused by the neon gas. More
information about the laser system can be found in the
literature [36]. The spectrum of the input light was mea-
sured by a spectrometer (Avaspec-2048FT, Avantes). A Ge
filter was used to block the input light, transmitting only
the MIR beam. The generated MIR beam was collimated
into a monochromator (Zolix Omni-A, 150-DZ2) and de-
tected by a HgCdTeZn detector (Vigo System S. A., PCI-
3TE-10.6) together with alock-inamplifier system (SR830,
Stanford). The average MIR output power was measured by
an EPM2000 Powermeter (Coherent, Inc.) and an energy
sensor (J-10MB-LE).

3. Results and discussion

We first examined the optical properties of transparent SiC
crystals. Theoptical transmittance spectraof SI 6H-SiC and
4H-SiC wafers with corresponding thicknesses of 353 and
379 um are shown in Fig. 2. The band-edge absorptions

start from around 0.40 and 0.37 um for 6H-SIC and 4H-
SiC, respectively, as shown in the lower insets of Fig. 2.
In the visible and MIR regions, the transmittances of both
6H-SIC and 4H-SiC are greater than 50%, then decrease
rapidly at a wavelength around 5.60 pm. It is noted that
there are transmittance windows centered at around 6.30
and 6.80 um for 6H-SIC and 4H-SiC. Their laser damage
threshol ds were tested and no damage was observed up to a
power density of 3.0 GW cm~2, more than one order larger
than the NLO crystals used in the MIR region.

Therefractiveindices of SiCinthe MIR range formerly
were obtained by extrapolating the dispersion equations
based on the data measured in the visible and near-infrared
regions [24]. These data deviate markedly from real val-
ues as we never observed phase matching based on these
refractive indices. The refractive indices and the birefrin-
gence are the most important parameters that determine if
phase matching can be realized. Here we remeasured the
index data from the visible to the MIR region by using de-
viation of angle through a prism. The measured ordinary
(no) and extraordinary (ne) refractiveindices of 6H-SiC and
4H-SIC, as listed in Table S1 in the Supporting Informa-
tion [37], are fitted to the Sellmeier equations by using the
least squares method. The average deviation between the
experimental refractive indices and the calculated data is
within 2.0 x 10~*. The obtained dispersion equations are
asfollows:
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where the wavelength A is in micrometers. As shown in
Figs. 3a—, the refractive indices of 6H-SiC and 4H-SiC in
the visible region are consistent with those given in Ref.
[23] and [24], but deviate a lot from those in Ref. [26].
In the MIR region, our data are much smaller than those
obtained by extrapolating the dispersion equations, and the
disagreementsincreasewithincreasing wavelength [23,24].
Wewill verify that the predictions on phased-matched SHG
and OPO in 6H-SIC based on the new refractive indices
are out of the question, explaining why they have been
never experimentally observed. On the other hand, phase-
matched DFG and OPO are possible in 4H-SiC, though
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Figure 3 (a)—(c) Dispersion of ordinary refractive indices of SI 6H-SiC, extraordinary refractive indices of SI 6H-SiC, and refractive
indices of Sl 4H-SIiC, respectively. Previous results are also presented for comparison. Data points are experimental values of the
refractive indices. Lines are calculated from the Sellmeier equations. The insets in (a) and (c) are 6H-SiC and 4H-SiC prisms used in
this work, respectively. (d) Wavelength-dependent birefringence for SI 6H-SiC and 4H-SiC measured by this work. The line is a guide

to the eye.

phase-matched SHG isnot achievabl e over thetransparency
range 0.37-6.00 xm.

