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Fabrication and Optoelectronic Characterization of Nanoscale Resonance
Structures

William Theodore Rieger Jr.

(ABSTRACT)

Resonance structures have long been employed by RF and microwave devices ranging from
antennas, to wave guides. These resonance structures have exhibited an enormous amount of
control over the wavelength selectivity, polarization, and directivity of the electromagnetic ra-
diation which couples to the structure. Traditional geometrical optics has alternatively used
discrete optical components such as lenses, gratings, and polarizers to accomplish equivalent
control over optical radiation. This dissertation contributes to the larger body of litera-
ture that applies lessons learned in RF and microwave resonance structures, to nanoscale
resonance structures. Optoelectronic nanoscale resonance structures were fabricated and
characterized using both experimental and numerical methods. Two nanoscale resonance
structures were investigated: an antenna inspired Yagi-Uda array, and a metasurface in-
spired interdigitated structure. Experimental devices containing the nanoscale resonance
structures were fabricated on semiconducting substrates forming metal-semiconductor-metal
photodiodes. The spectral response of the nanoscale resonance photodiode was determined
by measuring the photocurrent or photovoltage resulting from incident monochromatic light
which was swept through wavelengths from 400 nm to 2000 nm. The previously mentioned
Yagi-Uda based device exhibited two maxima in photoresponse at 1110 nm and 1690 nm.
Effective wavelength scaling was applied to the Yagi-Uda nanoantenas, and consistency was
demonstrated between the theoretical effective wavelength and experimental photoresponse
maxima. The spectral response of the interdigitated structure demonstrated good quali-
tative agreement with the finite element modeled absorbance in an equivalent structure.
Analysis of the modeled absorbance suggests that hot electron injection contributes to the
photoresponse, and the spectral response of the detector device may be tuned by varying the
geometrical parameters of the device. An optimized device was proposed that could improve
photodetection efficiency using nanoscale resonance devices. Antenna inspired nanoscale
resonance structures may be used to probe fundamental physical phenomena such as hot
carrier generation, hot carrier transport, and surface plasmon resonances. Combined opti-
cal and electrical-optoelectronic devices exploiting these phenomena may be realized for a
variety of applications, eliminating some or all of the discrete optical components required
for optoelectronic systems and hence significantly reducing the SWaP cost of optoelectronic
systems.

That this work received support from the U.S. Navy under Contract No. N68335-13-C-0184
and NASA under Contract No. NNX17CC63P.



Fabrication and Optoelectronic Characterization of Nanoscale Resonance
Structures

William Theodore Rieger Jr.

(GENERAL AUDIENCE ABSTRACT)

Resonance structures have long been employed by RF and microwave devices ranging from
antennas, to wave guides. These resonance structures have exhibited an enormous amount
of control over radio waves. Traditional optics has alternatively used discrete components
such as lenses, gratings, and polarizers to accomplish equivalent control over light waves.
This dissertation contributes to the larger body of literature that applies lessons learned in
RF and microwave resonance structures, to nanoscale resonance structures. Optoelectronic
nanoscale resonance structures were fabricated and characterized using both experimental
and computational methods. Two nanoscale resonance structures were investigated: an an-
tenna inspired Yagi-Uda array, and a metasurface inspired interdigitated structure. The
ability of both devices to detect light of a particular wavelength was then tested. The
photoresponse of the device containing a Yagi-Uda array is consistent with RF Yagi-Uda
antennas when considered in accordance with the concept of effective wavelength. The ex-
perimental response of the interdigitated structure demonstrated good qualitative agreement
with the computational modeled absorbance in an equivalent structure. Analysis of the mod-
eled absorbance suggests that the spectral response of the detector device may be tuned by
varying the geometrical parameters of the device. An optimized device was proposed that
could improve photodetection efficiency using nanoscale resonance devices. Antenna inspired
nanoscale resonance structures may be used to probe fundamental physical phenomena such
as hot carrier generation, hot carrier transport, and surface plasmon resonances. Combined
optical and electrical-optoelectronic devices exploiting these phenomena may be realized for
a variety of applications, eliminating some or all of the discrete optical components required
for optoelectronic systems and hence significantly reducing the SWaP cost of optoelectronic
systems.
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Chapter 1

Introduction

Nanoscale resonance structures have been of interest since the development of nanofabrica-
tion techniques has allowed experimental realization of structures with characteristic length
scales equal to an optical wavelength [1–5]. Nanoscale resonance structures fit broadly into
two categories: subwavelength nanoantennas [6–26], and metasurfaces which consist of sub-
wavelength structures [27–29]. Nanoantennas offer to apply lessons learned in RF and mi-
crowave antennas to optical wavelengths [12–26]. Even the concept of impedance matching
can be applied to nanoantennas [30]. RF and microwave antennas offer control of directivity,
polarization, and wavelength selectivity while operating at high efficiencies [31]. Equivalent
control of directivity, polarization, and wavelength selectivity in optics currently requires a
system of discrete optical components such as lenses, polarizers, and filters [32]. Innovations
such as fiber optic communication, LIDAR, and satellite imagery require optoelectronic de-
vices with reduced size, weight, and power (SWaP) costs [33]. Nanoantennas such as the
Yagi-Uda nanoantennas studied in this dissertation show promise to reduce the SWaP cost
of optoelectronic devices as discussed below. Metasurfaces are periodic surfaces, consisting
of a unit cell containing subwavelength features [34, 35]. Metasurfaces offer control over
macroscopic physical properties such as the index of refraction, by controlling the geometry
in the unit cell [3,27,36–43]. Such surfaces have been demonstrated at RF and optical wave-
lengths [3, 27, 34–43]. The interdigitated device discussed in this dissertation is metasurface
inspired. Nanoscale resonance structures have been primarily investigated through purely
optical techniques, where the nanoscale resonance structure is placed between a light source
and detector [6, 8, 12, 15, 17–22,26]. The reflectance, transmittance, and absorbance may be
measured through purely optical methods. Practical use of nanoscale resonance structures is
based on the ability of these nanoscale structures to confine electric or magnetic fields [44].
Confined electromagnetic fields may be used

1 to produce an electrical response as exploited in this dissertation,

2 to interact with an object in a highly localized way such as is used in scanning tunneling

1
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microscopy [45,46],

3 or to catalyze a chemical reaction [47,48].

There are two main difficulties in applying lessons learned in RF and microwave structures to
nanoscale resonance structures: the material properties of the nanoscale resonance structure
and surrounding material play a significant role in antenna behavior, and the necessity to
develop new ways to interact with the antenna due to the length scales involved. RF and
microwave antennas allow oscillating electric currents to exist in antenna elements which are
typically made of metal wire lengths [31]. These oscillating electric currents couple to trav-
eling electromagnetic waves. If the skin depth in the metal antenna element is much smaller
than the radius of the wire cross section, then the coupling between oscillating currents
and traveling waves can be analytically deduced by approximating the antenna elements as
one dimensional perfect conductors [31]. This approximation results in a wavelength scaling
which is only dependent on the free space wavelength. The skin depth at typical RF and
microwave wavelengths (of order 0.1 µm - 10 µm in copper) is much shorter that the cross
sectional radius of the wire in standard cases (406 nm µm for 20 gauge wire) [31]. However,
the skin depth at optical frequencies (25 nm to 45 nm in Au [49]) is not negligible relative to
the cross sectional radius of the nanoantennas investigated in this dissertation (25 nm). As
a result of the non-negligible skin depth, the scaling of resonance wavelength with free space
wavelength fails. In nanoscale resonance structures, conduction electrons oscillate in or on
the surface of the metal structure, and are called plasmons [50,51]. The specific behavior of
plamsons in a nanoscale resonance device is dependent on both the structure geometry and
materials properties [52]. Plasmons occurring at a metal-dielectric interface are called surface
plasmons. Because the electric field associated with a surface plasmon extends into both the
metal and dielectric, the permittivity of both materials affect the plasmon behavior. There
are two types of surface plasmons that are of particular importance to nanoscale reasonance
structures: Surface Plasmon Waves (SPW) and Localized Surface Plasmons (LSP). Surface
plasmon waves [50,51] exist on a metal-dielectric interface which has a characteristic length
scale larger than the plasmon wavelength (Fig. 1.1a). Localized surface plasmons exist on
subwavelength nanostructures such as nanospheres or nanorods [44], and are depicted in
Fig. 1.1b. The Yagi-Uda nanoantennas discussed below support LSP modes. The interdig-
itated structure discussed in Chapter 5 supports LSP or SPW depending on the frequency
of incident light. The main thrust of this dissertation is fabrication and characterization of
antenna inspired nanoscale resonance structures to probe fundamental physical phenomena
such as hot carrier generation, hot carrier transport, and surface plasmon resonances, and
to realize combined optical and electrical-optoelectronic devices exploiting these phenomena
for a variety of applications.
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Figure 1.1: Two types of surface plasmons: a) A surface Plasmon Wave (SPW) on an infinite
metal-dielectric interface. Black lines denote electric field. b) A Localized Surface Plasmon
(LSP) on a metal nanosphere. (Figure inspired by [53]).

1.1 Applications

Optical nanoscale resonance structures have been used extensively for chemical and biolog-
ical sensing applications [54, 55]. Additionally, nanoscale resonance structures have been
used as beam steers [22, 28, 56]. Potential optoelectronic uses for nanoscale resonance de-
vices are widespread and are largely focused on bringing the level of control achieved in
RF and microwave structures to optical wavelengths. Current optoelectonic systems which
achieve a level of control comparable to RF and microwave antennas require discrete opti-
cal components such as lenses, polarizers, and detectors made from exotic materials such
as PbSe, PbS, InGaN, and GaN [32, 57, 58]. The key advantage of nanoscale resonance
structured optoelectronic devices is the relaxation of the requirements for material proper-
ties (i.e. electronic band structure), and the increased control of polarization, selectivity,
and directivity [26, 59, 60]. Energy harvesting devices are a specific area that would benefit
from nanoscale resonance optoelectronic devices [61, 62]. Semiconductor energy harvesting
devices are able to collect photons with energy equal to or greater than the band gap energy
of the semiconductor. The nanoscale resonance optoelectronic devices presented in Chapter
5 of this dissertation rely on hot carrier injection to generate electrical energy from photons.
The energy of photons collected through hot carrier injection is dependent on the height
of the Schottky barrier formed at the interface of the metal nanoscale resonance structure,
and the semiconducting substrate. The Schottky barrier can be tuned through selection of
materials or doping [63]. The process of energy harvesting through hot carrier injection is
elaborated in Section 1.2.2. The applications of nanoscale resonance structures are vast and
not limited to optoelectronic detection devices discussed in this dissertation. For example,
nanoscale resonance structures have been demonstrated as photonic sources when driven
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electrically [64,65]. Nanoresonant structures have been used to replace traditional antireflec-
tion coatings [66], to replace traditional lenses with flat lenses [28, 60], or to couple light to
detectors via creation of a cavity [67, 68]. Nanoscale resonance structures may also be used
as waveguides, making photonic integrated circuits possible [69].

1.1.1 Efficiently Harvesting Energy

Optoelectronic nanoscale resonance devices have the possibility to increase efficiency of
energy harvesting devices by broadening the bandwidth to which a photodiode is sensi-
tive [24, 62, 70]. Commercial photovoltaic devices require the excitation of an electron hole
pair in an intrinsic semiconductor, and thus the optical bandwidth to which they are sen-
sitive is limited by the electronic band structure of the semiconductor [62]. Alternatively,
nanoscale resonance structure based energy harvesting devices such as those investigated in
this dissertation collect energy through hot carrier injection, and are hence able to collect
energy from photons with energies below the band gap energy of the semiconducting sub-
strate [61]. The lowest energy photon a hot carrier injection based energy harvesting device
can collect is equal to the height Schottky barrier at the interface of the metal nanoscale
resonance structure, and the semiconducting substrate. More efficient energy harvesting
may be achieved by combining hot carrier injection with intrinsic electron hole pair produc-
tion [61,62]. Increasing the efficiency of nanoscale resonance optoelectronic energy harvesting
devices can be accomplished by increasing the efficiency of optical absorbance from surface
plasmon resonance [15–22] (discussed in Section 1.3), or by more efficiently generating hot
carriers [61, 62, 71] (discussed in Section 6.2). Further improvements to both the quantum
and overall efficiencies of nanoscale resonance structure based devices benefits from focusing
on efficiently generating hot carriers, and efficiently transporting them across a metal semi-
conductor interface. The future modeling work proposed in Section 6.1 addresses both of
these potential improvements pathways.

1.1.2 Polarization, Selectivity, and Directivity Control

RF and microwave antennas and resonance structures (i.e. waveguides) are often designed to
have an optimized response to a particular polarization, wavelength or directivity [72]. How-
ever, in optics, it is often necessary to use lenses, gratings, apertures, and exotic materials to
accomplish an equivalent response [32]. Nanoscale resonance structure based optoelectronic
devices can realize polarization, wavelength selectivity, and directivity intrinsically through
careful control of the structure geometry. Directivity and wavelength selectivity are realized
in Yagi-Uda nanoantennas [15–23], and have been observed in the optoelectronic nanoan-
tennas presented in this thesis. The intrinsic control of polarization, wavelength selectivity,
and directivity allow applications traditionally requiring a system of discrete optical com-
ponents to be realized on a chip [73, 74]. Based on my dissertation work, as an example I
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propose a spectrometer on a chip. A standard spectroscopy system requires as a minimum
a light source, a slit, a diffraction grating, and an angularly resolved photodetector as seen
in Fig. 1.2a. Alternatively, my proposed spectrometer on a chip is shown in Fig. 1.2b. A
white light source and an array of nanoscale resonance structures are fabricated on a single
semiconductor substrate; the nanoscale resonance structure array eliminates the need for
both the diffraction grating, and the angularly resolved photodetector. Over one hundred

Figure 1.2: Schematic representation of nanoscale resonator based spectrometer on a chip.
a) A standard spectrometer setup including a light source, cuvette, optical slit, diffraction
grating, and sensor array. b) The proposed spectrometer on a chip where the requirements
consist of only the device and sample cuvette.

years ago, Wood reported observation of light transmitted through sub wavelength slits in
a metallic optical grating [1]. Enhanced transmission though subwavelength apperatures in
metal films has since been observed [75]. The far reaching implications of the anomalous
behavior originally reported by Wood was not fully realized until it was understood that the
anomalous behavior in metallic grating emerges from surface plasmon resonance [76]. In ad-
dition to subwavelength apertures, surface plasmon resonance also occurs in subwavelength
nanostructures, such as metal nanorods or nanoparticles [4, 8, 55]. Nonlinear optical effects
can be observed using arrangments of metal nanorods to double or triple the frequency of
incident light [22,77–79]. Photodetectors using frequency doubling have been demonstrated
in the mid and long IR range [79]. Plasmonic antenna behavior has been observed in sodium
chains [80]. Additionally, nanoantennas have been realized in heavily doped Si [81], and bear
similarities to the metallic nanoantennas studied in this dissertation.
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1.1.3 Optical Measurements and Geometries

The largest collection of literature on the topic of nanoscale resonance structures is focused
on purely optical measurements [15–22]. Purely optical measurements offer the simplest
way to examine nanoscale resonance structures. Moreover, purely optical techniques have
been used to optimize surface plasmon resonance in nanoscale structures. A possible exper-
imental setup for transmittance and reflectance measurements is shown in Fig. 1.3. The
nanoscale resonance structures are fabricated on a transparent substrate. The sample con-
taining the resonance devices is placed on an integrating sphere for transmittance (Fig.
1.3a) or reflectance (Fig. 1.3b) measurements. The absorbance may be computed from the
experimental transmittance and reflectance values by using conservation of energy.

