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Abstract

We demonstrate two high-power femtosecond mid-infrared (mid-IR) sources that can be
combined with a scattering-type scanning near-field optical microscope (s-SNOM). The first one
is based on difference frequency generation (DFG) between the two signal wavelengths of a
high-power dual-signal-wavelength periodically poled lithium niobate (PPLN) optical parametric
oscillator (OPO) and covers the spectral range from 10.5 ym to 16.5 ym. The second one is an
AgGaSe, OPO pumped by the PPLN OPO. With this mid-IR OPO we obtained up to 113 mW
average idler power at 4857 nm with more than 40 cm™" FWHM spectral width. We demonstrate
mid-IR near-field spectra and near-field images that we obtained by combining the broadband

femtosecond mid-IR DFG source with an s-SNOM.

Keywords: nonlinear optics, difference frequency generation, optical parametric oscillators

(Some figures may appear in colour only in the online journal)

1. Introduction

Broadband femtosecond mid-infrared (mid-IR) sources are
very promising light sources for scattering-type scanning
near-field optical microscopes (s-SNOM), which allow for
recording of spatial and spectral information on the nanoscale
[1, 2]. Application examples include phonon resonances in
semiconductors [3], biominerals [4], polymers [5, 6], quartz
[7] or plasmonic resonances in nanoantennas [8]. If more
optical power is available, mid-IR near-field microscopy will
be more feasible as the scan time will be reduced [2].
Broadband femtosecond mid-IR radiation can be
obtained via difference frequency generation (DFG) with two
near-infrared sources [9], optical parametric amplifiers
[10-12] or with optical parametric oscillators (OPOs)

2040-8978/14/094003+07$33.00

[13—15]. All of these sources rely on the availability of sui-
table optically nonlinear materials with sufficiently high mid-
IR transmittivity and phase-matching capability. DFG sources
have been realized by mixing signal and idler from OPOs in
crystals such as GaSe [16], GaSg 4Seg ¢ [17], LilnSe, [18] or
AgGaSe, [19]. Another approach is based on DFG between
fiber-laser systems and Raman-shifted solitons [20-22].
These DFG sources can cover the wavelength range up to
17 ym with typical power levels of a few mW at the longer
wavelengths. A few femtosecond OPOs with idler wave-
lengths longer than 4.5 ym have been published so far. An
OPO that employed a mid-IR transmission window of peri-
odically poled lithium niobate (PPLN) to obtain 14.4 mW
average idler power at 5.3 yum was demonstrated by [23]. A
silver gallium diselenide (AgGaSe,) OPO with an idler

© 2014 I0P Publishing Ltd  Printed in the UK


mailto:robin.hegenbarth@physik.uni-stuttgart.de
http://dx.doi.org/10.1088/2040-8978/16/9/094003

J. Opt. 16 (2014) 094003

R Hegenbarth et al

Dual-signal- AgGaSe, | GaSe
- wavelength [ DFG
PPLN OPO
ek NeaSNOM
oscillator :
Single-signal-
— wavelength = AgGaSe, OPO |+
PPLN OPO

Figure 1. Our experimental setup consisting of two branches for nonlinear frequency conversion into the mid-IR that are pumped by an Yb:
KGW oscillator: a PPLN OPO, either operated at two signal wavelengths and followed by a DFG stage comprising an AgGaSe, or GaSe
crystal (see section 2) or operated at a single signal wavelength and followed by a synchronously pumped AgGaSe, OPO (see section 3). The
broadband mid-IR radiation can be employed as a light source for an s-SNOM (see section 5).

tunable between 4 and 8 ym and up to 35 mW pumped by a
cesium titanyl arsenate OPO was demonstrated by [24]. An
OPO based on an orientation-patterned gallium arsenide
crystal pumped by a thulium-doped fiber laser tunable
between 2.6 and 6.1 ym with up to 37 mW average idler
power was published by [25, 26], while an OPO based on a
cadmium silica phosphide crystal with an idler tunable
between 5.8 and 6.6 um with up to 24 mW estimated idler
power was demonstrated by [27].

A scheme of our experimental setup is shown in figure 1.
We employ an Yb:KGW laser oscillator [28] as pump source
of a PPLN OPO followed by two different conversion
schemes that can be employed alternatively. In one conver-
sion scheme we operate the OPO at two signal wavelengths
[29] followed by DFG. The experimental setup and the results
of this DFG setup are thoroughly discussed in [30] and are
only briefly summarized in section 2. In the other conversion
scheme we employ the signal of the PPLN OPO operated at a
single signal wavelength to pump a mid-IR OPO based on an
AgGaSe, crystal, whose idler wavelength can be tuned
between 4570 and 5121 nm with up to 113 mW average idler
power. This mid-IR OPO is tuned by adjusting cavity length,
phase-matching angle or pump wavelength. The properties of
its idler output are discussed in section 3. In section 4 we
demonstrate the feasibility of combining the broadband
femtosecond mid-IR source discussed in section 2 with the
NeaSNOM, an s-SNOM provided by Neaspec GmbH.

