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ABSTRACT

We have demonstrated large enhancements of the effective second-order nonlinear susceptibility ( %) of ionic self-assembled multilayer
(ISAM) films, causing a film with just 3 bilayers to be optically equivalent to a 700 —1000 bilayer film. This was accomplished by using nanosphere
lithography to deposit silver nanoparticles on the ISAM film, tuning the geometry of the particles to make their plasmonic resonances overlap

the frequency of optical excitation. An enhancement in the efficiency of second harmonic generation (SHG) by as much as 1600 times was
observed. Even though this is already a large value, we suggest that further refinements of the techniques are expected to lead to additional
enhancements of similar or larger magnitude.

Second-order nonlinear optical (NLO) materials are at the Nanoparticles made from noble metals such as silver or
heart of telecommunications devices such as electro-opticgold have recently attracted considerable attention due to
modulators and optical switches, and in lasers such as high-their unusual optical properties which enable light to be
power green and blue solid-state lasers and optical parametriccontrolled in unique new ways1° The interaction of light
amplifiers. with the free electrons in such particles gives rise to collective
Conventional NLO materials generally consist of inorganic oscillations of the conduction electrons at optical frequencies,
crystals such as KTP, LiTapand LiINbQ. While they are  known as localized surface plasmons resonances (LSPRs).
quite efficient, high-quality crystals of sufficient size are When excited in this fashion, the particles act as nanoscale

expensive and difficult to manufacture. Organic NLO materi-
als provide an alternative with the potential to provide high
nonlinear susceptibilities in an economical fabrication pro-
cess> NLO materials based on ionic self-assembled multi-

antennas, concentrating the electromagnetic (E-M) field into
very small volumes adjacent to the particles. Exceptionally
large enhancements in E-M intensity can be obtained this
way, as much as a factor of 4 individual particles and

layer (ISAM) films are particularly promising because of 105 in dimers!* Enhancements as large as’ Itave been
the ease of tailoring noncentrosymmetric structures and thereported in nanoparticle clusters, enabling, for example,
long-term stability>~> These films are made by alternately Raman spectroscopy of single molecuiRs

immersing a substrgte in two s_olutions, containing g_poly— Other than Raman spectroscdfy this phenomenon has
cathn and a polyanlon, respectlvely..lf the ;ubstrate |n|t|a!ly found applications in optical third-harmonic generatior?
carries negatlve surface charges, dipping in the polycation ;¢ \vall as in second-harmonic generafié®® which is the
solution will result in a nanogcal'e polyme.r. layer self- subject of this paper. Nahata e?AHemonstrated ar 10
assembled on the substrgte_, yle_ldlng a posmv_ely CharQ_J‘adfold increase in the efficiency of optical second-harmonic
substraf[e. Subsequent dipping in the_z polyanion solution generation from concentric silver ring structures centered
resul_ts in a second layer of the polyanion formed on top of around a 200-nm aperture (bull's-eye structure) compared
the f|rs'F layer. 'I_'hg process can be re_peated as many imes, , sijver film with an unadorned aperture. Podlipensky et
as desired, bw_ld_mg up f|Im_:s to arbitrary thickness with al.24 observed second harmonic generation (SHG) enhance-
nanoscale precision. ISAM films may hav_e substa_r)gi%il ment from ellipsoidal silver nanoparticles in a glass matrix
values, comparable to that of lithium niobat&/arious grown by means of Aty-Na* ion exchange. More recently

methods have been s.ug_gested. 0 'mprove the effegfive Moran et aP® have demonstrated second harmonic excitation
of these films by modifying their compositidrl.Here, we : : )
spectroscopy of silver nanoparticle arrays, which were

B e e arcate by nanosphere rography. I tat wor, 2 sk
out-of-plane LSPR mode was made to overlap with the

films and noble metal nanoparticles. . o )
P second harmonic of the incident laser, so that the resulting
* To whom correspondence should be addressed. E-mail: hansr@vt.edu.SHG emission signal became proportional to the plasmon
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Figure 1. (a) Schematic sideview of an ISAM metal nanoparticle hybrid film. A beam of light (red) traverses a layer of nanoparticles

in the shape of triangular prismns (yellow). The localized intensity enhancement due to the LSPRs (red spots) leads to a commensurate
increase in SHG light (green) from the ISAM film (red/white/blue). Inset: topview of the f{bp SEM image of typical array of silver
nanopatrticles (bright phase) fabricated with nanosphere lithography, using spheres 720 nm in diameter as templates (removed). Note that
the pattern is the same as that seen in the inset in (a).

enhancement. All of these studies used the nanoparticles insides of the slide. In the rest of this paper ISAM film
a dual role-as concentrators of the electromagnetic field and thickness always refers to the thickness of the film on one

as the NLO media. Since th¢? values of noble metals are
very small, this gives rise to only modest nonlinear effects.
In order to maximize the NLO efficiency, a better approach
would be to combine the nanoparticles with a different
material with an already strong NLO coefficient, as was
envisioned by Pendry et & Previous studies have used this
approach to achieve high third-order NLO susceptibilities,
where simple mixing of the two components is sufficient to
obtain the enhancemel#t?1t is more difficult to implement

side of the slide, even though both sides may be probed
simultaneously.

