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Enhancement of third-harmonic generation in a polymer-dispersed
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We report the observation of significant enhancement of one-step third-harmonic generation in a
one-dimensional photonic crystal pumped by a near-infrared laser beam tuned to the low-frequency
edge of the first photonic band gap. The third-harmonic phase matching can be controlled by
changing the angle of incidence of the fundamental radiation, allowing tunability of the
third-harmonic wavelength. The observed phenomenon was modeled theoretically using the
transfer-matrix method. The enhancement is attributed to the combined action of phase-matching
between the pump and harmonic waves and pump-field localization within the photonic crystal.
© 2005 American Institute of Physics. [DOI: 10.1063/1.1999849]

Photonic crystals represent a class of materials in which
alternating domains of high and low refractive indices pro-
duce an ordered structure with periodicity on the order of a
wavelength of light. This new class of artificial periodic ma-
terials possesses unique optical properties.l_3 Recently there
has been a great deal of interest in nonlinear photonic
crystals,4712 as they can allow enhancement of nonlinearity
through their periodicity. Numerous experimental results on
second-harmonic  generation enhancement have been
reported for various types of photonic crystals.7’9 Third-
harmonic generation in one-dimensional (1D) photonic crys-
tals via a two-step parametric process of second-harmonic
generation and sum-frequency generation has been
demonstrated experimentally.10’11 We recently demonstrated
a dramatic enhancement of one-step phase-matched third-
harmonic generation in a 3D polystyrene-air photonic
crystal.12 The peak of the THG enhancement occurred at the
point where the third-harmonic wavelength approached the
high-frequency edge of the photonic band gap.

In this letter we report on a significant enhancement of
one-step third-harmonic generation in a 1D photonic crystal,
with the fundamental wavelength tuned to the low-frequency
edge of the first photonic band gap. The first experiments on
third-harmonic generation in 1D periodic structures were
conducted in cholesteric liquid crystals, which are helical
birefringent structures, exhibiting only a weak periodic index
modulation.”'* Phase matching in these materials was
achieved through temperature tuning of the pitch of the he-
lical structure. Although the idea of phase-matched third-
harmonic generation in layered structures was developed in
the 1970’s,"” diverse artificial periodically layered high-
quality materials with strong index modulation were not
available at that time. In particular, one- and two-
dimensional periodic photonic structures became accessible
only over past several years.

We observe enhancement of third-harmonic generation
in a 1D liquid-crystal-polymer-composite holographic grat-
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ing. The reflective grating for the present study was prepared
in a way similar to that presented in Ref. 16. In our case a
mixture of a photosensitive monomer (dipentaerythrol
hydroxyl-penta-acryalate from Aldrich Chemical Co.), a lig-
uid crystal (TL213; ny=1.527, n,=1.766, from EM Indus-
tries, Merck), and acetone (nonreactive solvent) was spin-
coated on a glass substrate and illuminated by a 632 nm
He—Ne laser beam in order to write the grating. The resulting
structure, a 1D photonic crystal, was comprised of about 45
alternating low- and high-refractive-index layers, forming a
10 micron film on a glass substrate. The average index con-
trast between the high- and the low-index layers was of 0.15.

The measured transmission spectrum of the crystal is
presented in Fig. 1 (solid lines). The minimum transmission
of the structure is ~15% and the spectral FWHM of the band
gap for normal incidence of light is ~90 nm. The losses on
both sides of the photonic band gap are mainly caused by
reflection from the crystal—air interface, as well as imperfec-
tions of the periodic structure.
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FIG. 1. Intensity of the third-harmonic signal generated from the 1D pho-
tonic crystal measured in transmission geometry as a function of the pump
wavelength for normal and 22-degree-off-normal orientations of the photo-
nic crystal (circles and triangles, respectively). The linear transmission spec-
tra of the photonic crystal are shown to indicate the positions of the band
edges (solid lines).
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The pump beam for third-harmonic generation was pro-
duced by an optical parametric generator (OPG), pumped by
a Clark-MXR CPA-2010 mode-locked Ti:sapphire
oscillator-amplifier system, operating at a repetition rate of 1
kHz and generating 160 fs pulses at a wavelength of 775 nm.
The third-harmonic signal was recorded as the wavelength of
the OPG was tuned between 1.2 and 1.6 um. The fundamen-
tal IR laser beam, generated by the OPG, was focused onto
the photonic crystal. The third-harmonic light, generated
within the crystal, was collected by a 10X objective with the
numerical aperture of 0.25. The intensity at the focus was
kept below 500 GW/cm? to avoid continuum generation
from the sample.

