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Abstract Plasmonically enhanced effects on a self-assem-
bled, hexagonal array layer of ~4-nm silver nanoparticles are
analyzed using three-dimensional finite-difference time-
domain (3D FDTD) simulations and compared against exper-
imentally measured extinction spectra. The effect of particle
size, lattice spacing, and lack of monodispersity of the hexag-
onal array of silver nanoparticles on the extinction resonance
was investigated to help determine optimal design specifica-
tions for efficient organic solar power harvesting.

Keywords Plasmon resonance .Metamaterials . Active
plasmonics . Organic solar panels . Nanoparticles

Introduction

The optical properties of gold and silver nanoparticles have
attracted much interest in recent years due to their potential
applications in biosensors, as nano-antennas for light signal
router applications and for energy transport in sub-wavelength
structures, to name just a few. The localized electric field
enhancement around nanoparticles interacting with incoming

light also leads to a number of surface-enhanced Raman spec-
troscopy (SERS) applications. Myriad experimental and the-
oretical studies have recently been carried out to explore the
potential use of nanoparticle array structures for improved
nano-sensing capabilities [1–15].

An array of ~4-nm Ag nanoparticles is particularly inter-
esting because the lattice parameter is ~100 times smaller than
a probing visible wavelength. The extinction spectrum of the
array has similarities to the extinction spectrum of an isolated
nanoparticle. Such resonances are attributed to localized sur-
face plasmon resonances (LSPRs); however, the array spectra
are considerably affected by coupling between nanoparticles
[6]. LSPRs are electron charge oscillations in metallic nano-
particles that are excited by light, and at the resonance wave-
length, they exhibit enhanced, highly localized field intensity
at the nanoparticle surface. Among other properties, an LSPR
enables very high sub-wavelength spatial resolution as limited
by the particle size, shape, and relation to neighboring parti-
cles. This work discusses plasmonically enhanced effects on
hexagonal arrays of metal nanoparticles with ~4-nm Ag nano-
particles. There has also been a work on square lattice arrays
[16]. Both such arrays might be useful for enhancing the effi-
ciency of organic solar panels.

The optical absorption spectra of metal nanoparticles are
dominated by LSPRs and can be tuned by changing the size,
shape, particle material, substrate, and coating of the metal
particles. Previously, various approaches to implementing a
controlled surface plasmon-active Ag film onto organic solar
cells have been introduced as random Ag nano-hole films or
periodic Ag nano-cavity array [17–20]. In particular, enhanced
optical absorption for polymer–fullerene bulk heterojunction
PV devices, mainly due to the localized surface plasmon-
enhanced photo generation of excitons through the usage of
plasmon-active Ag nanospheres, has been demonstrated by
Yoon et al. [21]. While electron beam lithographically prepared
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structures have been used to study the influence of electromag-
netic interactions between the particles on extinction spectra,
the effect of a (inevitable) disorder due to fabrication imperfec-
tions remains an important and relatively unexplored issue [6].
Schatz and coworkers [22] investigated the effect of a disorder
for a two-dimensional array with 30-nm particles and found
that the interactions between particles are partially canceled
by a disorder and blue-shifts in the observed plasmon reso-
nances. Schatz and coworkers also studied the extinction spec-
tra of silver nanoparticles in one- and two-dimensional arrays
as a function of particle size and interparticle distance and
found that arrays of spherical silver particles are, in some cases,
capable of generating extremely narrow plasmon resonances
due to an interaction between the localized plasmons in the
particles and photonic states associated with the array, and that
stronger coupling between particles red-shifts the plasmon
peak, widens the resonance, and increases its intensity [15].

Method

Numerical methods, and especially the finite-difference time-
domain (FDTD) method, are instrumental for the computation
of surface plasmon resonances in complex geometrical con-
figurations, enabling the inclusion of full interaction mecha-
nisms between particles [23]. The FDTD method discretizes
the entire problem volume using hexahedral cells and then
solves the coupled Maxwell’s curl equations in a marching-
on-time fashion [24, 25]. In this work, plasmonically enhanced
effects on a self-assembled layer of silver nanoparticles are
studied by means of 3D FDTD simulations and compared
against experimentally measured extinction spectra.

