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Abstract

The ever increasing demand for high-speed data processing requires faster operation
of computer processors and peripherals. Despite the continual improvement in semi-
conductor technology processes which, in turn, leads to corresponding increases in
logic gate switching frequency, the speed of the modern central processing units re-
mains relatively constant. This speed limitation is primarily determined by metallic
interconnects in the integrated circuits. Numerous enhancements have been intro-
duced to conventional CMOS technology in order to decrease the resistance and
capacitance of the interconnects. Even though these changes have markedly im-
proved the characteristics of interconnects, further developments of this technology
are extremely challenging and cost-ineffective. Therefore, as the current technology
is rapidly reaching its limits, a new approach is required to overcome the existing

issues and build high-speed digital devices.

Recent advances in the understanding of surface plasmon polaritons open up an
opportunity to overcome this limitation and greatly increase the operating speed of
future digital integrated circuits. Despite the exceptional properties of surface plas-
mons this task is challenging as it requires the optical components to be compatible
with current planar technology. The main aim of this work is to progress research
into the development of a technology which will permit overcoming current issues
limiting increases in processor operation speed such as the RC parameters of metal-
lic interconnects. In this thesis comprehensive analytical and numerical studies of
a plasmonic input port, waveguide and modulator will be presented. Excitation of
surface plasmons as well as their propagation along the waveguide will be experimen-
tally demonstrated. It will be shown that waveguide-coupled metal-semiconductor-
metal photodetectors enable an in-plane detection of the surface plasmons - an
important property required for successful integration into modern semiconductor
technology. The design presented here, therefore, could underpin a new class of op-

toelectronic devices that enable the integration of surface plasmons as signal carriers



in future high-speed optoelectronic processors.

The potential applications of surface plasmons are not limited to high-speed
interconnects. The utilisation of the phenomenon of localised surface plasmons es-
tablishes an opportunity to create 2D materials with a tailored electromagnetic re-
sponse. The second aim of this work, therefore, is to develop a technology which can
improve the existing properties or add functionality to conventional photodetectors.
This thesis focuses on a demonstration of planar polarisation-sensitive detectors and
colour camera pixels. Plasmonic metasurfaces can be used to tailor the sensitivity
of photodetectors to potentially arbitrary states of polarisation or wavelength of
the incident beam. In this thesis a novel design for a polarisation-sensitive dif-
ferential photodetector is presented. It will be experimentally demonstrated that
such a photodetector exhibits a high robustness to intensity fluctuations which is a
highly desirable property for telecommunication applications as well as being able
to discriminate between different polarisation states. Furthermore, it is shown that
plasmonic metasurfaces can also be used as integrated colour filters in camera pixels,
permitting a fully planar design and eliminating the cross-talk issue associated with

conventional pixels.
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“In theory, there is no difference
between theory and practice...
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Walter J. Savitch
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1. Introduction

The ever-increasing demand for high-speed data processing requires faster operation
of computer processors (CPU) and peripherals. This becomes extremely important
when performing sequential tasks that cannot be parallelised across multiple compu-
tational nodes (e.g cryptography and non-linear simulations). Despite the gradual
improvement in semiconductor technology processes [1] (such as the decrease in tran-
sistor gate dimensions) which, in turn, should lead to a corresponding increase in
the frequency of logic gate switching, the speed of modern CPUs remains relatively
constant (see Fig.1.1). Since the switching speed of discrete transistors can be very

high [2, 3] the constraint, therefore, lies outside the logic gates.
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Figure 1.1: Graph showing the evolution of processor speed with time. The speed
'saturation’ is observed at ~3-3.5 GHz. Taken from [4].



This speed limitation is primarily determined by metallic interconnects in the
integrated circuits [5]. The underlying phenomenon is a signal propagation delay - a
physical limit of the propagation velocity of the electrical signal in the chip. A typ-
ical interconnect between logic gates must be considered to appreciate the physical
processes behind this phenomenon. An example of typical section of transmission
line is shown in Fig.1.2. A metallic strip sits on an insulating layer above a ground
plane. The characteristics of this transmission line are dependent on the length
dx of this wire which has a total inductance Ldz, capacitance Cdx and resistance
Rdz. The equivalent electric circuit of such an interconnect is shown in Figure 1.2.
The serial and parallel resistors represent the loss in the metal and the insulating
properties of the SiOy layer. The inductor and capacitor represent the reactive loss
associated with the alternating current transmission through the wire. Since the
inductance of the wire and the leakage current through the insulating layer of silica
are negligibly small, the equivalent circuit can be further simplified to an RC filter
[6]. The bandwidth and, in its turn, the speed of the interconnect is reduced by
the time required to charge the capacitor. This RC constant, therefore, defines the

speed limit of the microelectronic circuit regardless of the speed of each individual

logic gate.

(A+B) C.(A+B)
A
: -
c

Rdx Ldx
—
Gdx -|- Cdx

Figure 1.2: Equivalent electric circuit of the interconnect between logic gates can
be represented by an RLC-filter. The parameters are dependent on the length dx
of the wire.

