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We have compared the plasmonic enhancement of second-order nonlinear optical (NLO) properties in two types
of ionic self-assembled multilayer (ISAM) films combined with Ag nanoparticles fabricated using nanosphere
lithography (NSL). The light-concentrating properties of the Ag particles lead to a marked increase in the NLO
efficiencies of thin ISAM films. The induced enhancement is found to be much larger in conventional ISAM
films than in films made with the hybrid covalent ISAM technique (HCISAM), even though the latter have a
significantly larger intrinsic bulk second-order nonlinear susceptibility 共共2兲兲. The plasmonic enhancement of
NLO effects is shown to be primarily an interface effect due to the short decay length of the plasmon modes.
The importance of interface effects in the films has been investigated by surrounding thin ISAM and HCISAM
films with NLO-inactive buffer layers, which confirmed the important role played by the interfaces, particularly for the HCISAM films. © 2009 Optical Society of America
OCIS codes: 160.4236, 160.4330, 190.4350, 190.4710, 240.6680, 310.6628.

1. INTRODUCTION
Second-order nonlinear optical (NLO) materials have
wide applications as electro-optic modulators, optical
switches, and other key components in current telecommunication networks. The materials currently in use for
these applications are inorganic ferroelectrics such as
lithium niobate and beta barium borate, which are difficult and expensive to fabricate in the required quality and
size. Lower cost organic alternatives contending to replace these materials include ionic self-assembled
multilayer (ISAM) films, which can exhibit high 共2兲 values when properly designed and fabricated [1–4].
ISAM films are fabricated through layer-by-layer (LbL)
deposition [5] in which a charged substrate is alternately
immersed in solutions of oppositely charged polyelectrolytes. Specifically, when a negatively charged substrate is
immersed in a polycation solution, a thin layer of the
polymer is absorbed on the surface due to electrostatic attraction, creating a positively charged surface. This
charge reversal makes it possible to deposit a polyanion
layer through the same procedure. This process can be repeated as many times as desired to form films with arbitrary thickness and to have control over film properties at
the molecular level. For example [2], using a polyanion
with an NLO active chromophore side group results in an
ISAM film with significant bulk 共2兲, as illustrated in Fig.
1(a). This occurs because the kinetics of the LbL process
causes the majority of the chromophores to orient towards
the surface so that the film acquires the polar order necessary for a nonzero 共2兲. The order is however far from
perfect, with a significant number of chromophores ori0740-3224/10/010092-7/$15.00

ented in the opposite direction, which reduces the NLO efficiency of the film. To overcome this, our group has previous developed a method for depositing what we will
refer to as hybrid covalent ISAM (or HCISAM) films,
which results in greater polar order and therefore significantly larger 共2兲 values. Here, the polyanion is replaced
by an NLO active monomer, which is covalently rather
than electrostatically bound to the underlying polycation
layer, as shown in Fig. 1(b). The following polycation layer
then binds electrostatically to the ionic groups of the
monomer exposed at the surface [4]. Using the HCISAM
共2兲
of 50⫻ 10−9 electrostatic unit (esu) and an
approach, a zzz
electro-optic coefficient r33 of 14 pm/ V have been
achieved. These values have remained unchanged at
room temperature for more than two years and for 24 h at
150 ° C [3].
Our group has also recently demonstrated a novel way
of increasing the second-order NLO response of ISAM
films by several orders of magnitude [6]. This was accomplished by plasmonic enhancement achieved by depositing triangular Ag nanoparticles (NPs) on ISAM films using nanosphere lithography (NSL) [7,8]. We denote these
films as NP-ISAM films. We showed that the secondharmonic generation (SHG) conversion efficiency of a thin
NLO active ISAM film could be enhanced by as much as
1600 times due to the localized surface plasmon resonances associated with the Ag nanoparticles. These arise
when an electromagnetic (EM) field at optical frequencies
interacts with the conduction electrons in the metal NPs.
Under resonant conditions, this gives rise to collective oscillations in the conduction electrons at the frequency of
© 2010 Optical Society of America
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Fig. 1. (Color online) Illustration of the structures of (a) ISAM
films, where cationic and anionic polyelectrolytes are arranged in
a layered structure, and (b) HCISAM films, where the cationic
layer consists of monomers (in this case Procion Brown) that are
covalently bound to the underlying polycation (PAH).