A self-assembled layer of silver nanoparticles (see left of
Fig. 1) was simulated by using a ~4-nm diameter and ~6-nm
lattice spacing. The extinction resonance is obtained at a
wavelength of 465 nm, which is greater than 100 times the
particle diameter. The FDTD grid utilized for the hexagonal
array unit cell with Ag nanoparticles is shown schematically
in Fig. 1 (middle). An electromagnetic plane-wave light
source (linearly polarized along the x direction) having an

effective bandwidth between wavelengths 300 and 800 nm
is an incident on the unit cell, which is embedded on a quartz
substrate of thickness 4 nm. A detector of size 6×10.3923 nm
is positioned above the unit cell at a distance of approximately
45 nm to measure the intensity of light transmitted. The over-
all FDTD simulation domain is of size 6×10.3923×150 nm.
The FDTD algorithm includes an automatic non-uniform
meshing, implements periodic boundary conditions in the x
and y directions, and utilizes the perfectly matched layer
(PML) [26–28] absorbing boundary condition in the z direc-
tion (direction of incident light). Figure 1 (right) shows the
simulated extinction spectra (4-nm diameter, 6-nm lattice
parameter, and no other adjustable parameters) compared
against the experimentally measured spectra.

Effect of Size and Lattice Parameter

Numerous prior experiments have shown that the optical spec-
tra of arrays and aggregates are influenced by particle shape,
size, interactions between neighboring particles, and polariza-
tion of the incident light. When the interparticle distance is
comparable to or less than the particle size, the interactions
between particles play a significant role in the optical re-
sponse. Initially, the effects of particle radius and periodic
lattice spacing on the extinction resonance of hexagonal array
of Ag nanoparticles were examined. For this purpose, the
original periodic lattice (center to center) spacing was held
constant while varying the particle radii in steps of 0.25 nm,
starting from a radius of 1 nm (where the nearest neighbors are
well apart from each other) to a radius of 2.25 nm (where they
are nearly touching). The resulting extinction resonances are
shown in Fig. 2a. At small particle sizes, the extinction reso-
nance is small as much light is transmitted between particles to
the detector. However, as the particle size gets larger, the
extinction peak becomes more prominent, due to absorp-
tion and increased scattering of light by the particle. When
the particles nearly touch each other, electromagnetic cou-
pling between adjacent nanoparticles starts distorting the
resonance lineshapes. There is also an observable shift in

Fig. 1 At the left is a TEM image of experimental self-assembled Ag nanospheres with a scale bar of 5 nm, at the center is the FDTD setup of the
hexagonal array unit cell, and at the right are preliminary results comparing experimental extinction spectra and FDTD results
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resonance peaks to higher wavelengths with an increasing
particle size. Next, the original particle radius of 2 nm

was maintained at a constant value while the periodic
lattice (center to center) spacing was varied in steps of
0.5 nm, starting with a spacing of 10 nm (where the
nearest neighbors are well apart from each other) to a
spacing of 5.5 nm (where they are nearly touching). The
resulting extinction resonances are shown in Fig. 2b. As
expected at large spacing, the extinction resonance is rel-
atively small since most light goes between particles to
the detector. As the center-to-center spacing is decreased,
the particles get closer and the extinction peak becomes
more prominent. When the particles nearly touch each
other, electromagnetic coupling between adjacent nanopar-
ticles distorts the resonance lineshapes. Once again, there
is a noticeable shift in resonance peaks to higher wave-
lengths with decreasing lattice spacing.

Polydispersity

In practice, non-ideal fabrication processes result in arrays
that exhibit distributions in both lattice spacing and radii,
as visible in Fig. 1 (TEM image on the left). The effects
of such variations in radii and lattice spacing on reso-
nances can be studied by assuming a Gaussian probability
distribution function for such parameters. Using the software
package ImageJ (http://imagej.nih.gov/ij/), the aforementioned
TEM image was analyzed and a binary image was created to
produce a distinct contrast between the Ag nanospheres and the
quartz background, as shown in Fig. 3. Plots were made of the
individual particle radii vs. the corresponding particle-center-to-
particle-center values showing Gaussian distributions of these
properties and a slight (smaller than the distribution widths)