Numerous enhancements have been introduced to conventional CMOS technol-
ogy such as substitution of Al interconnects with Cu [7, 8] and utilization of low-k
dielectrics [9] for interlayer insulation in order to decrease the resistance and capac-
itance of the interconnects. Even though these changes have markedly improved
the characteristics of interconnects, further developments of this technology are ex-

tremely challenging and cost-ineffective. Therefore, as the current technology is




1.1. Photonics vs Plasmonics

rapidly reaching its limits a new approach is required to overcome the existing is-

sues and build high-speed digital devices.

1.1 Photonics vs Plasmonics

The idea of using light as the fundamental basis for computing is not new [10, 11].
Photons, have physical characteristics that are fundamentally different from elec-
trons. The wave nature of light leads to numerous advantages of optical technolo-
gies for the transmission, recording, processing and storage of information. The
performance of optical logic elements can greatly exceed that of existing electronic
devices in terms of speed as well as noise immunity [12, 13]. This technology allows
the creation of not only optical components for high-speed data transmission via
fiber optic, but also all-optical processors that perform high-speed computing with

no intermediate signal conversion from optical to electrical.

a

Figure 1.3: Photonic ring resonators (a) [14] and waveguide with an introduced
defect (b) [15]'. Both structures have dimensions of tens or hundreds of
micrometers.

Recent research in silicon photonics has demonstrated the potential for using
light as a signal carrier, not only for long-distance communications, but also for
on-chip interconnects. Various optical elements such as waveguides [16, 17, 18, 19],
modulators [20, 21, 22] and filters [22, 23] have been successfully integrated into

microelectronic circuits.

!Mller, F., A. Birner, U. Gsele, V. Lehmann, S. Ottow, and nH Fll. “Structuring of macroporous
silicon for applications as photonic crystals.” Journal of Porous Materials 7, no. 1-3 (2000): 201-
204. With permission of Springer
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Nevertheless, despite the advantages possessed by devices based on the principals
of photonics, they also have substantial drawbacks. The most significant is the fact
that photonic devices are much larger in size (see Fig.1.3) compared with classical
electronic devices. This is due to the wave nature of light itself, namely, the effect
of diffraction [24] and significantly limits the extent to which such photonic logic
elements can be integrated into complex chips such as microcontrollers or processors.
A more serious drawback is the poor electric field confinement provided by photonic
waveguides and, as a consequence, the weak interaction between the light and the
waveguide media. This, again, results in large dimensions of active photonic elements
such as modulators [25] required to achieve a sufficient level of modulation depth.
Therefore, due to this significant mismatch between the dimensions of electronic and

photonic elements, true integration is still unattainable.

A more promising technology, in terms of very-large-scale integration (VLSI), is
the emerging field of plasmonics. It utilizes surface plasmons which are oscillations
of the electron gas at the interface between metal and dielectric (the surface plasmon
phenomenon is described in detail in Chapter 2). The ability of surface plasmons to
circumvent the diffraction limit [26] as well as to provide strong field confinement [18]
opens up significant opportunities for using them to guide signals between logic gates
in modern integrated circuits where small dimensions are highly desirable. Moreover,
a much higher sensitivity of surface plasmons to the properties of surrounding media
(compared to purely photonic elements) permits the design of submicron active
components. Passive devices such as wave plates [27], filters [28] and logic gates
[29] as well as active elements such as tunable antennas [30, 31] and detectors [18,
19] utilizing plasmonic phenomena have been demonstrated. The aforementioned
devices exhibit subwavelength confinement of light accompanied by strong electric

field enhancement.

The combination of nanoscale dimensions and strong field confinement, rela-
tive to classic photonic elements, make utilisation of surface plasmons in integrated
circuits of great interest. The field of plasmonics, therefore, possesses significant po-
tential to overcome existing limitations and ultimately integrate well with existing

microelectronics technology to produce promising photonic components.
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1.2 Logic gates with plasmonic interconnects

As mentioned previously, the speed of modern digital electronic circuits is limited
not by the speed of their discrete components, such as transistors or logic gates,
but by the interconnects between them. It should also be noted that such an issue
appears mostly for long-range interconnects [5] (for example data and address buses)
as the resistance and capacitance of the wires increase proportionally with length.
Short wires connecting transistors or even nearby logic gates usually do not limit the
bandwidth since their RC characteristic is still negligibly small. Long interconnects
are usually used to link the functional blocks of the processor such as cache memory,
arithmetic and logic units and registers. It is, therefore, attractive to substitute this
‘bottleneck’ with high-speed optical buses leaving the internal structure of logic gates
unchanged. This will provide better compatibility with existing CMOS technology
and make the final products cheaper, which is essential from a commercial point-of-
view. The inevitable losses associated with plasmonic waveguides can be overcome

by using a gain medium [32] or repeaters along the interconnects.

Exhibiting the key property of diffraction-unlimited wave confinement, plasmonic
waveguides can become a technology that will combine the advantages of optical
communications and existing nanoscale CMOS components. The key requirement
for hybrid optoelectronic digital integrated circuits is the utilisation of surface plas-
mons with the same frequency. This is essential for designing full-optical logic gates
which are capable of controlling the propagation of one surface plasmon by means
of another. Such a property will permit cascading the logic gates and create sophis-
ticated circuits such as multiplexers or adders. Since the length of the waveguides
can vary greatly (depending on the distance between the source and destination),
it can lead to a phase shift at the inputs of a logic gate. These elements, therefore,

must be insensitive to the phase of the plasmon wave.

