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Phase-matched third-harmonic generation via doubly
resonant optical surface modes in 1D photonic crystals

Valery N Konopsky!, Elena V Alieva!, Sergey Yu Alyatkin'?, Alexey A Melnikov', Sergey V Chekalin' and
Vladimir M Agranovich!

Efficient nonlinear conversion requires that interacting optical waves maintain a consistent phase relationship when traveling in a
medium despite its dispersion. Birefringent phase-matching, which is often used to compensate for the dispersion, is not applic-
able to optically isotropic nonlinear materials. Here, we present a one-dimensional photonic crystal structure that allows the
propagation of optical surface waves, both at the fundamental and third-harmonic frequencies, as an efficient medium for phase-
matched third-harmonic generation. A unique advantage of this structure is that the effective refractive indices for the surface
waves are similar to the refractive index of air at both frequencies. This allows phase-matching between the first and third
harmonics, and a visible collinear beam of the third harmonic is produced at the prism-coupled output. Moreover, these optical
surface waves propagate over long distances even if a lossy nonlinear nanofilm is deposited onto the photonic crystal surface. We
provide experimental results for third-harmonic generation at a wavelength of 410 nm for a bare dielectric Ta,05/SiO, multilayer
structure and for the same structure coated with a 15-nm GaAs film.
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INTRODUCTION

Nonlinear photonic devices, particularly those that can be fabri-
cated by planar processing technology, show great promise for
future all-optical signal processing. In configurations that perform
efficient nonlinear conversion, large nonlinear susceptibilities are
crucial for application to such photonic technologies. The non-
linear optical susceptibility of a material can be defined by
expanding its polarization as a power series in terms of the applied
optical electric field E:

enhancement of ¥ could be achieved both in strongly coupled
hybrid structures® and in hybrid structures with weak coupling?.

In addition to enhanced nonlinear susceptibilities, an intelligent
design of planar configurations that provide phase-matching of
interacting optical waves is crucial for experimental development of
these hybrid structures.

THG is a straightforward manifestation of third-order non-linearity.
However, in this case, phase-matching is difficult or impossible to
realize because of the large interval between the wavelengths.

Here, we demonstrate THG in a planar multilayer structure where
the effective refractive index (RI) for each surface wave (the first and
third harmonics) is very close to that of air (n,;;~ 1) and the phases of
the interacting waves match. This one-dimensional (1D) photonic
crystal (PC) structure can accommodate further semiconductor and
organic nanolayers deposited on its external surface, which makes such
a system ideal for investigating different planar hybrid schemes with
enhanced ¥,

It is important that the proposed 1D design is easy to produce
and is compatible with the planar processing technology. In recent
years, several high-efficiency THG schemes have been proposed,
based on, for example, 3D PC>, 2D photonic waveguides® or nano-
sized silicon-based plasmonic waveguides7. However, these

P(r) = 1 VE() + xE (D) + 4 VE (D) + ... ()

where, ¥V is the linear susceptibility; the second-order suscept-
ibility ¥® describes processes, such as second-harmonic genera-
tion; and the third-order susceptibility X(3) describes, for example,
third-harmonic generation (THG) and the intensity-dependent
addition to the refractive index n,-1 (with the nonlinear refractive
index n,=121%®/ng?)!. The coefficient ¥? is non-zero only in
non-centrosymmetric materials, whereas X(3) is non-zero in all
optical materials, regardless of their symmetry.

However, even though x®) is non-vanishing in all media, its small
value makes the implementation of third-order non-linearity in

integrated planar photonic devices a formidable challenge. One
approach to increase ¥ in planar systems is based on the hybrid
(organic-semiconductor) structures®. It was shown that a substantial

approaches require nanofabrication facilities, whereas the planar
design presented here can be achieved using standard multilayer-
coating equipment.
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MATERIALS AND METHODS

PC structures

PCs are materials that possess a periodic modulation of their refraction
indices on the scale of the light wavelength®. Such materials can
exhibit photonic band gaps that are very much like the electronic band
gaps for the electron waves traveling in the periodic potential of the
crystal. In both cases, frequency intervals exist in which wave
propagation is forbidden. This analogy may be extended’ to include
surface levels that can exist in the band gaps of electronic crystals. In
PCs, these correspond to optical surface waves with dispersion curves
located inside the photonic band gap. These PC surface waves (PC
SWs), which are sometimes also called ‘photonic band-gap surface
modes’, ‘modes of (asymmetric) planar Bragg waveguide’, ‘surface
waves in periodic layered medium’, ‘optical Bloch surface waves’ or
‘surface waves in multilayer coating’, were studied in the 1970s, both
theoretically'®!! and experimentally'?. Twenty years later, the excita-
tion of optical SWs in a Kretschmann-like configuration was demon-
strated'®. Recently, PC SWs have found applications in growing
fields, such as optical biosensors'41¢ and surface-enhanced Raman
scattering!”.

