
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Plasmonic nanogap structures
studied via cathodoluminescence
imaging

Stephen J. Bauman
Qigeng  Yan
Mourad  Benamara
Joseph B. Herzog

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/19/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



 

 

Plasmonic nanogap structures studied via cathodoluminescence imaging 
 

Stephen J. Baumana, Qigeng Yanb, Mourad Benamarac
, Joseph B. Herzog*,a,b 

 
aMicroelectronics-Photonics Program, University of Arkansas, Fayetteville, AR, 72701, USA;  

bDepartment of Physics, University. of Arkansas, Fayetteville, AR, 72701, USA;  
cInstitute for Nanoscience and Engineering, University of Arkansas, Fayetteville AR 72701, USA  

ABSTRACT 

Cathodoluminescence makes use of the beam raster capabilities of a scanning electron microscope to excite electrons in 
a sample and collects the luminescent light to produce images or obtain spectra that can reveal useful information about 
the sample. This technique has been shown to be particularly interesting for studying the plasmonic oscillations of 
metallic nanostructures. A recently developed fabrication technique has allowed for the creation of sub-10 nm gaps 
between metallic nanostructures for use as plasmonically active samples that can be tailored for various potential 
applications. The high degree of control over the geometries capable of being fabricated via this nanomasking technique 
allow for unique types of structures that are otherwise difficult to fabricate. In this work, the plasmonic response of 
metallic structures separated by sub-10 nm gaps is studied via CL imaging. Hyperspectral images can demonstrate the 
effectiveness with which various geometries produce specific wavelength resonances. The results can be helpful in 
determining which structures are optimal for specific applications based on these resonances. Also, the images can help 
to guide future fabrication, as the plasmon modes become better understood. 
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1. INTRODUCTION 
Fabrication and characterization of plasmonic nanostructures are important for the development of devices such as 
plasmonically enhanced sensors, photodetectors, and photovoltaics.1–7 Improved fabrication capabilities enable the 
production of novel geometries, use of hybrid materials, and other advancements not possible decades ago at the advent 
of theoretical plasmonics work.8–11 Two benefits of modern fabrication capabilities are the creation of extremely small 
(sub-100 nm) nanostructures and sub-10 nm gaps between these structures, especially important for plasmonic 
enhancement applications.12–16 The nanomasking fabrication technique is a recently developed method for creating 
metallic nanostructures on a substrate surface with geometrical control and the ability to produce sub-10 nm gaps 
between individual structures.17 The technique can be utilized via standard lithography processes, making it suitable for 
applications requiring mass production. Nanostructure geometries that have not before been easy to fabricate with 
lithographic processes have been demonstrated by this technique and studies are underway to test their applicability as 
substrates for SERS sensors and photodetectors.18–20 The optimization of nanomasking-patterned plasmonic structures 
for such applications will be aided by experimental spectroscopic data of fabricated samples. One powerful method of 
spectroscopic analysis for studying plasmonic resonances is cathodoluminescence imaging/spectroscopy. 

Cathodoluminescence (CL) uses an accelerated electron beam, typically as part of a scanning electron microscope 
(SEM), impinging on a sample surface to excite electrons, causing emission of light upon their relaxation. CL can also 
be used to study plasmonic resonances of metallic structures by using the SEM beam to excite plasmons and image the 
structures.21–25 Figure 1 depicts the CL process and the setup for obtaining images and spectra. The electron beam is 
scanned across the sample and at each location of the beam, light is given off depending on the excitability of the 
structure at that beam position. The light given off by this resonance is collected via a parabolic mirror inserted into the 
vacuum chamber along with the sample and the electron optics. The light can be sent directly to a photomultiplier tube 
(PMT) for panchromatic imaging, diffracted via a grating and sent to a charge-couple device (CCD) camera to obtain the 
full spectra, or diffracted and passed through a monochromator slit to the PMT to obtain a “single” wavelength signal. If 
the diffracted light is collected by the CCD in what is known as parallel mode, hyperspectral images of the sample can 

                                                 
* Email: jbherzog@uark.edu 

Plasmonics: Design, Materials, Fabrication, Characterization, and Applications XV, 
edited by Din Ping Tsai, Takuo Tanaka, Proc. of SPIE Vol. 10346, 1034607  

© 2017 SPIE · CCC code: 0277-786X/17/$18 · doi: 10.1117/12.2274085

Proc. of SPIE Vol. 10346  1034607-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/19/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



Scanning
electron

beam

Parabolic mirror

x -y -z Stage

mirror chromatic
Mono-

Spectrometer

spectrum

CCD

PMT
i

 

 

be obtained. This data cube is powerful in analyzing plasmonic modes and the locations at which they are most readily 
excited. CL has been used in the study of plasmon resonances in metallic nanostructures of various sizes under different 
conditions, as well as for materials characterization studies. 

 
Figure 1. Schematic of the cathodoluminescence (CL) setup. The scanning electron beam is shown impinging on a metal 
nanostructure on the sample surface, causing CL photons to be emitted. The parabolic mirror is shown directing the photons 
to the spectrometer where they are either sent directly to the PMT (panchromatic mode) or to the diffraction grating to 
spread the wavelengths spatially. If the grating is used, the diffracted light is sent either to the CCD  to obtain the full 
spectrum and/or hyperspectral images (parallel mode) or passed through a slit to the PMT (monochromatic mode). 