Similar to existing electronic logic elements, plasmonic gates must perform four
(see Fig.1.4a) basic operations. These operations include guiding, sensing, ampli-
fication and modulation and are essential for circuit functioning. Prior to being
guided, surface plasmons must be excited and tapered into the waveguide using a
plasmonic input port. A detailed investigation of an example of such a structure is

presented in Chapter 4.

Schematic diagrams of a conventional logic gate and a logic gate with plasmonic
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Figure 1.4: Basic operation steps (a) which must be performed by plasmonic logic
gates to create a fully functional integrated circuit. Schematic diagrams of
conventional logic gate (b) and logic gate with plasmonic interconnects (c).

interconnects are shown in Figure 1.4b and Figure 1.4c respectively. In the case of
the plasmonic gate the internal electric circuit remains unchanged but the input and
output stages are modified to operate with optical signals. The input of the logic
gate is connected to a photodetector which performs the conversion of the input
plasmonic signal into an electric current. This current, in turn, is used to trigger
the logic gate. The output of the circuit is loaded with a modulator which is used

to modulate the propagation of another surface plasmon.
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Figure 1.5: Surface plasmon detection using MSM photodetectors (a), PIN
photodiodes (b) and bipolar phototransistors (c).
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The propagating plasmon can be guided to a certain destination and then con-
verted into an electric signal using photodetectors. Surface plasmon sensing can be
performed by the same kind of photodetectors used to detect photons. Depend-
ing on the requirements the task can be carried out by metal-semiconductor-metal
photodetectors (high speed; see Fig.1.5a), PIN photodiodes (high responsivity; see
Fig.1.5b) or even bipolar or MOS transistor structures (see Fig.1.5¢). The noticeable
feature of the latter is an ability to detect and amplify the signals simultaneously.
Although this design has some drawbacks, its utilisation may be preferential in high-
density integrated circuits design. Numerical and experimental studies of plasmonic

photodetectors are presented in Chapters 5 and 8.

A post-sensing signal amplification step is uncommon in classic electronic logic
gates but is critical for plasmonic circuits. A signal fanout (connecting a single
output to multiple inputs) in electronic logic gates does not significantly affect the
output voltage. Therefore, the levels of logic “0” and “1” remain constant. Splitting
of the plasmonic signal to n different inputs, on the other hand, will proportionally
decrease the intensity at each input n-times. The signal, thus, must be amplified to
compensate for this intensity reduction. A simple transistor or differential amplifiers
[33] could be implemented on the chip and used to amplify the input signal to address

this issue.

Figure 1.6: Schematic representation of plasmonic modulator connected to the
output of the logic gate.
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Finally, the circuit must be capable of dynamically modulating the state of its
output to fulfil the plasmonic logic gate functionality. This can be achieved by
utilising modulators - devices which permit the modulation of the propagation of
an optical wave changing either the refractive index (real part) or the absorption
coefficient (imaginary part) of the material [34]. An ability to change both the
real and imaginary part of the refractive index of semiconductor to modulate the
propagation of surface plasmons has recently been demonstrated in [20, 21, 22]. A
high sensitivity of surface plasmons to the properties of surrounding media enables
modulators with submicron dimensions. Metal-insulator-metal waveguides can be
used to further enhance the electric field confinement inside the active area of the
modulator (see Fig.1.6) which can be used, in turn, to achieve a better modulation
depth. A comprehensive study of MIM waveguide based modulators is presented in
Chapter 6.

1.2.1 Plasmonic logic gate proposal

A potential design for a simple plasmonic logic gate, implemented on the silicon
substrate, is shown in Figure 1.7. Two plasmonic input ports are used to couple a
freely propagating optical wave into surface plasmons which are then coupled into
waveguides. These waveguides are used to direct propagating plasmons between
input and output components of the logic gate. The surface plasmon used to trigger
the logic gate input can be called ‘controlling’ while the surface plasmon propagating

through the modulator can be called ‘controlled’ respectively.

The controlling plasmon decays in the active region of the photodetector creating
photocurrent which is then amplified and used to trigger the circuit. Depending on
the logic gate type one or multiple inputs can be used. The output of the gate
is loaded with a plasmonic modulator. In the ‘OFF’ state, when no potential is
applied to the modulator, the controlled surface plasmon can propagate through
the modulator with little attenuation. On the other hand, when the modulator is
in the "ON’ state, the controlled plasmon encounters a lossy medium within the
modulator and, therefore, is strongly attenuated. Using another photodetector the
controlled surface plasmon can be converted into an electrical signal for compatibility

with existing interfaces.

The proposed design permits the cascading of logic gates - the connection of

one logic gate output to the input of another. The schematic layout shown in
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Figure 1.7: Schematic representation of plasmonic ‘NOT’ logic gate.

— L 1L | he—

Figure 1.8: Schematic representation (a) and false-coloured SEM image of physical
implementation attempt (b) of the plasmonic waveguide-coupled MSM
photodetector with embedded modulator.