For 6H-SiC and 4H-SiC with 6 mm point group sym-
metry, type | phase matching, where the two |ow-frequency
waves have the same polarization, is not achievable due
to the zero effective second-order nonlinear coefficient
(Xéfzf)) according to Kleinman symmetry conditions [38],
whereas type || phase matching, in which the two low fre-
guency waves have orthogona polarizations, is possible
(x2 = x2 sing, 6 isthe PMA) [24,27]. The principle of
type Il phase matching for the positive uniaxial 6H-SiC and
4H-SiC is depicted in Figs. 1c and d. In a nonlinear pro-
cess involving three waves with wavelengths A1, A, and A3
(assuming that A3 < A < A;) related by

101 1 -

M
type Il phase matching occurs when %@ + % = Do

A3
(e+o—o0) or o + ”Ze(g) = £ (0+e—0), where nie(6) =

(smze cosZH)——, nze(g)_(s'nze C0529) % Ne(®) and

nge(e)) are the refractive indices for thé extraordi nary rays
propagating at an angle of 6 with respect to the optical axis
at wavelengths A, and X, respectively, nie and nye are the
principal values of the extraordinary refractive indices at
wavelengths A, and A, respectively, nyo, Ny, and ng, are
the ordinary refractive indices at wavelengths A4, X,, and
A3, respectively.

The derived equations for type Il PMAs are asfollows:

2 2
n?2 N30 _ No) _ (N
le A3 A2 A
2

(n2, = n2,) (32 - )

2 2
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2e [\ %3 i A2
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sin?6 = (e+0— 0) (6)

sin?9 =
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Figure 4 (a) Calculated PMAs for Sl 4H-SiC DFG at three fixed wavelengths of A3 = 0.70 um (1), 0.75 m (2), 0.8 um (3), respectively.
The generated infrared light (A1) is continuously tunable from 3.64 to 6.00 m. The other input light (A2) from 0.79 to 1.02 um is required
and the PMAs lie in 74.6-89.4°. For A3 = 0.75 um under a PMA at 78°, the desired output light is set at 5.86 xm, then another input
light at 0.86 «m is needed as indicated by the square marks on the dashed line. Alternatively, when A; = 4.27 um, then A, = 0.91 um
as indicated by the circular marks. (b) Calculated output wavelengths (11) for 4H-SiC DFG as a function of input wavelengths for 6
= 82°. The ranges of A3 and A, are from 0.55 to 0.88 um and 0.63 to 1.10 um, respectively. A small light gap from 4.50 to 4.70 um
cannot be output when PMA is at 82°. (c) Schematic of the experimental setup for DFG in 4H-SiC. T, L, and W are thickness, length

and width directions of 4H-SiC, respectively.

Inserting the refractive indices according to Egs. (1)
and (2) into Egs. (6) and (7), we found that Egs. (6) and
(7) cannot be satisfied over the entire transparency range
(0.40-6.00 pem) for 6H-SIC.

4H-SiC has a larger birefringence than that of 6H-SIC
(seeFig. 3d) and the cal cul ations based on Egs. (3), (4), (6),
and (7) indicate that phase matching can be satisfied (Eq. (7)
for frequency downconversion into the MIR region (i) at
wavelengthslarger than 3.60 wm. For frequency conversion
in 4H-SiC, DFG is preferred over OPO and optical para
metric amplifiersfor its straightforward geometries and no
oscillation threshold. Considering the light transmittance
spectrum in the MIR range for 4H-SiC, we hope to output

3.60t06.00 umlight, A1, by the DFG technique. If an input
light, A3, at arange from 0.50 pm to 0.80 pm, then another
input light, A,, is needed to be at 0.55 um to 1.03 um,
according to Eq. (5) under the phase-matching condition.
Figure 4a shows the calculated PMAs in 4H-SIC for DFG
at threefixed input wavelengths of A3 = 0.70 um, 0.75 um,
and 0.80 um, respectively. The generated infrared light (1)
iscontinuously tunablefrom 3.64t0 6.00 ..m, whileanother
input light (1,) from 0.79to 1.02 um is required. In so do-
ing, thePMAsliein 74.6-89.4°. Take A3 = 0.75 umunder a
PMA at 78° asan example. Inthiscase, if thedesired output
light is set at 5.86 wm, then another input light at 0.86 «m
is needed, as indicated by the square marks on the dashed

www.lpr-journal.org
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Figure 5 (a) The spectrum of the femtosecond pump laser output from chirped-pulse amplified Ti:sapphire laser system. The shaped
spectrum with two mirrors is also presented. (b) The broadband MIR radiation generated by DFG in 4H-SiC for 6 = 82°. (c) The output
spectra with respect to PMAs of 80°, 82°, and 85°, respectively. (d) The output wavelength tuning of two dominant peaks in 4H-SiC

