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Optical conduction resonance- (OCR-) enhanced third-order optical nonlinearity of two dimensional (2D) periodic gold
nanoparticle array-dielectric thin ﬁlms has been investigated. The third-order optical susceptibility of periodic gold nanoparticle
array embedded in silica thin ﬁlm shows ~104 enhancement comparing to gold nanoparticle colloids. The 2D gold nanoparticle
arrays were synthesized by using the electrostatic self-assembly (ESA) technique. During the fabrication process, the positively
or negatively functionalized gold nanoparticles are automatically self-aligned to establish a 2D array with a very small
interparticle spacing due to the polymer shell on the metal particles. Then, a monolayer of silica can be coated on the top of the
2D metal nanoparticle array. This type of 2D gold nanoparticle array-dielectric thin ﬁlms has high volume fraction of gold
nanoparticles. According to the extended Maxwell-Garnett theory, this kind of ﬁlms can exhibit OCR. The OCR frequency can
be tuned from visible to mid-infrared by controlling the gold nanoparticle volume fraction. During OCR, the real part of the
composite dielectric constant is zero to make the induced electromagnetic waves in gold nanoparticles to couple eﬀectively
within the ﬁlm. The open-aperture z-scan technique is used to measure the nonlinear optical properties of the ESA ﬁlms.

1. Introduction
Gold (Au) nanoparticles and clusters are known to possess a
fast and extremely large nonlinear optical susceptibility
(third-order susceptibility of χ 3 can be as much as 106 times
larger than that of the standard reference of CS2) [1, 2].
Although linear optical properties of small metal particles
and metal colloids have been studied for at least a century
based on Mie and Maxwell-Garnett (MG) theories [3–5],
because pure metal thin ﬁlms have large optical attenuation
constants and do not normally transmit optical radiation,
embedding metal nanoparticles in a dielectric matrix to
provide a smart way to investigate the nonlinear optical
properties is currently an intensive research area. The experimental investigation of nonlinear optical phenomena in Au
nanoparticle-incorporated systems started in the 1980s
[6–8], most of the research work is concentrated on low
metal particle volume fraction. After Richard and coworkers
performed the ﬁrst measurement of the nonlinear optical
response of metal colloids in 1985 [6], subsequently, in the
last three decades, numerous other research work has

contributed to our understanding of such composites, in
which the concentration of metal particles is usually very
low (~10−6–10−5 in volume fraction). To my knowledge, only
quite a small volume of research has been directed toward the
composites with high volume fraction of metal nanoparticles
[9–11]. In particular, few experimental investigations concentrated on the OCR-enhanced nonlinear optical susceptibilities have been performed. After the year 2000, giant
enhancement (up to 1010–1015) of optical susceptibility in
metal nanocomposites consisting of metal nanoparticles
and dielectrics has been reported [12–16]. This has led to a
resurgence of activities both in the design of plasmon
resonance-based materials and the understanding of fundamental mechanisms [17–25]. Although some questions on
the exact origin of the enhanced nonlinear optical susceptibility still remain [20, 26], it is generally agreed that closely
ordered periodic metal nanostructures and aggregated nanometal clusters can provide a large local-ﬁeld enhancement
because of small interparticle spacing and collective oscillation of conduction electron gas [12–15] that is called OCR.
The OCR phenomenon in high-volume Au particle systems
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has been theoretically predicted in the 1970s [27, 28].
Microscopically, when light is incident on the system, the
free electrons in metal nanoparticles are driven by a periodic ﬁeld. The free electrons respond to the periodic local
ﬁeld, sloshing back and forth within the volume of the
nanoparticles. This is actually a periodic conduction current
within the particles causing a periodic polarization ﬁeld
around the particles—both periods being equal to that of
the incident radiation. At a certain frequency the phases of
the conduction currents in all the particles become nearly
equal, resulting in a strong oscillation ﬁeld, which enhances
the local ﬁeld. The collective resonance of photoconductivity
occurs at this optical frequency. This resonance is not the
normal free-electron plasmon resonance [27, 28]. Instead,
at the OCR frequencies, the photoconductivity of the system
is maximized. Only at a very low concentration of metal
nanoparticles, the OCR and surface plasmon resonance
(SPR) occur at the same frequency [27, 28]. As far as I know,
the ion implantation laser ablation [29], electron beam deposition [30], and sputtering techniques are commonly used to
fabricate metal nanoparticle-dielectric thin ﬁlms with high
volume fraction of metal nanoparticles. This work reports
using the electrostatic self-assembly (ESA) technique to
fabricate two-dimensional (2D) Au nanoparticle arraydielectric thin ﬁlms containing high volume fraction of Au
nanoparticles to investigate this type of resonance through
theoretical calculations and experimental characterizations.
In the theory section, I will ﬁrst review some fundamental
theoretical work and show the computed results based on
the fundamental work. In the sample preparation section, I