Figure 1.3: Possible experimental setup to measure a) transmittance, and b) reflectance.
The sample of resonance structures on a transparent substrate is placed on an integrating
sphere along with a photodetector. The integrating sphere collects light that is reflected
from the sample at any angle.



7

Grating Structure

Optical gratings are frequently used to diffract light into angularly resolved monochromatic
light. Evidence of the first surface plasmon resonance in the form of Wood’s anomaly was
originally observed over one hundred years ago [1]. Since then, gratings have been used in
plasmonic structures to enable coupling between surface plasmons and free space photons
when a momentum mismatch exists [82, 83]. The grating-like structure investigated in this
dissertation consists of two interdigitated comb-like structures as described in Chapter 2,
and is inspired by geometries used in the THz portion of the spectrum [84–93].

Yagi-Uda Nanoantenna

Yagi-Uda antennas are commonly used for high gain applications because they exhibit strong
polarization, directivity, and wavelength selectivity [31]. Yagi-Uda nanoantennas are also
well suited to monolithic nanofabrication techniques, making them a popular design choice
for nanoantennas [15–23]. Yagi-Uda antennas consist of a single detector/driving element,
one or more reflectors, and one or more directors [31]. Yagi-Uda nanoantennas have been well
characterized optically [15–22]. An experimental optoelectronic characterization of Yagi-Uda
nanoantennas is discussed in Chapter 5, and optoelectronic measurements are described in
Section 1.2.2.

1.1.4 Optoelectronic Measurement

Optoelectronic measurements in the literature make use of hot carrier injection to gener-
ate a photoresponse in one of two ways. A metal-semiconductor-metal (MSM) photodi-
ode with nanostructured electrodes has been shown to have a photoresponse dependent on
the nanostructure [7, 29, 94–100]. Alternatively, a method has been demonstrated where
nanoscale resonance structures are sandwiched between a transparent conductor and semi-
conductor [42,61,62,101,102]. In the sandwiched method, a single Schottky barrier is formed
at the metal-semiconductor interface and an ohmic contact is made to the semiconductor
and the metal. Hot electrons can overcome the Schottky barrier and cause a measurable
photocurrent. Both methods are shown in Fig. 1.4.

1.1.5 Surface Plasmon Polariton Background and Definitions

The ensuing discussion of Surface Plasmon Polaritons is heavily inspired from the seminal
reports Zayats et al. [50] and Pitarke et al. [51].

The nanoscale optoelectronic devices investigated in this dissertation are based on surface
plasmon polaritons (SPP) and hot carrier injection [3,27]. SPP are composite quasi-particles
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Figure 1.4: Two optoelectronic methods used in the literature. a) A periodic structure is
presented on MSM photodiode electrodes, modified from [94], where the periodic structuring
influences the observed photocurrent. b) Schematic depiction of sandwiched optoelectronic
device consisting of an ITO coated Au nanoantenna on an Si substrate (top), and SEM
micrograph of an array of these sandwiched antennas (bottom), modified from [61].

consisting of a coupled surface plasmon and a photon. Hot carrier injection occurs when a
hot carrier is first excited, via a concentrated electric field existing in the nanoscale resonance
structure, and then injected across a Schottky barrier formed at the interface of the metal
resonance structure and a semiconductor substrate [62].

Surface Plasmon Polariton Defined

Surface plasmons are electromagnetic waves that exist at a conductor-dielectric interface
[50,51]. These may exist as surface plasmon waves (SPW) such as in Fig. 1.1a. or localized
surface plasmons (LSP) such as in Fig. 1.1b. A uniform infinite plane interface has a contin-
uum of possible plasmon excitations. In an optoelectronic nanoscale resonance structure it is
not the surface plasmons themselves that are important, but rather the coupling that exists
between the surface plasmon and another particle or quasi-particle. For example, transmis-
sion maxima have been observed in Au coated glass [103] where there are three coupling
effects that are important:

• Photon-surface plasmon coupling at top air-gold interface

• Surface plasmon-surface plasmon coupling between top and bottom interface

• Surface plasmon-photon coupling at bottom glass-gold interface.
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The first and last of these couplings are in a class of couplings called surface plasmon po-
laritons (SPP) and are of primary importance to the work presented in this dissertation.
(See for example Chapter 5). Surface plasmon-surface plasmon coupling is of lesser impor-
tance for photodetection; however the role of surface plasmon-surface plasmon interactions
in suppressing or enhancing surface plasmon resonance is important to the development of
resonance devices. Appendix A has a derivation of the conditions for the existence of a
surface plasmon polariton on an infinite metal-dielectric interface [50,51].

Surface Plasmon Polariton Geometry Effects

Surface plasmon resonance (SPR) is strongly dependent on the geometry of the nanoscale
resonance structure. The relationship between geometry and SPR is what makes it possible
to realize strong wavelength selectivity, polarization and directivity in nanoscale resonance
structures. Introducing a periodic structure to an infinite metal-dielectric surface causes a
band gap in the SPP dispersion [3, 27]. The interdigitated device investigated in Chapter 5
of this dissertation is inspired by band gaps originating from a periodic surface.

Figure 1.5: Periodic structure leading to the rise of a band gap in the surface plasmon po-
lariton (SPP) dispersion. a) SPP dispersion on a corrugated metal-semiconductor interface.
b) Surface geometry, and electrical field lines (red) of two resonance modes ant the upper
and lower band edge. Reproduced with permission from [3]

1.2 Optoelectronic Characterization Method

This dissertation presents a novel optoelectronic characterization method for nanoscale reso-
nance structures. As discussed earlier, previous nanoantenna optolectronic devices are com-
plex, requiring multiple processing and alignment steps. Photodetectors based on nanoscale
resonance structures utilize hot electron injection to provide a measurable photoreponse.
The process for generating, transporting, and collecting hot carriers into a photoresponse
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is multi-step, and there is the potential to optimize each step, creating a class of efficient
next generation nanoscale resonance devices. SPR causes locally high electromagnetic fields
to exist in and around resonance structures. Hot carriers are generated when concentrated
electric fields in the nanoscale resonance structure excite a carrier (electron or hole) into
a more energetic state in the conduction band [104]. The newly generated hot carrier has
an initial momentum, and propagates through the metal structure until it is incident on a
surface or a scattering event occurs. The occurrence of a scattering event such as electron-
electron scattering or electron-phonon scattering will change the hot carrier state through
exchanging energy and momentum. If the newly scattered carrier is still hot, it will continue
to propagate until ultimately it is incident on a surface of the nanoscale resonance struc-
ture. If the hot carrier is incident on the surface where the resonance structure contacts the
semiconductor substrate, and has sufficient energy to overcome the Schottky barrier then it
contributes to the photoresponse. The energy required for hot electron generation/injection
is a function of the resonator geometry as well as the Schottky barrier height between the
semiconductor and metal. Application of this optoelectronic characterization method to
nanoscale resonance structures probes fundamental physical phenomena such as hot carrier
generation, hot carrier transport, and surface plasmon resonances. Further, combined opti-
cal and electrical-optoelectronic devices may be realized that exploit these phenomena for a
variety of applications.



Chapter 2

Fabrication

The nanoscale optoelectronic resonant devices discussed in this dissertation are fabricated
using standard nanofabrication processes, and are delineated in detail in the various sections
of Chapter 2.

2.1 Photolithography

Device fabrication requires subjecting a particular region of a wafer to processes. The region
of the wafer to be processed may yield a complex pattern. If the smallest feature size of
the pattern is larger than approximately 1 µm, photolithography is the standard method
to transfer the pattern to the wafer; smaller feature sizes require shortened wavelength
lithographies of which electron beam lithography is one (discussed in the next section). A
typical positive photolithography process (Fig. 2.1) begins by spin coating a photosensitive
polymer (photoresist) onto the wafer. Spin coating is a process where a viscous liquid, in
this case photoresist polymer, is poured onto a wafer, and the wafer is rotated about an
axis normal to the surface so that a uniform thin layer of the viscous liquid remains. This
results in a uniform layer of photoresist on the entire wafer surface, as depicted in Fig. 2.1b.
The photoresist layer thickness varies depending on the specific photoresist and spin speed,
but is typically on the order of a few µm. The photoresist coated wafer is then baked to
remove the solvent, leaving a crosslinked polymer layer. A mask, which consists of an opaque
(Cr or FeOx) pattern on a glass plate is placed over the wafer as shown in Fig. 2.1c. The
masked wafer is then exposed to an ultraviolet light source. The areas of the photoresist
not covered by the opaque part of the mask undergo a photochemical response whereby
the crosslinking is broken. The wafer is then removed from the light source, and soaked
in a developer (typically a weak base) which selectively dissolves the photoresist in areas
where the crosslinking has been broken. The final result is a wafer that is partially coated
with a protective photoresist layer which is a copy of the mask used. The exposed area of
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the wafer may be processed, leaving the unexposed area unaffected. After the processing
step, the photoresist is removed by dissolution in a solvent, or plasma etching. A negative
photolithography process instead forms an inverted copy of the mask.

Figure 2.1: Main steps in a typical photolithography process. a) A clean and dry wafer ready
for photolithography. b) Wafer with a uniform photoresist layer which has been baked to
remove solvent. c) Typical photolithography exposure: the masked wafer is placed under
an ultraviolet light source. d) The wafer after completion of the photolithography process.
The wafer is selectively covered in a protective photoresist layer in a pattern identical to the
mask used.

2.2 Electron-beam Lithography

When sub-micron feature sizes are required, it is necessary to use electron beam (e-beam)
lithography rather than photolithography. A typical e-beam lithography process begins by
spin coating a wafer with an e-beam resist in a similar manner as done with a photoresist.
The e-beam resist coated wafer is then baked to remove the solvent, leaving a uniform layer
as shown in Fig. 2.2b. The wafer is then placed in a scanning electron microscope (SEM) for
e-beam exposure as depicted in Fig. 2.2c. The exposure differs from photolithography in that
a direct writing procedure is used instead of a mask. In typical scanning electron microscopy
for imaging an electron beam is rastered across the entire sample from left to right and top
to bottom. Sweeping motion is driven by a system of beam steering coils as pictured in Fig.
2.2c. The beam steering coils provide a variable magnetic field, which steers the electron
beam via the Lorentz force. Direct writing is accomplished by controlling these coils with
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a computer program which reads a two-dimensional Computer Aided Drawing (CAD) file,
and scans the electron beam over only a portion of the wafer according to the CAD file.
The computer also controls a beam blanker that blanks and unblanks the electron beam to
provide an exact electron dose for each exposed pixel. Exposure to the electron beam breaks
crosslinking in the e-beam resist in a similar manner to ultraviolet light in photoresist. E-
beam resist that has been exposed is dissolved in a developer, with the unexposed e-beam
resist left intact. The majority of the patterns produced in this work were fabricated using
a solution of polymer chains of polymethyl methacrylate (PMMA) (molecular weight of 950
kg/mol in a 3% by weight solution of chlorobenzene) as e-beam resist. In this case, the
electrons break the long polymer chains. The shorter chains have increased solubility in the
chosen developer, which is a mixture of methyl isobutyl ketone and isopropanol. Another
e-beam resist used in related work was ZEP520A, a high-resolution resist formulated to show
higher dry-etching resistance than PMMA. The final result is a wafer selectively covered in
a protective layer of e-beam resist that may be processed further by etching or deposition as
depicted in Fig. 2.2d.

Figure 2.2: Main steps in a typical electron beam lithography process. a) A clean and
dry wafer ready for electron beam lithography. b) Wafer with a uniform electron beam
resist layer which has been baked to remove solvent. c) Typical electron beam exposure:
the wafer is selectively exposed by driving the beam steering coils with e-beam lithography
software. d) The wafer after completion of the electron beam lithography process. The wafer
is selectively covered in a protective electron beam resist layer identical to the CAD file used
during exposure.

Because e-beam lithography is optimized for high resolution patterns consisting of sub-
micron features, it is often necessary to combine e-beam lithography with photolithography.
Photolithography may be used to pattern macroscopic features, such as solder pads, and
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e-beam lithography to pattern finer features, such as nanoantennas. A multi-step process
requires the use of an alignment technique. The alignment technique used for e-beam lithog-
raphy in this dissertation works by opening windows where the electron beam is rastered
(hence the e-beam resist is inadvertently exposed) away from the active writing area. Figure
2.3 outlines this process. First, a two layer CAD drawing is constructed, with each layer
containing a window, and an outline of an alignment mark as shown in Fig. 2.3a. Then,
photolithography is used to define large features of the device; this includes features which
will be used in the alignment process. The features used in the alignment process may be
dedicated alignment marks, or device features such as macroscopic solder pads. Figure 2.3b
shows example alignment marks. After the photolithography process, the wafer is prepared
for e-beam lithography and placed in the SEM. The e-beam lithography software first opens
the alignment CAD file, and rasters the electron beam according to the windows defined in
the file. The user then uses the arrow keys on the computer running the lithography software
to bring the alignment marks and the outline on the screen together as shown in Fig. 2.3c.
The final, aligned result is shown in Fig. 2.3d. The e-beam lithography software calculates
a transformation (translation and rotation) matrix, whereby the direct writing coordinates
are transformed to write the pattern in the correct position and orientation relative to the
alignment marks.