the incident light. The nanoparticles then act to concentrate the incoming light into “hot spots,” regions a few nanometers thick located at sharp corners or narrow gaps
on the surface of the nanoparticles. At the hot spots of a
NP, the local EM field intensity can reach up to 104 times
the intensity of the incident light [9]; even higher values
are seen in composite nanostructures [10,11]. Since the efficiency of second-order NLO effects such as SHG increases with the EM field intensity, the combination of
NLO materials with Ag nanoparticles can enhance the
second-order NLO responses by several orders of magnitude beyond what is seen in the unmodified films. In the
case of nonlinear phenomena, the increase in the response in these hot spots results in a corresponding net
increase in the total signal despite the decrease in the EM
field intensity in other regions of the material. Other
workers have used this same principle in different configurations, achieving similarly impressive results
[12–15].
In this paper, we study the combination of plasmonic
nanoparticles with HCISAM films as the next logical step
towards high-共2兲 ISAM films. Despite the 25 times larger
共2兲 values of the HCISAM films, the SHG conversion efficiency is larger for plasmonically enhanced ISAM films
than for plasmonically enhanced HCISAM films. This
demonstrates that the plasmonic enhancement is primarily an interface effect. The interface SHG of ISAM and
HCISAM films are thus investigated in detail.

2. EXPERIMENTAL
Poly(allylamine hydrochloride) (PAH) (Mw ⬃ 70 kDa, Aldrich) was used as polycation in all of the samples.
Poly(1-[p-(3⬘-carboxy-4⬘-hydroxyphenylazo)benzenesulonamido]-1,2-ethandiyl, sodium salt) (PCBS) purchased
from Aldrich was used as polyanionic chromophore. Purified Procion Brown (PB) was used as the reactive monomeric chromophore in the HCISAM films. Poly(acrylic
acid) (PAA) was used as polyanion in the NLO inactive
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buffer layers. The films were deposited on glass microscope slides that were cleaned using the RCA cleaning
procedure [16] and stored in de-ionized (DI) water until
used. Silver pellets (99.99% pure) were purchased from
Kurt J. Lesker. Carboxyl functionalized polystyrene latex
nanospheres (Invitrogen) with a diameter of 780 nm were
used in the NSL procedure by which the Ag NPs were fabricated [6].
ISAM films were deposited on glass slide substrates
with a StraoSequence Mark VI robotic deposition system
(nanoStrata Inc.). Table 1 displays the deposition parameters for ISAM (PAH/PCBS) and HCISAM (PAH/PB)
films. The Ag nanoparticles were deposited on top of the
ISAM films using NSL with the thickness (or height) of
the nanoparticles at 50 nm. Convective self-assembly [17]
was used to ensure that the NSL generated large area
coverage of uniform nanospheres. A Varian Cary 5000
spectrometer was used to measure the absorption spectra
of the samples at normal incidence.
The SHG measurements were taken using a SpectraPhysics Q-switched 10 Hz Nd:YAG laser with a fundamental wavelength of 1064 nm and pulse width of 11 ns.
All of the SHG data were taken with a p-polarized incident beam and collected by a Hamamatsu R1924 photomultiplier tube (PMT) in transmission geometry. SHG
measurements were made at incident angles between 40°
and 50°. The SHG exhibits a relatively weak angular dependence [6] for the NP-ISAM films, while regular fringes
are observed from the ISAM and HCISAM films.

3. NANOPARTICLE ENHANCED ISAM FILMS
To compare the effects of adding Ag NPs to ISAM and
HCISAM films, four sets of samples were fabricated. Each
set consisted of 10 to 12 films where the thickness was
varied between 1 and 40 bilayers. Two of the sets were
fabricated by conventional LbL growth using PAH and
PCBS as the constituents. The other two sets consisted of
PAH/PB HCISAM films. In each material system, one set
of films was decorated with Ag nanoparticles formed by
nanosphere lithography, while the other was left unmodified.
Figure 2 shows a representative extinction spectrum of
a NP-ISAM sample, consisting of a 2-bilayer PAH/PCBS
ISAM film and 50-nm-thick Ag nanoparticles. Three plasmon modes are excited in the nanoparticles as evidenced
by the three major peaks in the spectrum. The dipole-like
mode is the dominant resonance with a peak around
1020 nm, which can be tuned by changing the thickness
of the Ag nanoparticles [7,8]. In our case, 50 nm is chosen
Table 1. Deposition Conditions for PAHÕPCBS and
PAHÕPB ISAM Films
PAH/PCBS Film