ξ1 = n
ξ2 = n 2

ε2 =

2. Theory
In the 1970s, Marton and Lemon developed the MG theory
to explain several resonance features in aggregated metal
systems and metal-dielectric thin ﬁlms with high volume
fraction of metal nanoparticles [27, 28]. In addition to bulk
plasmon and SPRs, this model predicts that there is OCR in
the system with a high volume fraction of metal nanoparticles. If metal nanoparticles are much smaller than the wavelength of light and they can be approximately treated as
spheres, optical properties of the dielectric-metal nanoparticle system may be described in terms of the refractive index
n of the dielectric, the frequency-dependent complex dielectric constant ε ω = ε1 ω + iε2 ω of the metal particle, and
the volume fraction of the metal q by the MG theory
ξ ω − n2
ε ω − n2
=
q
,
ξ ω + 2n2
ε ω + 2n2

ε21 + ε22 1 − q 2 + 2n2 ε1 1 − q q + 2 + n4 q + 2

ε21 + ε22

ω2p τ2
1 + ω2 τ2

,

9n2 qε2
1 − q + 2n2 ε1 1 − q q + 2 + n4 q + 2
2

ω2p τ
,
ω 1 + ω2 τ2

4

1

where ξ ω = ξ1 ω + iξ2 ω is the complex dielectric constant for the composite system, i is the imaginary unit,
and q is the volume fraction of metal nanoparticles. Manipulating equation (1) and equating the real and imaginary
parts, one gets

ε21 + ε22 1 + 2q 1 − q + n2 ε1 4q2 + q + 4 + 2n4 1 − q q + 2

In order to obtain the complete resonance frequency
dependence on q, one needs to examine the optical properties
of the system at a frequency of ω. Let us assume that the
dielectric constant of the metal nanoparticles can be
described by the Drude theory as

ε1 = 1 −

will brieﬂy present the sample fabrication process. In the
characterization section, the measured results of third-order
susceptibility from the thin ﬁlms containing high-volume
Au particles will be shown.
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,
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2.1. Optical Conduction Resonance. Following the deﬁnition
of conductivity, the conductivity of the system can be
written as
S ω = ε0 ξ2 ω
= n2

ε21 + ε22

9n2 qε2 ωε0
,
1 − q + 2n2 ε1 1 − q q + 2 + n4 q + 2 2
2

6
5

where ωp = 4πNe2 /m∗ is the plasma frequency of the
free electrons. e, N, and m∗ are the element charge, the
number density, and the eﬀective mass of the conduction
electrons, respectively.

where ε0 is the permittivity of vacuum. For the OCR
frequency, one should ﬁnd the maximum value of S ω .
Substituting ε1 and ε2 from equations (4) and (5) and taking
∂S ω
= 0,
∂ω
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we can ﬁnd that one of the solutions is
ω2p τ2 2 + q − 3 − 9 − 6ω2p τ2 2 + q + 9q2 ω4p τ4