Figure 2.3: Overview of electron beam alignment procedure. a) Two layer CAD file with
windows (in white) and alignment mark outlines (red dashed lines). b) Substrate (grey)
with alignment marks (yellow). c) Initial view of substrate through windows as seen in
the e-beam lithography software. d) Final aligned image, used by the e-beam software to
perform coordinate transform that will be used to write pattern in the correct position and
orientation relative to the alignment marks.
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2.3 Thermal Evaporation

Thermal evaporation is a method whereby material, such as elemental metals, are deposited
as a thin uniform film on a substrate. This process, along with either photolithography or
e-beam lithography is used in this dissertation to produce a patterned metallic layer on a
substrate. Thermal evaporation is accomplished by heating the material to be deposited until
it melts and boils or sublimes; vapors from the material to be deposited then condense fairly
uniformly on the substrate. Thermal evaporation must be performed in a vacuum chamber.
The thermal evaporation processes used in this dissertation took place at pressures below
10−6 Torr. The material to be deposited is in a crucible at the bottom of the vacuum
chamber. There are two standard methods to heat the material to be deposited—by forming
the crucible into a filament (this is depicted in Fig. 2.4), and passing a heating current
through the filament, or by directing a high energy electron beam into a grounded crucible.
Filament evaporators are suitable for materials with low melting temperatures, but e-beam
evaporators must be used for materials requiring higher temperatures. The typical thermal
evaporation process is shown in Fig. 2.4. First the material to be deposited is placed in
the crucible, and the wafer is loaded into the low pressure chamber as shown in Fig. 2.4a.
The low pressure chamber is evacuated. The crucible is then heated until the material to be
deposited melts as seen in Fig. 2.4b. The material is heated further until it’s vapor pressure
is sufficiently high for a thin film to be deposited on a substrate as depicted in Fig. 2.4c.
Some materials directly sublime from the solid state. Figure 2.4d shows the final result, with
a uniform layer of material deposited on the substrate.
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Figure 2.4: Main steps in a typical thermal evaporation process. a) the substrate (blue)
and material to be deposited (orange) are loaded into the low pressure chamber, and the
chamber is evacuated. b) The crucible is heated until the material to be deposited melts. c)
The crucible is heated more until the material to be deposited boils. d) The material do be
deposited condenses to form a uniform layer on the substrate.
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2.4 Total Process

The typical process for fabricating an optoelectronic nanoscale reasonant device is outlined
below and is shown in Fig. 2.5.

• A 5mm x 5mm piece was cleaved from an n-type 1-10 Ω/cm Si <100>wafer which was
coated with a 1000 Å protective thermally grown oxide (Fig. 2.5a).

• The wafer piece was cleaned in 6:1 Buffered Oxide Etch (BOE) for 10 min to remove the
protective oxide layer (Fig. 2.5b).

• The Si piece was confirmed to be hydrophobic, indicating the oxide layer was completely
removed.

• maP1210 photoresist was then spun on to the Si wafer piece for 30 seconds at 3000 rpm.

• The photoresist was baked for 30 min at 100◦C (Fig. 2.5c).

• The photoresist coated wafer was covered with a photomask exposing a pattern which will
become the macroscopic electrodes.

• The masked sample was exposed to the UV light source for 4 seconds, and developed for
30 seconds in 1:8 MicroChem 303A developer:DI water (Fig. 2.5d).

• Thermal evaporation was used to deposit 10 nm Cr and 50 nm of Au on the sample (Fig.
2.5e).

• The excess metal is lifted off by soaking overnight in acetone, and gentle sonication (Fig.
2.5f).

• PMMA with a molecular weight of 950 kg/mol in a 3% by weight solution of chlorobenzene
is spun on to the wafer piece at 7000 rpm for 40 sec.

• The sample is then baked for 5 hours at 160◦C (Fig. 2.5g).

• Electron beam lithography is performed following an alignment procedure as outlined in
the preceding section (Section 2.2).

• The sample is developed in 3:1 IPA:MIBK for 70 sec and rinsed in IPA for 40 sec (Fig.
2.5h).

• 10 nm Cr and 50 nm Au are deposited on the substrate using thermal evaporation (Fig.
2.5i).

• The excess metal is lifted off using the same procedure as before, but taking extra care to
prevent damage to small features (Fig. 2.5j).
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• Au wires are physically and electrically attached to the macroscopic electrodes using H20E
EPO-TEK silver epoxy, and then baked at 105◦C for 3 hours (Fig. 2.5k).

• The completed device was attached to a DIP header with a small amount of vacuum
grease.

Figure 2.5: An overview of the typical fabrication process for a nanoscale resonant opto-
electronic device. a) A 5mm x 5mm wafer piece with protective coating. The wafer piece
after: b) soaking in BOE to remove oxide, c) coating with photoresist, d) photolithography
to define macroscopic electrodes, e) thermal evaporation of Cr/Au, f) first lift off, g) coat-
ing with e-beam resist, h) e-beam lithography to define nanoscale details, i) second thermal
evaporation of Cr/Au, j) second lift off, k) attaching Au wires with silver epoxy.



Chapter 3

Characterization Method

The characterization method employed in this dissertation places the nanoscale resonant
structures, which are to be studied, on an optoelectronic device for characterization. This
method is the result of combining two existing methods—an optoelectronic method using a
multilayer heterostructure, and a standard metal-semiconductor-metal (MSM) photodiode.
The former has shown promise to increase the efficiencies of both solar power generation and
optical photodetectors by allowing collection of photons below the band gap energy of the
semiconductor substrate [61]. The existing multilayer heterostructure method is based on
hot carrier injection which produces an electronic photoresponse. Hot carrier injection is the
mechanism used in this dissertation as well, but a simpler scheme for the collection of hot
carriers into a measurable photocurrent is used. This simplification is inspired by the MSM
photodiode. Standard MSM photodiodes are monolithic metal structures on the surface of
semiconductor substrates. Often the metallic monolayer consists of two interdigitated comb
structures as depicted in Fig. 3.1a, but the interdigitated structure is often of a period much
longer then an optical wavelength. The MSM photodiode consists electrically of two back
to back Schottky diodes. This gives an IV characteristic as shown in Fig. 3.1b. The two
Schottky diodes of each device fabriated in this thesis are identical. During measurements,
one of the Schottky diodes is forward biased and the other is reverse biased. At bias of 1
V DC, such as is used in the Yagi-Uda device measurements, the applied voltage is higher
than the built in voltage of the diodes, but is not high enough to cause complete breakdown
in the reverse biased diode.

If the MSM photodiode is exposed to light, the IV curve changes as seen in Fig. 3.1b, resulting
in a measurable photoresponse [105]. An MSM photodiode can be used to characterize
nanoscale resonant structures in two ways, the MSM electrodes themselves can be structured
to support a surface plasmon resonance, as in the case of the interdigitated device in Fig.
3.1d or, a plasmonic resonant structure can be placed between the electrodes, as in Fig. 3.1c.

The optical portion of the characterization was accomplished by retrofitting a spectrometer
(Newport Model 77700) such that the device being tested now replaces the commercial
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Figure 3.1: Metal-semiconductor-metal (MSM) inspired characterization method for
nanoscale optical resonators. a) A standard MSM photodiode, a real view (left), and a
cross section taken at the black dotted line (right). Positive and negative bias voltages are
denoted on the Au electrodes. b) IV curve of a MSM photodiode fabricated for this disserta-
tion. c) Yagi-Uda nanoantenna device; the nanoantennas are arranged in an array between
two macroscopic electrodes which form an MSM. d) Cross section of interdigitated grating
device; this is essentially identical to the standard MSM photodiode shown in a), but with
a grating period equal to the wavelength of incident light.

photodetector. The optoelectronic characterization setup is depicted in Fig. 3.2. A white
light source in a metal enclosure is the source of illumination. The white light exits an
aperture in the enclosure (shown as a black line in Fig. 3.2). A chopper driven at 16 Hz
is positioned immediately in front of the aperture; chopped light is shown as a dotted line
in Fig. 3.2. A series of lenses placed in the optical path after the chopper collimate the
white light. This collimated light is incident on an aperture that exists on the spectrometer
enclosure. Inside the enclosure, a mirror redirects the white light onto a diffraction grating.
The light reflected from the diffraction grating is angularly resolved by wavelength, and exits
the spectometer enclosure through a narrow slit as monochromatic light. The wavelength
of the light exiting the slit is dependent on the angle of the diffraction grating relative to
the incident optical path, α; this angle is controlled by a computer program that drives the
spectrometer. The MSM device is placed beyond the exit slit of the spectrometer enclosure,
and on a rotatable sample stage that allows the angle of incidence, θ, of the monochromatic
light to be varied. The measurement of the interdigitated device (see Section 5.1) utilized an
optical fiber placed between the spectrometer exit slit and the device to decrease the spot



21

size of the light, emphasizing the photoresponse of the nanoresonant structure relative to
that of the background.

Figure 3.2: Optoelectronic experimental setup. The optical portion of the experimental setup
is a modified spectrometer optimized for specific measurements. The electrical portion of the
experimental setup utilizes a lock-in detection scheme. The entire experiment including data
logging is controlled via custom software modified from the spectrometer control software
source code.

The electrical portion of the characterization made use of a computer for data logging and
spectrometer control, as well as a lock-in detection scheme. The computer controlled both
the wavelength of the monochromatic light and the lock-in amplifier via serial commands.
Lock-in detection is a noise reduction scheme whereby a periodic stimulus, in this case
chopped monochromatic illumination, is applied and only the portion of the response having
the same period and phase is considered. The Yagi-Uda device (see Sections 5.3 and 5.4) was
measured by applying a 1 V DC bias and measuring the photocurrent directly with the lock
in amplifier. Measurement of the interdigitated structure took place before lock-in detection
was implemented; the open circuit photovoltage was instead measured with a voltmeter.



Chapter 4

Simulation

The use of simulation to predict surface plasmon behavior, particularly resonances, reduces
the time and material needed for a comprehensive investigation of nanoscale resonant op-
toelectronic devices. This would be achieved most effectively by a model based on first
principles and capable of quantitatively predicting experimentally observable electrical re-
sponses—photovoltages, or photocurrents. Such a solution is still under development [71].
A suitable alternative is the use of RF and microwave antenna designs as inspiration for
nanoscale resonators. An analytical prediction making this connection has been previously
developed for structures consisting of rod-like elements [52, 106]. This prediction maps the
wavelength of free space photons to an effective wavelength which is related to plasma oscil-
lations in a rod-like element. For devices with geometries that either differ from traditional
antenna designs or are not made of rod-like elements, the wavelength of the surface plasmon
wave that couples to light of a given free space wavelength may be calculated on an infinite
metal-dielectric interface. This is the characteristic length relevant to designing resonant
structures. Both mentioned methods are employed in this dissertation, and provide useful
insight to the design of experimental devices as well as to the interpretation of experimental
results. A more robust (and computationally expensive) solution is to use finite element
methods (FEM) to solve the electrodynamic wave equation directly within a two or three
dimensional domain representing the nanoscale resonant device and its immediate environ-
ment. This approach was implemented in this dissertation using COMSOL Multiphysics®.
Alternatively, literature reports that nanoantennas have been simulated using mode analy-
sis [107].

4.1 Analytical Effective Wavelength Calculations

A surface plasmon polariton (SPP) is a coupled photon and plasmon, (see Chapter 1 for a
more detailed description). The wavelength of the surface plasmon, λsp, that couples to a
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photon of free space wavelength, λ0, is the characteristic length used in designing resonant
structures. A concise analytical solution to the surface plasmon polariton modes supported
at a metal-dielectric interface is well established [50] and a detailed derivation can be found
in Appendix A. A Mathematica® source code implementing this relationship is in Appendix
B. The condition required for existence of a SPP is:

λsp = λ0

√
ε(d) + ε(m)(ω)

ε(d)ε(m)(ω)
(4.1)

where ε(d) is the relative permittivity of the dielectric material. In our case ε(d) = 3.5 for
Si, and ε(d) = 1.5 for generic glass (actual values for glass depend on glass type but are
approximately 1.5). The small imaginary part of ε(d) is neglected. ε(m)(ω) is the relative
permittivity of the metal, and is both complex and frequency dependent. The Drude model
[108] is used to determine the complex metallic permittivity expressed as:

ε(m)(ω) = 1− ω2
p

ω(ω + iγ)
(4.2)

where ωp is the plasma frequency, and γ is the intraband damping term. Specific values
of the last two parameters for the metals used in our work are found in Table 4.1. In the

Table 4.1: Material parameters used to calculate metal permittivities according to the Drude
model [108].

Metal h̄ωp [eV] γ [eV]
Au 8.89 0.07088
Al 12.04 0.1287

infrared and visible region of the spectrum, the choice of the metal is of little consequence
to the SPP dispersion whereas the choice of dielectric is not. The significant effect of the
dielectric material on SPP dispersion is shown in Fig. 4.1a. This dielectric sensitivity is
what makes plasmonic resonant detectors useful as chemical and biological detectors [59,
109]. In the present context, dielectric sensitivity requires nanoscale resonant devices be
designed according to the environment in which they will be used—including consideration
of protective or anti-reflective coatings. Figure 4.1b shows the negligible impact of the
metal on SPP dispersion, with a notable exception at shorter wavelengths. At shorter
wavelengths the energies of the associated photons are sufficiently high to excite interband
transitions—causing the Drude model to fail.

A metallic thin film on a substrate hosts SPP modes at the air-metal and substrate-metal
interfaces. These modes are coupled to each other by evanescent electric fields existing in the
metal, but may be treated independently for sufficiently thick films. The general expression
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Figure 4.1: a) Surface plasmon wavelength, λsp, vs. free space wavelength, λ0, of SPP allowed
at an infinite metal-dielectric interface. The dielectric is air; both Au and Al are considered
to demonstrate the metal permittivity dependence. Note that for visible and longer wave-
lengths, the choice of metal is not critical. b) Surface plasmon wavelength, λsp, vs. free
space wavelength, λ0, of SPP allowed at an infinite metal-dielectric interface. The metal is
Au; both air and glass are considered to demonstrate the dielectric permittivity dependence.
Note that the λsp vs. λ0 relationship is very sensitive to the dielectric permittivity.

for the dispersion relation for these coupled modes as derived in Appendix A is:
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where ε(s) is the relative permittivity of the substrate, and κ
(d)
z , κ

(s)
z , κ

(m)
z are the decay

coefficients of the evanescent field into the dielectric (above the film), metallic film, and
substrate (below the film) respectively. T is the thickness of the film. The coupling factor

between the SPP modes above and below the film can be seen as e−2κ
(m)
z T . For T → ∞

the coupling can be neglected, and SPP modes existing on each interface may be written
separately as: [
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In Fig. 4.2 we delineate the two decoupled modes. The coupling is frequently destructive
in thinner films where strong fields from the SPP modes at each interface overlap. This
destructive response is negligible for films with thickness, T , much greater than the decay
coefficient, κ

(m)
z . For this reason increased photoresponse has been observed in devices with

thicker films [42]. Figure 4.2a & c, show the charge distribution and SPP dispersion respec-
tively of SPP on the surface of bulk Au. Figure 4.2b & d, show the charge distributions and
SPP dispersions respectively of decoupled SPP on both interfaces of an Au thin film.