Figure 1.7 acts as a ‘NOT’ logic gate and can be modified to implement other
functions. Ultimately, the realisation of a ‘NAND’ or ‘NOR’ logic gate will enable
functional completeness [35] so any boolean function can be implemented using them
in combination. Such a design, therefore, can be used to create fully functional

electro-plasmonic digital integrated circuits.
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1.3 Plasmonic-enhanced photodetectors with ad-

vanced properties

Possible applications of surface plasmons extend far beyond their use in digital in-
tegrated circuits. It has been recently demonstrated that plasmonic metasurfaces
- two-dimensional arrays of plasmonic nanoantennas, can be used to build various
optical devices such as flat lenses [36], polarisation elements [28] or colour filters [37].
These metasurfaces provide an ability to tailor their electromagnetic properties by
changing the geometry of their building blocks. Combining a planar design [36, 38]
and CMOS compatibility [39], plasmonic metasurfaces open up an opportunity for
low-cost, large-scale production desirable for commercial devices. These plasmonic
metasurfaces, therefore, can be introduced into conventional photodetectors improv-

ing existing properties or even enabling novel functionality.

Plasmonic metasurfaces can be used to produce a significant improvement in the
performance of polarisation sensitive photodetectors. Currently, this sensitivity is
mostly enabled by additional optical components such as waveplates and polarisers
which are incorporated into an optical system. Since these optical components usu-
ally have macroscopic dimensions, the total photodetector assembly becomes bulky.
Another issue is associated with exotic polarisations of the light such as azimuthally
or radially polarised beams. Systems used to sense these usually require sophisti-
cated optical components that further increase the price and size. Plasmonic meta-
surfaces, on the other hand, have already been shown to have a sensitivity to various
polarisations of the light while retaining nanoscale dimensions [40, 41]. Therefore,
the incorporation of these metasurfaces into conventional photodetectors can be ben-
eficial in terms of overcoming the issues described above. Such plasmonic-enhanced
photodetectors could play a central role in the fields of optical telecommunications

or scientific equipment.

Ever-increasing data volumes are placing increasing demands on long-distance
high-speed data transmission interfaces. Wavelength-division multiplexing (WDM)
technology permitted increasing the transmission rate by splitting a data stream
into multiple channels with different carrier frequencies. Such systems have been
demonstrated to achieve a 112 Th/s bit rate over a seven-core optical fibre [42,
43]. To transmit information, the afore-mentioned systems represent the digital
bits (logic “0” and “1”) as different intensities of light. To further increase the

transmission rate and security [44, 45] the polarisation of a beam can be used to
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code data instead of, or in addition to, its intensity or phase.

Polarisation is a fundamental property of electromagnetic radiation that can
be used to probe biological [46] and physical [47] systems, as a channel for data
transport and storage and as basis states in quantum computing [48]. Polarised light
microscopy can elucidate information about orientation order within cells below the
diffraction limit [49] or strain and variations in crystal geometry in materials. The
use of different polarisation states can be used to increase the capacity of optical
data storage systems [50, 51] and the potential for using polarisation to increase the
bit rate and data security of optical telecommunication systems [52, 44, 45] is well-
known. Conventional detectors, however, are sensitive to only the intensity of an
electromagnetic wave and additional optical elements such as waveplates, polarizers
and liquid crystal devices are required in the beam path to determine the state of
polarisation of the field. Such components are bulky and can compromise the speed

and cost of optical systems limiting their utility.
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Figure 1.9: The principles of polarisation-encodded signal transmitting systems.

In response, there has been a significant investment of effort into the minia-
turization of optical elements including lenses [53, 54|, waveplates [38, 55] and po-

larisation filters [56] using plasmonics relying on the excitation of propagating or
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standing waves on the boundary between a dielectric and a metallic particle or sur-
face. This effort has largely centred on passive optical devices due to the relative
ease of fabrication and characterization compared to active optical devices. Polari-
sation sensitive photodiodes found in the literature tend to respond directly to only
one polarisation state and have a null or suppressed response to the other. The
device demonstrated in [57], for example, generates a measurable photocurrent for

only one of the circular polarisation basis states.

Figure 1.9 shows a schematic representation of a polarisation-encoded signal
transmitting system. A simple addition of polarisation optics to the receiver and
transmitter permits polarisation sensitivity of the system. Assuming the receiver
optics is constant, the output signal is dependent on the angle between two polarisers
and is proportional to cos?(6), where 6 is the rotation angle of the polariser on the
transmitting side. Setting the limits to the initial signal intensity I, at the input
to be recognised as logic “0” and “1” (usually 0...1/3 and 2/3...1 for CMOS logic
respectively) the signal can be digitised. The digital data, therefore, can be encoded
by altering the polarisation state on the transmitter’s side and transferred to the
receiver using a polarisation-maintaining optical fibre or free space. Nonetheless,
despite all positive aspects, these systems are less robust to noise [58] and require

special techniques to reduce its influence.

Although optical systems are insensitive to electromagnetic noise they still suffer
from several factors which decrease the signal-to-noise ratio [59]. Figure 1.10 shows
the prime source of noise in such kind of systems. Even though the polarisation
of the light is used to encode the signal, the output is referenced to the zero and
maximum intensity Iy of the transmitter. This type of system is called single-ended
(see Fig.1.11). The noise which might affect the signal while it is propagating over
the transmission line will appear at the input of the receiver. Since the second
input is connected to the ground (referenced to zero intensity), the receiver will
amplify the noise together with the actual signal. Thus, the output signal in this
type of systems is represented by an amplified superposition of transmitted data and
noise. Additional post-processing is required to localize and eliminate noise from

the output.