Concentration (monomer)
pH
Deposition time (minutes)
Salts (NaCl)

PAH

PCBS

10 mM
7
2
0

10 mM
7
2
0

PAH/PB Film
PAH

PB

10 mM 5 mg/ ml
7
10.5
2
5
0
0.5 M
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Fig. 2. Absorption spectrum of a 2-bilayer PAH/PCBS ISAM
film decorated with triangular Ag nanoparticles fabricated
through nanosphere lithography (shown in inset). The noise
around 800 nm is due the change of gratings and detectors inside
the spectrometer.

to let the dipole resonance overlap with the 1064 nm laser
wavelength used in our SHG measurements. By overlapping the plasmon resonance peak with the excitation
wavelength, we ensure the maximum enhancement in
SHG efficiency as discussed above. The spectral position
of the dipole resonance peak varies a little from sample to
sample, but always lies in the approximately
980 nm– 1080 nm wavelength range, which provides a
good overlap with the excitation wavelength.
SHG data from all four sets of samples are plotted in
Fig. 3. The SHG intensity from Ag nanoparticles deposited directly on glass is also shown as a reference. There
are several points worthy of note in these data. First, for
the NP-PCBS films, an SHG efficiency enhancement of
⬃1400 times for 3-bilayer samples is obtained, consistent
with our previous study [6]. Second, one would generally
expect the SHG signal from an ISAM film to increase as
the square of the film thickness, but this is not seen in our
data. For the unmodified films, a quadratic SHG intensity
dependence eventually prevails, but only for films thicker
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than 10 bilayers. Thin PAH/PCBS films show an SHG signal that grows with thickness, but much slower than for
thicker films, while the SHG signal from thin PAH/PB
films actually decreases with thickness for the first ⬃10
bilayers. These effects are due to the presence of significant SHG from the films’ interfaces, as will be discussed
below. The amount of interface SHG is irrespective of film
thickness, so we can neglect it for thick ISAM films, even
while it dominates for thin ones. The difference in behavior between the two materials systems can be explained
by differences in the relative phase between the interface
and bulk SHG. As shown below, in the PAH/PCBS films
the two are in phase, while in PAH/PB films they are opposite in phase. This leads to a near cancellation of the
SHG signal in PAH/PB films that are between 7 and 10
bilayers thick, but not in the PAH/PCBS films.
For the nanoparticle decorated films, we see that the
SHG signal is roughly constant for films thicker than two
bilayers. This occurs because the decay length of the plasmon resonances away from the NPs is only a few nm.
Consequently, only the top few bilayers of the films benefit from plasmonic enhancement, and increasing film
thickness therefore does not lead to an increase in SHG
intensity. Since the interface SHG is dominant in thin
ISAM and HCISAM films, we can conclude that plasmonic enhancement of the NLO response is primarily an
interface effect, and bulk 共2兲 is not necessarily a good indicator of how a film will respond when combined with
metal NPs.
Finally, the plasmonic enhancement of the SHG signal
from for the 3-bilayer NP-PAH/PB film is only ⬃200
times, and the film is actually a less efficient emitter of
SHG radiation than the corresponding NP-PAH/PCBS
film. At large bilayer numbers for the unmodified films,
the SHG intensity is much larger for PAH/PB than for
PAH/PCBS, as expected due to larger 共2兲 value. Since the
plasmon resonances primarily enhance the interface 共2兲
of the films, we must consider the differences in interface
properties between the PAH/PB and PAH/PCBS films in
order to explain these observations. As explained in more
detail below, it is likely that the PAH/PB–air interface is
more susceptible to disruption than the PAH/PCBS–air
interface. The Ag nanoparticles are deposited by electronbeam evaporation, which is a fairly severe process. The
organic films are impacted by hot, fast-moving metal atoms, easily capable of rearranging the chromophores at
the surface.

4. INTERFACE EFFECTS

Fig. 3. SHG intensity as a function of film thickness for conventional PAH/PCBS and PAH/PB films (crossed circles and empty
diamonds, respectively) and for the same films as modified by Ag
nanoparticles (solid circles and crossed diamonds). The dashdotted line indicates SHG intensity from Ag nanoparticles in the
absence of an ISAM film.