For rod-like nanoantenna structures, an effective wavelength, λeff , may be defined which
maps RF antenna designs to nanoantenna devices [52]. A rod-like nanoantenna consists of
one or more elements as pictured in Fig. 4.3. These elements are cylinders of length L− 2R
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Figure 4.2: a) Infinite metal-air interface on bulk Au. Red arrows indicate the photon half
of an SPP, and spatial charge distribution indicates the presence of the surface plasmon half
of SPP. b) Same as a), but for a thin Au film on a Si substrate. c) SPP dispersion on bulk
Au as pictured in a). d) SPP dispersion for thin Au film as pictured in b). SPP modes above
and below the film are assumed to be decoupled.

where R is the radius of the hemispherical rod ends. R << L is required for rod-like behavior.
Additionally, the effective wavelength theory requires the antenna structure be encased in
a uniform dielectric [52]. The simplest expression connecting the effective wavelength to its
free space counterpart is given as [52]:

λeff = a+ b
λ0
λp

(4.5)

where a and b are parameters which depend on material and geometry, and λp is the plasma
wavelength (a material property of the metal). Consistency with macroscopic antenna design
is confirmed by noting that for λ0

λp
>> a

b
, λeff ∝ λ0 [52]. For the metallic rod-like elements

previously described the effective wavelength relation may be analytically expressed as:

λeff =
λ0√
ε(d)

√
4πε(d)(R2/λ20)z̃(λ0, ε(m))2

1− 4πε(d)(R2/λ20)z̃(λ0, ε(m))2
− 4R (4.6)

with z̃(λ0, ε(m)) a function related to both the geometry, and the permittivity of the metal
(see ref [52] for a detailed derivation). Note that the second term, 4R, causes a vertical offset,
and is derived from the capacitive contribution of the rod ends. This capacitive contribution
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to the effective wavelength may be used as a fitting parameter as described below, and is
indicated symbolically as λc. The Drude model [108] was again used to calculate ε(m) (with
λ0 dependence implicit). ε(m) again has a much smaller impact on the effective wavelength
than the ε(d). A Yagi-Uda antenna is an array of rod-like dipole antennas, and is well char-

Figure 4.3: Rod-like nanoantenna: a) The theoretical geometry used to calculate effective
wavelength analytically. The blue region is the metallic region, and the white background
a uniform dielectric. b) SEM micrograph of single element from the experimental Au Yag-
Uda nanoantenna device on Si substrate. Note the slight geometrical discrepancies due to
equipment resolution. Measured: L = 406 nm, and R = 28 nm. Design:L = 388 nm, and R
= 25 nm.

acterized in the RF portion of the spectrum. For this reason it is an excellent candidate for
effective wavelength theory [52]. However, the optoelectronic devices studied in this disser-
tation differ from the ideal case in two ways: they exist on a semiconducting substrate, and
they differ slightly in geometry (i.e. they are not perfect cylinders and hemispheres) as seen
in Fig. 4.3. Their existence on a semiconducting substrate is intrinsic to the optoelectronic
characterization technique. This is accounted for by defining an effective relative permittiv-
ity, K, which is bounded above and below by the relative permittivity of the semiconducting
substrate and air, respectively. The difference in geometry is due to the resolution of the
fabrication equipment, and is considered by treating λc as a fitting parameter. Reasonable
values of λc are of magnitude 4R. The value of both K and λc must be determined by fitting
the calculated effective wavelength to the experimentally observed resonances. An example
of this procedure can be found in Chapter 5. Results.

4.2 Finite Element Method

Finite Element Method may be used to calculate the SPP behavior for any arbitrary shape
[110]—not just rod-like elements as above. In this dissertation, COMSOL Multiphysics®
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wave optics module was used to implement FEM. Because of the increased computational
requirements, FEM calculations took place on the high performance computing clusters
provided by Virginia Tech’s Advance Research Computing group. While our and other
experimental works measure photovoltage or photocurrent, it is not yet possible to compute
these quantities directly. However, based on conservation laws, it is possible to relate these
to absorbance which can be quantitatively modeled. Absorbance (α) is the integral of the
power loss density, Q, within the applicable region divided by the incident light power, P0,
and is expressed as:

α =
1

P0

∫∫∫

V

Qdxdy dz (4.7)

the absorbance is independently calculated in both the metal, αmetal, and semiconductor,
αsubstrate, regions. Their sum total, αtotal, is also calculated. The total observed photocurrent,
Iph, is a result of both effects, though the correct relative weighting (a1, a2) is yet to be
determined, and will be a topic of future investigation. This is expressed algebraically as:

Iph = a1αmetal + a2αsubstrate. (4.8)

a1 and a2 may be determined by fitting to experimentally measured photocurrents, or through
a more developed modeling method that accounts for carrier generation and transport of
excited carriers in both the metal and the semiconductor this is a goal of the total model
presented in Chapter 6.

4.2.1 COMSOL Multiphysics®

A complete COMSOL® model is comprised of four essential elements called nodes: Global
Definitions, Component, Study, Results. Each node has multiple subnodes that vary de-
pending on the model requirements.

Global Definitions: Parameters that affect the component geometry, mesh, or require
global scope for other reasons are defined here.

Component: This is where most of the physics is defined. Equations, such as equation 4.7
are defined in the definitions subnode. The structure in terms of the parameters listed
in the Global Definitions node is defined in the geometry subnode. In the materials
subnode a material for each domain is either defined or selected from the built-in
materials library. The physics subnode, in this case ”electromagnetic wave: frequency
domain”, defines both the physical equations to be solved, and the way in which they
are to be solved i.e. frequency domain, time domain, or eigenvalue. Additionally, initial
conditions, boundary conditions, and excitations are defined in the physics subnode.
Finally, the mesh subnode defines a finite set of discrete points where the equations
will be solved.

Study: The study node defines the solver, the parameteric sweep, and acceptable error.
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Results: The results node includes post processing tools for data reduction, and visualiza-
tion.

The COMSOL® models for nanoscale resonant optoelectronic devices have many common-
alities independent of the geometry. All models included three materials—Au, Si, and air.
The complex indices of refraction for Au and Si assume experimental values from literature
sources [111, 112] and are shown in Fig. 4.4. Note that they are both complex and fre-
quency dependent. The incident light for all models is launched from a domain backed port.
The exterior boundaries of the model were either periodic, simulating an infinite device, or
perfectly matched layers to prevent reflections that could cause artifacts.

Figure 4.4: Experimental complex indices of refraction. a) Real part, nSi, (black) and
imaginary part, kSi, (red) of complex Si index of refraction from literature [112]. b) Real
part, nAu, (black) and imaginary part, kAu (red) of complex Au index of refraction from
literature [111].

The model has been corroborated using two methods: applying it to a simplified transmit-
tance measurement, and comparing it to literature measured photocurrents. Additionally,
the sum α + ρ + τ = 1 for all models, where ρ and τ are the reflectance and absorbance,
respectively. The simplified transmittance measurement was accomplished by depositing a
Cr/Au layer on a glass slide cover in the same fashion as on the experimental devices. The
transmittance was measured using UV-visible spectrometry. Figure 4.5 shows the qualita-
tive agreement between the measured and numerically calculated transmittance of our Cr/Au
coated glass slide cover. There are maxima in both transmittances slightly above 500 nm.
SPP may exist at both the Au-Air and Au-glass interfaces at this wavelength. The electric
fields associated with the SPP are evanescent into the metal. The 50 nm thick Au layer is
thin enough to allow the SPP at the two interfaces to couple. Evidence of this coupling may
be observed in Fig. 4.5 inset. Note that the occurrence of a single minimum in electric field
intensity is consistent with opposing evanescent fields. The sharp spike occurring exactly at
25 nm is in the exact center of the metallic region and is understood to be an artifact of
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the model. The quantitative difference between the measured and modeled transmission is
likely due to the difference in thickness of the glass substrate and modeled glass region, 160
µm and approximately 0.5 µm, respectively.

Figure 4.5: Experimental (red) and FEM modeled (black) transmittance through a 50 nm Au
layer on a glass substrate. The qualitative agreement corroborates the model validity. The
inset shows electric field intensity in the metal film. Evanescent fields decaying exponentially
from both the air-Au interface (0 nm) and the Si-Au interface (50 nm) suggest SPP at both
interfaces, coupled via the evanescent fields.

Experimentally observed photocurrents [42] were compared to our modeled αmetal. (note:
since the permittivity of Si is real for wavelengths longer than approximately 1000 nm,
αmetal = αtotal in this region of the spectrum). The technical details of the model used to
calculate these absorbances differ from the interdigitated model discussed in Subsection 4.2.2
only in the geometry, which was chosen to match the experimental device. The experimental
device used in the literature [42] consisted of an Au grating (L given in Fig. 4.6 legend,
W = L + 250 nm, and T = 250 nm, L, T , and W defined in Subsection 4.2.2) formed
directly on a Si substrate; an ohmic contact was made elsewhere on the Si. This differs from
the experimental method used in the interdigitated device discussed in this dissertation
because the literature device [42] forms only a single Schottky diode, and operates at a
wavelength where αsubstrate can be neglected. However, both devices rely on hot carrier
injection to generate a photoresponse. Figure 4.6a shows the experimental photocurrents
from the literature [42] with dashed lines, and the modeled FEM absorbances with solid lines
for seven different grating aspect ratios. The agreement between experimental photocurrent
maxima and FEM absorbance maxima is shown in Fig. 4.6b. The demonstrated agreement
between the literature device [42], and our FEM modeled absorbances confirms our modeled
absorbance gives a good first approximation to the optoelectronic response.
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Figure 4.6: Experimental responsivity and our FEM modeled absorbance for a grating
nanoscale resonant optoelectronic device: a) Experimental (dashed) responsivity [42] and
FEM modeled (solid) absorbance show strong qualitative agreement. b) Resonant wave-
lengths for experimental responsivity (circles), and FEM absorbances (crosses).

4.2.2 Interdigitated Structure

The spectral response of an interdigitated device (see Chapter 3) was modeled by computing
the total absorbance, αtotal, in the metallic and semiconducting regions of a one-dimensional
infinite grating. We will treat the interdigiatated device effectively as a grating. We consider
one-dimensional infinite grating formed by defining a two-dimensional unit cell, and imposing
periodic boundary conditions on the left and right boundaries. Perfectly matched layers are
defined above and below the unit cell to prevent reflections at these boundaries; reflections
at the model boundary can cause artifacts. Figure 4.7 shows the two-dimensional unit cell
comprised of three regions: an upper air region (light grey), a central metallic region (yellow),
and a lower semiconductor region (dark grey). The geometry of each region is defined in
terms of parameters W , L, and T as indicated in Fig. 4.7 (W : the grating periodicity; L:
the width of the metallic region; T : the thickness of the metallic region). A port is defined
at the upper boundary which is used to excite the incident monochromatic polarized plane
wave, which is incident normal to the grating plane. The incident light is polarized with the
electric field along the direction of periodicity. Lines are defined near the top and bottom of
the unit cell. The Poynting vector is integrated along these lines, and the transmittance, τ ,
is:

τ = − 1

P0

∫

bottom line

|~Pavg(x)|dx (4.9)

and the reflectance, ρ, is:

ρ =
1

P0

∫

top line

|~Pavg(x)|dx− P0 (4.10)
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Figure 4.7: Geometry of interdigited device used in two-dimensional finite element modeling.
The upper and lower boundaries are ports with monochromatic light originating at the upper
port and incident on the sample perpendicular to the structured surface. Periodic boundary
conditions exist at the left and right boundaries.

note the minus sign exists because the coordinate system is defined such that the incident
light wave travels along the negative y axis. Conservation of energy requires [113]:

αtotal + τ + ρ = 1 (4.11)

An example case is demonstrated in Figures 4.8 and 4.9, with device parameters indicated.
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Figure 4.8: FEM modeled absorbance, αtotal, transmittance, τ , and reflectance, ρ, for an
example case of the interdigitated device with W = 470 nm, L = 187 nm, and T = 50 nm.
Conservation of energy requires αtotal + τ + ρ = 1 as shown at the top of the plot.

In Fig. 4.9 a triangular mesh was defined for the entire model domain and a swept mesh
was defined for the perfectly matched layers. The mesh size was chosen so that there are at
a minimum six mesh points per wavelength, and the mesh was more dense in and around
the metal region where field gradients are highest. The FEM modeled total absorbance,
transmittance, and reflectance are plotted in 4.8.

Figure 4.9: An example mesh used for model with parameters W = 470 nm, L = 187 nm, T
= 50 nm. The mesh density was held constant resulting in the number of mesh points (and
hence degrees of freedom) being variable.
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4.2.3 Yagi-Uda Nanoantenna

The spectral response of a Yagi-Uda antenna was also modeled using FEM. Many of the
methods described previously in the interdigitated model also apply to the Yagi-Uda model.
There exist two complications when using FEM to model the absorbance of our Yagi-Uda
nanoantennas devices. The first complication is the necessity of using a three-dimensional
model domain. The second is the inability to treat the model as a unit cell in an infinite
periodic structure. Both of these issues are addressed by decomposing the model into two
steps. First, a model domain is defined lacking the metallic nanoantenna. The boundary at
the top and bottom of the model domain are ports that allow the excitation of an electro-
magnetic plane wave. The four horizontal boundaries are subjected to periodic boundary
conditions, simulating a semi-infinite Si slab. The electric and magnetic fields calculated in
this way are background fields, and form the input to the second step of the model. The
second step replaces the metal nanoantenna, takes the previously calculated fields as initial
conditions, and defines all six boundaries with perfectly matched layers. The electric and
magnetic fields calculated in this second step are the scattered fields. The absorbance, αmetal,
is calculated based on the scattered fields. Note that αmetal = αtotal for the same reasons
as discussed in Subsection 4.2.1. Figure 4.10 shows the three-dimensional model geometry.
Four metal bars (yellow) make up the Yagi-Uda antenna. The air-Si interface is shown in
grey. The region below the grey plane is Si, above is air. Not shown are the perfectly
matched layers surrounding the entire physical domain. Since the incident light originates

Figure 4.10: Three-dimensional modeling domain for Yagi-Uda nanoantennas. Four metal
regions (yellow) make up the nanoantenna. The Si (below) and air (above) interface is
indicated with a grey plane. Incident light travels at a glancing angle as pictured.

at the port on the upper boundary, it is not possible to model perfectly horizontal incident
light. However, arbitrarily shallow angles of incidence may be modeled. Figure 4.11 shows
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the model absorbance at a glancing angle with insets depicting the power loss density, Q,
profiles at the two resonance modes. Comparison of these resonances with experimentally
observed photocurrents is discussed in the Chapter 5.

Figure 4.11: FEM modeled absorbance in a Yagi-Uda nanoantenna with incident light at a
glancing angle. Insets depict power loss profile at two observed resonances.