The PMT and CCD can be used to create an excitability map, generated in much the same way as the image obtained via 
the secondary electron detector in a SEM. The sketches in Figure 2 depict the concept of excitability allowing the 
creation of these maps. The electron beam strikes a specific point on the sample, the location of a single pixel in the CL 
image. With the beam focused on a given location, electrons are excited and subsequent photons emitted at nearby 
sample locations. It is important to note that the total signal is comprised of photons emitted not only from the exact 
beam position, but from locations all around the sample surface near the beam position. As one example, Figure 2(a) 
depicts the beam striking the center of one of the nanostructures, causing some CL emission from the sample. Figure 
2(b) shows the beam impinging on the edge of the center nanostructure and the resulting increase in the CL emission 
strength. The parabolic mirror redirects the same hemispherical area of emitted light in both cases, resulting in a stronger 
measured signal at the CCD/PMT for (b) than for (a). Thus, pixel by pixel, a map of the sample’s excitability can be 
constructed, with areas emitting more CL photons represented by brighter pixels. 
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Figure 2. Illustration demonstrating the generation of excitability maps. (a) The electron beam impinges on the middle of the 
center nanostructure, causing the emission of CL photons from the entire sample region. (b) The beam impinges on the edge 
of the center nanostructure, causing a stronger CL emission response, again from the entire local sample area. 

2. CATHODOLUMINESCENCE RESULTS 
Cathodoluminescence experiments have been performed at the University of Arkansas using a Gatan Mono CL4 system 
connected to a FEI Nova Nanolab 600 DualBeam (FIB/SEM). The system is capable of panchromatic imaging, taking 
point by point spectra and thereby creating hyperspectral images, and creating monochromatic images, as demonstrated 
by the image in Figure 1. Preliminary example images of the CL system’s panchromatic capability are shown in Figure 
3. Metallic nanostructures were fabricated via electron beam lithography on Si/SiO2 substrates. Here, the oxide layer was 
100 nm thick, and a 1 nm Ti layer was used to adhere the 80 nm Au layer to the substrate. A SEM image of a single 
nanostructure is shown in Figure 3(a), and the corresponding CL image is shown in (b). A CL map of a circular 
heptamer structure like the sketches in Figure 2 is shown in Figure 3(c). The panchromatic excitability of square 
structures in a checkered pattern are shown in Figure 3(d). In (b) – (d), the excitability maps have been colorized for 
clarity, with bright yellow/white representing more photon counts and blue representing less. The exact count values are 
not shown here, as the figure is merely illustrating the locations of greatest excitation. 

The CL maps in Figure 3 provide a preliminary look at the plasmonic resonances of the structures shown. The 
excitability is greatest when the electron beam is focused at the edges of the Au structures. Interesting to note in Figure 
3(c) and (d) is that the excitability is greatest for the metallic structure edges nearest to the neighboring nanostructures. 
This is a strong indication that plasmonic resonances play a significant role in the emission of CL for these metallic 
structures. This type of analysis will prove useful in testing the optimization of various fabricated structures in future 
work. 

  

Figure 3. (a) SEM image and (b) – (d) colorized, preliminary, panchromatic cathodoluminescence (CL) images of various 
nanostructures. 

Samples were fabricated on two different substrates in these preliminary tests, one containing a 100 nm thermally grown 
SiO2 layer and the other a native oxide layer of approximately 1 nm. Panchromatic images and spectra were obtained for 
similar nanostructures on each sample and compared as shown in Figure 4. The 100 nm oxide sample is shown in Figure 
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4(a) and the native oxide results in (b). The panchromatic CL images are shown for each case in (i) and the spectra, 
obtained over slightly different ranges, have been aligned by wavelength in (ii). The 100 nm oxide demonstrated more 
contrast than the native oxide sample, as seen by the difference in the CL maps in (a) and (b). Also notable are the 
differences in the spectra for each case. It is interesting to note these substrate effects, as recent computational 
optimization work by Bauman et al. has demonstrated similar dependence on the substrate oxide layer for optical 
responses.20 This is thought to be related to a thin-film interference effect between the substrate and the plasmonic 
structures. In Figure 4(a-ii), the total number of counts is much greater for the peaks exhibited by the sample at 450 and 
640 nm, and the signal to noise ratio is lower than that in (b-ii). Also, the peaks are narrower for the 100 nm oxide 
sample. The peaks are red-shifted by approximately 60 nm for the native oxide sample in (b-ii), exhibiting much lower 
signal to noise and broadened peak-widths. For the native oxide sample in (b-ii), the 640 nm peak in (a-ii) has also 
flattened significantly to appear as barely more than a shoulder on the shorter wavelength peak. More data and further 
analysis are required to fully interpret the significance of these results and their implications toward optimization of the 
nanostructures and substrates for various applications. 

 
Figure 4. Preliminary comparison of two 80 nm thick Au nanostructures with comparable dimensions on Si substrates 
containing (a) a 100 nm SiO2 layer and (b) a native oxide layer (~1 nm). Panchromatic CL (i) images and (ii) spectra with 
the peak locations emphasized by the dashed gray lines. 

3. CONCLUSION 
The capability of utilizing cathodoluminescence imaging and spectroscopy for the study of plasmonic nanostructures at 
the University of Arkansas Electron Optics Facility has been demonstrated. Panchromatic images and spectra have been 
obtained for various Au nanostructures, and a preliminary comparison of the effects of different substrate oxide 
thicknesses has been performed. The effects of a thicker oxide on the CL results include increased image contrast, 
spectral peak shifts, and increased signal to noise ratio in the spectrum. Future work to study the CL response of 
plasmonic structures will help to further characterize these effects and will aid in the optimization stage of developing 
plasmonic devices such as sensors and photodetectors. This work will help pave the way for future CL experiments, both 
internal and collaborative, as well as aiding in the study of various materials and devices via this powerful technique. 
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