When the incident pump beam was normal to the sample
surface, the peak of THG occurred at a pump wavelength of
1.392 wm. As the crystal was tilted with respect to the pump
beam, the maximum of the third-harmonic signal appeared at
a shorter wavelength, depending on the angle of tilt. The
reason for this behavior was that the location of the photonic
band-gap position was shifted towards shorter wavelengths
when the incident beam was off-normal. When the crystal
was tilted 22° with respect to the normal orientation, the
midgap position shifted from 1349 to 1302 nm. The peak of
the third-harmonic signal followed the long-wavelength edge
of the transmission gap and shifted from 1392 to 1340 nm.
As confirmed below by our theoretical model, a major con-
tribution to the enhancement is derived from phase matching.
Figure 1 shows the wavelength dependence of the third-
harmonic signal generated in the crystal for the normal and
the 22°-off-normal illumination geometries (circles and tri-
angles, respectively). The linear transmittance lines in Fig. 1
show that the maximum of the third-harmonic signal oc-
curred when the fundamental wavelength was tuned close to
the long-wavelength edge of the band gap. The third-
harmonic radiation was ~7-8 times more intense than that
from a bulk material sample.

In order to theoretically analyze the experimental results,

we developed a model based on the transfer-matrix

technique”’18 which is frequently used for thin film charac-

terization. The method is based on an exact solution of the
Maxwell equations with boundary conditions applied at each
interface of the sample. The advantages of this method are its
simplicity and completeness with which it allows one to de-
scribe the propagation of light in a 1D periodic structure.
Because of the space limitations, we do not present any
mathematical details of the method in this letter.

Third-harmonic generation in each layer of the structure
was included into the model by considering the layers as
slabs of homogeneous material with a third-order nonlinear-
ity, and applying the boundary conditions for the fundamen-
tal and the third-harmonic fields between the layers. In order
to describe the third-harmonic generation in a layer of thick-
ness L, we started from the driven wave equation:

I o
j— +——=_——.
2 o 2 ot

Here E is the fundamental field, PN is the nonlinear polar-
ization, giving rise to the third-harmonic field, c is the speed
of light, and ¢ is the dielectric constant of the layer. Assum-
ing that both the fundamental and the third-harmonic fields
can be represented as plane waves, we can write
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FIG. 2. Linear transmission at normal incidence as a function of wave-
length, measured (solid line) and calculated (dashed line).

Efz.1) = Aj(2)explilkiz — w;1)] ()

and

ISI;IL(z,t) = X(3)A? expli(3k,;z — wst)], (3)

where the index i=1 and 3 describes the fundamental and the
third harmonic, respectively. A,(z) are the slowly varying
functions of the coordinate z in the direction of the propaga-
tion. Substituting (2) and (3) into Eq. (1) and using the slow-
amplitude approximation, we arrive at the equation
s 2T AT expli(3k - k)] )
0z ks
for the third-harmonic electric-field amplitude A;(z). Ne-
glecting z dependence of the electric-field amplitude of the
fundamental wave within a single layer and using the
undepleted-pump approximation, we can write the solution
to Eq. (4) in the form

277(1)3 eXp[l(3k| - k';)L] -1
X(B)A?

As(L) =
3( ) cns 3kl—k3

+A3(0).  (5)
The term A3(0) in the right part of the solution represents the
third-harmonic radiation entering the layer. Equation (5) de-
scribes the third-harmonic radiation propagating in the posi-
tive z direction. A similar expression can be written for the
third-harmonic generation propagating in the negative z di-
rection. The above solution was included into the transfer
matrices to obtain the third-harmonic intensity distribution
within the 1D structure, as well as the intensity of the third-
harmonic radiation, exiting the crystal in both positive and
negative z directions.