Chapter 5

Results and Analyses

5.1 Electronic Detection of Photonic Band Gaps in

Nanolithographic Metal Gratings

This section has been submitted to the editors of Journal of Quantum Electronics and is
under review as: ”Electronic Detection of Photonic Band Gaps in Nanolithographic Metal
Gratings”

William Rieger was the primary author; as such he was primarily responsible for drafting the
manuscript, fabricating devices, characterizing devices, and performing modeling.
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Electronic Detection of Photonic Band Gaps in
Nanolithographic Metallic Gratings

William Rieger, Yuhong Kang, Jean J. Heremans and Hang Ruan

Abstract—In nanolithographic metallic gratings we investigate
the dependence of photonic band gaps on geometrical param-
eters. Finite element modeling was used to develop a model
for an optoelectronic device with periodicity of 470 nm and
concomitantly the electronic response of a nanofabricated metal-
semiconductor-metal photodetector grating was experimentally
studied under a sweeping monochromatic light source. The
grating spectral response increased in the region between 470
nm and 520 nm, corroborating the computational results. This
increase is understood to occur because photons with wavelength
shorter than approximately 520 nm are energetic enough to excite
interband transitions in the Au, but the period of the structure
acts as a cutoff where incident photons with wavelength shorter
than the period are less likely to form surface plasmon polaritons.
This cutoff originates from a photonic band gap. Magnetic field
intensity profiles at the 3 dB cutoff indicate that a surface
plasmon wave exists where each finger interacts with the next
through overlapping magnetic fields, suggesting that the cutoff is
a surface plasmon wave effect. Localized surface plasmon effects
were observed at longer wavelengths in the modeled absorbance.
The effects of three geometrical parameters on the spectral
dependence of modeled absorbance were investigated.

Index Terms—plasmon, optoelectronic devices, metallic grat-
ing, photonic band gap.

I. INTRODUCTION

SUBWAVELENGTH structures are of interest due to their
ability to engineer material properties beyond the limits of

naturally occurring compounds. Current nanofabrication tech-
niques allow the development of geometry-enhanced devices
operating in the visible and infrared region of the spectrum.
Specifically, hyperbolic metamaterials[1], [2], [3], negative
indices of refraction[4], [5], second harmonic generation[6],
[7], and photonic crystals[8], [9], [10], [11], [12] have all
been of interest. The metallic grating studied here functions
as a 1-dimensional (1D) photonic crystal. Metallic gratings
with sub-wavelength slits have been studied previously using
optical techniques.[13], [14], [15] The present work presents
an electrical characterization based on our previously reported
technique.[16] By comparing the electrical measurement with
modeled plasmonic excitations we highlight the mechanisms
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that contribute to the electronic signal. We report an electrical
detection of photonic band gaps and computational analysis of
a metallic grating fabricated on a semiconductor surface where
Schottky barriers are formed at the structure-semiconductor
interface. Such a structure is a metal-semiconductor-metal
(MSM) electronically rectifying detector device that exhibits
an open circuit voltage, Voc, when the metallic grating is
photoexcited. Spectral response of traditional MSM detectors
is determined by the material properties of the semiconducting
substrate. In metallic gratings on the other hand, if the surface
structure interacts with incident light wavelength comparable
to its periodicity, then the spectral response is a function
of this periodicity, yielding a modifiable spectral response
characteristic of a 1D photonic crystal. Previous work indicates
that the dispersion relation of a surface plasmon polariton
(SPP) exhibits a band gap.[8], [9], [10], [11], [12], [17], [18],
[19], [20] The wavelengths marking the edge of the band gap
are expressed as [9]:

(
2π

λ∓

)2

=

(
2π

λ0

)2

[1− (Kd)2]

± 2(Kd)
K2

√−εmεd
[1− (Kd)3] (1)

where 2K represents the Bragg wave vector, d the amplitude
of the surface corrugation (equivalent to T/2 as defined be-
low), λ0 the wavelength of the free space photon, λ∓ the upper
and lower band edges as wavelengths, εm, and εd relative
permittivity of the metal and dielectric respectively. This
analytical expression suggests the existence of a band gap, but
cannot be readily solved for our device due to a discontinuity
in the Au permittivity at approximately 500 nm.[21] We
hence use computational techniques to ascertain the location
of the band gap. Further, electrical measurements provide
experimental evidence of the band gap through the following
process. Monochromatic light couples to surface plasmon
modes forming SPPs on the metal structure. Surface plasmon
waves (SPW) on a uniform thin metal film may exist freely,
and it is the relative permittivities of the two materials that
determine the conditions necessary for an SPP. Alternatively,
localized surface plasmons (LSP) can exist on nanostructures
such as nanospheres, nanorods, and nanoantennas; these may
also couple with incident photons forming an SPP. Both
SPW and LSP exist in the present grating. Overall periodicity
has a larger impact on SPW; structural details at the cross
sections have a larger role in LSP. The effect of the grating
dimensional parameters on both SPW and LSP are considered.
We relate measured Voc to modeled absorbance; this is justified
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by comparison to literature experimental data, discussed in
modeling section. The injected electrons contribute to a current
within the semiconductor, facilitating charge imbalance at
the alternating metal-semiconductor interfaces. The charge
imbalance results in a measured Voc, and hence a 3 dB cutoff
in Voc indicates the presence of a photonic band gap at the
wavelength of the incident monochromatic light. We present
a study of photonic band gaps in the SPP dispersion relation
and their dependence on variations in the device geometry.

II. NANOLITHOGRAPHIC METALLIC GRATING

Figure 1 outlines the nanolithographic metallic grating de-
vice and the characterization technique. Figure 1(a) represents
a top view of the Au grating on n-Si substrate. The 1D
periodicity W , leading to photonic band gaps, lies along the
vertical direction of Fig. 1(e). Figure 1(b-c) show the optical
and electrical aspects of the experiment, while Fig. 1(d) shows
a simplified picture of the resonance at the upper-band-edge
(λ+) with electric field lines shown in red. Parameters W , L,
and T define the device period, metal crossection length and
metal thickness respectively, and are discussed in more detail
below. Parameter values W = 470 nm, L = 187 nm, and T =
50 nm were used in the initial model and experimental device.
The present grating design is similar to previous approaches
for THz detectors, yet can omit the voltage biasing.[22]

Fig. 1. Nanolithographic metallic grating device and characterization tech-
nique. a) Nanolithographic metallic grating and macroscopic electrodes. b)
Experimental measurement setup. c) Electrical characterization schematic. The
open circuit voltage (Voc) is measured between any two adjacent interdigitated
fingers. d) Illustration of one selected resonance leading to an increased
open circuit voltage e) Scanning electron micrograph of the nanolithographic
metallic grating.

III. MODELING

The spectral response of the MSM structure was calculated
by finite element modeling (FEM) using COMSOL Multi-
physics. Plasmonic gratings can be effectively modeled using
FEM to solve Maxwell’s equations.[23] A two-dimensional
(2D) modeling domain was defined according to parameters
W , L, and T as defined in the introduction and depicted in

Fig. 2(a). The modeling domain is comprised of three regions:
an upper air region (light gray), a central metallic Au region
(yellow) representing a cross-section of one electrode, and a
lower semiconducting Si region (dark gray). Au and Si regions
use literature material properties while the upper air region
uses free space permittivity and permeability values.[24], [21]
A periodic boundary condition is imposed on left and right
boundaries simulating an infinite 1D structure; top and bottom
boundaries are perfectly matched layers to prevent reflection
at the boundary; monochromatic light is incident from above,
normal to the patterned surface. Incident light is p-polarized.
Transmitted power measured at the bottom of the modeling
domain is approximately zero confirming that the modeled Si
region is sufficiently thick. The sum of the modeled transmit-
tance, absorbance, and reflectance was confirmed to be unity
for all modeled results. Figure 2(b) depicts the magnetic field
intensity profile at an incident wavelength of 470 nm, with
false color representing the magnetic field. Note the spatially
oscillating wave in intensity that has the same periodicity as
the grating. Absorbance (α) denotes the integral of the power

Fig. 2. 2D finite element modeling using COMSOL software. (a) Geometry
for the 2D finite element modeling. Ports exist at the upper and lower
boundaries with monochromatic p-polarized light originating at the upper
boundary and normally incident on the grating. Periodic boundary conditions
are used at the left and right boundaries. (b) Total magnetic field intensity
profile at upper-band-edge. False color is magnetic field intensity.

loss density (Q) within the applicable region divided by the
incident light power (P0) and is expressed as:

α =
1

P0

∫∫∫

V

Qdxdy dz (2)

Figure 3 shows α for a thin film and grating structure and
experimental Voc for a device using parameters W = 470 nm,
L = 187 nm and T = 50 nm (Dashed black line: absorbance in
a uniform metal film; solid black line: absorbance in the metal
grating; solid red line: absorbance in Si beneath the grating;
solid pink line: the sum total absorbance in the metal grating
and Si). FEM absorbance in a uniform thin film is calculated
by choosing geometrical parameters W = 470 nm, L = 470
nm and T = 50 nm. From the inset magnetic field intensity
profiles, we see that a long range SPW is indicated at 470 nm,
whereas LSP are indicated on the Au-Si interface at both 804
nm and 878 nm. Incident radiation is swept over the visible
spectrum from wavelengths 400 nm to 1000 nm. Results
of the model suggest maxima in the total absorbance, in
agreement with a maximum in Voc at approximately 500 nm,
as illustrated in Fig. 3. High α is an indication of hot carrier
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generation.We understand the measured Voc to be primarily
caused by both the generation of hot carriers in the metal
grating, and electron-hole pair creation in the Si. Note that the
total absorbance displays α contributions from both Au and Si
regions. However, a more detailed investigation than aimed in
the present work, is required to determine the correct relative
weighting of the two effects. The correct weighting may
be determined a priori through a method of nonequilibrium
scattering in space and energy [25] and will be the focus of
continuing work. The validity of the FEM is further confirmed

Fig. 3. Comparison of FEM absorbances (left axis) and experimental Voc
(right axis). The incremental incident wavelength step in experimental results
is 10 nm. FEM absorbances are calculated in a grating structure with
geometrical parameters W = 470 nm, L = 187 nm and T = 50 nm (Dashed
black line: absorbance in a uniform metal film; solid black line: absorbance
in the metal grating; solid red line: absorbance in Si beneath the grating;
solid pink line: the sum total absorbance in the metal grating and Si). FEM
absorbance for a uniform thin film is calculated by choosing geometrical
parameters W = 470 nm, L = 470 nm and T = 50 nm. Note the sharp
increase in absorbance of the uniform film below a wavelength of 520 nm
due to the interband transition in Au. However, the introduction of the periodic
grating cuts off this increase in absorbance. Additionally, two LSP modes are
observed in the FEM absorbance at wavelengths 804 nm and 878 nm. Insets
show the magnetic field profiles at 470 nm, 804 nm, and 878 nm as indicated.

by comparison with experimental photoresponse from the
literature in Fig. 4.[11] Modeled absorbance is shown for
L= 800 nm, 850 nm, 900 nm, 950 nm, 1000 nm, 1050 nm,
1100 nm, and W = L + 250 nm and T = 200 nm. The
agreement between our FEM modeled absorbance (crosses)
and the measured photoresponse (circles) of Ref. [11] is
depicted in Fig. 4 inset. These resonance modes are understood
to originate from LSPs in the individual grating finger cross
sections. The validity of the model is additionally corroborated
by comparison to optical transmittance experiments. A 50
nm thick Au film was deposited on a glass microscope slide
cover using an identical method to the grating device. The
transmittance of the Au-coated glass slide cover was measured
using UV-visible spectrometry. Transmittance was modeled
for a uniform 50 nm Au film on a glass substrate using the
same modeling procedures outlined above. Strong qualitative
agreement between our FEM transmittance and our measured
transmittance can be seen in Fig. 5. The quantitative difference
can be is likely due to the difference in thickness of the glass

Fig. 4. Comparison of our FEM modeled metallic absorbance to literature
measured experimental photoresponse. [11]Modeled absorbances are shown
for 7 values of L as listed, with W = L + 250 nm and T = 200 nm.
Inset shows the agreement with experimental photoresponse of devices with
identical geometrical parameters.

in the experimental device (≈160 µm) and model (≈0.5 µm).
The maximum in transmittance at ≈500 nm would be due to
coupling of SPWs at respectively the air-Au interface and the
glass-Au interface (analogous to electron tunneling through
an oxide interface). Evidence of this plasmon coupling can be
observed in Fig.5 inset.

Fig. 5. FEM modeled transmittance, and experimentally measured transmit-
tance of 50 nm Au on glass. The quantitative difference between the modeled
and experimental transmittance can be attributed to the FEM model domain
not including the total thickness of the glass. Inset shows the evanescent
electric field from the air-metal interface. The ”turn-around” positive slope
between 45 nm and 50 nm (near the metal-glass interface) is characteristic
of the presence of a surface plasmon wave at the metal-glass interface. The
small spike in electric field occuring at 25 nm in the exact center of the grating
cross section is believed to be an artifact.

IV. RESULTS

Experimental and FEM data indicate a maximum in Voc
centered at an incident wavelength approximately 500 nm.
Generation of Voc is a multi-step process. Plasmons may
in general decay along a number of pathways. They may
reradiate a photon, they may generate a hot electron, or they
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Fig. 6. Dependence of the upper-band-edge (λ+) on geometrical parameter
W . The FEM modeled metallic absorbances for W = 440 nm, 470 nm,
500 nm, 530 nm, and ,L = 187 nm and T = 50 nm are shown. The inset
shows the linear dependence of upper-band-edge vs periodicity. Note that the
wavelengths of LSP resonances are unaffected by parameter W .

may transfer energy to a crystal lattice. Geometrical and
material properties affect the likelihood of plasmons decaying
along any given pathway.[25] Because FEM results are ob-
tained in steady-state, reradiated photons present themselves
as electromagnetic field oscillations, and do not contribute
to the modeled absorbance. The FEM absorbance can then
be understood to be entirely due to hot carrier generation
and phonon mode excitation. These can be due to intraband
excitations or interband transitions. Interband transitions can
excite hot holes in addition to hot electrons. The electronic
response is dependent not only on the hot carrier generation,
but also on the likelihood that hot carriers will reach the Au-
Si interface. This is dependant on not only the distance from
the interface where the hot carrier is generated, but also the
likelihood of electron-electron and electron-phonon scattering.
Hot electron injection as a primary contributor to Voc is in
agreement with the literature.[26], [27] Electron-hole creation
in the Si substrate is also a non negligible contributor to Voc.
However, this is well understood and hence we emphasize
the metallic contribution. The metallic gratings discussed are
understood to have two types of plasmonic effects: SPW
effects where wavelengths shorter than the upper-band-edge
(λ+) are suppressed, and LSP effects where a dipole moment
is excited along the length of the finger cross section. Three
design parameters W , L and T affect the behavior of SPW
and LSP uniquely. Figure 6 shows the upper-band-edge(λ+)
dependence on W . The inset shows the linear relationship
between upper-band-edge (λ+) and the period. The two LSP
resonance modes occur at the same wavelength independent of
W . This supports the understanding that the cutoff is due to the
long range aspect of the SPW while the resonances at 804 nm
and 878 nm are due to LSP resonances, and are thus primarily
affected by L and T . Figure 7 shows the L dependence of the
absorbance, which further supports this picture. Two identified
LSP resonance modes shift towards longer wavelengths with
longer L, showing a linear trend. Figure 8 shows that the
overall spectral response is independent of T . However, the

magnitude is affected by T , due to both the increase in
the total volume of the absorbing material, as well as the
decoupling of surface plasmons at the Au-Si interface and the
Au-air interface. The Au width L has the most significant

Fig. 7. Dependence of the upper-band-edge (λ+) on geometrical parameter
L. The FEM modeled metallic absorbance for L = 187 nm, 205 nm, 220 nm,
235 nm, 250 nm, 265 nm, and W = 470 nm and T = 50 nm are shown. The
inset shows the a magnified view of the LSP resonance mode with the longest
wavelength. Note that the upper-band-edge (λ+) is unaffected by parameter
L.

effect on LSP. As T increases, the peak wavelength for the
short-wavelength LSP moves slightly, while the absorbance
increases.