2. DFG with two signals of a high-power dual-signal-
wavelength PPLN OPO

In order to obtain tunable broadband mid-IR radiation beyond
10 yum wavelength, we generate the difference frequency
between the two signals of a high-power dual-signal-wave-
length PPLN OPO. Since we combined this broadband mid-
IR source with an s-SNOM (see section 4), we briefly discuss
the experimental setup and the mid-IR power and spectra in
this section.

The dual-signal-wavelength OPO is synchronously
pumped by an Yb:KGW laser oscillator delivering up to
7.4 W average output power, at 42 MHz repetition rate, 530 fs
pulse duration and 1040 nm wavelength. The OPO is based
on a 1 mm long magnesium oxide doped PPLN crystal with
31 um poling period. This OPO is capable of dual-signal-
wavelength operation, since its total intracavity group delay
dispersion (GDD) equals zero at the center of the tuning range
(1740 nm), resulting in two different signal wavelengths with
identical group delay that oscillate simultaneously. The two
signal wavelengths can be tuned between 1563 and 1621 nm
and between 1795 and 1859 nm, respectively. Up to 1.45W
average signal output power can be achieved with 34:66
power splitting ratio with this configuration.

The difference frequency between these two signals can
either be generated in a 3 mm long AgGaSe, crystal cut for
49° phase-matching angle and type-II phase-matching, in a
3.1 mm long anti-reflection coated GaSe crystal, or in a 1 mm
long z-cut GaSe crystal. In the case of AgGaSe, and the anti-
reflection coated GaSe crystal the polarization of the shorter
wavelength beam is rotated by 90° to obtain efficient type-II
phase-matching. In the case of the 1 mm long GaSe crystal
identical polarizations of both OPO wavelengths are
employed. The latter setup is more compact, but conversion is
less efficient. In this case the polarization is rotated by 45°, so
that the horizontal projection of the polarization of the shorter
wavelength beam and the vertical projection of the polariza-
tion of the longer wavelength beam are optimized.

The mid-IR power as a function of wavelength of this
DFG system is shown in figure 2(a). Up to 4.3 mW average
power has been obtained at 13.2 um (758 cm™) by using a
3mm long AgGaSe, crystal, while up to 1.2 mW has been
obtained at 11.92 ym (839 cm™") by using a 1 mm long GaSe
crystal. Up to 1.3mW has been obtained at 14.1 ym
(709 cm™) by using a 3.1 mm long anti-reflection coated
GaSe crystal. Its front side was coated with an SiO; layer with
260 nm thickness generated by thermal evaporation. This
coating causes between 1% and 8% reflectivity for the signal
of the near-IR OPO, depending on wavelength. The rear side
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Figure 2. (a) Average mid-IR power as a function of wavelength and
wavenumber obtained with the DFG setup by employing either a
3 mm long AgGaSe, crystal and perpendicular polarizations of the
two OPO signals (blue triangles), a 1 mm long GaSe crystal and
parallel polarizations of the two OPO signals (black squares), or a
3.1 mm long anti-reflection coated GaSe crystal (red circle). (b) Mid-
IR spectra obtained with 1 mm long GaSe.

of this crystal features an anti-reflective oxidation layer [31]
created by extended exposure of the crystal at 400 K tem-
perature in an H,O atmosphere. Its reflectivity is below 10%
in the mid-IR spectral region accessed in this experiment,
which is better than the Fresnel reflections.

The corresponding mid-IR spectra generated by using
1 mm long GaSe are shown in figure 2(b). The spectra are
broadband with more than 50 cm™' FWHM spectral width.
The system is tunable between 10.5 and 16.5um
(952-606 cm™).

3. Femtosecond AgGaSe, mid-IR OPO pumped by a
high-power PPLN OPO

The experimental setup of the AgGaSe, mid-IR OPO is
shown in figure 3(a). A 7.4 W output Yb:KGW oscillator with
42 MHz repetition rate is employed as pump source to
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Figure 3. (a) Experimental setup of the mid-IR OPO consisting of an
Yb:KGW oscillator that synchronously pumps a single-signal-
wavelength PPLN OPO that in turn synchronously pumps an
AgGaSe, mid-IR OPO. (b) Average idler power (black squares) and
the corresponding idler power conversion efficiency (red circles) as a
function of average pump power.

synchronously pump the PPLN OPO that comprises a 1 mm
long MgO-doped PPLN crystal with 30 ym poling period. At
this configuration it emits up to 1.25 W average signal output
power with approximately 450fs pulse and a single signal
wavelength tunable between 1538 and 1607 nm. This signal
beam is employed to pump the AgGaSe, OPO and is referred
to as a pump beam in the remainder of this publication. A
half-wave plate is employed to adjust pump polarization for
type-I phase-matching, where the pump beam is polarized
extraordinarily and the signal and idler beams are polarized
ordinarily. The pump beam is focused into the AgGaSe,
crystal by means of a focusing lens with 75 mm focal length
and a plano-concave dichroic filter (CM1) with 100 mm
radius of curvature.