Our 1D PC had the following structure: substrate/H(LH)'# L'/air,
where L represents a SiO, layer (thickness d;=321.7nm), H is a
Ta,0Os layer (dy=146.7 nm) and L' is a SiO, layer (d3=211.7 nm).
This structure was also used with an additional GaAs coating
(thickness 15 nm) applied to the 1D PC surface.

Film deposition

The Ta,05/SiO, multilayer was deposited by magnetron sputtering.
An additional GaAs nanofilm was applied by metal organic chemical
vapor deposition. The prism and substrate were made from fused
silica. The RI values of the prism, SiO,, Ta,O5 layers and air at
A=1230nm are nyp=n;=n3=ngo,=1.45, ny=nr,0,=2.02 and
N,y = 1.0003, respectively (see Figure 1). The RI values at other
wavelengths were derived using the dispersion data given by Palik'8.

Laser sources

Two different laser sources were used in the experiments for pico and
femtosecond pulses. Picosecond infrared radiation at the wavelength
of 1230 nm with a pulse duration of 3 ps was generated by an optical
parametric oscillator (MIRA-OPO, APE GmbH, Berlin, Germany)
that was pumped synchronously by a picosecond mode-locked Ti:
Sapphire laser (MIRA 900D, Coherent, Santa Clara, CA, USA) at a

PC SWs _
Ngir =1 GaAs nanofilm

1 \ 1D photonic
Fﬁl crystal

A3=410 nm

Ay=1230 nm

Figure 1 Outline of the experiment.
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repetition rate of 76.4 MHz. To ensure the stability of infrared
radiation power during the experiment, the OPO cavity length was
actively stabilized. Femtosecond pulses at 1230 nm were generated by a
parametric amplifier (Topas, Light Conversion Ltd., Vilnius, Lithua-
nia) pumped by a Tisapphire regenerative amplifier (Spitfire Pro,
Spectra Physics, Newport Corp., Irvine, CA, USA) at a repetition rate
of 1 kHz. Signal (1230 nm) and idler (2330 nm) beams were separated
by a specialized wavelength separator (Light Conversion Ltd.). Then,
the signal beam was guided through an achromatic half-wave plate
and a variable continuous neutral-density filter (both from Thorlabs,
Newton, NJ, USA) to prepare p-polarized 1 pJ, 100 fs, 1230-nm pulses
incident on the prism.

Detectors

The picosecond signals generated near 410 nm were detected using a
back-illuminated EMCCD camera (Andor iXon3 897, Belfast, UK)
that was thermoelectrically cooled to — 100 °C. A standard camera lens
of 50 mm focal length formed the image on a 512 x 512 format matrix
with the pixel size of 16 pm. Femtosecond excitation produced a
directional emission of blue light that was visible by the naked eye. The
spectrum of this emission was registered using a grating CCD
spectrometer with a fiber-optic input (ASP-100MF, Avesta Ltd.,
Moscow, Russia).

RESULTS AND DISCUSSION

The experimental setup is outlined in Figure 1. A laser beam with a
wavelength 4; =1230 nm excites PC SWs on the external surface of a
Ta,0s/SiO, multilayer structure. The confinement of the PC surface
wave (SW) field near the interface arises from the photonic band gap
in the multilayer structure on one side of the external surface and
from total internal reflection (TIR) on the other side of the external
surface. TIR requires that the effective RI for a PC SW exceeds the RI
of the external medium. The effective RI (or, equivalently, the wave
vector) of the incoming light can be increased in several ways, for
example, via grating coupling or end-fire coupling. In this work, we
used a Kretschmann-like scheme to excite PC SWs through a prism in
the range of angles displaying TIR.