To accurately model the optical properties of the sample,
we used the experimentally measured parameters for the lat-
tice constant a, the total number of layers, and the thickness
of the sample. The refractive index dispersion was also mea-
sured, together with the index contrast between the higher-
and the lower-index layers. By slightly varying the relative
thicknesses of the higher- and the lower-index layers within
the period, we obtained the transmission spectrum for the
“virtual” sample, closely resembling the experimental data,
as shown in Fig. 2. A linear absorption coefficient was ex-
tracted from the experimental data by fitting the measured
transmission spectrum with a Lorentzian function. To ac-
count for this absorption, the calculated transmission was
multiplied by the same Lorentzian function.

The third-harmonic generation was modeled with the pa-
rameters that gave us the best fit for the transmission spec-
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FIG. 3. Phase-matching condition described by means of the effective wave
vectors plotted as functions of the normalized fundamental frequency (3%, is
plotted with dashed lines, k5 is plotted with dotted lines). Phase matching
corresponds to the points of intersection of the curves. The theoretically
calculated third-harmonic intensity is plotted with solid lines to display the
position of its peak with respect to the phase-matching point.

trum. Phase matching between the fundamental and the TH
waves in the structure was analyzed through calculation of
their effective wave vectors. Figure 3 shows the real parts of
the effective wave vectors 3k; (dashed line) and k5 (dotted
line), corresponding to the fundamental and the third-
harmonic waves, respectively, plotted as functions of the nor-
malized fundamental frequency. The intersections of the 3k,
and k5 curves are the points of phase matching between the
fundamental and the third-harmonic waves. It can be seen
from the graph that phase-matched third-harmonic genera-
tion should peak at the low-frequency edge of the first pho-
tonic band gap. We plot the intensity of the third-harmonic
radiation generated by the sample on the same graph (solid
line) to show that the third-harmonic intensity reaches its
maximum when the THG phase-matching condition is satis-
fied. The position of the third-harmonic peak is slightly
shifted towards lower frequencies with respect to the edge of
the first photonic band gap. This may be due to a closely
situated higher-order band gap in the region of the third har-
monic, which does not let the TH peak occur for the values
of the fundamental frequencies lying right at the edge of the
first band gap.

Phase matching is not the only mechanism contributing
to the experimentally observed third-harmonic peak. Another
contribution to the third-harmonic enhancement is
fundamental-field localization within the sample. Our calcu-
lations of the pump intensity distribution within the sample
show that the highest local field inside the sample is 1.5
times stronger than the incident field; thus we estimate the
maximum possible enhancement factor in THG due to this
effect to be 3.4. Localization of the fundamental field can be
understood in terms of the effective wave vector plot in
Fig. 3. One can see that close to the band gap the slope of the
k;-curve is large. In this region the group velocity of light
decreases, leading to a high density of states and field local-
ization. This local-field enhancement occurs at both the high-
and low-energy edges of the band gap, whereas a third-
harmonic peak is experimentally observed only at the posi-
tion predicted by the phase matching consideration. In the
numerical simulations shown in Fig. 3 the peak at the oppo-
site side of the band gap does appear. However the THG

Appl. Phys. Lett. 87, 051102 (2005)

intensity at this peak is more than an order of magnitude
weaker than that at the main peak where the phase matching
is present. This comparison shows the relative contributions
of the two effects responsible for the enhancement.

Third-harmonic generation conversion efficiency, de-
fined as the ratio of the third-harmonic intensity to the fun-
damental intensity, was measured and calculated in both the
transmission and reflection. The measured and calculated
values of conversion efficiency were on the order of 1078,
According to the measurements, third-harmonic was gener-
ated twice more efficient in transmission than in reflection.
The calculations gave us a similar result.

In conclusion, we have demonstrated that a significant
enhancement of third-harmonic generation can be achieved
in a 1D photonic crystal when the fundamental wavelength
approaches the low-energy edge of the first photonic band
gap. The wavelength of the enhancement peak can be tuned
by changing the crystal orientation and, hence, the band edge
position. Our theoretical model predicts that the third-
harmonic enhancement is due to both phase matching and
pump-field localization within the structure. Thus, simple 1D
photonic crystal structures can be designed to have a high
efficiency of frequency conversion, and have a potential for
becoming the basis for the next generation of nonlinear op-
tical devices, where strong nonlinear material properties,
phase matching, and field localization can be utilized simul-
taneously.
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