AlP  Applied Physic;\ \V D

A microscopic study of strongly plasmonic Au and Ag island thin films

Prathamesh Pavaskar, I-Kai Hsu, Jesse Theiss, Wei Hsuan Hung, and Stephen B. Cronin

Citation: J. Appl. Phys. 113, 034302 (2013); doi: 10.1063/1.4775784
View online: http://dx.doi.org/10.1063/1.4775784

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/N113/i3
Published by the American Institute of Physics.

Related Articles

Surface enhanced fluorescence and Raman scattering by gold nanoparticle dimers and trimers
J. Appl. Phys. 113, 033102 (2013)

Formation of Si or Ge nanodots in Si3N4 with in-situ donor modulation doping of adjacent barrier material
AIP Advances 3, 012109 (2013)

Pressure effect on ZnO nanoparticles prepared via laser ablation in water
J. Appl. Phys. 113, 033509 (2013)

Strange hardness characteristic of hydrogenated diamond-like carbon thin film by plasma enhanced chemical
vapor deposition process
Appl. Phys. Lett. 102, 011917 (2013)

Strong room temperature exchange bias in self-assembled BiFeO3—Fe304 nanocomposite heteroepitaxial films
Appl. Phys. Lett. 102, 012905 (2013)

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

7Y

;111;@.45.‘ ed in
Thomson Reuters

AIP

Explore AlP’s open access journal: - Rapid publication
Article-level metrics

Post-publication rating and commenting

Downloaded 22 Jan 2013 to 128.125.121.154. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Prathamesh Pavaskar&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=I-Kai Hsu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Jesse Theiss&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Wei Hsuan Hung&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Stephen B. Cronin&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4775784?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v113/i3?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4776227?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4789397?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4775733?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4775372?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4773567?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 113, 034302 (2013)

Prathamesh Pavaskar,' |-Kai Hsu,? Jesse Theiss,' Wei Hsuan Hung,®

and Stephen B. Cronin'?

'Department of Electrical Engineering, University of Southern California, Los Angeles,

California 90089, USA

2Department of Materials Science, University of Southern California, Los Angeles, California 90089, USA
3Department of Materials Science and Engineering, Feng Chia University, Taichung 407, Taiwan

(Received 15 October 2012; accepted 21 December 2012; published online 15 January 2013)

Thin Au and Ag evaporated films (~5nm) are known to form island-like growth, which exhibit a
strong plasmonic response under visible illumination. In this work, evaporated thin films are
imaged with high resolution transmission electron microscopy, to reveal the structure of the
semicontinuous metal island film with sub-nm resolution. The electric field distributions and the
absorption spectra of these semicontinuous island film geometries are then simulated numerically
using the finite difference time domain method and compared with the experimentally measured
absorption spectra. We find surface enhanced Raman scattering (SERS) enhancement factors as
high as 10® in the regions of small gaps (<2 nm), which dominate the electromagnetic response of
these films. The small gap enhancement is further substantiated by a statistical analysis of the
electric field intensity as a function of the nanogap size. Areal SERS enhancement factors of
4.2 x 10 are obtained for these films. These plasmonic films can also enhance the performance of
photocatalytic and photovoltaic phenomena, through near-field coupling. For TiO, photocatalysis,
we calculate enhancement factors of 16 and 19 for Au and Ag, respectively. We study the effect of
annealing on these films, which results in a large reduction in electric field strength due to
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increased nanoparticle spacing. © 2013 American Institute of Physics.
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INTRODUCTION