Arrays of silver nanoparticles were fabricated on one side
of the substrates, which were either bare or first coated with
NLO ISAM films. Nanosphere lithography (NSt9was used
in this step, because it allows rapid and simple deposition
of relatively uniform nanopatrticles. In this technique, a
dispersion of polystyrene nanospheres is drop-cast onto the
substrates (in our case consisting of 3.8% 720 nm diameter

this idea for second-order NLO effects, since the material is spheres in DI water) and then allowed to dry. This causes

required to lack global inversion symmetry, which therefore
means that a random mixture will hay® = 0.
In this paper, we demonstrate a dramatic increasgg?n

the spheres to self-assemble into a close-packed monolayer.
Silver is subsequently deposited onto the substrate using
electron beam evaporation, after which the spheres are

using plasmonic enhancement of organic NLO materials, removed from the substrate by ultrasonication in dichlo-
where we have taken special care to ensure inversionromethane for about 10 s. Our tests indicate that the nonlinear
asymmetry. Only one previous example of this is detailed properties of any underlying ISAM film are only marginally
in literature?® in which cellular membranes were used to affected by this removal process. Since the deposited metal
provide a weakly anisotropic environment for embedded reaches the substrate only through the gaps in the close-
metal nanoparticles coated with NLO dyes, leading to a packed film, this results in a honeycomb array of silver
moderate (20-fold) increase in SHG conversion efficiency. nanoparticles as shown in the micrograph in Figure 1b. In
By contrast, our approach uses the inherently strong asym-our work, the lateral dimensions of the nanoparticles were
metry of ISAM films to extract maximum advantage of the kept constant by the consistent use of 720 nm diameter
field concentrating properties of the LSPRs, as schematically nanospheres in all samples, while the optical properties of
shown in Figure la. the particles were tuned by varying the thickness of the
Standard glass microscope slides were used as substratedeposited metal from 30 to 100 nm.
in the experiments. These slides were cleaned using the RCA The LSPRs of the nanoparticle arrays were characterized
cleaning process and then stored in deionized water untilby measuring the extinction spectrum of light transmitted
used. For the ISAM fabrication, PAH (poly(alylamine through the substrate. A tungsten lamp, producing white light
hydrochloride)) (10 mM; pH= 7) was used as the polycation incident on the sample with an intensity of 2.1 mWfonas
and PCBS (poly(carboxyhydroxyphenylazobenzenesulfon- used as excitation source. Typical extinction spectra of
amidoethanediyl) sodium salt) (10 mM; pH 7) as the 50 nm thick silver nanoparticles deposited on a bare glass
polyanion. ISAM films were built up on the slides by substrate are shown in Figure 2. Three resonance peaks
alternately dipping them in these two solutions, taking care (labeled 1, 2, and 3) are seen in the wavelength range 350
to rinse them thoroughly in deionized (DI) water between 1080 nm, as in Figure 2a. The intensities and positions of
immersions. This naturally results in ISAM films on both the peaks vary a little for different spots on the same sample,
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Figure 2. (a) Extinction spectra of 50 nm thick silver nanoparticle arrays fabricated using NSL on glass slides. Fra@as saken at

different spots on the same substrate with a white light intensity of 2.1 m@/@frthe peaks indicated, peak 1 corresponds to the LSPR

used for electromagnetic field enhancement. (b) Center wavelength of the plasmon resonance wavelength as a function of silver nanopatrticle
thickness. The tunability of peak 1 is exploited to tailor the operating wavelengths of the film. The data shown in (a) correspond to the
dot-dashed line in (b).