Since interface effects are critical to the NLO response of
plasmonically enhanced ISAM films, we have fabricated a
set of samples with the purpose of separating the contributions of each interface and the bulk to the total SHG
signal. This is accomplished by fabricating NLO-inactive
buffer layer(s) above and/or below the NLO-active film.
Each buffer consists of 10 PAH/PAA bilayers and has
similar dielectric and other properties as the NLO-active
films. The buffer films are NLO-inactive since they do not
possess any of the conjugated bonds responsible for large
nonlinearities in organic molecules. The buffer films remove the majority of the interface dipoles, create a less
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sharp surface, and thereby virtually eliminate the SHG
signal from the adjacent interface. This is demonstrated
by the data in Fig. 4, which plots the square root of the
SHG intensity generated by a series of PAH/PCBS films,
fabricated with and without ten buffer layers, as a function of the number of NLO-active bilayers. The slopes of
the curves are constant and identical in both cases, stemming from the bulk contribution to SHG. The y intercept
of the series without buffer layers indicates the contribution of the interfaces to SHG, and when buffer layers are
added, this contribution goes to zero.
Four combinations of buffers and NLO-active films
were fabricated: film only, buffer–film (i.e., the buffer is
located below the film), film–buffer, and buffer–film–
buffer, as is indicated in Fig. 5. The NLO active film was
either one or three bilayers thick and consisted either of a
PAH/PCBS ISAM film or a PAH/PB HCISAM film for a total of 16 different samples. Peak optical absorbance (at
365 nm for PCBS ISAM films and 460 nm for PB
HCISAM films) and SHG efficiency were measured for
each sample, and the data are shown in Fig. 6. In this
case, the SHG exhibits Maker-like fringes due to interference between the films on opposite sides of the substrate,
[3] and the peak intensity near an incident angle of 45° is
reported in the figure. As before, the square root of SHG is
used as a measure of the second-order NLO properties
[the square root of SHG intensity is proportional to the
共2兲 of the film, and is plotted in Figs. 6(c) and 6(d)]. The
absorbance [Figs. 6(a) and 6(b)] is proportional to the surface density of the NLO chromophore, which will vary
from sample to sample. The square root of the SHG intensity divided by the absorbance is a figure of merit for the
films, indicating the NLO efficiency of the film per chromophore and is plotted in Figs. 6(e) and 6(f).
Considering first the absorption data, we first note that
the 3-bilayer films contain, not surprisingly, more chromophores than the 1-bilayer films. More interestingly, the
films that have a buffer at the bottom (buffer–film and
buffer–film–buffer) consistently have larger absorption
than those where the NLO active layers are fabricated directly on the glass substrate. This is true for all samples,
but particularly noticeable in the 1-bilayer PAH/PB film.

Fig. 4. Square root of the SHG intensity from PAH/PCBS ISAM
films as a function of thickness with and without ten NLOinactive PAH/PAA buffers. The addition of the buffers eliminates
the interface contribution (y intercept) to the SHG signal. The
lines are a guide to the eye.
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Fig. 5. Schemes of the four different configurations: (a) film
only, (b) film–buffer, (c) buffer–film, (d) buffer–film–buffer. The
films are NLO-active 1-bilayer or 3-bilayer PAH/PCBS or
PAH/PB films, while each buffer consists of 10 bilayers of NLOinactive PAH/PAA.

This is likely so because the PAH/PAA buffer layer has a
larger surface charge density than the bare glass surface
and will therefore attract a larger quantity of PAH for the
first layer of the NLO-active film than the bare glass. The
differences in chromophore density are accounted for by
normalizing the SHG data with absorbance in order to
compare the NLO characteristics of the different buffer/
film configurations. The 3-bilayer films exhibit stronger
SHG signal than the 1-bilayer films and the PAH/PB films
exhibit stronger SHG than the PAH/PCBS films, as expected. Most of the remainder of this discussion is therefore based on Figs. 6(e) and 6(f).
First, interface SHG is indeed dominant in these films,
as is evidenced by the much smaller signal from the
buffer–film–buffer samples compared to the film-only
samples. The reduction of the square root of the SHG intensity is 62% and 47% in the 1- and 3-bilayer PAH/PCBS
films, and 78% and 80% in the 1- and 3-bilayer PAH/PB
films, respectively. It is interesting to note that the reduction is greatest in the PB-based films, demonstrating that
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complex for the PAH/PB films. There is a significant dropoff in signal from the film–buffer to the buffer–film–buffer
configurations, consistent with an important contribution
to the SHG from the glass interface. By contrast, the signal is actually larger in the buffer–film sample than in
the film-only sample. This means that the SHG fields
from the two interfaces must have opposite phase, leading
to a partial cancellation when they are both present. The
bulk SHG is too weak for us to be able to assign it a phase
based on the results shown in Fig. 6, but the minimum in
the SHG intensity from the unmodified PAH/PB plot in
Fig. 3 indicates that the bulk SHG must be out of phase
with the dominant interface SHG contribution, which is
from the air interface.
Based on the above discussion, we can extract approximate quantitative values for interface-共2兲 for both kinds
of films. We model the effective 共2兲 value of each film as
共2兲
eff
= g + a + ␥ bl,