Fig. 2 Extinction spectra of hexagonal array of Ag nanoparticles. The
top is a constant lattice spacing (6 nm), varying radius (red circles in
Fig. 4). The bottom is a constant radius (2 nm), varying lattice spacing
(green circles in Fig. 4)

Fig. 3 Binary image of self-
assembled hex array of Ag
nanospheres and their center
points
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correlation between radii and lattice parameter. A grid of radii
and lattice parameters was chosen (see Fig. 4, black dots) to
match the range of experimental variations in Fig. 3. The tilt of
the grid lines indicates the observed correlation between a radi-
us and lattice parameter as reflected in the experimental data.
FDTD simulations were performed at the radii and lattice spac-
ings of the black dots in Fig. 4 in order to understand the impact
of the experimental distributions in radii and lattice spacing, i.e.,
to ascertain the effects of a lack of monodispersity in a practical
fabrication process on resonances. The extinction spectra of a
related set (blue circles about black dots in Fig. 4) are presented
in Fig. 5. This set constrains the radius (Ri ) to a value of the
lattice parameter (Li ) by Ri ¼ 0:02757Li þ 2:0089, where
both Ri and Li are in units of nanometer. This set of spectra
nicely spans the region about the observed experimental extinc-
tion spectrum.

Fitting Extinction Spectra of Uniform Lattices
over Range of Size and Lattice Parameters

The FDTD extinction spectra (E jÞ from a grid of Ri; Li values
(black dots in Fig. 4) were fitted to a Lorentzian lineshape
using the following equation:

E j ¼ H

1þ λ j�P
w

� �2 þ c ð1Þ

where j is an index for wavelength, λ j is the wavelength, H is
the peak height or intensity, P is the peak position, w is the
half-width-at-half-max, and c is an offset parameter. An ex-
ample of such a fit is shown in Fig. 6. Fits were also performed
vs. wavenumber, i.e., the reciprocal of wavelength which is

proportional to energy where a Lorentian lineshape is expected
to be more appropriate; however, the Lorentzian wavelength
fits were better in all cases examined. Fits were obtained for the
extinction spectra of all of the black dots in Fig. 4, and the
results have been presented in Table 1.

The fitted extinction lineshapes were then used to generate
3D scatter plots (blue symbols in Fig. 7) for various radii (Ri )
and lattice parameters (Li ) vs. the extinction peak positions,Pi
(top of Fig. 7); peak heights, Hi (middle of Fig. 7); and peak
full-width-at-half-max, Wi (2wi, bottom of Fig. 7), where i is
an index over the FDTD data points (black symbols) in Fig. 4.
The following multiple linear regression equations give the
surface fits in Fig. 7:

Pi ¼ 534:7Ri−82:05LiRi þ 6:341L2i þ 2:166L2i Ri ð2Þ
Hi ¼ 1:233Ri−0:2427LiRi−0:01648L2i þ 0:02010L2i Ri ð3Þ
Wi ¼ 96:52Ri−18:04LiRi þ 0:8457L2i þ 0:8100L2i Ri ð4Þ

where Ri, Li, Pi and Wi are in units of nanometer and Hi is
unitless (extinction). The standard deviations of the fits are

Fig. 5 Extinction spectra of hexagonal array of Ag nanoparticles.
Varying particle radius, varying lattice spacing (blue circles in Fig. 4)

Fig. 6 Example of FDTD model extinction spectra (in blue) fitted to a
Lorentzian lineshape (in green). The best fit parameters were
H ¼ 0:354 10ð Þ; w ¼ 33:3 20ð Þ; P ¼ 464:72 10ð Þ, and c ¼ 0:00 0ð Þ

Fig. 4 FDTD data points (small black dots), constant lattice spacing (red
circles), constant particle radius (green circles); varying particle radius,
varying lattice spacing (blue circles)
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2.8, 0.045, and 4.7 nm for Pi, Hi, and Wi, respectively. The
variance-covariance matrix shows that there are correlations
between the independent variables, but this particular choice
of independent variables has less correlation between vari-
ables than all others that were tried. Equations 2–4 allow
one to predict the position, height, and width of the extinction
resonance for hexagonal Ag nanoparticle arrays with 2:047

nm≤Ri≤2:46nm and 5:4nm≤Li≤8:29nm. The surfaces are
not reliable outside of these ranges.