1100 pompempempee
which we ascribe to variations in the geometry of the i
nanoparticles across the substrate. Theoretical sfidfes 1000 f& M a ... A5 )
indicate that the three resonance bands can be attributed to 900 i
the hybridization of dipole and quadruple modes, either in : ]
or out of the plane of the substrate. We tentatively ascribe 800 | i %SE% =
the three peaks 1, 2, and 3 to out-of-plane dipole-like 200 F e
resonances, in-plane quadrupole-like resonances, and out-

of-plane quadrupole-like resonances, respectively. Figure 2b
shows the effect of the nanoparticle thickness on the
resonance center wavelengths. It can be seen that peak 1,

Resonance Wavelength (nm)

the dominant resonance, blue shifts strongly as the thickness 400
increases, while the other two peaks depend only weakly on ;
- . L . . 300
the particle thickness. This is in agreement with theoretical 0 10 20 30 40 50
calculations for these triangle-shaped silver nanopartfles, Number of Bilayers

as well as with previous experimental observati®nshis

effect provides a means to tune the LSPR wavelength to theFigure 3. Center wavelengths of plasmon resonances in silver
desired operating band. In this paper, we exploit it to make nanoparticles arrays fabricated using NSL on ISAM films of varying
the dominant resonance (peak 1) overlap with the 1064 nmthickness. The data were obtained from transmission extinction
laser wavelength used in the SHG experiments describedSpeCtra c_olllecltqc_adkunder 2.1 mW/%:m_hlte”Ilght illumination. The
below. nanopartlc e thickness was 72 nm in all cases.

Figure 3 illustrates the effect of depositing nanoparticles that a different model is needed to explain our data. However,
on ISAM films of varying thickness, rather than on a bare this falls outside the scope of the present paper, and the LSPR
glass substrate. The presence of the ISAM film, which has peaks are sufficiently wide that this modulation can be
a higher index of refraction{1.6—1.7) than the glass+(1.5), ignored when choosing the nanoparticle thickness.
causes a modulation of the LSPR wavelengths with ISAM  SHG was measured in a forward-transmission geometry
thickness. This is reminiscent of result recently reported by using 11 ns long pulses from a Spectra-Physics Q-switched
Murray et al** and earlier by Holland and Halt.In these 10 Hz Nd:YAG, with a fundamental wavelength of 1064 nm
works, the LSPR resonance frequency of metallic nanopar-as excitation source. The laser was incident on the sample
ticles exhibited a similar modulation as a function of the with a spot~1 mm in diameter. The transmitted light was
distance to a nearby dielectric or metallic interface. The filtered to remove the laser wavelength, and the remaining
phenomenon was explained with a model by Chance, Prock,SHG light was detected by a photomultiplier tube. The
and Silbey?® where the interference between the nanopar- incident angle was varied by rotating of the samples with a
ticles and their reflection off the interface leads to a periodic computer-controlled rotation stage, and the incident intensity
modulation in the resonance frequency as a function of the and polarization were controlled using a pair of Glan-Taylor
thickness of the dielectric spacer. In our case, the modulationpolarizers. The samples were fabricated as described above,
takes place on a length scale0 nm) that appears to be using 72 nm thick nanoparticles. This thickness ensures a
too short for this model to be applicable. It is therefore likely sufficient overlap between laser emission and LSPR.
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@ 4000 — the excitation energy, as expected. All data were taken at an
L angle of incidence close to 45except for conventional
ISAM films. In those cases, the angle was adjusted for
optimum phase matching, which occurs aroung 4éd the
resulting signal was divided by 4 to remove the effect of
the film on the reverse side of the substrate. The SHG
conversion efficiency is similar for a conventional ISAM
400 film alone (Figure 4a) and nanoparticles on a bare substrate
alone (Figure 4b). However, when the two are combined
200 (Figure 4c), a significantly lower excitation power is required
| to obtain the same SHG intensity. More precisely, the hybrid
0 n? ISAM + nanopatrticles film exhibits, in this case, over 200
500 1000 1500 2000 times larger SHG conversion efficiency than either compo-
Pulse Energy (uJ) nent alone. In fact, as the incident energy is increased in the
1000 hybrid ISAM + nanoparticles films, the sample burns, further
illustrating the field-concentrating properties of the silver
nanopatrticles.

The insets in Figure 4 show Maker fringé¥ (dependence
of the SHG signal on incident angle) for the conventional
films (in Figure 4a) and the hybrid films (Figure 4c). The
400 former exhibits regular fringes with 100% visibility due to
angle-dependent phase matching between the two identical
films on either side of the substrate. The fringes are
. superimposed on a single peaked envelope that has the same
* functional form from one sample to the next. In the hybrid
o—‘ 200 400 600 800 1000 1200 case, there are no regular fringes, because the nanoparticles
Pulse Energy (uJ) are deposited only on one side of the substrate. Furthermore,
the Maker fringes in theses samples are irregular, with shapes
A that vary between samples and between different spots on
e, the same sample. As a result, SHG conversion efficiency
3 i i for the hybrid films has an uncertainty of about a factor of
2. We believe that the likely origin of this irregularity lies
in variations in the local orientation and quality of the
“Mcident Angle " nanoparticle arrays, so that the coupling of the laser to the
400 LSPRs varies somewhat across the sample and as the incident
angle is varied. A more systematic investigation of this