Fig. 8. Dependence of the upper-band-edge (λ+) on geometrical parameter
L. The FEM modeled metallic absorbance for T = {25 nm, 50 nm, 75 nm},L
= 187 nm and W = 470 nm are shown. The inset shows a zoomed in view
of the LSP resonances.

V. CONCLUSIONS

A study is presented to determine the spectral behavior of
a nanofabricated metal-semiconductor-metal metallic grating,
based on geometrical parameters. Finite element modeling
was used to determine the expected spectral response of
the nanostructured surface. Strong agreement exists between
the calculated absorbance of the metallic structure and the
measured photoresponse, corroborating the model. Electrical
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measurements may be used as a probe of photonic band gaps,
providing a necessary step forward in the integration of optics
with electronics. The electronic technique is not limited to
detecting photonic band gaps but can be employed in the study
of any plasmonic resonant structured surfaces. We observe the
upper-band-edge (λ+) resulting from what is understood to be
a photonic band gap occuring at a wavelength approximately
equal to the period. Lower intensity, but more geometrically
controllable LSP occur at longer wavelengths. Two LSP modes
are observed, with locations strongly dependent on L and the
height of the shorter wavelength mode strongly dependent on
T . The L dependence is understood to be due to the dipole
moment of the finger cross section, and the T dependence
originates from a decoupling effect between plasmons on
the Si-Au and air-Au interfaces. The possibility thus lies
open to engineer future device designs to exhibit wavelength
selectivity by tuning geometrical parameters. Far-field effects
and more rigorous computations of hot carrier injection using
a method of nonequilibrium scattering in space and energy.
[25] for the study of nanolithographic structured surfaces will
form the focus of future work.
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5.2 Metal Dependence

The surface plasmon wavelength, λsp, calculations presented in Chapter 4 indicate that
the choice of metal is of secondary importance to the choice of dielectric in a plasmonic
structure. However, if a interband transition exists in the metal at the wavelength of interest,
then the choice of metal is of primary significance. The nanoscale resonance optoelectronic
devices fabricated in this dissertation consist of Cr/Au on Si; Au has an interband transition
occurring at free space wavelength, λfs, 550 nm. If an interband transition occurs, then
it is possible to generate hot holes as well as hot electrons. Interband transitions present
themselves as absorbance in the metal independent of geometry; an increase in absorbance
for free space wavelengths, λfs, below 550 nm is observed in Au on Si structures as discussed
in the previous section. The results presented in the previous section provide evidence that
a grating structure effectively cuts off the absorbance at wavelengths below the period of
the grating. In order to determine the effects of the grating structure in metals lacking an
inter band transition in the visible portion of the spectrum, the absorbance in a uniform thin
film and a silver grating were computed using FEM. These results as well as the magnetic
field profiles at observed resonances are shown in Fig. 5.1. The presence of a maximum in
absorbance occurring at a free space wavelength, λfs, indicates that not only does the grating
cut off the absorbance, but also supports a resonance mode. A bimetallic interdigitated
nanoscale resonance structure may provide enhance photodetection and energy harvesting,
with an Au electrode producing hot holes and an Ag electrode producing hot electrons. Such
a device is proposed in Chapter 6.

Figure 5.1: Modeled plasmonic resonances observed in Ag interdigitated structure. The
black line is the FEM absorbance in a uniform Ag film on and Si substrate, and the red line
is FEM absorbance for a grating structure having the geometry pictured to the bottom left.
Magnetic field profiles are shown connected to the appropriate absorbance maxima.
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5.3 Yagi-Uda Nanoantenna Enhanced

Metal-Semiconductor-Metal Photodetector

This section was previously published as: W. Rieger et al., ”Yagi-Uda Nanoantenna En-
hanced Metal-Semiconductor-Metal Photodetector”, Appl. Phys. Lett. 113, 023102 (2018).

William Rieger was the primary author; as such he was primarily responsible for drafting the
manuscript, fabricating devices, characterizing devices, and performing effective wavelength
analysis.
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An array of 400 nanolithographic Yagi-Uda antennas on a metal-semiconductor-metal rectifier

photodetector demonstrates control of wavelength selectivity and directivity. The nanoantenna

array response is obtained using a direct electrical measurement approach. Resonances in rectified

photocurrent are detected at the incident electromagnetic radiation of free-space wavelengths

1110 nm and 1690 nm, corresponding to scaled effective wavelengths of 388 nm and 776 nm,

respectively. The scaling is consistent with a theory based on plasmonic effects in nanoscale devi-

ces at optical frequencies, and the two resonant wavelength modes are found to match at, respec-

tively, full-wavelength and half-wavelength operation of the detector dipole element. Quantum

efficiencies are estimated as 5.1% and 3.1% at 1110 nm and 1690 nm wavelengths, respectively,

representing a fourfold increase over a device lacking the antenna array. Published by AIP
Publishing. https://doi.org/10.1063/1.5038339

Nanoantennas operating at optical electromagnetic

wavelengths and produced on solid-state substrates using

nanofabrication techniques have formed a topic of interest

since nanofabrication techniques have enabled their creation.

A compelling feature of such nanoantennas lies in the prom-

ise to draw from the existing knowledge of RF antennas to

design optical devices with functionalities that are difficult

to obtain from materials properties alone. Nanoantennas

have been studied in the context of focusing electric fields in

scanning tunneling microscopy,1 controlling optical trans-

mission and reflection through optically designed surfa-

ces,1–4 studying non-linear optics,5–7 and creating frequency

selective photodetectors.8–12 Yagi-Uda nanoantennas have

been of particular interest13–17 due to the Yagi-Uda geometry

being well understood, and having excellent gain and direc-

tive properties. The Yagi-Uda geometry further lends itself

well to nanofabrication.

Here, we report an electrical characterization of Yagi-

Uda based nanoantenna arrays fabricated on a semiconductor

surface where Schottky barriers are formed at the antenna-

semiconductor interface. Such a structure is built into a

metal-semiconductor-metal (MSM) electronically rectifying

detector device to collect the photocurrent when the nanoan-

tenna is photoexcited. The approach allows implementation

of optically designed surfaces to practical photodetectors to

achieve higher functionalities and efficiencies. Two aspects

differentiating nanoantennas from macroscopic RF antennas

underlie the present work. First, a loss of linearity in antenna

scaling with wavelength occurs as wavelength and concomi-

tant antenna element size are reduced. Plasmonic effects

dominate at these length scales causing the loss in linearity

and must be accounted for in design dimensions. Second,

nanoantennas fabricated on substrates have a nonsingular

feed point, arising from the impracticality of achieving the

necessarily small electrical connections. Most nanoantenna

studies to date, with exceptions,8–12 have focused on optical

measurement techniques, with interrogation occurring via

optical transmission, reflection, and absorption. Although an

effective means of determining resonant behavior, optical

measurements limit real-world applicability. Since nanoan-

tennas lack a singular feed point, concepts such as imped-

ance and standing wave ratio, inherent to RF antenna design,

now lack definite meaning. Instead, the whole system must

be considered to recover equivalent concepts. Despite the

differences, concepts of macroscopic RF antennas retain

their usefulness to characterize solid-state nanoantennas and

a basis for the present work is formed by a theoretical link

derived between RF antennas and nanoantennas using the

concept of effective wavelengths.

The nanoantenna characterization method used in this

work consists of a direct electrical measurement of the recti-

fied photocurrent generated by the nanoantennas, represent-

ing a step beyond nanoantenna work relying on optical

characterization. While a rectified photocurrent measurement

using an indium tin oxide (ITO) film and a back electrode

has appeared,8–12 the present work employs a measurement

scheme omitting the ITO layer and directly measuring the

photocurrent injected into the Si by the electric field concen-

trations at the nanoantenna elements. A MSM Schottky junc-

tion photodiode is formed, where the nanoantenna elements

form one metal electrode, the Si forms the semiconductor,

and two macroscopic Au counter contacts deposited on the

Si form two other metal electrodes between which a voltage

bias is applied. Photocurrent is measured across the resulting

MSM diode. Photocurrent rectification from optical frequen-

cies to low frequencies for lock-in amplifier detection

(17 Hz) is achieved by the two junctions in the MSM diode,

one of which is forward biased and the other reverse biased.

Figure 1(a) depicts a schematic of the photocurrent measure-

ments, and Figs. 1(b)–1(e) depicts aspects of the nanoan-

tenna devices and measurements, as explained below.

Generation of photocurrent is a multi-step process. Thisa)Author to whom correspondence should be addressed: heremans@vt.edu

0003-6951/2018/113(2)/023102/4/$30.00 Published by AIP Publishing.113, 023102-1
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process begins when the nanoantenna is illuminated with an

appropriate wavelength to excite plasmons in the antenna

devices. These plasmons can decay along multiple path-

ways.18 The possible pathways include transfer of energy to

phonons, reradiation, and injection of a hot electron into the

metallic structure. If the injected hot electron is sufficiently

energetic, it can overcome the Schottky barrier and move to

the conduction band of the semiconductor [Fig. 1(a)].

The nanoantennas were fabricated on an n-Si (100)

wafer, from which SiO2 was removed by a buffered oxide

etch. Photolithography, deposition of 10 nm Cr and 50 nm

Au, and lift-off then created macroscopic electrodes with fin-

gers extending towards the device area [Fig. 1(b)]. These

macroscopic electrodes allow electrical connections to the

measurement setup [Figs. 1(a) and 1(b)]. Subsequent

electron-beam lithography, deposition of 10 nm Cr and

50 nm Au, and lift-off then created an array of 400 individual

Yagi-Uda nanoantennas as well as rectangular electrodes

flanking the array and overlapping the photolithographic

electrodes [Fig. 1(c)]. As reference, a “blank” device was

also produced, lacking only the array of nanoantennas. The

dimensions of the nanoantenna elements on the active device

are listed in Table I, and Fig. 1(d) depicts an individual nano-

antenna. Each nanoantenna consists of nanorod elements

assuming the roles of directors, reflector, and feed elements,

equivalents to the elements of macroscopic Yagi-Uda anten-

nas. In this work, we will refer to the feed element as the

detector element, as the nanoantennas are operated in the

receiving rather than the transmitting mode. The nanoanten-

nas were initially designed to detect a free-space incident

light wavelength kfs in the IR region of the spectrum, namely,

kfs� 1500 nm. The effective incident wavelength keff experi-

enced by the nanoantennas differs from kfs, as detailed

below.19 Investigating the relation between keff and kfs for

Yagi-Uda geometries forms one of the aims of this work.

A preliminary estimate of keff given kfs� 1500 nm yields

keff� 776 nm, and hence keff¼ 776 nm formed the starting

point of the design in Table I. The designed lengths in Table I

denote the nominal lithographic dimensions whereas mea-

sured lengths were evaluated from SEM micrographs.

The measurement setup consists of a broadband light

source, an optical chopper operating at 17 Hz, a monochro-

mator, a 3-axis translation and single-axis rotation sample

stage, and a lock-in ammeter. The power density of the inci-

dent light is �0.25 W/m2. Translation adjustments are used

to center the device [Figs. 1(a)–1(e)] in the illuminated spot

at a constant distance of 10 cm from the monochromator

aperture. The rotation axis allows the angle of incidence, h,

of the incident light to vary from the glancing (h� 0�) to

normal angle (h¼ 90�) to the device plane [Figs. 1(d) and

1(e)]. The sample stage is enclosed in a metal enclosure

shielding the photocurrent measurement from ambient light

and stray electric fields. The device was biased at 1.0 V DC

and the chopped photocurrent was measured by the lock-in

amplifier. The incident kfs was varied from 1000 nm to

2000 nm. Measurements were obtained on both the nanoar-

ray sample and blank sample, each at glancing angle (h� 0�)
and at h¼ 45�.

Assuming a standard Yagi-Uda antenna directivity,15–17

at h� 0� the incident light wave vector is nearly aligned

with the main lobe of the Yagi-Uda antenna receiving and

transmitting directivity, while at h¼ 45�, the incident light

wave vector alignment is not expected to coincide with the

main lobe or side lobes. Half angular widths of Yagi-Uda

antennas are found to be less than 32.5�.16 Measurements of

photocurrent vs kfs are depicted in Figs. 2(a) and 2(b) for

h� 0� and h¼ 45�, respectively, for the nanoantenna sample

and blank reference sample. Figure 2(a) indicates two reso-

nances for h� 0�, for which photocurrent reaches a maxi-

mum in the nanoantenna sample, namely, at kfs¼ 1110 nm

and at kfs¼ 1690 nm. As a reference, the photocurrent mea-

surement in the blank sample for h� 0� does not show reso-

nances [Fig. 2(a)]. Likewise, in contrast to the measurement

at h� 0�, data for h¼ 45� does not indicate clear resonances

[Fig. 2(b)]. A higher average photocurrent is measured for

h¼ 45� indicating that more hot electrons are generated with

the 45� illumination. The comparison between data for

h� 0� and data for h¼ 45� is consistent with the expected

FIG. 1. (a) Schematic of the experimental setup and measurement scheme.

Chopped monochromatic light is incident on the device at an angle, h. (b)

Enlarged view of the device highlighting the macroscopic electrodes. (c)

SEM micrograph of the entire antenna array, with 400 Yagi-Uda nanoanten-

nas occupying the space between the electrodes. (d) SEM micrograph of a

single Yagi-Uda nanoantenna. Each nanoantenna is comprised of 4 elements

with dimensions listed in Table I. (e) Side view of the measurement setup

indicating angle, h, of incident monochromatic light.