Plasmonic phenomena have demonstrated great promise
for a variety of photonic device applications including sub-
wavelength waveguides,1 tunable ﬁlters,2 resonators,3 and
modulators.* Plasmonic lasers,™® photocatalysts,”'* and
solar cells''™"* have also been realized experimentally. A
wide range of fabrication techniques exist for producing
plasmonic nanostructures including electron beam lithogra-
phy," colloidal self assembly,'®'” nanoimprint lithogra-
phy,"® nanosphere lithography,'”® and block copolymer
lithography,?' just to name a few. Thin films (~5nm) of
noble metals evaporated on dielectric substrates present a
simple one-step and reproducible way to make stable plas-
monic nanostructures. These semicontinuous thin films of
Ag or Au have been used in surface enhanced Raman scatter-
ing (SERS),”** plasmon-enhanced photocatalysis,”® and
sensing applications.>*?® SERS enhancement factors of 10°
have been previously reported for Ag films.>” Van Duyne
et al. showed that large electric field enhancements are
obtained due to the island-like structure of these films.*’
Regions of strong local electric field enhancements called
“hot spots” are observed between the nanoislands.”® An
extensive study of these thin films has been done by the Pur-
due group both theoretically?®>° and experimentally.?!-?
These hot spots are generally believed to be formed in
regions in which the gaps between neighboring islands are
very small, which allows for maximum plasmonic coupling.
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This is a well-known plasmonic phenomenon in the case of
nanoparticle dimers.'”?*3° While these semicontinuous
films consist of random geometries of metal islands, their
performance is significant and reproducible. We would like
to develop an understanding of the microscopic electric field
distribution of these substrates, and their relationship to
nanoparticle morphology.

In previous works, the morphology of these semicontinu-
ous metal island films have been studied by scanning electron
microscopy (SEM),*** transmission electron microscopy
(TEM),38 scanning tunneling microscopy (STM),3 ° and
atomic force microscopy (AFM).?”*° Schlegel and Cotton,”®
using TEM, and Dawson et al.,39 using STM, studied the
relationship of the deposition rate of silver films with SERS
intensities. Both these works showed that slowly deposited
films produce higher SERS intensities than rapidly deposited
films. Electromagnetic simulations of semicontinuous metal
films have been carried out based on SEM and AFM images
by several groups.?’%4%*! In the work presented here, finite
difference time domain method (FDTD) simulations are per-
formed based on HRTEM images, which provide a spatial
resolution more than one order of magnitude higher than pre-
vious studies. The grid size of the FDTD calculations are also
one order of magnitude higher than previous studies, which is
important in accurately capturing the behavior of the quickly
decaying fields at the surface of these metals.

EXPERIMENTAL AND SIMULATION DETAILS

Electron-beam evaporation was used to deposit 5nm
and 10 nm Au and Ag films on 100 nm thick SiN membranes,

© 2013 American Institute of Physics
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as determined by a quartz crystal oscillator thickness moni-
tor. A JEOL JEM-2100F advanced field emission transmis-
sion electron microscope was used to obtain high resolution
TEM images of these films with a resolution of <2 A.FDTD
simulations were performed on USC’s 0.15 petaflop super-
computing facility, which consists of 14734 CPUs con-
nected by a high-performance, low-latency Myrinet network.
For the simulations, a cell of size 1000nm x 800 nm
x 500 nm is used, which represents an experimentally meas-
urable area, larger than the diffraction limit. The film occu-
pies an area of 450 nm x 300 nm in the simulation. We use a
grid spacing of 2 A in the volume of 500nm x 500 nm
x 40nm around the film and 10nm elsewhere. A temporal
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grid spacing of 0.002 fs is used with a total of 100 000 time
steps. A planewave source is used, which irradiates the metal
film with a Gaussian pulse with a spectrum of wavelengths
ranging from 300nm to 800 nm. Perfectly matched layers
(PML) boundary conditions are used with 25 layers. The
dielectric functions of Au and Ag are based on the optical
constants given by Palik and Ghosh.**

RESULTS AND DISCUSSION

Figures 1(a), 1(c), and 1(e) show high resolution TEM
images of Au and Ag thin films with nominal thicknesses of
S5nm and 10nm. The island-like formations are clearly