200 A ISAM+Nancparticles phenomenon will be the subject of future work.
A O ISAM X
N ®  AghNanopartiles LSPR modes are likely to penetrate only a few nanometers

1 1 i i i -

00—--!0—-:5--;0—-—‘--&#—-—'----80 TR into _the ISAM film. _Slnce each ISAM bilayer is ap
Puise Eneray (1)) proximately 1.2 nm thick,we can expect that the greatest

¥ enhancements in NLO properties will occur for ISAM films

EEE&‘; el SS'I"SCmgff‘la' O(tt’)t)ai”ed frortr_‘ Ea) ‘;-jonver_‘t“%”g! 4Ot|b”ayer that are only a few bilayers thick. To test this hypothesis,
ilm, (b) nanoparticles deposited directly on a : - :

glass substrate, and (c) hybrid ISAM nanoparticles films (red W.e prepared conventlo_nall ISAM films with gp to 300

triangles) compared to the data from (a) and (b). The nanoparticle bilayers as well as hybrid films with up to 40 bilayers and

thickness was set to 72 nm to ensure a sufficient overlap betweenmeasured SHG conversion efficiency as described above.

the laser excitation and the dominant LSPR. All data was taken The results are shown in Figure 5. Focusing first on the

close to a 45angle of incidence, adjusted in (a) to optimize phase ~qnventional films (blue squares), one wouldvedy expect

matching between front and back films. The insets in (a) and (c) . - . .
are Maker fringes from the conventional and hybrid films under the SHG conversion efficiency to grow quadratically with

500 and GQLJ/anse excitation' respective|yl In (a), Varying phase f'lm thICkneSS,WhICh |S not the Ca.se, excepthI‘ the th'CkeSt
matching between the front and back surface films generate afilms. The additional SHG signal seen for thin films can be

regular fringe pattern, while in (c), SHG from only the front side attributed to interface effects. The polarizability of the top
(containing_ the silver nanostructures) dominates, and the effect of 5,4 yottom bilayers is substantially higher than for those in
the back side can be neglected. . . .
the bulk of the film3 and a better model for the SHG intensity
Figure 4 illustrates the enhancement in SHG conversionis given byl,, = A[(N — 2) + 2BJ?,2% whereN is the
efficiency brought about by combining NSL nanoparticles number of bilayers ané andB are constants. The dashed
and a 40 bilayer NLO ISAM film. The-axes in the three  line indicates a fit of this model to the data, with— 7.06
graphs are the same, so as to make the data easier to compare. 108, B = 8.59. For the hybrid films, the SHG signal
In all three cases, the SHG intensity varies as the square ofincreases rapidly for the first three bilayers and then levels
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Figure 5. Comparison of SHG conversion efficiencies in conven-
tional (blue squares) and hybrid (red triangles) ISAM films of
varying thickness. The SHG intensity from the conventional film
can be fitted to the model discussed in the text (dashed line), while
the hybrid film SHG saturates at the level indicated by the gray
band when the film becomes thicker than the decay length of the
LSPR mode.

off to within the uncertainty due to the variations in
nanoparticle quality and orientation discussed earlier (indi-
cated by the gray band). This is precisely what we would
expect, given that only the portion of the ISAM film that
lies within the decay length of the most intense portion of
the plasmon experiences significant field enhancement. We
can then estimate this decay length to be of the order of the
thickness of three ISAM bilayers, 6¥3—4 nm. Because of

this, the greatest enhancements in NLO coefficients are seen

for the three bilayer film. At this thickness, the hybrid film
generates 1600 times more SHG light than the conventional
film, corresponding to an increase jff) of 40 times. Even
more impressively, because the hybrid film takes maximum
advantage of the interface enhancement, a conventional film
would have to be 7001000 bilayers thick in order to be as
efficient as the three bilayer hybrid film.

It is clear that the combination of plasmonically active
nanoparticles with second-order NLO materials can be very
fruitful. In this paper, we have investigated a very simple
example of such a hybrid material where no efforts were
made to optimize the structure of the particles or the film.
We therefore anticipate that with more careful design of the
films, further large improvements of the NLO properties are
possible. This would, for instance, entail using metallic
nanostructures with stronger E-M field enhancing properties
and placing these more densely throughout the film. The
resulting materials could hay” values well beyond those
available today, which in turn would enable optical switches
and modulators of smaller dimensions than what is currently
available, while at the same time substantially reducing the
cost of fabrication of electro-optic devices.
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