DFG under various PMAs. The line is a guide to the eye.

line shown in Fig. 4a. Alternatively, if A1 = 4.27 um, then
A2 = 0.91 um, as indicated by the circular marks. On the
other hand, for a given PMA, we can calculate the whole
input light ranges of 1, and 13 that guarantee the output
light A, inthe MIR range. Figure 4b shows the ranges of 1,
and A3 corresponding to A; from 3.90 to 7.00 um under a
PMA of 82°. We notethat there existsasmall light gap from
4.50 to 4.70 um that cannot be output at this PMA, which
islimited by the cut-off edge in the shorter wavelengths of
the pumping laser.

The experimental setup of DFG is schematicaly illus-
trated in Fig. 4c. The broadband 5-fslaser pulses generated
from a chirped-pulse amplified Ti:sapphire laser at 1 kHz
repetition rate were used as the input light source. Phase
matching is expected to be achieved based on the interac-
tion between specific wavelengths contained in the input
broadband spectrum from 0.55 um to 0.97 um (Fig. 5a).

Our setup is much simpler in performing DFG experiment,
which usually reguires mixing either two synchronized ul-
trafast lasers [39] or the signal and idler lights generated by
the optical parametric process [40]. The Sl 4H-SIC crys
tal used in the DFG was 7 (length) x 5 (width) x 2.62
(thickness) mm® and cut at an angle of 82° with respect
to the optical axis (see Fig. 1€). Both end surfaces were
uncoated. For type Il phase matching, the input light was
split into ordinary (13) and extraordinary (1,) components
in 4H-SiC by setting the normal direction of the principal
plane of 4H-SIC a an angle of @ (0° < a < 90°) with
respect to the polarization direction of the incident beam.
Here, o wasfixed at about 41° at which the output intensity
was around its maximum. Figure 5b displays the power of
the generated MIR output, recorded from 3.60 um to 7.00
um with a step size of 4 nm. In this process, each output
light at a certain wavelength is converted by a pair of light

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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beams 1, and A3 with specific wavelengths according to
Fig. 4b. Maximum power output occurs at 5.45 pm and an
average power of 0.2 mW was obtained for an input power
of 430 mW. The low output power at wavelengths ranging
from 4.50 to 4.70 um is due to the loss of phase match-
ing (see Fig. 4b), the reduced output power at wavelengths
longer than 5.60 um resulting from the strong absorption
by 4H-SiC (seeFig. 2b). Thewavelength at which the maxi-
mum power isoutput can be adjusted by changing the PMA
or the relative intensity of input lights.

Furthermore, we studied the PM A-dependent output by
varying the angles between the incident light and the sur-
face normal of 4H-SIC in order to investigate the tunability
of the output. We attenuated the incident spectrum between
0.78 and 0.81 um (see Fig. 5a) by using two mirrors to
suppress the undesired input lights. The generated MIR ra-
diations under three different PMAs are shown in Fig. 5c.
It is noted that two dominant output peaks shift effectively
from 4.13 (5.05) um to 4.00 (5.16) um with increasing
PMAs. Figure 5d shows the shift of output wavelength for
two dominant peaksin 4H-SiC DFG under various PMAS.
Two tunable domains of output lights, 3.92-4.28 m, and
4.87-5.25 um are achieved over a PMA range of 76-89°.
Such wide wavelength tunability is highly desired for ap-
plications such as molecular spectroscopy, environmental
monitoring, etc.

4. Summary

We demonstrated, both theoretically and experimentally, a
new efficient NLO material of 4H-SiC for tunable MIR
generation by phase-matched DFG. It is revealed that 4H-
SiC rather than 6H-SIC is appropriate to generate MIR
radiation based on carefully measured refractive indices up
to 5.00 um. Broadband MIR radiation ranging from 3.90
to 5.60 um is obtained experimentally in 4H-SiC. Much
higher power is expected by optimizing the experimental
design and improving the crystal quality. A 4H-SiC crystal
is expected to be a promising NLO material in producing
high-power MIR lasersin the future.
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