Coupling effects are the smallest when L is large and R is
small, i.e., the right-hand side of the plots in Fig. 7. All of the

Table 1 The peak positions (P), peak heights (H), and peak widths (W)
as full-widths-at-half-maximum for various values of nanoparticle radius
(R) and nanoparticle array lattice parameter (L)

L (nm) R (nm) P (nm) H W (nm)

5.622 2.386 544.218 0.8039 68.8227

5.844 2.392 526.316 0.7165 69.5661

6.067 2.398 509.554 0.6713 63.8832

6.289 2.405 509.554 0.6713 63.8832

6.511 2.411 486.815 0.5624 61.5717

6.733 2.417 479.042 0.5103 62.6355

6.956 2.423 470.588 0.47 61.3198

7.178 2.429 465.116 0.4379 61.0572

7.4 2.435 458.891 0.4076 59.9153

7.622 2.441 457.143 0.3531 68.0457

7.844 2.447 451.977 0.3252 69.1147

8.067 2.453 448.598 0.3187 65.2761

8.289 2.46 446.097 0.2909 67.9499

5.4 2.269 542.986 0.7836 66.483

5.622 2.275 525.164 0.5813 88.078

5.844 2.281 509.554 0.5509 79.0054

6.067 2.287 495.868 0.4976 78.0704

6.289 2.293 486.815 0.4753 71.7588

6.511 2.3 478.088 0.4256 74.026

6.733 2.306 471.513 0.4084 68.8125

6.956 2.312 465.116 0.3635 72.2919

7.178 2.318 459.77 0.3568 66.2658

7.4 2.324 456.274 0.3249 68.3073

7.622 2.33 451.977 0.3169 64.234

7.844 2.336 448.598 0.297 63.7947

8.067 2.342 445.269 0.2899 60.7521

8.289 2.348 442.804 0.266 62.7137

5.4 2.158 516.129 0.5875 73.3402

5.622 2.164 505.263 0.5512 69.3015

5.844 2.17 494.845 0.4932 70.3048

6.067 2.176 484.848 0.4506 69.1059

6.289 2.182 477.137 0.41 69.2686

6.511 2.188 470.588 0.38 67.929

6.733 2.195 465.116 0.3543 66.7495

6.956 2.201 459.77 0.334 64.2519

7.178 2.207 455.408 0.315 63.2183

7.4 2.213 451.128 0.2959 62.1791

7.622 2.219 447.761 0.2751 63.1247

7.844 2.225 445.269 0.264 61.1559

8.067 2.231 441.989 0.2515 59.4764

8.289 2.237 440.367 0.2369 60.3606

5.4 2.047 503.145 0.4716 77.3067

5.622 2.053 491.803 0.4571 69.102

5.844 2.059 481.928 0.416 67.2232

6.067 2.065 475.248 0.3873 65.7546

6.289 2.071 467.836 0.3664 61.1733

6.511 2.077 463.32 0.3391 61.4857

Table 1 (continued)

L (nm) R (nm) P (nm) H W (nm)

6.733 2.083 458.015 0.3198 58.6576

6.956 2.089 453.686 0.296 59.2172

7.178 2.096 449.438 0.2772 58.3537

7.4 2.102 446.927 0.2614 58.0286

7.622 2.108 444.444 0.2333 63.5007

7.844 2.114 441.176 0.218 63.9481

8.067 2.12 440.367 0.2056 64.5887

8.289 2.126 437.956 0.1953 64.2689

Fig. 7 Surface plots: R vs. L vs. peak position (P, top), peak height
(H, center), and FWHM (W, bottom). Multiple linear regression fits
for the surfaces are given in Eqs. 2–4
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surfaces of Fig. 7 increase to the left-hand side, where L is
small and R is big, i.e., strong coupling. Strong coupling cor-
relates with red-shifted peaks, more intense peaks, and wider
peaks. The peak widths,W (or FWHM) relate inversely to the
lifetimes of resonances, so a particular application might vary
L and R to obtain the narrowest resonance and the most in-
tense peak for a desired wavelength. Narrower resonances
work better for solar panel design as a strong interaction of
nanoparticles with light provides efficient absorption in the
active layer and increases overall efficiency of the solar cell
[29, 30]. These surface plots provide an excellent physical
insight to help determine specifications for optimal nanopar-
ticle radii and lattice spacing to increase absorption in solar
cells. Trends can be extracted from the fits of Eqs. 2–4. For
example, consider the specific example of R ¼ 2:201nm and
L ¼ 6:956nm. The linear change in a peak position with a
radius dominates with ∂P