Therefore, any sudden change of the intensity due to damage to the optical fibre,
thermal fluctuations or unstable coupling can be misinterpreted as logic “0” despite
the constant state of polarisation. Such signal intensity fluctuations require a con-

tinuous adjustment of logic “0” and “1” intensity levels [60] which, in turn, leads
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Figure 1.10: The beam intensity fluctuations in polarisation-encodded signal
transmitting systems may cause misinterpretations of the signal despite the
persisting state of polarisation.

to a rise in system complexity, lower reliability and cost inefficiency. In addition,
the high channel compression (modest systems can use up to 0.2 nm [61] channel
separation) makes the system highly sensitive to each channel’s spectral character-
istics [62]. For systems with high channel density the wavelength distribution of
neighbouring channels can overlap [63], introducing cross-talk. Finally, due to filter
thermal drift [64] the central wavelength of each channel alters its position which,

again, can contact to cross-talk.

Differential detection approaches are often used to improve the robustness of
a system to noise. This type of transmission is called differential (or balanced)
signalling (see Fig.1.12). The technique involves using two complementary signals
and creating a differential response in the detector rather than relying on their
independent outputs. The noise will affect both the complementary signals and will
appear at the inputs of the receiver in-phase. Since the circuit amplifies only the
difference between its inputs, the noise will be automatically subtracted from the

output signal. Such interfaces exhibit much better noise resistance compared with
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Figure 1.11: Schematic representation of system utilising single-ended signalling.
Noise which affects the transmission line will appear at the output of the receiver.

those that are single-ended [65] and are widely used in electronics [66, 67] where a
high bit rate is required. In optical systems such interfaces can significantly reduce,
or even eliminate, the influence of intensity and thermal fluctuations of a signal.
Differential (or balanced [68]) photodetectors are widely used in differential phase-
shift keying (DPSK) optical systems [69] as well as for small-signal measurements in
scientific experiments. In these systems the phase of a data signal is referenced to
that of the control which can be transfered via a different channel or be represented
by the phase-delayed initial signal.
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Figure 1.12: Schematic representation of system utilising differential signalling. In

this regime noise affects both channels of the transmission line. Since the noise is

in-phase on both complementary inputs of the receiver it will be subtracted from
the signal and will not appear at the output.

A similar technique can be used to reduce the effect of noise in polarisation-

14



1.3. Plasmonic-enhanced photodetectors with advanced properties

sensitive detectors. The principle of operation of such optical transmission systems
is similar to their electrical analogues. To eliminate the influence of the absolute
light intensity, two complementary detectors with enhanced sensitivities to each of
the orthogonal polarisation states are required to analyse the signal. The differential
amplifier is then used to subtract the photocurrents from these detectors and amplify
the difference. In this case the detection mechanism is referenced to the relative
difference in sensitivities of each of the complementary photodetectors to one of the
orthogonal polarisation states. Traditionally this is performed using polarisation
optics such as a liquid crystal device or wave plates. Usually these devices are
bulky and/or exhibit relatively slow speed characteristics. For modern electronic
applications, however, minimising the device footprint is critical. Therefore, the
utilisation of plasmonic metasurfaces (see Fig.1.13) will be highly beneficial as this
can provide a nanoscale alternative to conventional optical elements and promote
the design of high-speed, noise-robust photodetectors for future telecommunication

systems.
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Figure 1.13: Schematic representation of two spiral MSM photodetectors with
rectangular (left) and chiral (right) nanoantennas.

Surface plasmons can also be used to improve the colour selectivity of modern
digital cameras. Since its invention [70] the digital camera has become an integral
part of many modern devices. It possesses advantages over film cameras such as
having fewer mechanical parts, no requirement for film or its development and the
ability to digitally process images ‘on-the-fly’. The first digital cameras were bulky
and provided low resolution, but the technology has developed to the point where
even smartphones possess cameras with millions of pixels. The utilization of digital
cameras is not limited to the consumer segment but also includes scientific (for
example spectrometers [71], streak cameras [72]) and biomedical applications where

sensors with high resolution, speed and sensitivity are important. Such cameras
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might also have an extended wavelength sensitivity into ultraviolet, near-IR and

deep infrared spectra [73, 74].

Figure 1.14: Schematic representation of a common digital camera sensor (d)
design. The incoming light passes a microlens array (a) and is then filtered by a
mosaic colour filter (b). The resulting beam is detected by photosensitive array of
pixels (c¢). Taken from [75].

The pixel is an elementary unit of the digital camera. It has two primary char-
acteristics - size and spectral sensitivity, defining the maximum resolution and ap-
plication field of the camera. The pixel size imposes a fundamental limit on the
amount of information that can be recorded on a sensor with a certain size. The
resolution of the sensor, therefore, can be increased by increasing the overall area of
the sensor or reducing the single pixel size. Both methods have the same goal - in-
creasing number of the pixels on the sensor. Since compact, high-resolution sensors
are of greatest interest for portable devices such as mobile phones and digital cam-
eras, significant effort has been investigated in improving the image quality provided
by small-area sensors [76, 77]. Although there has been remarkable success [78] in
recent years, reducing the pixel size still faces challenges in implementation and re-
quires improvements in current technology to meet the demand for ultra-compact

cameras.
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Figure 1.15: Schematic representation of a RGB colour pixel crossection. Rays
reaching microlenses at large angles can illuminate a neighbour detector resulting
in pixel crosstalk.

