Plasmonic resonance shift for various nanodevice geometries
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ABSTRACT
Plasmonic nanodevices are metallic structures that exhibit plasmonic effects when exposed to light, causing scattering
and enhancement of that light. These plasmons makes it possible for light to be focused below the diffraction limit. Darkfield spectroscopy has been used to capture the scattering spectra of these structures in order to examine the scattering and
resonant frequencies of the plasmons provided by the devices. The geometries of the devices change which wavelengths
of light are most readily able to couple to the device, resulting in a change in the wavelength of the scattered light. A
variety of device geometries and configurations will be studied, including nanodiscs, nanowires, and plasmonic gratings,
along with double-width nanogap plasmonic gratings. These new structures will have features below the fabrication limit
of electron-beam lithography, i.e. sub-10 nanometer features. The polarization dependencies of these resonance modes
are investigated as well. A relation between device geometry and wavelength will be drawn; in effect, this will allow the
selection of geometry of the fabricated device based on the desired wavelength of light to be scattered. Preliminary Raman
spectroscopy will also be performed in order to study the device response and usefulness for surface-enhanced Raman
spectroscopy.
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1. INTRODUCTION
When metallic nanodevices are exposed to light they exhibit a plasmonic response based on the wavelength of the
incoming light and the geometry of the device1-3. The plasmon is an oscillation of charge in the device, which itself creates
a local oscillating electric field or light. This scattering of light has numerous applications, including improved
photovoltaics4-6, surface-enhanced Raman spectroscopy7-9, and other uses such as SPASERs10-12.
This paper attempts to draw a relationship between the geometry of the nanodevice and the resonance peak. This
resonance peak refers to the wavelength of light which is most easily scattered by the device. This has been studied by
other papers for other devices, including nanodiscs13, nanowires14-16, and nanospheres17. In this paper, the device geometry
of primary interest is a grating. Gratings have been of interest due to the controllable nature of the wire width, period, and
material, thereby changing the characteristics of the grating. This makes them desirable for numerous applications, such
as sensing and emission of desired wavelengths18. Of special interest in this paper is the dual-width nanogap grating,
notable for the different wire widths. This results in multiple resonance peaks for each grating.

2. FABRICATION
The nanostructures examined in this work are gold (Au) nanostructures. Each device was fabricated from on a silicon
substrate with a 100 nm thermally-grown silicon oxide layer with standard electron beam lithography (EBL). First a thin
layer of polymethyl methacrylate electron beam resist was deposited via spin-coating. Next, designs were patterned into
the electon beam resist using an electron beam, and then gold was deposited into the developed electron beam resist after
development. In order to create the grating, a variation of the self-aligned technique was used19. The gratings studied in

this paper were double-width nanogap plasmonic gratings. This type of grating has alternating widths of wires with
nanoscale gaps in between as shown in figure 1. The self-aligned technique is what makes these gaps possible. These
gratings had fixed small wire widths of w = 100 nm and the period of the plasmonic grating was designed to be P = 230
nm, 300 nm, and 400 nm. Figure 1 shows an image taken with a scanning electron microscope (SEM) of the plasmonic
grating with a period of 400 nm. The gap width of this grating varies in size along the length of the nanowires but has an
average value of 8 nm. A variation of the self-aligned technique called nanomasking has been shown to make nanogap
plasmonic gratings. Bauman et al. describe the full details of this fabrication method that requires two lithography steps20.
He the method is briefly described. For this work the first lithography step used EBL to patterns a design into a layer of
PMMA on a silicon substrate which is then developed in order to create a trough in which to deposit gold. On top of this
gold is deposited a layer of chromium. When the chromium layer is exposed to air it oxidizes and expands. The process is
repeated but the expanded chromium oxide layer provides a mask beneath which gold cannot be deposited. The chrome
oxide layer is then removed with a wet etching process, which leaves side by side gold structures with a nanoscale gap in
between. For these gratings, the small wires were patterned first, then the larger wires were deposited. The chromium mask
resulted in nanogaps between the wires.