1/2

1/2

,

6τ2

8
which corresponds to the OCR frequency [27, 28]. One can
see this frequency depends on the metal particle volume
fraction q. The computed results are shown in Figure 1. If
we substitute ωc from equation (8) into equation (2), after
manipulating, one can get ξ1 = 0. Since ξ1 is related to the
phase change of a propagating electromagnetic wave, this is
an important factor to recognize the OCR phenomenon. This
result will be used in the next sections.
2.2. Diﬀerence between OCR and SPR. Since SPR coexists in
metal nanoparticles, the OCR resulting absorption should
not be confused with SPR and the resulting photon absorption. The two resonances always have diﬀerent frequencies
[27–32]. Only when q is near zero, these two frequencies
approach the same value. The surface energy loss function
is deﬁned as Ls = − Im ξ + 1 −1 [31, 32]. The SPR frequency
ωs is the frequency at which Ls has the maximum value.
Using equations (2) and (3), the condition creates the
following equation,

Resonance frequency (eV)

ωc =

6

4

2

0
0.0

4

9

2

Substituting equations (4) and (5) into equation (9) for
ε1 and ε2 , one can ﬁnd ωs by numerically solving the
equation. To compare with the computed OCR frequency,
the computed SPR frequencies are also shown in Figure 1.
Because q ranges from 0 to 1, ωs falls between 3.5–6.5 eV
for a refractive index range of 1.3–2. Note that the OCR
frequency is controllable from 4 eV to lower than 1 eV. This
oﬀers a considerable opportunity to make photonic devices
from UV to MIR. Surface plasmons may be excited by both
photons and fast electrons, whereas the OCR can be excited
by photons only.
2.3. Absorption Resonance at OCR Frequencies. The extinction coeﬃcient k of the system can be derived from the
dielectric constant ξ.
ξ1 + iξ2 ,

10

where η is the complex refractive index, nr is the refractive
index of the system, and k is the extinction coeﬃcient. From
(10), one can obtain [33]
k=

−

ξ1 1
+
2 2

ξ21 + ξ22

0.8

1.0

40
q = 0.9

+ 2n ε1 1 − q q + 2 + n q + 2 = 0

η = nr + ik =

0.6

Figure 1: Computed OCR and SPR frequencies versus q at diﬀerent
refractive indices of dielectric. The Au particle parameters of
ℏωp = 9 3 eV and τ = 1 39 × 10−13 s are used. Dashed lines are
for SPR frequencies and solid lines correspond to the OCR
frequencies. Refractive index values used are 1.3, 1.5, 1.7, and 1.9
(upper to lower). Note that two resonances occur at the same
frequency only when q is close to zero.
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Figure 2: Computed resonance feature of extinction coeﬃcient k
with diﬀerent q values. One can see that the resonance frequencies
can be controlled ranging from 1 eV to 4 eV by varying q. The
parameters are used as in Figure 1.

Since ξ1 = 0 at the OCR resonance, one can readily
compute k using equations (3) and (10). Figure 2 shows the
calculated results for diﬀerent values of q at n = 1 5. One
can see that absorption is signiﬁcantly enhanced at the
OCR frequencies.
2.4. Photoconductivity Feature at OCR Frequencies. Microscopically, when light is incident on the system, the free
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3. Sample Preparation
ESA is a recently developed technique to make thin ﬁlms by
alternate dipping, which was ﬁrst used by Decher to fabricate polymer thin ﬁlms [34]. Claus’ group at Virginia Tech
and NanoSonic improved this technique to be employed to
make nanostructured dielectric, metal nanoparticle, and
semiconductor quantum dot thin ﬁlms [35–38]. The ESA
process starts with a substrate that is cleaned and chemically
functionalized with a solvent like hydrogen peroxide or sulfuric acid to eﬀectively create a net uniform electric charge
distribution on its surface. By alternate dipping of the substrate into the anionic and cationic molecular baths, a
multilayered nanostructured thin ﬁlm can gradually build
up. There are several methods that can be used to positively or negatively functionalize gold and dielectric nanoparticles [38–42]. References [38, 39] report the methods
to positively charge gold particles in gold colloids and
Refs. [40–42] provide the techniques to negatively functionalized gold particles. In this work, poly-diallyl dimethyl
ammonium chloride (PDDA) is used to positively functionalize gold particle colloids purchased from Sigma-Aldrich.
Silica nanoparticles can be either positively or negatively
functionalized by the methods reported in Refs. [43, 44].
Silica solutions were ordered from DuPont. Figure 4 brieﬂy
shows the ESA processes to fabricate 2D Au nanoparticle
array-dielectric thin ﬁlms. The value of q can be controlled
by dipping more metal nanoparticle monolayers or more
dielectric monolayers. The detailed ESA processes can be
found in Refs. [35–37].
The atomic force microscope (AFM) was used to image
the surface of the samples for both the Au-PDDA and silica
monolayers. The top view of the fabricated Au monolayer
is shown in Figure 5. One can see it clearly displays 2D