To understand these difficulties, brief overview of modern digital camera tech-
nology must be provided. The operation principal of the majority of commercially
available camera sensors is based on the design shown in Figure 1.14. The incoming
light is focused onto the pixel area by a microlens array (see Fig.1.14a). Focusing
is necessary to decrease interpixel cross-talk [79]. The light then goes through a
mosaic filter (see Fig.1.14b) with some colour pattern (such as Bayer or X-Trans
filter). These filters are used to capture colour information since the sensor has
no wavelength specificity. Finally, the filtered light is incident on an array of pho-
todetectors (see Fig.1.14c). The most commonly used arrays are charge-coupled
devices (CCDs) and active-pixel sensors (APSs, sometimes called CMOS). Each cell
represents a single pixel and is dedicated to detecting a certain part of the visible
spectrum in one region of the image. The actual image resolution, therefore, is
smaller than the resolution of the matrix. In addition, an infrared filter (not shown

in Figure 1.14) is usually included in from of the microlenses to decrease noise.

Figure 1.15 shows a schematic representation of cross-sections through three
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pixels each responsible for detection of either red, green or blue. The first issue
with a decrease of the pixel size is associated with the phenomenon of diffraction.
When pixel dimensions become comparable to the wavelength, the diffraction effects
become significant and microlenses are insufficient to focus light [80] on the detector.
Also, since filters and microlenses are fabricated in different lithography steps [56] the
alignment of these layers become challenging. The second issue is associated with
colour filters. Usually these filters are made of dyes or pigments and transmit a
particular wavelength spectrum while the remainder is absorbed [81]. For sufficient
absorption, the thickness of a filter must be of the order of several hundreds of
nanometers. Thicker filters provide better bandpass characteristics. At the same
time, when the sensor is illuminated at some angle a certain part of the beam can
affect a neighbouring detector leading to so-called ‘pixel cross-talk’ [56, 82]. The
degree of neighbour exposure is directly proportional to the thickness of the filter.
This can, in turn, blur the image and decrease the colour resolution. The effect
increases when the pixel dimensions decrease as more and more light will affect the
surrounding photodetectors. There is a trade-off, therefore, between the quality of

the filter and pixel cross-talk which applies a lower bound on pixel dimensions.

a b

Figure 1.16: SEM image of a differential spiral photodetector (a) and plasmonic
colour camera pixel (b). Plasmonic metasurfaces are used to make photodetectors
sensitive to the polarisation or wavelength of the light respectively.

In contrast, filters based on localized surface plasmons exhibit better charac-
teristics as the pixel size decreases to micron or even submicron dimensions [83].
The simplest design will require only one metalisation layer with a thickness be-
low 100 nm and, therefore, does not require complicated fabrication. Furthermore,

plasmonic filters can add an additional flexibility to the filter design and enable
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polarisation sensitivity (see Section 8.1). It has also been shown that utilisation of
a Schottky barrier between nanoantennas and a substrate can extend the sensitivity
of a detector to the near-IR [84] and beyond [85].

A numerical investigation and experimental demonstration of photodetectors
with incorporated plasmonic metasurfaces are presented in Chapter 8. Tailored
nanoantennas, together with an innovative MSM detector configuration (see Fig.1.16a),
enabled intensity fluctuation insensitive photodetectors capable of distinguishing lin-
early and circularly polarised beams. It has also been demonstrated that plasmonic
metasurfaces can be used in camera pixels (see Fig.1.16b) to create planar colour
filters. These filters are embedded into the pixel channels and fabricated in the same
technological step and so are easier to fabricate. Furthermore, they do not suffer

from cross-talk problems [56, 82| that limit the size of conventional colour pixels.

1.4 Thesis goals

The main aim of this work is to progress on development of plasmonic components
which will permit overcoming the current issues limiting the future increase in pro-
cessor operation speed such as the RC parameters of metallic interconnects. The
substitution of metallic interconnects with optical plasmonic waveguides presents
many challenges. Unlike the conventional wires used in microelectonics technol-
ogy, plasmonic waveguides cannot have an arbitrary shape and, therefore, must be
carefully designed to operate at a particular wavelength. Prior to being guided, a
mechanism to excite surface plasmons must be introduced to couple freely propagat-
ing electromagnetic (EM) radiation into waveguide structures. Moreover, the wave
nature of plasmonic signals requires the development of detection and modulation
mechanisms in order to exhibit plasmonic logic gate functionality. In this thesis com-
prehensive analytical and numerical studies of a plasmonic input port, waveguide
and modulator will be presented. Coupling a propagating EM wave into the sur-
face plasmon as well as its propagation along the waveguide will be experimentally
demonstrated. It will be shown that waveguide-coupled metal-semiconductor-metal
photodetectors enable in-plane detection of the surface plasmons - an important

property required for successful integration into modern semiconductor technology.