TABLE I. Design dimensions for the Yagi-Uda nanoantenna elements given

keff¼ 776 nm. Elements have a measured width of 58 nm. Elements have a

height of 60 nm (10 nm Cr/50 nm Au). The uncertainty in the measured

length across the array is 65 nm.

Element

Design

dimensions

Designed

lengths (nm)

Measured

lengths (nm)

Reflector keff/1.75 443 464

Detector keff/2 388 406

Directors keff/2.25 345 357

Element spacing keff/3 258 264

023102-2 Rieger et al. Appl. Phys. Lett. 113, 023102 (2018)
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directivity of the Yagi-Uda nanoantennas, and the values

where resonances are detected are consistent with the scaling

properties of nanoantennas, as explained below.

The responsivities of the nanoantenna sample at h� 0�

are estimated at 46 mA/W at kfs¼ 1110 nm and at 31 mA/W

at kfs¼ 1690 nm. The resulting quantum efficiencies are esti-

mated at 5.1% and 3.1%, respectively. The responsivities of

the blank sample are estimated at 11 mA/W at kfs¼ 1110 nm

and at 5.7 mA/W at kfs¼ 1690 nm, yielding estimated quan-

tum efficiencies of 1.2% and 0.64%, respectively. The nano-

antenna sample thus shows quantum efficiencies increased

fourfold over the blank sample. To improve the quantum effi-

ciencies over this prototype nanoantenna sample, several ave-

nues towards optimization are available, e.g., using the spatial

distribution of the response. The array in the present work

causes each nanoantenna to cast a shadow on the nanoanten-

nas behind it. Thus, the nanoantennas on the array’s leading

edge contribute more to the photocurrent. Additionally, the

band bending does not fall uniformly over the biased MSM

device’s cross-section. Further, the nanoantennas nearest the

forward biased electrode are expected to contribute more to

the photocurrent because the hot electrons are more likely to

reach this electrode before experiencing energy loss.20 The

three mentioned effects will give rise to a spatial dependence

of the response. The effects can be used towards an optimiza-

tion of quantum efficiency, by using a lattice other than

square to reduce shadowing, by changing the aspect ratio of

the array to locate a larger number of nanoantennas closer to

the electrodes and within regions of higher band bending, and

by increasing the bias voltage21 such that the hot electrons

generated closer to the reverse biased electrode are more

likely to reach the forward biased electrode. Additionally,

Yagi-Uda antennas show a dependence on polarization, and

higher efficiencies will result from a polarized light source at

the correct orientation. Since RF Yagi-Uda antennas are very

efficient and MSM structures can show high quantum effi-

ciencies,21 future optimized devices can reach higher quantum

efficiencies, while retaining the observed selectivity and

directivity.

A useful aspect of RF antenna designs is a linear scaling

of antenna geometry with the free-space wavelength, inher-

ent in free-space electromagnetism. This linear scaling fails

due to materials properties for kfs below the millimeter wave

region. At these shorter wavelengths, the electric fields in the

antenna elements assume a complicated pattern and are

described by oscillations of free electrons in or on the surface

of the metal antenna structure. These surface plasmons are of

particular interest to the study of nanoantennas because they

are able to couple to free-space electromagnetic waves.22,23

The coupling of surface plasmons on a nanoantenna to inci-

dent light yields an effective wavelength, namely, the wave-

length of free-space electromagnetic radiation that couples to

the resonant plasmon oscillation. Theoretically, a scaling

exists for these antennas, and a specific relation has been

derived for antennas consisting of rod-like elements with a

diameter much less than the wavelength of interest.19 The

scaling is derived by forcing a surface plasmon on a rod-like

element. The element is considered as a cylindrical wave

guide with boundary conditions for TM mode oscillations.

Requiring the existence of these modes yields a relation

between the free-space incident kfs and an effective incident

wavelength keff experienced by the nanoantenna.19 As an

approximation for the present Yagi-Uda nanoantennas, the

following relation between kfs and keff is used:19

keff ¼
kfs

K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p2K R2=k2

fs

� �
z kfs;K
� �

1þ 4p2K R2=k2
fs

� �
z kfs;K
� �

vuuut � kc: (1)

In this expression, K indicates the relative permittivity of the

dielectric (assumed uniform) in which the nanoantenna is

embedded and kc indicates a capacitive contribution depend-

ing on the end radius R of the nanorod elements.19 For

perfect hemispherical nanorod ends, theory yields kc¼ 4R.

Since the rod ends of the actual nanoantennas are likely not

hemispherical and hence not characterized by fixed R, kc

will be treated as an adjustable parameter to fit the measure-

ments. Further, K is assumed real for a dielectric, and in the

IR range of kfs, for Si K� 3.5 is estimated. Yet, the Au nano-

rods are deposited on Si (K� 3.5) and are exposed to ambient

air (K¼ 1) at their free surfaces. Hence, K is also regarded as

an adjustable parameter, with a physically acceptable range

of values.

Figure 3 contains representative plots of keff vs kfs

(nearly straight lines) and indicates the influence of both K
(effective dielectric medium) and kc (nanorod geometry),

thereby highlighting their effect in understanding the mea-

sured incident kfs at resonance in terms of the calculated keff.

We note that in the relation of keff vs kfs, varying K changes

the slope and the intercept, while varying kc changes the

intercept only. Figure 3 highlights the value keff¼ 776 nm, of

relevance if the length of the detector nanorod of each Yagi-

Uda nanoantenna corresponds to approximately half keff

FIG. 2. (a) Photocurrent data vs kfs, for h � 0�. The black line represents the

measured photocurrent on the nanoantenna device and the red line on the

blank device. The nanoantenna device shows maxima at 1110 nm and

1690 nm corresponding to Yagi-Uda nanoantenna resonances. The blank

device does not show resonances. (b) Photocurrent data vs kfs, for h ¼ 45�.
The black line represents the measured photocurrent on the nanoantenna

device and the red line on the blank device. Consistent with the directivity

of a Yagi-Uda antenna, no discernable maxima appear on a background

showing broad features.
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(half-wavelength resonant mode or first excited mode opera-

tion, the usual design operation for Yagi-Uda antennas), and

highlights the value keff¼ 388 nm, of relevance if the length

of the detector nanorod corresponds to approximately a full

keff (full-wavelength resonant mode or second excited mode

operation). In the fabricated nanoantennas, the rod ends are

not perfect hemispheres and they possess a textured surface

expected to increase the capacitance due to the nanorod

ends, resulting in increased kc. Regarding K, an effective

value 1.0�K� 3.5 is expected as an intermediate value for

K between Si and air. As indicated in Fig. 3, Eq. (1) yields a

best-fit correspondence (red line) between keff¼ 776 nm and

keff¼ 388 nm and the two values of kfs, where a photocurrent

resonance is observed (respectively, kfs¼ 1110 nm and

kfs¼ 1690 nm) for K¼ 1.857 and kc¼ 7.192R. The best-fit

value kc > 4R is consistent with expectations and physically

reasonable. The best-fit value 1.0�K¼ 1.86� 3.5 is also

consistent with the nanoantennas experiencing an effective

dielectric medium intermediate between Si and air, as men-

tioned. Hence, Fig. 3 shows that the scaling between keff vs
kfs implied by Eq. (1) is consistent with the experimental

results, when the dielectric environment and geometrical

capacitive coupling effects are taken into account. The pho-

tocurrent measurements contained in Figs. 2(a) and 2(b) then

also form a strong indication that the nanoantenna array

shows the wavelength selectivity and the directivity expected

from the Yagi-Uda geometry, and that nanoantennas can be

used to impart these properties to a photodetector.

In conclusion, the present work advances the study of

optical nanoantennas by using a fabrication process which

integrates nanoantennas in a metal-Si-metal rectifier photodi-

ode. The Yagi-Uda nanoantennas demonstrate wavelength

selectivity and directivity. The wavelength selectivity follows

a predictive scaling rule based on plasmonic effects, and is

dependent on an effective discontinuous dielectric environ-

ment as well as on geometrical effects expressed via capaci-

tive coupling to the environment. Future work can be directed

at more refined photocurrent or signal extraction by optimized

electron injection, at measuring the sensitivity to polarization

of the nanoantennas, and at scaling to wider ranges of wave-

lengths in the IR and visible regions of the spectrum.

See supplementary material for current-voltage charac-

teristics of the MSM structure and for information about the

choice of the voltage bias point.
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Abstract—Detection of light below band gap energies using
nanolithographic Yagi-Uda antennas is discussed. Two nonlinear
mechanisms contributing to generation of photocurrent are
identified and evaluated. Results of a Si near-IR photodetector
are presented and application to mid-IR discussed. Additionally,
finite element modeling methods are employed.

I. INTRODUCTION

Nanoantennas have been used successfully to increase pho-
todetection beyond the limits of semiconductor material prop-
erties. [1][2][3][4]This above band gap detection is possible
because of the plasmonic nonlinear conversion of incident ra-
diation; this nonlinear process is responsible for high reported
quantum efficiencies. The nonlinear photocurrent generation is
caused by at least two phenomena—”hot” electron injection[2]
and higher harmonic reradiation.[5][6] When incident light
excites surface plasmons in the antenna structure, they may
decay along a number of pathways, some of which contribute
to the photocurrent. Resonant surface plasmons are capable
of transferring large amounts of kinetic energy to valence
electrons within the metal—resulting in hot electrons. If these
electrons exhibit energies above the metal-semiconductor in-
terface barrier energy then the hot electrons are free to move
into the semiconductor. Resonant surface plasmons may also
decay by reradiating. The frequency of this reradiated light can
be the same as the plasmon resonance or an integer multiple
of the original frequency. In this manner near-IR photons are
converted to visible via second harmonic reradiation and mid-
IR radiation can be converted to visible via third or fourth
harmonic reradiation. Here, a Si based Metal-Semiconductor-
Metal (MSM) photodiode is used concurrently with an array of
400 nanolithographic Yagi-Uda antennas; an example of these
is depicted in Figure 1. The resulting wavelength selectivity
and directivity are engineered in the near IR with photon
energies below the band gap of Si. Current limiting factors for
nanoantenna structures center around the tendency of surface
plasmons to decay along pathways that do not contribute to
the photocurrent.

II. METHODS

Nanoantennas are frequently fabricated on transparent sur-
faces and interrogated using purely optical methods. Here

Fig. 1. Single nanolithographic Yagi-Uda antenna. Design and actual dimen-
sions are given in Table I. The measured device includes an array of 400 such
devices between the electrodes of a Metal-Semiconductor-Metal photodiode.

an electrical interrogation method is employed where the
nanoantennas are used as a sensitizing agent in the semi-
conductor region of a MSM structure. This method uses
hot injection methods similar to the ITO-based measurement
scheme, however represents a simplification requiring only
a metallic monolayer on a silicon substrate. In addition to
hot electron injection, second and third harmonic genera-
tion may contribute to the measured photocurrent. Electrical
characterization of nanoantennas in realistic environments is
a necessary step towards their useful application; testing in
real life conditions is necessary because much like their RF
counterparts, nanoantennas are affected by their environment.
In particular the introduction of a dielectric/semiconducting
substrate serves to shorten the effective wavelength.

A. Fabrication

Devices were fabricated on n-Si < 100 > from which
a protective oxide layer was removed using 6:1 buffered
oxide etch. A simplified MSM structure was fabricated using
photolithography. Thermal evaporation and lift-off were used
to obtain 10 nm Cr and 50 nm. Following deposition of the
MSM structure an array of 400 Yagi-Uda antennas was pat-
terned using electron beam lithography. Cr/Au was deposited
in the same manner as the previous step, leaving a metallic
monolayer on the surface of the Si substrate.
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TABLE I
DESIGN AND FABRICATED DIMENSIONS FOR ANTENNAS WITHIN AN

ARRAY. ELEMENTS ARE 60 NM HIGH AND MEASURED DIMENSIONS HAVE
UNCERTAINTY ± 5 NM.

Element Design Lengths (nm) Measured Lengths (nm)

Reflector 443 464

Detector 388 406

Director 345 357

Element Spacing 258 264

Element Width 50 58

B. Experimental Setup

Characterization of the antenna array involved use of op-
tical and electrical methods. Optically a collimated white
light source was used concurrently with a monochromator
from a spectroscope. The output of the spectroscope emitting
monochromatic light was directed to be incident to the sample.
A 17 Hz chopper was placed in the optical pathway before
the monochromator. A stage was fabricated to allow the
angle of incidence of light on the sample to be adjusted in
the plane orthogonal to the length of the antenna elements.
Electrically, the fingers of the MSM photodiode were biased
at 1 VDC and the photocurrent was measured using lock-
in detection referenced to the chopper. Measurements were
obtained at two angles of incidence; glancing—where incident
light was aligned with the directivity of the antennas—and 45
degrees—where the incident light was sufficiently far from the
antenna directivity to reduce the antenna effect.

C. Finite Element Modeling

In order to predict nanoantenna behavior and calculate
effective wavelengths more accessibly, finite element modeling
has been used. Modeling efforts use COMSOL Multiphysics
Wave Optics Module. Modeled results are solved for in the
frequency domain, using a range of angles of incidence
and polarization orientations. Material properties are modeled
using the Lorentz-Debye model. Preliminary results indicate
clear resonances of the modeled structure.

III. RESULTS

Two resonance peaks were identified in the glancing results
at 1110 nm and 1690 nm, as observed in Figure 2. These
resonances have a harmonic relationship that is consistent with
effective wavelength theory.[7] Results at a 45 degree angle
do not exhibit these resonances, consistent with the expected
Yagi-Uda directivity.[4] Estimated quantum efficiencies are
5.1% and 3.1% for the two resonance peaks, respectively.
The non-optimal quantum efficiencies are likely due to the
decay of plasmons along pathways that do not contribute to
the photocurrent; current research efforts are focused on this
aspect.

IV. CONCLUSION

Nanoantennas represent a method of utilizing nonlin-
ear plasmonic effects to generate photocurrent from below

Fig. 2. Results of device illuminated at a glancing angle. The device includes
an array of 400 Yagi-Uda nanoantennas as in Figure 1, oriented in such a way
that the electrodes do not cast a shadow on the device. Measurements were
obtained at a bias of 1 VDC. A ”blank” device was also fabricated lacking
only the antenna array. Clear resonances can be observed at 1110 nm and
1690 nm

bandgap energy photons. While current work has focused
on near-IR where second harmonic generation is sufficient
to reach band gap energies, further efforts focus on more
efficiently generating third and fourth harmonics allowing
mid-IR detection using nanoantennas. Similarly, nanoantenna
structures can be employed as novel materials effectively
decreasing the band gap energies by a factor of 2 based
on second harmonic generation. In addition to reradiation of
higher harmonics, hot electron injection also contributes to
the photocurrent. Current/future work in this area involves
using finite element methods (COMSOL Multiphysics) to
computationally determine effective wavelength for realistic
structures.