1.2
1.0
Normalized photocoductivity

electrons in Au nanoparticles are driven by the periodic ﬁeld.
The free electrons respond to the periodic local ﬁeld, oscillating within the volume of the nanoparticles. This is actually a
periodic conduction current within the particles causing a
periodic oscillation ﬁeld around the particles—both periods
being equal to that of the incident radiation. At a certain
frequency the phases of the conduction currents in all the
particles become nearly equal, resulting in a strong polarization ﬁeld, which enhances the local ﬁeld. Because the real part
(ξ1 ) of the dielectric constant associates with the phase
change while an electromagnetic wave propagates a distance,
ﬁnally, at a frequency, ξ1 = 0, where the local currents in all
the metal particles are in phase with the driving electric ﬁeld,
the collective resonance of photoconductivity occurs. This
resonance is not the normal free-electron plasmon resonance
[27, 28]. At the OCR frequencies, the photoconductivity can
be calculated by using equation (6). The results for diﬀerent
resonance frequency at diﬀerent q are shown in Figure 3.
One can see that the OCR peak of photoconductivity is
higher with increasing Au nanoparticle volume fraction.
For comparison, all values of the photoconductivity are
normalized by the static conductivity (σ0 = ε0 ωp 2 τ) of the
free electrons.
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Figure 3: Computed resonance feature of photoconductivity S
according to equation (6). One can see that the resonance
frequency can be controlled ranging from 1 eV to 4 eV by varying
q with n = 1 5. When q increases, the OCR frequency decreases.
The parameters are used as in Figure 1.

nanostructured array with nanometer level interspacing
between Au particles.
The surface of the silica monolayer was also pictured by
the AFM technique. The image is shown in Figure 6. Au
and SiO2 nanoparticles have an average diameter of 20 nm
and 2 nm, respectively. The gold nanoparticles were positively functionalized with PDDA [38, 39] and SiO2 nanoparticles were negatively charged [43, 44]. The dipping process
can be repeated to obtain a multilayer thin ﬁlm with the
thickness that is needed.

4. Property Characterizations
In order to ﬁnd the OCR wavelength, the absorbance of these
samples was measured. Figure 7 shows four absorption
curves obtained from ESA gold nanoparticle/PDDA/SiO2
thin ﬁlms. One can see four diﬀerent OCR peaks for four thin
ﬁlms with four diﬀerent values of q. The OCR wavelength for
the blue solid curve is 580 nm (q = 0 66). The pink dasheddot curve shows an OCR wavelength of 700 nm (q = 0 76).
The rest two curves (solid-green and red dashed-dot)
exhibit OCR wavelengths of 800 nm (q = 0 81) and 1100 nm
(q = 0 90), respectively.
The open-aperture z-scan technique is used to investigate
OCR-enhanced imaginary part of the third-order susceptibility. The setup is shown in Figure 8.
If nonlinear absorption is negligible, Beer’s law [45] is
commonly used to describe the linear relationship between
absorbance and concentration of an absorbing species.
However, if a sample exhibits strong nonlinear absorption,
Beer’s law needs to be modiﬁed to include the nonlinear
absorption term. This work can be found in references
[46–49]. Considering both linear and nonlinear absorption
factors, when a laser beam propagates in a medium, the
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1. Functionalize
substrate and dip

Charged substrate and
assembly of 1st monolayer

2. Dip in charged
solution

3. Rinse and dip

4. Alternate

Charged substrate
1st and 2nd bilayers

Charged substrate,
Charged substrate,
1stmonolayer and
1st bilayer and
assembly of 2nd monolayer assembly of 2nd bilayer