The second aim of this work is to develop a technology which can improve ex-

isting properties or add functionality to conventional photodetectors. This thesis
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focuses on applications to the development of polarisation-sensitive detectors and
colour camera pixels. Utilisation of plasmonic metasurfaces can be used to tai-
lor the sensitivity of photodetectors to an almost arbitrary state of polarisation or
wavelength of the incident beam. There are significant challenges associated with
integrating these metasurfaces into the photodetectors. Ultimately, the integration
must be performed during the fabrication process, in the same technological steps.
In this thesis a novel design for a polarisation-sensitive differential photodetector
is presented. It will be experimentally demonstrated that such a photodetector ex-
hibits a high robustness to intensity fluctuations which is a highly desirable property
for telecommunication applications. Furthermore, it will be shown that plasmonic
metasurfaces can also be used as colour filters in camera pixels, permitting a fully
planar design and eliminating the cross-talk issue associated with conventional pix-

els.

1.4.1 Thesis goals summary

In summary, to progress the development of the goals discussed above of creating
logic gates with plasmonic interconnects and novel plasmonics-enabled photodetec-

tors and camera pixels, the specific outcomes of this thesis were the:

e Development of a plasmonic input port design that facilitates coupling of far-

field radiation into surface plasmons and further tapering into the waveguide.

e Development of a planar metal-semiconductor-metal photodetector design ca-

pable of detecting surface plasmons in-plane.

e Development of a fabrication method that is capable of producing waveguide-
coupled metal-semiconductor-metal photodetectors in the same technological

step.

e Characterisation of indium-tin-oxide and evaporated silica films properties,
necessary for understanding the breakdown mechanism and progress plasmonic

modulator fabrication.

e Development of a novel plasmon-enabled differential photodetector design which

permits a noise-robust discrimination of the incident beam polarisation states.

e Development of a planar camera pixel design with plasmonic colour filters that

doesn’t suffer from the pixel cross-talk effect.
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1.4.2 Thesis structure

Chapter 2 contains a detailed analysis of surface plasmon phenomena as well as
a review of the literature discussing existing methods for surface plasmon excita-
tion, guiding, detection and modulation. In Chapter 3, the details of all fabrica-
tion techniques for producing plasmonic nanoantennas, waveguides and Schottky
photodetectors are examined, along with methods for numerical analysis of plas-
mon devices. A detailed analytical, numerical and experimental investigation of
the plasmonic input port and waveguides is presented in Chapter 4. Numerical
and experimental studies of the in-plane surface plasmon detection technique us-
ing metal-semiconductor-metal photodetectors are presented in Chapter 5. Chap-
ter 6 is concerned with analytical and numerical studies of metal-insulator-metal
waveguide-based plasmonic modulator, along with a thorough characterisation of
e-beam evaporated indium-tin-oxide and silica films. A numerical investigation and
experimental demonstration of novel photodetector designs with incorporated plas-
monic metasurfaces, enabling the polarisation and colour sensitivities, are presented
in Chapter 8. Future work and applications for the research presented in the thesis

are discussed in the concluding Chapter 10.
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2. Theoretical background and

literature review

Surface plasmons are coherent oscillations of the electron gas at the interface be-
tween a metal and dielectric. The electron oscillations are always accompanied by
electromagnetic fields (see Fig.2.1) induced inside both metal and dielectric. Surface
plasmons can be divided into two categories. If surface plasmon propagates along a
planar dielectric-metal interface it is called a surface plasmon polariton (SPP). On
the other hand, if it exists as a standing wave on the closed interface of a nanoparticle
it is called localised surface plasmon (LSP).

4
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Figure 2.1: Schematic representation of electron density at the surface interface
and accompanying electric field.

Surface plasmons exhibit a number of remarkable properties such as high sen-
sitivity to the properties of propagating medium and strong field confinement [26].
As in the case with photonic waveguides, plasmonic circuits do not have an RC

limitation and could have a bandwidth of several THz.

Surface plasmons can only exist at the interfaces where dielectric permittivity

changes its sign (¢; > 0,6y < 0, see Fig.2.1) such as dielectric-metal or dielectric-

22
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highly doped semiconductor (for low energy photons). The wavelength of surface
plasmon polariton is always smaller than the wavelength of freely propagating light

and can be calculated using the following expression [26]:

€1+€2

Aspp = o, (2.1)

€1 €2

where )¢ is a wavelength of incident light, €; and €5 are the permittivities of the
dielectric and metal respectively. The field of plasmonics opens up great possibili-
ties for creation of nanoscale active plasmonic devices suitable for integration with

modern CMOS integrated circuits.

2.1 Surface plasmon theory

The properties of an SPP can be fully described by Maxwells equations. This
permits the analytic prediction of the behaviour of nanoscale metallic structures in
an electromagnetic field. In this chapter electromagnetic properties of metals at
optical frequencies are discussed and the wave equations describing the propagation
of surface plasmons on different interfaces will be derived. Maxwells equations for
macroscopic electromagnetic fields are a set of four partial differential equations in

following form (in SI units):

V-D= Pext 2.2a)
V-B=0 (2.2b)
_ 0B
E=—— 2.2
V x Y (2.2¢)
. D
V x H Jext + aa—t, (22d)

where D is the displacement field, H is the magnetising field, E is the electric
field, B is the magnetic field, pe,¢ and Je,; are external charge and current densities

respectively.

For isotropic and linear materials the relationships between E , ﬁ, B and H can
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be found by using the following equations:

D = ek = ¢E + P (2.3a)

where €y and € are the vacuum and relative permittivities of the material respectively,
Pis the polarisation density and o and p are the vacuum and relative permeabilities

respectively (here we assume p = 1).