The 1D PC structure is designed so that both the fundamental
and third-harmonic wavelengths are within the photonic band
gaps, where the PC SWs are located. Figure 2 shows the calculated
dispersion of the structure together with measurements of the PC
SW excitation. Clearly, both dispersion curves approach the light
line (p =n,;;). In contrast to most optical materials, the RI of air is
almost wavelength-independent, so that an angular range exists
near the TIR threshold where pgw;=psws, indicating phase
matching between the first and third harmonics. In this structure,
such phase matching occurs at p ~ 1.04, as shown in Figure 2 by the
black-and-white pentagrams.

This phase-matching strategy should be distinguished from the
one developed by Helmy et al '®?°. for second-harmonic genera-
tion, where phase matching occurs between the fundamental mode
of a conventional waveguide (with TIR on both interfaces) and the
second-harmonic mode of a PC waveguide. Indeed, in our case,
both interacting modes are PC SW modes located in band gaps
of different orders, and both have effective indices close to the
RI of air.

The third-harmonic intensity was markedly enhanced when the
angle (Figure 3a) and wavelength (Figure 3b) of the picosecond-laser
excitation beam approached this phase-matching point. To illustrate
this situation, the dispersion of the third harmonics and the
frequency-shifted (4,/3) dispersion of the first harmonics are
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Figure 2 Calculated and measured dispersions of the 1D PC structure. The dispersion is presented as the logarithm of the optical-field enhancement factor
(that is, logio (l/lp)) in the external medium near the structure. A general view of the dispersion (b) is shown in the coordinates 1/A(p), whereas a more
detailed view of the first- (c) and third-harmonic (a) band gaps is shown in the coordinates A(p). The photonic band gaps are clearly apparent as the dark
blue regions with an enhancement much less than 1. The optical surface mode is shown as the red curves with an enhancement of ~ 100 inside the band
gaps. The measured points for the PC SW excitation at different wavelengths and angles are shown for the first (c, cyan squares) and third harmonics
(a, magenta diamonds). An angular parameter p=ngsin(fp), at which the excitation of the surface mode occurs, is equal to the effective RI of the mode.

superimposed in Figure 3c. The measurements (4, p) for the PC SW
excitation for both infrared and visible dispersion curves (the same as
in Figure 2a and 2c) are also displayed together (cyan squares and
magenta diamonds for the first and third harmonics, respectively).
On the basis of the results in Figure 3, we conclude that the
observed third-harmonic enhancement in our 1D PC results from
phase matching. To verify that the observed signal is generated by a

doi:10.1038/1sa.2016.168

nonlinear process involving ¥, we also measured the dependence of
THG on the picosecond pump pulse energy, with the results shown in
the log-log plot in Figure 4. The slope of the linear fit equals 3.1 +0.3,
confirming third-order non-linearity.

The above measurements were performed using picosecond-laser
excitation, whereas the third-harmonic radiation was detected with a
CCD camera. Femtosecond laser excitation makes blue-light emission

w
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Figure 3 THG intensity near the phase-matching point. (a) Angular and (b) wavelength dependences of Ps4—average power of the third harmonic. Solid
lines represent a fit of the measured data. (c) Measurements and contour plot of the PC SW’s dispersion, superimposed by frequency-shifting. Left-hand
y-axis is for the third-harmonic dispersion curves, whereas right-hand y-axis is for the first-harmonic data. The angular and wavelength ranges from a and b

plots are shown in ¢ as red and cyan solid lines, respectively.
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Figure 4 Pump power dependence of THG. Filled circles: experimental
points; solid line: linear fit in logarithmic coordinates, with slope 3.1 +0.3.

visible with the naked eye. The produced blue light beam is highly
directional with a natural divergence of 4x 10~ 2 rad. This directional
blue beam appears on the exit side of the coupled prism at an angle
that is slightly different from that of the first harmonic, as shown
schematically in Figure 1. This difference in angles is due to the fact
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that ng(43) >ny(4;), and therefore, 8(13) <0(4,) at the phase-matching
point where p(43) =p(4;). Both spots (the fundamental and third-
harmonic beams) are clearly visible on an IR visualizer, and their
angular separation in air can be measured. The measured angle
(AG=1.37%) is very close to the expected value deduced from the
quartz prism dispersion.

In addition to field enhancement and phase matching, the presented
1D PC structure has another unique property: it supports long-range
propagation of the PC SWs even if the surface is coated with a
nanofilm made of strongly absorbing material. This ultra-long-range
propagation was predicted and experimentally confirmed for a metal-
coated 1D PC when the effective RI of the optical surface mode is very
close to the RI of the external media (for example, air)?!. The effect
was confirmed not only for the nanofilms made from ‘plasmonic
metals’ (for example, gold) but also for the nanofilms made from very
lossy materials (for example, palladium)?2.