Figure 4: Schematic processes of fabricating Au and silica nanoparticle thin ﬁlms. The Au and silica nanoparticles need to be functionalized
before dipping [34, 38].
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Figure 5: Top view of a monolayer of ESA Au particle-PDDA
nanostructured array by AFM. The size of gold particles is nearly
identical with an average diameter of 20 nm.
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Figure 7: Absorption spectra for four diﬀerent ESA ﬁlms with four
diﬀerent values of q. The ESA ﬁlms are Au nanoparticle-PDDASiO2 thin ﬁlms. One can see that the peaks range from visible to IR.
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Figure 8: Setup of the open-aperture z-scan to measure nonlinear
absorption. The sample is mounted on a translation stage and can
be translated along the z axis. BP: beamsplitter; OI: optical
isolator; VA: variable attenuator; L: lens; D: photodetector.
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Figure 6: AFM image of the silica monolayer surface fabricated
by ESA.

beam intensity changes along the propagation direction
(z axis) can be approximately written as
∂I
= − αI + βI 2 ,
∂z

BP

12

where α is the linear absorption coeﬃcient and β is the
nonlinear absorption (saturable, reverse saturable, or two-

photon absorptions) coeﬃcient, which is related to the
imaginary part of the third-order susceptibility χ 3 . If
β = 0, that means that only linear absorption (single-photon
absorption) exists in the medium. If nonlinear absorption
coexists in the medium, β ≠ 0. Considering nonlinear absorption, the third-order nonlinear susceptibility is a complex
quantity [49, 50]
3

3

χ 3 = χR + iχI ,

13
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nr ε0 cλβ
,
2π

14

where nr is the linear refractive index, c is the speed of light,
and λ is the wavelength of the incident light. Using the value
of β, one can obtain χI 3 .
Figure 8 shows the open-aperture z-scan setup [49, 50]
which can be used to determine β and χI 3 . The open zscan is sensitive to nonlinear absorption. The normalized
transmittance as a function of z, T Norm z , is given by [49, 50]
∞

T Norm z = 〠

m=0

−βI 0 Lef f / 1 + z 2 /z20
m+1

3/2

Normalized transmittance (%)

3

χI =

2

400
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−15

m

,

−10

−5

15

where z 0 is the Rayleigh diﬀraction length of the beam, I 0 is
the on-axis peak intensity at the focus, m is an integer, and
Lef f is the eﬀective length of the sample. The laser beam is
focused by the lens L1 and then travels through the sample.
The position of the sample can be translated around the focal
plane of the lens L1. When the sample is at the focus of L1, the
laser intensity is greatest and nonlinear absorption will produce the greatest eﬀect. If χI 3 > 0, the open z-scan will result
in a valley when the sample is near the focus, indicative of the
OCR-induced absorption. If χI 3 < 0, then the z-scan will
produce a peak near the focus, indicating induced transparency (due to saturable absorption, for example). If one can
obtain T Norm z experimentally, using equations (14) and
(15), one can calculate the nonlinear absorption coeﬃcient
β and χI 3 .
The saturable absorption was measured for the sample
with the OCR peak around 700 nm shown in Figure 7
(pink-dashed curve). In these measurements, a femtosecond
laser system of Coherent Ti-sapphire Mira-900 that has a
tunable range from 720 nm to 880 nm was used. The laser
output has a pulse width of 200 fs and a repetition rate of
76 MHz. Since the output power of the laser system at
720 nm is weak, 740 nm was used to conduct the measurement. The same measurement at 800 nm was also done for
the purpose of comparison since 800 nm is further from the
ORC peak than 740 nm. The measured results at 740 nm (•)
and 800 nm are shown in Figure 9. For the two curves, the
symbols indicate the measured results and the solid lines
correspond to theoretical ﬁtted results. The ﬁts give χI 3 =
−7 58 × 10−10 esu at 740 nm and χI 3 = −4 03 × 10−10 esu at
800 nm. One can see the χI 3 becomes smaller at 800 nm
because it is further away from the OCR peak (700 nm),
which indicates that the large χI 3 may originate from
OCR at around 700 nm.
For comparison purpose, we measured nonlinear absorption in an Au nanoparticle colloid. The result is shown in
Figure 10. The ﬁt (solid-line) gives χI 3 = −1 17 × 10−14 esu.
The colloid was purchased from Ted Pella Inc. with a number