The pump power available in front of the crystal is
restricted to below 1 W to avoid crystal damage. The 2 mm
long AgGaSe; crystal is cut for 70° phase-matching angle and
45° azimuthal angle, which is necessary for type-I phase-
matching in a crystal of 42 m, and has a broadband anti-
reflection coating for pump, signal and idler wavelengths. The
dichroic filters CM1 and CM2 are also employed as cavity
mirrors that are highly reflective for the signal. CM2 is
additionally employed as an idler output coupling mirror.
Thus, it has a CaF, substrate with 79% transmittivity at
4857 nm wavelength to provide sufficient idler transmittivity.
The cavity consists of four mirrors to provide intracavity
signal feedback, one of which is a signal output coupler with
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1% signal transmittivity. A long-pass filter (LPF) outside the
cavity behind CM2 separates the idler beam from the residual
pump beam.

The OPO is tuned by adjusting cavity length, phase-
matching angle or pump wavelength. Cavity length adjust-
ment is achieved by adjusting the position of the signal output
coupling mirror with a linear translation stage, while adjust-
ment of phase-matching angle is achieved by rotating the
AgGaSe, crystal with a rotation stage. Adjustment of pump
wavelength is achieved by changing the cavity length of the
PPLN OPO along with an according change of cavity length
of the AgGaSe, OPO.

The average idler power at 4857 nm wavelength
(2059 cm™) and the corresponding idler power conversion
efficiency as a function of pump power in front of the crystal
are shown in figure 3(b). Up to 113 mW has been obtained,
corresponding to 10.8% power conversion efficiency or 38%
photon conversion efficiency. The oscillation threshold occurs
at 330 mW average pump power. The conversion efficiency
saturates at more than 860 mW average pump power or
approximately 2.6 times the oscillation threshold. This
behavior is consistent with the theory for OPOs with uniform
plane waves published by [32].

Idler spectra for different cavity lengths at 1566 nm pump
wavelength and perpendicular pump beam incidence on the
crystal, corresponding to 70° phase-matching angle, are
shown in figure 4(a). A larger relative change of cavity length
means a longer cavity. At shorter cavity lengths the idler
wavelength decreases when increasing the cavity length,
which corresponds to increasing signal wavelength. At longer
cavity lengths the idler wavelength increases with increasing
cavity length. This behavior can be explained by zero intra-
cavity signal GDD at the wavelength at which the direction of
the shift changes. With this method the idler wavelength can
be tuned between 4797 and 5121 nm (2085-1953 cm™"). The
FWHM idler spectral width ranges between 38 and 95 cm™'.
This corresponds to a Fourier limit of 150-390 fs assuming
Gaussian pulses. The spectra are broader at intermediate
cavity lengths.

The average idler power as a function of relative change
of cavity length is shown in figure 4(b). The OPO is operated
over 56 um relative change of cavity length. Up to 111 mW
idler power has been achieved at 4820 nm (2075 cm™') and
the FWHM power tuning range is approximately 140 nm or
60 cm™". This corresponds to 30 um relative change of cavity
length.

Idler spectra at different phase-matching angles and
1566 nm pump wavelength are shown in figure 4(c). The
OPO is operational over 1.7° change of phase-matching
angle, which corresponds to 4.4° change of angle of inci-
dence. At smaller phase-matching angles (69.7-70°) the idler
wavelength decreases at increasing phase-matching angles. At
larger phase-matching angles (70-71.4°) the idler wavelength
increases at increasing phase-matching angles. With this
method the idler wavelength can be tuned between 4814 and
5026 nm (2077-1990 cm_'). The FWHM spectral width ran-
ges between 49 and 123 cm™". This corresponds to a Fourier

limit of 120-300 fs assuming Gaussian pulses. The spectra are
broader at shorter phase-matching angles.

The average idler power as a function of phase-matching
angle is shown in figure 4(d). Up to 113 mW has been
achieved at 4857 nm (2059 cm™") and the FWHM idler phase-
matching bandwidth is approximately 1.4°. This corresponds
to 170 nm or 80 cm™' FWHM power tuning range.

Idler spectra at different pump wavelengths and 70°
phase-matching angle are shown in figure 4(e). At each pump
wavelength the cavity length was adjusted to obtain optimum
idler power. The OPO is operational at pump wavelengths
between 1540 and 1577 nm at that configuration. The idler
wavelength decreases at increasing pump wavelength. This
tuning behavior can be explained by the wavelength depen-
dence of the refractive index of AgGaSe,.