ACKNOWLEDGMENTS

The authors would like to thank Robert Romanofsky for
many helpful discussions.

REFERENCES

[1] W. Rieger, J. J.Heremans, H. Ruan, Y. Kang and R. Claus, ”Yagi-
Uda nanoantenna enhanced metal-semiconductor-metal photodetector,”
Applied Physics Letters, vol. 113, pp. 023102, July 2018.

[2] M. W. Knight, H. Sobhani, P. Nordlander, and N. J. Halas, ”Photode-
tection with Active Optical Antennas,” Science, vol. 332 no. 6030, pp.
702–704, May 2011.

[3] P. Bharadwaj, B. Deutsch, and L. Novotny, ”Optical Antennas,” Advances
in Optics and Photonics, vol. 1, no. 3, pp. 438–483, August 2009.

[4] I. S. Maksymov, I. Staude, A. E. Miroshnichenko, and Y. S. Kivshar,
”Optical Yagi-Uda Antennas,” Nanophotonics, vol. 1, no. 1, pp. 65–81,
April 2012.

[5] B. Metzger, M. Hentschel, and H. Giessen, ”Probing the Near-Field of
Second Harmonic Light around Plasmonic Nanoantennas,” Nano Letters,
vol. 17, no. 3, pp. 1931–1937, February 2017.

[6] A. C. Lesina, P. Berini, and L. Ramunno, ”Origin of the Third Harmonic
Generation in Plasmonic Nanoantennas,” Optical Materials Express, vol.
7, no. 5 pp. 1575–1580, May 2017.

[7] L. Novotny, ”Antennas for Light,” Physical Review Letters, vol. 98, no.
26, pp. 266802, February 2007.

49



Chapter 6

Conclusion

The work described in this dissertation represents a thorough investigation of nanoscale res-
onant structures for novel optoelectronic sensing applications. The work included developing
an experimental process whereby monolithic nanoscale resonance structures were fabricated
on semiconducting substrates. Finite element modeling (FEM) was also used to investigate
nanoscale resonant optoelectronic devices, and identify the mechanism or mechanisms re-
sponsible for observed photoresponses. The fabrication process developed and the device
structure employed are simpler than alternative methods; they do not require the use of a
transparent conductor (i.e. indium tin oxide) as in alternative optoelectronic methods [61].
This simplification combined a standard monolithic photodetector structure and a metal-
semiconductor-metal (MSM) photodiode coupled with hot carrier injection. Because MSM
photodiodes consist of a metallic monolayer they may be easily and efficiently integrated
into standard CMOS processes. Beyond the practical interest in novel optoelectronic de-
vices, further understanding surface plasmon resonance (SPR), hot carrier generation, and
hot carrier transport in metal-semiconductor heterostructures is of significant academic in-
terest. The methods and devices discussed in this dissertation offer a probe of SPR, hot
carrier generation, hot carrier transport, and other topics. The optoelectronic characteriza-
tion method developed consists of a white light source, chopper, collimating lenses, mirrors,
a diffraction grating, optical slits, and electronic test equipment. Low noise measurements
were achieved through the use of an optical chopper and a lock-in amplifier referenced to
the chopper. Using this technique, strongly directive and wavelength selective photocurrents
were observed for an array of Yagi-Uda nanoantennas. Maxima in observed photocurrents
occurred at free space wavelengths, λfs, 1110 nm and 1690 nm; these maxima are believed to
be harmonically related and correspond to effective wavelengths, λeff , 388 nm and 776 nm
respectively. This harmonic relationship is indicated by the power loss profiles discussed in
Chapter 4. A grating structure was also studied within the visible portion of the spectrum.
The use of a plasmonic structure resonant in the visible region of the spectrum and existing
on a Si substrate is unique, contrasting to the majority of the published literature as well as
to previously discussed Yagi-Uda devices which operate at energies smaller than the band
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gap energy. Moreover, a broadening of the optical bandwidth has been observed in a grating
based detector. By introducing a grating having a period of 470 nm onto an Si substrate a
maximum in photovoltage was observed at approximately 500 nm. By comparing the ob-
served photovoltage with FEM modeled absorbances both in the metal structure, and the
Si substrate, it is clear that the photovoltage is due to both hot carriers generated in the
metal and electron-hole pairs produced in the substrate. While the FEM model approach
used in this dissertation is not able to directly compute photocurrents or photovoltages,
the FEM absorbances and electromagnetic field profiles provide valuable insight into car-
rier generation mechanisms. Through comparison with literature measured photocurrents in
grating structures it is evident that FEM absorbances in the metal are in good qualitative
agreement with experiment. This agreement supports the understanding that photocurrents
originate from hot carrier generation in the metal. Comparison of experimentally measured
photovoltage with FEM absorbance in the 470 nm grating device indicates that hot carrier
generation in the metal is not the only contributing mechanism. Non-negligible absorbance
in the Si suggests that electron-hole pairs are being produced in the Si. The experimental
photovoltage was in good qualitative agreement with the sum of the FEM absorbances in
the metal and Si.

6.1 Future Work

The next logical step in the continuation of this work is the modification of the prelimi-
nary modeling work by Jermyn et al. [71] into a specific, quantitative model for nanoscale
resonance optoelectronic devices. The new model will consist of three main pieces: a DFT
based material model, FEM electric field profiles, and state-resolved hot carrier generation
and transport. Figure 6.1 depicts the three model pieces and how they interconnect. The
probability of hot carrier generation is driven by two main factors: the local electric field
intensity, and the available electronic states within the material. This can be expressed
as [71]:

P (t = 0) =
1

h
~E(~r) · Imε̄(ω, s) · ~E(~r) (6.1)

where ε̄ is the dielectric constant tensor of the material from a specified state, s = n~k. n is
the band index, and ~k the state momentum. P (t = 0) is the probability that a hot carrier will
be generated in state s, position ~r, for light of incident frequency ω. Hot carrier generation
can occur directly, when the electric field transfers the appropriate energy and momentum to
excite an electron or hole into a more energetic vacant state. Indirect hot carrier generation
is also possible. Indirect hot carrier generation occurs when lattice vibrations (phonons)
interact with the electron and electric field to provide energy or momentum to facilitate an
electron or hole to be excited into a vacant more energetic state. The dielectric tensor, ε̄, is
in general anisotropic, and may be computed by DFT. The electric field ~E(~r) in equation
6.1 will be calculated using FEM. Equation 6.1 provides the state-resolved initial hot carrier
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distribution. Information about the time evolution of the hot carriers requires knowledge of
the transport properties in the material. These can be calculated in the form of the collision
matrix and the collision integral. These account for both electron-electron scattering as well
as electron-phonon scattering. The photocurrent should be equal to the flux of of hot carriers
incident on the metal-semiconductor surface with energy above the barrier energy times the
charge of the carrier.

Figure 6.1: Schematic representation of proposed total model based on Jermyn et al. [71].
Open source DFT software (JDFTx) will be used to determine the state-resolved material
properties. COMSOL® will be used as in this dissertation to compute electric field pro-
files. The blue boxes indicate code that will have to be developed to compute the initial
distribution of hot carriers, and their time evolution.

6.2 Optimized Device

The lessons learned over the course of this dissertation have been compiled into a new
proposed device. This optimized device takes the form of three main pieces: an electrode that
is optimized for hole generation, an electrode that is optimized for hot electron generation,
and a high-mobility semiconducting substrate. Such a device is shown in Fig. 6.2. The hot
electron producing electrode should be a metal that does not have an interband transition at
the energy of the incident light. By contrast, the hot hole producing electrode should be a
metal or heavily doped semiconductor that does have an interband transition at the energy
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of the incident light. The high-mobility semiconducting substrate may be a two-dimensional
material such as a transition metal dichalcogenide.

Figure 6.2: Schematic representation of an optimized nanoscale resonance optoelectronic
sensor based on lessons learned in this dissertation. The three main elements are: an efficient
hot hole producing electrode (right), and efficient hot electron producing electrode (left), and
a high in-plane mobility transport layer where the electrons and holes recombine.
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Appendix A

Surface Plasmon Polariton Derivation

The ensuing discussion of Surface Plasmon Polaritons is heavily inspired from the seminal
reports Zayats et al. [50] and Pitarke et al. [51].

For TM polarized incident light we have in the dielectric (z > 0):

~Hd =




0
Hdy

0


 eikx−κ

(d)
z z−iωt (A.1)

and

~Ed =




Edx
0
Edz


 eikx−κ

(d)
z z−iωt (A.2)

in the metal (z < 0):

~Hm =




0
Hmy

0


 eikx+κ

(m)
z z−iωt (A.3)

and

~Em =




Emx
0
Emz


 eikx+κ

(m)
z z−iωt (A.4)

Applying Ampere’s Law:
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∇× ~H = ε
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Requiring a solution to the wave equation:

∇2 ~E =
ε
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∂t2
(A.12)

Gives:
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Applying Boundary Conditions:

Hdy
κ
(d)
z

ε(d)
+Hmy

κ
(m)
z

ε(m)(ω)
= 0 (A.15)

and

Hdy −Hmy = 0 (A.16)

And requiring a non trivial solution:
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−1 1
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Gives:
κ
(d)
z

ε(d)
+

κ
(m)
z

ε(m)(ω)
= 0 (A.18)

Finally:

k = k0

√
ε(d)ε(m)(ω)

ε(d) + ε(m)(ω)
(A.19)

Or in terms of wavelength:

λSP = λ0

√
ε(d) + ε(m)(ω)
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(A.20)



Appendix B

Mathematica® Source

Plot [{Sqrt[1 + 2 k^2 - Sqrt[1 + 4 k^4]]/Sqrt[2], 1/Sqrt[2]}, {k, 0,

4}, PlotRange -> Full,

PlotLegends -> {"SPP on Bulk Material",

"\[Omega]=\[Omega]p/(1-\!\(\*SuperscriptBox[\(\[Epsilon]\), \

\((1)\)]\)\!\(\*SuperscriptBox[\()\), \(1/2\)]\)"},

AxesLabel -> {"\!\(\*FractionBox[\(k\\\\c\), \(\[Omega]p\)]\)",

"\[Omega]/\[Omega]p"}, PlotStyle -> {Thickness[0.008]}]

Plot [{Sqrt[1 + 2 k^2 - Sqrt[1 + 4 k^4]]/Sqrt[2], Sqrt[

12 + 13 k^2 - Sqrt[144 + 264 k^2 + 169 k^4]]/(2 Sqrt[6]), 1/Sqrt[2],

1/Sqrt[13]}, {k, 0, 4}, PlotRange -> Full,

PlotLegends -> {"SPP Above Thin Film", "SPP Below Thin Film",

"\[Omega]=\[Omega]p/(1+\!\(\*SuperscriptBox[\(\[Epsilon]\), \

\((1)\)]\)\!\(\*SuperscriptBox[\()\), \(1/2\)]\)",

"\[Omega]=\[Omega]p/(1+\!\(\*SuperscriptBox[\(\[Epsilon]\), \

\((s)\)]\)\!\(\*SuperscriptBox[\()\), \(1/2\)]\)"},

AxesLabel -> {"\!\(\*FractionBox[\(k\\\\c\), \(\[Omega]p\)]\)",

"\[Omega]/\[Omega]p"}, PlotStyle -> {Thickness[0.008]}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

2 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)]}, {\[Lambda], 200, 800},

AxesLabel -> {"\[Lambda]",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\)"},

PlotLegends -> {"Au-Air", "Al-Air"},

PlotStyle -> {Thickness[0.008]}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

1.5^2 + 1 - ((2.15*10^6 \[Lambda])/(
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3 10^8))^2)/((1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2) 1.5^2)]}, {\[Lambda], 200, 800},

AxesLabel -> {"\[Lambda]",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\)"},

PlotLegends -> {"Air-Au", "Glass-Au"},

PlotStyle -> {Thickness[0.008]}]

Plot [{f[k], F[k], 1/Sqrt[2], 1/Sqrt[13]}, {k, 0, 4},

PlotRange -> Full,

PlotLegends -> {"SPP Above Thin Film", "SPP Above Thin Film",

"\[Omega]=\[Omega]p/(1+\!\(\*SuperscriptBox[\(\[Epsilon]\), \

\((1)\)]\)\!\(\*SuperscriptBox[\()\), \(1/2\)]\)",

"\[Omega]=\[Omega]p/(1+\!\(\*SuperscriptBox[\(\[Epsilon]\), \

\((s)\)]\)\!\(\*SuperscriptBox[\()\), \(1/2\)]\)"},

AxesLabel -> {"\!\(\*FractionBox[\(k\\\\c\), \(\[Omega]p\)]\)",

"\[Omega]/\[Omega]p"}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

2 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)]}, {\[Lambda], 1540,

1560}, AxesLabel -> {"\[Lambda]",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\)"},

PlotLegends -> {"Au", "Al"},

GridLines -> {{{1550, Red}}, {{1546.55, Red}, {1543.66, Red}}}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

2.2^2 + 1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2)/((1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2) 2.2^2)]}, {\[Lambda], 1540, 1560},

AxesLabel -> {"\[Lambda]",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\)"},

PlotLegends -> {"Air", "PDDA"}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

2 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.911*10^6 \[Lambda])/( 3 10^8))^2)]}, {\[Lambda], 200,

2000}, AxesLabel -> {"\[Lambda] (nm)",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\) (nm)"},

PlotLegends -> {"Au-Air", "Al-Air"},

PlotStyle -> {Thickness[0.008]}]

Plot [{\[Lambda] Sqrt[(2 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)/(

1 - ((2.15*10^6 \[Lambda])/( 3 10^8))^2)], \[Lambda] Sqrt[(

1.5^2 + 1 - ((2.15*10^6 \[Lambda])/(
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3 10^8))^2)/((1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2) 1.5^2)], \[Lambda] Sqrt[(

2.2^2 + 1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2)/((1 - ((2.15*10^6 \[Lambda])/(

3 10^8))^2) 2.2^2)]}, {\[Lambda], 200, 2000},

AxesLabel -> {"\[Lambda](nm)",

"\!\(\*SubscriptBox[\(\[Lambda]\), \(SP\)]\) (nm)"},

PlotLegends -> {"Air-Au", "Glass-Au", "PDDA-Au"},

PlotStyle -> {Thickness[0.008]}]



Appendix C

Mask Designs

Figure C.1: Outline of photolithography mask used to define macroscopic electrodes. The
area outside the closed polygons is shaded with an opaque material, and a positive pho-
tolithography procedure is used with this mask. The outline in the bottom right corner is
the outline used for the devices discussed in this dissertation.
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Figure C.2: The outline used with NPGS software to perform the alignment between macro-
scopic electrodes and nanoscale features, as described in Chapter 2.

Figure C.3: The pattern used with NPGS and E-beam lithography to expose the Yagi-Uda
array on the device as discussed in Chapter 2.