Fig. 6. Linear (absorption) and nonlinear (SHG) optical properties of films with or without buffer layers in the four different
film/buffer combinations sketched in Fig. 3. (a), (b) Film absorption. (c), (d) Square root of SHG intensity. (e), (f) Square root of
SHG intensity divided by absorption; used as a figure of merit of
film performance.

the interface is even more important in these films than
in conventional ISAM films.
Second, we can quantify the importance of the interface
between film and air by comparing the SHG signal from
the film-only samples to the corresponding film–buffer
samples and also by comparing the signal from the
buffer–film samples to the buffer–film–buffer samples. In
all cases, removing the air interface results in a substantial reduction in the normalized SHG signal, ranging form
23% to 86%. It appears that the air interface is the dominant contribution to the SHG signal in most if not all
cases studied here.
Third, the NLO properties of the glass–film interface
are responsible for any differences between the film-only
and buffer–film samples and between the film–buffer and
buffer–film–buffer samples. In the PAH/PCBS films,
these differences are small, and we conclude that the
glass interface does not contribute significantly to the
NLO properties of these samples. The situation is more

共1兲

where g and a are the interface 共2兲 values of the glass
and air interfaces, ␥ is the absorptivity of the films at
365 nm for PCBS films and 460 nm for PB films, and b is
a materials parameter chosen such that ␥ b is the bulk
共2兲 of the film. l is the thickness of the film, taken to be
1.17 nm per bilayer for the PAH/PCBS films [3] and
0.57 nm per bilayer for the PAH/PB films [1]. The values
for ␥ are read from the data in Figs. 6(a) and 6(b), while
共2兲
the eff
values are proportional to the square root of the
SHG intensities given in Figs. 6(c) and 6(d). For each material system, the parameters a, g, and b are found with a
least-square fit to the data. All parameters are assumed
positive, expect for those PAH/PB films where the air in共2兲
terface is unbuffered, where both a and eff
are taken to
be negative.
Since systematic errors are likely to be fairly large, we
use +100% / −50% as a normative error rather than the
smaller error produced by the least-square fit. By comparing the data to the SHG signal from a known reference, a
68 bilayer PS-119/PAH ISAM film that has maintained a
constant value of thickness and second-order susceptibility over the past 10 years [2], the results of the fit can be
scaled to yield the values for interface and bulk 共2兲 that
are listed in Table 2. Note that interface and bulk 共2兲
have different dimensions, so the values given for each
are not directly comparable to each other.
The values obtained through the fit are consistent with
the qualitative discussion above. For example, g Ⰶ a for
the PAH/PCBS film, but not for the PAH/PB film. Bulk
共2兲 is an order of magnitude larger for PAH/PB compared
to PAH/PCBS, while the total interface 共2兲 is only about
three times as big.
As previously mentioned, the fact that NP-PAH/PB
films have lower NLO efficiencies than NP-PAH/PCBS
could be explained by a greater fragility of the air interface in the PAH/PB films. This notion is supported by the
data plotted in Fig. 7, where SHG efficiency is plotted as a
function of film thickness for freshly made PAH/PB films
and for films that are a few months old. The aged films
show small NLO efficiencies for the thinnest films and attain the minimum in SHG efficiency at a smaller film
thickness, consistent with a lower value for interface 共2兲
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Table 2. Effective „2… Values for PAHÕPCBS and PAHÕPB Films as Derived by Least-squared Fit from the
Data Compared to Bulk „2… Values from a Single ISAM Bilayera
PAH/PCBS Film

