






and the corresponding section analysis illustrating the height
measurement. The surface roughness of the NP, measured
from Fig. 2�a�, is �10 nm.

The same three NPs with various shapes presented in
Fig. 1 were also used for optical characterization, and the
results are shown in Fig. 3. The LSPR spectra acquired using
DFOMS �Figs. 3�A��b, i�–3�C��b, i�� show peak wavelengths
��max� of 692, 752, and 785 nm for disk-, square-, and

triangular-shaped NPs, respectively. The redshift in the
LSPR spectra, i.e., peak position shifts to a longer wave-
length, clearly indicates the effects of the NP shape as the
tips become sharper. Such shift was also observed on NSL-
prepared Ag NPs by Jenson and co-workers.22 They mea-
sured the LSPR spectra of disk- and triangular-shaped Ag
NPs with varying size and showed that the LSPR peak wave-
lengths of triangular-shaped NPs are longer than those of
disk-shaped ones, even for those with smaller size. The
LSPR peak shift due to size and interparticle distance varia-
tion was also reported by several other research
groups.19,23,24 However, it should be noted that the reported
magnitude of shifts varies among published results, which
could be due to a combined effect of different factors con-
tributing to the LSPR peak shift since the majority of pub-
lished LSPR spectra were acquired from an ensemble of
NPs. In contrast, the LSPR spectra presented in Fig. 3 were
collected from single NPs and, thus, reflected the effects only
from NP shapes.

To further understand the experimental results, DDA
method was utilized to simulate the LSPR spectra of single
Ag NPs with different shapes, and the results are shown in
Figs. 3�A��b, ii�–3�C��b, ii�. It can be seen that, for disk-
shaped NPs, the peak wavelength of simulated LSPR spec-
trum ��p,i=689 nm� is in excellent agreement with the ex-
perimental data ��p,i=692 nm�. As for the square- and
triangular-shaped NPs, the peak wavelengths of the simu-
lated spectra exhibit small deviations from the experimental
data, i.e., ��p=32 nm and ��p=19 nm, respectively. Such
deviation may be due to a simplified DDA method, which
assumes that the NPs are perfect squares and equilateral tri-
angles, while the real NPs exhibited slightly distorted square
and triangular shapes with rounded corners, as shown in
SEM and AFM images. Indeed, both experimental results
and simulations published previously by other research

FIG. 1. SEM images of 5�5 Ag NP arrays fabricated by EBL: �a� disks, �b�
squares, and �c� triangles. Insets are high magnification images of a single
NP.

FIG. 2. �Color online� AFM of a square-shaped Ag NP: �a� top view, �b�
section analysis showing the NP height of 32 nm, and �c� 3D view.
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groups demonstrated that shift in LSPR peak wavelength can
be a result of rounded or truncated corners of NPs.25,26 A
theoretical study by Ma and co-workers showed that reduced
vertex angle for triangular NPs would cause redshift in the
calculated LSPR spectra.27 We also note that the surface
morphology of the EBL-fabricated NPs has some surface
roughness due to grain boundary formation during the depo-
sition process. This surface feature is different for each NP.
Moreover, we have noticed significant changes in morphol-
ogy in Ag NPs exposed to laboratory air for weeks.28 In the
present study, care was taken to assure that the amount of
time the NPs are exposed to laboratory air is far less than that
causing NP degradation. Additionally, Chuang et al.29 de-
tected Ag2O formation at the Ag/PMMA interface while fab-
ricating Ag-coated PMMA periodic arrays using EBL pro-
cess to study photoactivated fluorescence. The possible
effects of a surface oxide layer on the LSPR of Ag NPs and,
subsequently, the reliability of final devices may be critical
and need to be further investigated.

It should be noted that, in Fig. 3, the full width at half
maximum �FWHM� values for the experimental LSPR spec-
tra are higher than those for the simulated data. Generally,
the broadening of LSPR spectra for noble metal NPs can be
attributed to either electron-surface scattering for small par-

ticles or radiation damping for large particles, or both, de-
pending on the particle geometries and dielectric
environments.30 The broadening from radiation damping is
also roughly proportional to the volume of the NP. Since the
Ag NPs we fabricated in this study are fairly large, radiation
damping may significantly contribute to the broadening of
experimental LSPR spectra. Moreover, the NPs were fabri-
cated from Ag thin films deposited by a thermal evaporation
technique on ITO that generally yields polycrystalline films
with relatively high surface roughness, as shown in Fig. 2.
Therefore, each NP may be considered as a group of smaller
NPs during the optical characterization, thus giving rise to
the observed broadening of LSPR spectra due to combined
effects of multiple dipole resonances generated from mul-
tiple grains within each NP.