100

FIG. 1. TEM images and electric field profiles of (a) and (b) a 5nm thick Au island film, (c) and (d) a 5 nm thick Ag film, and (e) and (f) a 10 nm thick Ag
film. The color axes in (b), (d), and (f) show the enhancement of electric field intensity relative to the incident electric field intensity.
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visible in the images, where the dark grey regions are the
gold or silver islands and the light grey regions are intersti-
tial space in between. The Snm Ag island nanoparticles
(Figure 1(c)) are more loosely packed than the Au island
film (Figure 1(a)) because the percolation threshold (i.e., the
thickness above which the film goes from being insulating to
conductive) for Ag films is 10 nm.** Figure 1(e) shows the
TEM image of a 10 nm thick Ag film. Figures 1(b), 1(d), and
1(f) show the electric field distribution of the Au and Ag
films. Here, the color axes show the enhancement of electric
field intensity relative to the incident electric field intensity.
The Au film shows higher electric field intensities than Ag,
due to the smaller gaps between the islands. As postulated
before, these results show that SERS enhancement is domi-
nated by a few nm-sized hot spots rather than regions extend-
ing over large areas. As such, these films utilize only a very
small fraction of the sample area. For the gold film, the local
electric field intensity in each of these hot spot regions is
approximately three to four orders of magnitude larger than
the incident electric field.

Figure 2 shows the calculated and measured absorption
spectra of the Au and Ag films shown in Figure 1. The
experimental absorption spectra were measured using a
Perkin-Elmer Lambda 950 UV/Vis/NIR spectrometer with
an integrating sphere detector. These figures show good
agreement between the experimental and calculated spectra,
which confirms the accuracy of our simulations. The absorp-
tion spectra for the Snm Au film and 10nm Ag film show a
much broader response than the Snm Ag film, due to the
inhomogeneity of the island shapes and sizes, which gives
rise to different plasmon modes.*’

Figures 3(a) and 3(b) show the polarization depend-
ence of the electromagnetic response of the Snm Au film.
As can be seen in these figures, gaps oriented vertically are
primarily excited by horizontally polarized light and vice
versa. This polarization dependence confirms the notion
that the hot spots are formed due to strong plasmonic cou-
pling between nearly touching islands. Some of the hot
spots can produce SERS intensity enhancements exceeding
10%. The average electric field intensity enhancements for
various gap sizes is shown in Figure 3(c), where each data
point is a statistical average of several hot spots of the
same gap size. There is a monotonic decrease in the
enhancement by a factor of 117, as the gap size increases
from 2nm to 10nm, further demonstrating that the high
electric fields in the gaps are due to strong plasmonic cou-
pling. Such a relation between the electric field and the gap
size has been shown previously in the case of dimers®**°
but not in the case of island films. It should be noted that
sub-10nm gaps cannot be fabricated by standard litho-
graphic techniques.

We have also investigated the effect of annealing on
nanoparticle morphology and the absorption spectra of these
films. Figure 4(a) shows a high resolution TEM image of a
Snm Au film after annealing at 200 °C for 2 h. The absorp-
tion spectra taken of annealed Au and Ag films are shown
Figures 4(b) and 4(c). These spectra exhibit narrow plasmon
resonant absorption centered at 540nm and 474 nm for Au
and Ag, respectively, which is consistent with the absorption

J. Appl. Phys. 113, 034302 (2013)
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FIG. 2. Experimental and simulated absorption spectra of (a) 5nm Au, (b)
Snm Ag, and (c) 10nm Ag island films.

spectra of isolated nanoparticles. This occurs due to the fact
that this random distribution of island shapes is transformed
into a fairly uniform distribution of ellipsoidal nanoparticles
after annealing.

From the FDTD simulations described above, we have
calculated the SERS enhancement factors of these films.
Since the Raman intensity depends on the electric field to the
fourth power (E*), for small phonon energies, each of the hot
spot regions is able to produce a SERS enhancement factors
exceeding 10%. However, this requires that the molecule(s)
of interest be located precisely in the 1-2 nm hot spot region.
Therefore, most of the area of this film does not demonstrate
significant SERS enhancement. This makes detecting trace
amounts of chemical species difficult and impractical. The
areal SERS enhancement is another way to assess the per-
formance of SERS substrates and is obtained by integrating
E* over the entire sample area and dividing by the incident
electric field to the fourth power (E,*) integrated over the
same area, as follows:
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FIG. 3. Electric field distribution of a 5nm Au film irradiated with (a) hori-
zontally and (b) vertically polarized light. (c) The distribution of the electric
field intensity enhancements for various gap sizes. The color axes in (a) and
(b) show the enhancement of electric field intensity relative to the incident
electric field intensity.