共2兲
eff
(esu)

PAH/PB Film

Air 共a兲

Glass 共g兲

Bulk 共␥ b兲

Air 共a兲

Glass 共g兲

Bulk 共␥ b兲

2.4⫻ 10−15

0.4⫻ 10−15

5 ⫻ 10−9

−14⫻ 10−15

5 ⫻ 10−15

34⫻ 10−9

a
Note that dimension of bulk 共2兲 is that of hyperpolarizibility per cm3, while interface 共2兲 is measured in hyperpolarizibility per cm2, so the values in the two cases are not
directly comparable.

Fig. 7. Comparison of SHG signal from freshly made PAH/PB
HCISAM film with the signal from films that are several months
old. For the aged films, the SHG intensity is smaller from the
thinnest films, and the minimum in the signal is shifted towards
lower film thickness. The lines are mainly guides to the eye, as
no formal fittings have been attempted to the data. However, the
lines represent the expected functional dependence of a constant
interface SHG out of phase with a bulk SHG that varies as the
square of the number of bilayers.

in the older films. It is important to note that the difference between the fresh and aged films is largest for the
thinnest films and becomes increasingly negligible as the
number of bilayers is increased. This indicates that it is
the interfaces that are undergoing change while the order
of the bulk remains quite stable. The greater sensitivity of
the PAH/PB film interface is possibly related to the manner in which it is fabricated. In the conventional PAH/
PCBS films, the NLO chromophores are already present
as side groups on the polymer during the LbL adsorption
process, and the chain can assume a configuration that
minimizes free energy, including the contributions from
the chromophores. For PAH/PB films, the chromophores
are grafted onto the PAH backbone after it has already
assembled on the surface in a configuration that does not
take into account the presence of the PB chromophores. It
is then reasonable that the PAH/PB surfaces are more
susceptible to rearrangement since they likely to be farther from an energetic minimum. In this context it is interesting to again note that the 共2兲 of the PAH/PB surface
has the opposite sign of the bulk, which would seem to indicate that the topmost polymer layer undergoes substantial rearrangement as subsequent layers are deposited.
Further investigations are needed to elucidate this process further.

5. CONCLUSION
In investigating plasmonic enhancement of 共2兲 values in
thin ISAM films, we have found that the enhancement

primarily stems from interface 共2兲. Thus, bulk 共2兲 values
cannot be used to predict the NLO properties of a film enhanced by plasmonic nanoparticles for two reasons. First,
the NLO response of the interface is not necessarily related to the corresponding bulk response. Second, the interfaces in different materials may be affected differently
by the addition of metallic nanoparticles. Our comparison
of PAH/PCBS ISAM films with PAH/PB HCISAM films is
a good example of both effects. 共2兲 values of the film–air
interface have the same sign as bulk 共2兲 in PAH/PCBS
but the opposite sign in PAH/PB. And even though interface 共2兲 is substantially smaller in PAH/PCBS than in
PAH/PB, plasmonically enhanced PAH/PCBS films exhibit the strongest NLO response. This may be because
the structure of PAH/PB films makes its interface more
susceptible to disruption by the nanoparticle deposition
process, even though its bulk properties are as stable as
the PAH/PCBS films.
The results suggest that the best route forward in plasmonic enhancement of NLO properties may lie in direct
attachment of nonlinear chromophores to the surface of
metal nanoparticles. Techniques for attaching molecules
to noble metals by way of functional groups such as thiols
[18,19] or dithiocarbamates [20,21] are well developed
and understood, so such an approach gives the greatest
possible control over all aspects of the interface while
completely eliminating the less important bulk from the
problem.
Our observations also have ramifications for the plasmonic enhancement of other optical phenomena such as
surface-enhanced Raman scattering (SERS) [22–24] or
high-order frequency generation [25–27]. In particular,
one cannot assume that hyperpolarizabilities and Raman
cross sections seen in bulk samples are unchanged when
optically active species are absorbed onto metal nanoparticles. The well-known “chemical” component of the SERS
enhancement is an example of this [22,28]. However, this
effect is particularly large for second-order NLO effects
since they depend on the existence of large-scale order. As
we have seen, this order can sometimes be easily disrupted by the presence or deposition of metal nanoparticles, significantly reducing the nonlinear effects.
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