Figure 1. SEM image of double-width nanogap plasmonic grating. The main wire (W) varies by grating,
along with the period P. The smaller wire (w) has a fixed width of 100 nm. The period P changes between
gratings. This image is of P=400 nm

3. METHODS
3.1 Experimental Methods
Once the gratings were fabricated and imaged by the SEM they were subjected to dark-field spectroscopy. A diagram
of the optical setup is shown in figure 2.

Figure 2. Optical Schematic. Light from a white light source is passed through a linar polarizer and
strikes the sample at an incident angle of 70°. The majority of the light is reflected away and the scattered
light is collected by the microscope objective (NA = 0.55) and sent to either the CMOS camera or the
CCD spectrometer after a 200 mm focal length lens. A removable window allows for bright-field
imaging of the sample as well.
The optical setup design allows for both bright-field and dark-field imaging of samples. Bright-field imaging allows
for colored images of the sample and assists in alignment. Dark-field imaging is used to gather the scattering spectrum.
For dark-field, white light from a halogen bulb is sent through a Kohler illumination system with a linear polarizer then to
the sample. The majority of the reflected light is ignored while a portion of the scattered light is collected by the 50x
microscope objective (NA = 0.55, f = 200 mm). For measuring spectra, the scattered light is then analyzed by a Princeton
Instruments InSight:100B spectrometer system with a PIXIS 100B CCD image sensor. An optional flip mount mirror
allows for the light to be captured by a CMOS camera, resulting in color images of the samples. Example images of the
gratings under both bright-field and dark-field microscopy by this CMOS camera are in figure 3. The system can be
changed between dark-field to bright-field imaging by inserting the removable window and turning off the dark-field light
source.

Figure 3. Bright-field (A) and dark-field (B) images of samples. Various nanostructures are fabricated
on one chip to save cost. The six purple rectangles in the lower center of (A) are the studied gratings.
The gratings closer to the bottom of the image has a narrower width for the main wire and a smaller
period. (B) shows dark-field image of the same region. Both images are taken with the CMOS camera.
For this study the spectrometer used a blazed reflection grating of 150 grooves/mm with a blaze angle of 800 nm,
which was set at a center wavelength of 750 nm. The CCD was exposed to the scattered light for 5000 ms and 100
exposures were averaged together in order to reduce signal noise as much as possible.

4. RESULTS
The dark-field spectrum was calculated from various measured spectrum, and the resulting data from each grating is
plotted in figure 4A. This figure is a waterfall plot, shows that in general the spectra for the various gratings are very
similar. The spectra are normalized to show only the differences in the peak position, not any difference in intensity. There
are two peaks with each spectrum, likely due to the alternating wire design of the system. Each wire should generate its
own resonance peak. These resonance peaks change with the size of the wire, as shown should happen in previous works21.
There is a noticeable shift in both the primary and secondary peak wavelengths, although the secondary shift is not as
drastic. With additional grating sizes it should be quite simple to create an equation which allows for the prediction of the
resonance peak based on the grating. We believe that our system is currently detecting a large amount of background
scattering; this could be altering the accuracy of our results. Future goals of this project will work towards minimizing
these unwanted signals by adding irises to the Kohler illumination system.

Figure 4. A. Waterfall plot of dark-field spectra of gratings. The arrows show the locations of the two
peaks for each grating. B. Peak wavelength plotted for the three grating periods (P). The diamonds
show the lower wavelength peaks while the triangles show the secondary peaks.

5. CONCLUSION AND FUTURE WORK
There is a relationship between the grating geometry and the resonance peak of the grating. Dark-field spectroscopy
has been used to show that the resonance peak shifts as the large wire width changes. With additional trials, a relation can
be drawn between the geometry of the grating and the scattering peak of the device. In the future, not only will the grating
main wire change, but the other specifications will as well, such as small wire width, height, and gap width. These tests
will allow the creation of gratings designed to scatter certain wavelengths of light. In addition, computer simulations will
be performed for these gratings to test the expected response for Raman spectroscopy. Finally, future work will also work
towards optimizing our optical system by reducing background signals.
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