With this method the idler wavelength can be tuned
between 4570 and 5005 nm (2189-1998 cm™'). The FWHM
idler spectral width ranges between 54 and 84 cm™'. This
corresponds to a Fourier limit of 175-270fs assuming
Gaussian pulses. The average idler output power as a function
of idler wavelength and wavenumber is shown in figure 4(d).
Up to 113 mW has been achieved at 4843 nm (2065 em™).
The FWHM power tuning range is as large as 330nm
(140 cm™).

4. Combination of a broadband femtosecond mid-IR
source with an s-SNOM

We employed the broadband femtosecond mid-IR source
described in section 2 as a source of radiation for a scattering-
type SNOM [1]. In addition to obtaining near-field images,
this device is capable of recording near-field spectra with a
nano-FTIR spectrometer [4] by the light backscattered from
the oscillating tip of the s-SNOM with a Michelson inter-
ferometer, in which the sample is located in one of the
interferometer arms [33].

In the following paragraphs experimental results obtained
with this combination will be discussed. These results have
been obtained by demodulating the detector signal of the
280 kHz tip oscillation frequency, which reduces background
scattering [1].

A near-field interferogram and the corresponding near-
field spectrum of gold at a center frequency around 795 cm™
(12.58 um) are shown in figures 5(a) and (b), respectively.
Due to a lack of absorption features the shape of this spectrum
is equivalent to the spectrum of the DFG source. These results
show that the signal-to-noise ratio of the interferogram and of
the spectrum are good enough to combine the broadband mid-
IR source with the nano-FTIR spectrometer.

The topography and the near-field image of a silicon-
doped gallium nitride (GaN) nanowire are shown in
figures 5(c) and (d), respectively. The pixels on these two
images are rectangular with 100 nm edge length. The near-
field signal was obtained by illuminating the tip with the
radiation, the corresponding spectrum is shown in figure 5(b).
The light backscattered from the tip was recorded without the
interferometer. The changes of the near-field signal along the
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Figure 4. Idler spectra (a) and the corresponding average idler power as a function of relative change of cavity length (b) when tuning the
cavity length at 1566 nm pump wavelength and 70° phase-matching angle. Idler spectra (c) and the corresponding average idler power (d) as
a function of phase-matching angle when tuning the phase-matching angle at 1566 nm pump wavelength. Idler spectra (e) and the

corresponding average idler power (f) as a function of pump wavelength when tuning the pump wavelength at 70° phase-matching angle.

wire indicate a variation of the dielectric properties, which
might be due to crystal defects or variations in local doping
[34]. Nano-FTIR spectroscopic mapping of nanowires is
expected to provide further insights in the future.

The topography and the near-field image of a silicon
carbide (SiC)/gold interface, recorded analogous to
figures 5(c) and (d), but at a center frequency of about
690cm™' (14.5 um), are shown in figures 5(e) and (f),
respectively. The pixels on the latter two images are rectan-
gular with 50 nm edge length. Gold appears bright due to its
higher mid-IR reflectivity compared to SiC in this frequency
range.

These two examples show that a combination of this
broadband mid-IR source based on DFG between the two
OPO signal wavelengths with a near-field microscope is
feasible.

5. Conclusions

We demonstrated two high-power femtosecond mid-IR
sources. One of them is based on DFG between the two signal
wavelengths of a high-power femtosecond OPO that can be
operated at two different signal wavelengths due to zero
intracavity GDD at the center of the tuning range. By
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topography (e) and the corresponding near-field signal (f) of a silicon carbide (SiC)/gold (Au) interface recorded at a center frequency of

about 690 cm™! (14.5 ym).

employing a 3 mm long AgGaSe, crystal for DFG, up to
4.3 mW has been obtained at 13.2 ym. This system is tunable
between 10.5 and 16.5 ym.

The other one is a mid-IR OPO based on a 2 mm long
AgGaSe, crystal and pumped by the PPLN OPO operated at a
single signal wavelength. With this system we have obtained
up to 113 mW average idler power at 4857 nm with more than
40 cm™' FWHM spectral width. The idler wavelength of this
system is tunable between 4570 and 5121 nm by adjusting
cavity length, phase-matching angle or pump wavelength. By
choosing crystals cut at other phase-matching angles, the
tuning range could be extended in the future.

We demonstrated mid-IR near-field spectra and near-field
images that we obtained by combining our broadband femto-
second mid-IR DFG source with an s-SNOM to demonstrate
the feasibility of this combination. With this system near-field
spectroscopic phonon and strain mapping of various materials
as well as fast nano-FTIR spectroscopy become possible.
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