0
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15

Z (mm)

Figure 9: Measured saturable absorptions in an ESA Au
nanoparticle-PDDA-SiO2 ﬁlm at 740 nm (solid circles) and
800 nm. The thicknesses of the ﬁlms are about 250 nm calculated
by monolayers. The power we used for these measurements is
100 mW before the sample. The laser beam has a diameter about
4 mm with a repetition rate of 76 MHz.

110

Normalized transmittance (%)

3

where χ R and χ I correspond to the real and imaginary part
3
of the third-order susceptibility, respectively. χ I is related to
the nonlinear absorption coeﬃcient β through [45, 46]

105
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−15

−10

−5

0
Z (mm)

5

10

15

Figure 10: Measured nonlinear absorption in an Au particle colloid
with a particle number density of 7 × 1011 Au particles/ml, which
corresponds to q = 10−7 .

density of 7 × 1011 Au particles/ml and the particle has an
average diameter of 20 nm. Because one 20 nm Au particle
has a size of 4.2 × 10−24 m3, using the number density, one
can get q~10−7. Thus, the OCR eﬀect is negligible in this
colloid. Compared these data, one can see that χI 3 is
enhanced about 104 by OCR in the ESA ﬁlm. The setup
was calibrated by using carbon disulﬁde (CS2) as a reference.
At 800 nm, the measured χI 3 for CS2 is 1.7 × 10−14 esu,
which is close to the reported value of 2 × 10−14 esu [51].
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been enhanced ~104 by OCR. The results reported in this
paper could open up new avenues to develop high-volume
metal nanoparticle-incorporated thin ﬁlms with large thirdorder susceptibility.
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Data Availability
The data used to support the ﬁndings of this study are
included within the article.

𝜏01
N0

S0

Figure 11: Energy-level diagram used to derive equation (16) from
rate equations to explain the existence of RA in the ESA PDDA-Au
thin ﬁlms.

In order to brieﬂy explain the saturable absorption (SA)
we observed in the measurements, we consider the three electronic energy level model shown in Figure 11 that may exist
in the polymer-Au composite ﬁlms. Si is the energy level.
N i stands for the electron population at the corresponding
energy level. σij and τij are the absorption cross section and
lifetime between the two adjacent energy levels, respectively.
Using the rate equations for the system [46, 52], the nonlinear absorption coeﬃcient β can be written,
N
β= 1 R−1 ,
NT

16

where N T = N 1 + N 2 and R = σ21 /σ10 . If σ21 > σ10 , R > 1, the
absorption is called the reverse saturable absorption (RSA).
If σ21 < σ10 , R < 1, the absorption is SA. Based on the
measured data, the ESA PDDA-Au ﬁlms have the property
of SA. The detailed analysis and derivations may be found
in Refs. [46, 52].

5. Conclusions
Au nanoparticles have strong nonlinear optical susceptibility;
however, their optical properties are highly sensitive to interparticle distance [24, 53]. In regular Au nanoparticle colloids,
the particle volume fraction is very low and the interparticle
distance can change dramatically. This may be used to interpret why Au colloids cannot show very large third-order
optical susceptibility. Since the optical properties of Au nanoparticles are mainly governed by their interparticle distance,
incorporating Au nanoparticles into a dielectric matrix to
fabricate controllable superstructure of Au nanoparticles is
crucial to developing photonic devices with large nonlinear
optical susceptibility. In this paper, I have employed the
suitable theory to compute the enhancement of third-order
susceptibility χ 3 from nanostructured thin ﬁlms containing
high volume fraction of Au nanoparticles. The nanostructured thin ﬁlms were fabricated by the ESA technique that
contain high volume fraction Au nanoparticles and the volume fraction can be controlled by dipping processes. The
ESA thin ﬁlms are characterized by using the open-aperture
z-scan technique. Based on the measured data, the imaginary
part of third-order susceptibility has been extracted and
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