JaylET*

Areal SERS enhancement factor = I
Jdxdy|Eo|

(M

Based on this equation, an areal SERS enhancement factor
of 4.2 x 10* was obtained for both the 5nm Au and 10nm
Ag films. The 5nm Ag film exhibited a smaller enhancement
of 1.3 x 10* because the islands are more loosely packed
resulting in a fewer number of small nanogaps. The annealed
films produced even smaller enhancement factors of 366 and
45 for the Au and Ag films, respectively. Another reason for
the smaller enhancements of the 5nm Ag film and the
annealed Au and Ag films is their lack of pointed and sharp

J. Appl. Phys. 113, 034302 (2013)
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FIG. 4. (a) TEM image of an annealed 5Snm Au film. Experimental and
simulated absorption spectra of annealed 5 nm (b) Au and (c) Ag films.

edges. It has been shown previously that such sharp features
give rise to large plasmonic enhancements due to the so
called lightning rod effect.*’™*

In addition to SERS enhancement, we have also calcu-
lated the photocatalytic enhancement factors for these
plasmonic metal island films, as reported previously for nano-
particles deposited on top of a photocatalytic semiconductor.
For the photocatalytic enhancement factor, we integrate over
E? instead of E*, since the electron-hole pair generation rate is
proportional to the square of the electric field. For the calcula-
tion of the photocatalytic enhancement factor, we need to
consider absorption in the underlying substrate, since the
electron-hole pairs driving the photocatalytic reaction are cre-
ated in the substrate. Therefore, we also integrate over the
z-dimension in our calculation. Since the minority carrier
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diffusion length in TiO, is only about 10nm, we only inte-
grate over that length in the z-direction. Thus, the formula for
the photocatalytic enhancement factor is

0
J dz [dxdy|E|?

Photocatalytic enhancement factor = —5 —10nm ,

dz [ dxdy|E|*
—10nm
(2

where Eg,, is the electric field intensity in the underlying
semiconductor without the plasmonic film. The dielectric
function of anatase TiO, is used for the substrate.”® Using
this formula, the calculated photocatalytic enhancement fac-
tors for 5nm Au and 10nm Ag films are 16 and 19, respec-
tively. For a single hot spot, this enhancement factor is 176
in the Snm Au film. The annealed films barely produce any
enhancement with photocatalytic enhancement factors of 2.8
and 2.2 for the Au and Ag films, respectively.

Several experimental photocatalytic studies have reported
plasmonic enhancement using these 5 nm semi-continuous Au
films deposited on top of photocatalytic semiconductors. For
water splitting, photocatalytic enhancement factors of 4 and
66 were reported at 532nm and 633 nm, respectively.” For
methane formation from the reduction of CO, with water, a
plasmonic enhancement factor of 24x was reported.” While
these experimental values span a wide range, the enhance-
ment is of the same order of magnitude as that predicted from
the electric field distributions of FDTD simulations for similar
nano-island films conducted in this study.

CONCLUSIONS

In conclusion, we have simulated semicontinuous thin
films of Au and Ag based on high resolution transmission
electron microscope images with 2 A resolution using the fi-
nite difference time domain method. The island-like structure
of these films produces strongly plasmonic behavior due to
the presence of “hot spots” located between small nm-sized
gaps. Our results verify the notion previously put forth that
macroscopically observed SERS is dominated by a few nm-
sized “hot spots,” with SERS intensities reaching 10% times
the incident intensity. We obtained photocatalytic enhance-
ment factors of 16 and 19 for 5nm Au and 10nm Ag films,
respectively, over the whole film, but a much higher enhance-
ment factor of 176 for a single hot spot. This indicates that if
these films are optimized to have a large number of hot spots
using numerical optimization, much higher enhancement
factors over the whole film can be obtained. Based on a statis-
tical analysis of electric field enhancements for various gap
sizes, we demonstrate that the hot spots arise due to strong
plasmonic coupling between nearly touching islands. Ther-
mal annealing of these island films results in significant
changes in their morphology and absorption spectra.
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