∂R ¼ 68:8 and ∂P
∂L ¼ �26:1 in units of

nanometer of wavelength shift per nanometer of nanoparticle
radius or lattice parameter, respectively. Likewise, the linear
trends in widths dominate and are ∂W

∂R ¼ 10:2 and ∂W
∂L ¼ �3:1

in units of nanometer of width per nanometer of nanoparticle
radius or lattice parameter, respectively. However, changes in
peak height with either R or L are more complicated and not

dominated by linear terms. Both change sign over the range
considered, so specific values of R and L must be considered.

Effect of Polydispersity on Extinction Spectra

The widths of these extinction resonances are an interesting
topic. If one tries to match the experimental extinction spec-
trum by varying L and R of a homogeneous array, the predict-
ed spectra are always narrower (see right of Fig. 1). For nano-
particles of this small size, it is known that the permittivity can
change from the bulk value as a function of particle radius
[31]. However, any practical fabrication process will suffer
from polydispersity, i.e., a distribution in particle sizes. It is
clear from the TEM image (left of Fig. 1) that there is a dis-
tribution in particle size and lattice spacing due to the com-
mercial non-ideal fabrication process. To address the lack of
monodispersity, additional 3D FDTD simulations were per-
formed using a larger, non-uniform hexagonal array unit cell
(top left of Fig. 8). While the earlier simulation involved two
nanoparticles per cell, this simulation involved 36 particles per
cell. This simulation started with the positions of nanoparticles
in the experimental image (Fig. 3), to which were added

Fig. 8 The top is a FDTD setup
of hex array of Ag nanoparticles
with a larger, non-uniform unit
cell. The bottom is a comparison
of FDTD extinction spectra E:
non-uniform hexagonal array
model (green curve) vs. uniform
periodic hexagonal array model
(blue curve)
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variations in radius and spacing between particles from
random Gaussian deviates and distribution input values
of 2.0±0.177 nm for the mean and standard deviation
of particle radius and 5.95±0.119 nm for the mean and
standard deviation of lattice parameter. The new pattern
of Ag nanoparticles (top left of Fig. 8) arising from the
assumed distributions was embedded in a host substrate
having an average dielectric index of 1.55. Note that in
the original experiment, the self-assembled Ag nanopar-
ticles were formed between the indium–tin oxide (ITO) coat-
ed glass substrate and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) along with a
photoactive layer of poly(3-hexylthiophene) (P3HT) and [6,
6]-phenyl-C61-butyric acid methyl ester (PCBM) blend film
[21]. The extinction spectrum results are shown in Fig. 8
where the 36 particle patterns with variations patterns with
variations are compared to that of a two-particle homogeneous
array. The extinction spectra obtained using the homogeneous
array are narrower and have additional higher order modes
that arise due to the symmetry of the periodic hexagonal array.
The 36 particle patterns with variations better emulate the
lineshape of the original experimental extinction spectrum,
both in its smoothness and width.

Conclusion

The 3D FDTD method captures the spectral behavior of hex-
agonal arrays of small (~4 nm) Ag nanoparticles that are ~100
times smaller than the probing wavelength. The resulting ex-
tinction spectra resemble the spectra of isolated Ag nanopar-
ticles, except that there are shifts and increases of width and
intensity due to coupling between particles in the lattice. At
first, the results from uniform arrays at varying radii and lattice
parameter were compared to the experimental extinction spec-
trum of a self-assembled hexagonal array of Ag nanoparticles
with an unavoidable distribution of sizes and lattice parame-
ters. The simulated spectra were always narrower and more
structured, so a polydisperse system was modeled with a dis-
tribution of radii and lattice parameters. Polydispersity is
clearly capable of explaining the breath and smoothness of
the experimental spectrum which unfortunately obscures the
ability to look at other effects, such as change of the permit-
tivity of small nanoparticles from bulk. In the future, it would
be very interesting to do such experiments and simulations on
arrays with narrower size distributions where polydispersity
does not dominate.
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