The usefulness of this feature for the development of nonlinear
devices is obvious. Indeed, many nonlinear materials with a large )
are also very lossy, limiting nonlinear interactions. For example, some
semiconductors, such as Si and GaAs, have a very large ® (an order
of magnitude greater than LiNbOj), but their RI also has a large
imaginary part, especially for the third-harmonic that is usually
produced in the spectral region of the intrinsic absorption of a
semiconductor. To demonstrate this feature, we deposited a 15-nm-
thick GaAs nanofilm on the external side of our multilayer structure.

doi:10.1038/1sa.2016.168
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Table 1 Third-order optical nonlinear coefficients of materials in our
1D PC

Materials no 2@ (esu) n, (m2w-1
Si0, 1.46 1.8x10-14 3.3x10-20
Tas0s 2.05 6.1x10-13 5.7x10-19
GaAs 3.43 1.0x10-10 3.3x10-17
x10*  4116nm
2.5 1 : --- Bare 1D PC
—— 1D PC + GaAs (15 nm)
2 4
—~ 1.5 410 nm
S
8
o2 {
! 428.6 nm
0.5 - 1
350 400 450 500 550
A (nm)

Figure 5 THG spectrum, with and without the GaAs nanofilm, under
femtosecond excitation. The acquisition time is 100 ms. The blue spot in
the inset is an image of the third-harmonic beam on a white paper.

Table 1 lists the nonlinear coefficients of the materials constituting
our 1D PC?3-25, Clearly, in the absence of the GaAs nanofilm, Ta,Os is
a major contributor to THG, with ¥® that is an order of magnitude
greater than that for SiO,. GaAs has a cubic structure and therefore is
an optically isotropic material. In contrast to birefringent nonlinear
crystals, frequency conversion in isotropic materials is limited by the
difficulty of achieving phase matching, so that more complicated
schemes of quasi-phase-matching are used in GaAs®®.

In addition, the GaAs band gap is 1.42 eV; thus, strong intrinsic
absorption occurs for wavelengths shorter than 870 nm. In our
structure, the deposition of a 15-nm-thick GaAs nanofilm further
increases the THG intensity and shifts the wavelength of the third-
harmonic slightly by +1.6nm (see Figure 5). A small additional
spectral feature near 430 nm is THG at the photonic band-gap edge
that is excited by femtosecond pulses of wide bandwidth
(1230 25 nm). An image of the third-harmonic beam is shown in
the inset of Figure 5. These spectra were recorded using femtosecond
excitation at 1230 nm with an average beam power of 1 mW and a
repetition rate of 1 kHz. The fundamental wave was weakly focused by
a lens with a focal distance of 300 mm.

The THG conversion efficiency in our system is estimated to be
4% 10727 (cm? W), As an example, for the average pump power of
1 mW and the focal spot area of 2.8 X 10~ % cm? (corresponding to
pulse peak intensity of 3.6 x 101° W cm™2), the conversion efficiency is
5x 107, and we obtain 5 nW of third-harmonic radiation produced
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at 411.6 nm. The maximum pulse peak intensity in our experiments is
1.9x 10" W cm ™2 (at the average pump power of 70 mW and spot
size of 3.6 x 10~ cm?), giving the conversion efficiency of 1.5x 104
and 11 pW of third-harmonic radiation. THG efficiency can be further
increased by optimizing the 1D PC structure to accommodate the full
bandwidth of the femtosecond pulses, improving the composition of
the GaAs nanofilms, and creating resonant hybrid (semiconductor-
organic) structures on the surface.

CONCLUSION

We demonstrated THG in a single step via optical surface modes on a
1D PC when both the fundamental and third-harmonic frequencies
resonate with the corresponding surface modes. Three key properties
of the 1D PC structure increase the otherwise poor efficiency of THG:

i Localization and enhancement of the optical field near the
surface via PC SW excitation;

ii Phase-matching between the first- and the third-harmonic SWs,
both of which have an effective RI close to that of the almost
dispersionless air;

ili Long-range propagation of surface waves in a nonlinear nanofilm
deposited onto the 1D PC, even if considerable optical losses are
present at the third-harmonic frequency for this material.
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