Using DFOMS, location-dependent LSPR spectra for Ag
NP pairs with varying interparticle distance were also ac-
quired to further study the radiative dipole coupling effects.
Figures 4�A��b�–4�E��b� show AFM images of five disk-
shaped NP pairs with inter-particle distance �D� of about 40
nm, 140 nm, 270 nm, 360 nm, and 460 nm, respectively. The
LSPR spectra were collected from five different locations
across the NP pair axis marked as i, ii, iii, ii�, and i� in the
optical images in Figs. 4�A��a�–4�E��a�. The locations were
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FIG. 3. �Color� Shape-dependent optical properties of
single Ag NP using DFOMS and theoretical simulation.
�a� Dark-field color images of Ag NP arrays in �A�–�C�,
which are the same arrays in Figs. 1�a�–1�c�, respec-
tively. �b� Normalized LSPR spectra of single Ag NP.
These spectra were obtained from NPs shown in the
insets of Fig. 1 and indicated by dotted squares in �a�.
The experimental measurements acquired by DFOMS
are labeled as �i� while the DDA simulations are labeled
as �ii�. All scale bars are 3 �m. Note: single NPs in �a�
are imaged under optical diffraction limit and thereby
the scale bars in �a� show the distances among NPs, but
not the sizes of NPs.
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selected such that pixels i and i� are close to the end of each
NP pair, pixels ii and ii� at the center of each NP, and pixel iii
at the center of the pair axis. Figures 4�A��c�–4�E��c� show

the LSPR spectra acquired from aforementioned five loca-
tions on each NP pair, and the peak wavelengths are summa-
rized in Table I. Clearly, the LSPR spectra for locations ii, iii,
and ii� exhibit pronounced redshifts as the interparticle dis-
tance decreases, indicating a strong interaction when two
NPs are close to each other. Note that the peak wavelengths
of LSPR spectra collected from locations i and i� show al-
most no shift, which also illustrates that the LSPR spectrum
of a single NP depends on its location within and the sur-
rounding NPs. Similar results were also reported by other
research groups that studied the LSPR for Au or Ag NP pairs,
although their spectra were acquired from an ensemble of NP
pairs that were largely spaced to reduce coupling effects
among the pairs.24,31 Another study involving 2D periodic
NP arrays �square and hexagonal� with different lattice spac-
ing conducted by Haynes and co-workers revealed pro-
nounced blueshifts in LSPR spectra with decreasing lattice
spacing for both Au and Ag NPs,19 indicating a more com-
plex coupling effect for ensemble of NPs. They also reported
that, unexpectedly, the LSPR spectrum for an isolated NP
was not observed even with the largest lattice spacing in their
study. In contrast, the LSPR spectra collected in the present
study using DFOMS method represent the real optical prop-
erties of Ag NP or NP pairs by eliminating the coupling
effects from surrounding NPs within an array. Moreover,
since the DFOMS system possesses a spatial resolution of
single pixel �100 nm�, we were able to acquire separate
LSPR spectra that resulted solely from either the dipole cou-
pling effects or the NP itself within a NP pair. These spatially
resolved spectra provide more accurate information for the
development of NP-based sensors.

IV. SUMMARY

Ag NPs with various shapes were fabricated using EBL.
The SEM and AFM results showed well-defined disk-,
square-, and triangular-shaped NPs with size and height of
about 200 nm and 32 nm, respectively. The LSPR spectra
were acquired on single Ag NPs within 5�5 arrays using
DFOMS and exhibited pronounced redshifts as the tips of a
NP became sharper, i.e., NP shape changed from disk to
square and to triangular. The shape-dependent experimental
LSPR spectra were in good agreement with simulated data
using the DDA method despite small deviations on the peak
wavelengths for square- and triangular-shaped NPs, which
may be attributed to a simplified DDA model used for simu-
lation. The radiative dipole coupling within Ag NP pairs with
varying interparticle distance was also studied by collecting
the LSPR spectra from different locations on the pair axis. It
was clearly observed that the LSPR wavelength redshifts as
the interparticle distance decreases, indicating a strong inter-
action when two Ag NPs are close to each other. The mag-
nitude of the redshift varies for the LSPR spectra acquired at
different locations, which also illustrates that the LSPR spec-
trum of a single NP depends on its location within a NP array
and the surrounding NPs. This study provides effective
means to investigate the optical properties of isolated Ag
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FIG. 4. �Color� Optical and surface characterization of disk-shaped Ag NP
pairs using DFOMS and AFM. The dark-field color images in �a� show that
the distances between two Ag NPs in each pair are under optical diffraction
limit. AFM images in �b� show that the gaps between two Ag NPs are: �A�
40 nm, �B� 140 nm, �C� 270 nm, �D� 360 nm, and �E� 460 nm, respectively.
The LSPR spectra of single Ag NPs in �c� acquired at different locations, as
marked by the dashed line at �i–iii, ii�–i�� in �a�, show that the peak wave-
length of LSPR spectra of single Ag NPs depends upon the location and gap
between the pair of Ag NPs. All scale bars in �a� are 500 nm.
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NPs and offers experimental data that may benefit the devel-
opment of high sensitivity chemical and biological sensing
devices.
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TABLE I. Summary of location-dependent LSPR spectra of disk-shaped Ag NP pairs.

NP pair
Interparticle distance �D�

�nm�

�p

�nm�

i ii iii ii� i�

A 40 720 760 765 763 720
B 140 717 738 766 738 717
C 270 727 727 725 725 727
D 360 725 727 714 727 725
E 460 725 727 714 727 725
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