Assuming that the external stimuli are absent (external charge and current are
equal to zero) it is possible to combine both curl equations (Eq.2.2¢) and (Eq.2.2d)

to obtain the Helmholtz equation:

o 0>D
VXVXxE= _MOW (24&)
L ¢ O’FE

where the triple product expansion is used to simplify the left hand side of (Eq.2.4a)

1
VR0

and ¢ = is the speed of light.

Taking into account the harmonic nature of electric field E(7,t) = E(F)e™!, the

equation (Eq.2.4b) can be rewritten in frequency domain as the Helmholtz equation:

V2E + K°E =0, (2.5)

where k = n* is a wavenumber and n = /e is the complex refractive index.

Consider two semi-infinite blocks of material with permittivities ¢; and €;. The
boundary lies in the z — y plane at z = 0. The discontinuous dielectric function in
this problem depends only on z and, thus, € = ¢(z). Taking all this into account
it is possible to write the propagating wave as E(z,y, z) = E(z)eiﬁm. Here 5 = k,

is the complex propagation constant of the wave in medium. Substitution of this
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expression into (Eq.2.5) gives the wave equation for the surface plasmon polariton:

E(2)
022

+ (k> — BE = 0. (2.6)
The similar equation exists for the magnetic field H [26]:

02H (2)
022

+ (k* = BH = 0. (2.7)

The equation (Eq.2.6) has two sets of solutions with each representing a different
type of the wave. The first set is for the wave which has F,, E, and H, components
and all other components are equal to zero. This wave is called a transverse mag-
netic (TM) or p mode. Similarly, the other wave has H,, H, and E, as non-zero

components. Such a wave is called a transverse electric (TE) or s mode.
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Figure 2.2: Schematic representation of a multilayer interfaces supporting the
surface plasmon polaritons propagation.

Surface plasmon waves can be guided by many types of interface including the
simplest dielectric-metal interface presented in Figure 2.1 as well as more those in
complex three-layer structures so called insulator-metal-insulator (IMI) and metal-
insulator-metal (MIM) interfaces [26, 86]. The symmetric and asymmetric variations
of IMI and MIM interfaces are of high interest for hybrid electro-plasmonic integrated

circuits and, therefore, will be discussed in this work.

A general schematic representation of such an interface is shown in Figure 2.2.
Here the material with permittivity €; is sandwiched between materials with per-
mittivities €5 and €3 respectively. Surface plasmon polaritons propagate along the

X-axis.

25



2.1. Surface plasmon theory

Solving the wave equation (Eq.2.6) for this system yields the solution for the

field components of a fundamental TM mode for each material:

H, = AePrehsz
__ iBx —k3z
E, = zAw€0€3k‘ ePrem s 2 >d (2.8)
E, = —A—B !B o k2
Wepes J
Hy — Ceiﬂxeklz + Deiﬁxefklz )
1 ) )
E,=—iC kiePrekz 1 iD kye?BreF1z
@ wege, ! v —d<z<d (29
Ez — Cr 6 eiﬁmeklz + D ﬂ eiﬂxe—klz
WEpEL We€p€l J
H, = Betfr k22 )
- . iBx  —koz
By = —iB e haee 2 < —d. (2.10)
E, = —B—ﬁ e Pr ka2
WeEp€a ),

Together with the boundary conditions at z = d and z = —d, representing the
continuity of H, and E, fields, and momentum matching in all region equations
(Eq.2.8)-(Eq.2.10) give dispersion relation for a three-layer system with complex

dielectric constants in each region:

(2.11)

In general, each dielectric permittivity is arbitrary and (Eq.2.11) is a common
solution for such multilayer systems. In special cases when top and bottom materials
have the same dielectric permittivity (e; = €3) and, thus, the same wavenumbers

(ko = k3), the relation (Eq.2.11) separates into two equations:
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k'2€1
tanh kid = ——— 2.12
anh Ky e ( a)
tanh kyd = — F1€2 (2.12b)
]{3261

Equations (Eq.2.12a) and (Eq.2.12b) represent the odd and even TM modes
respectively. The cases of IMI and MIM interfaces for both of these modes will be
considered further.

For TE modes the components of electric and magnetic fields can be calculated

using following expressions:

E, = Ae'Prehsz

1 .
_ . ifr —k3z
Hy = A7 Shae™em™ 4 g (2.13)
p

H, = A= ¢Brehksz
Wo y,

Ey — Beiﬁ:pekgz

1 .
s iBx koz
e (2.14)

H, = B—ﬁ BT 2z
Wio /

Continuity of Ey and H, at the interface [26] implies the condition:

B(ky + ks) = 0. (2.15)

Since both Re(k2) and Re(ks) must be grater than 0, this condition is fulfilled
only if B = 0 which implies that also A = 0. Therefore, there is no surface modes

exist for TE polarisation. Surface plasmons exist only for TM polarisation.
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2.1.1 The IMI interface

In the case of an IMI (see Fig.2.3) interface, a metal core is placed between di-
electric cladding. To ensure coupling between surface plasmons on the upper and
lower interfaces, the thickness of the core must be sufficiently small - for example

comparable to or smaller than the decay length of the interface mode [26].
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Figure 2.3: Even (a) and odd (b) coupled modes propagating along the IMI
interface. Gray (e;) and blue (e;) colours represent metal and dielectric
respectively.

Both symmetric and antisymmetric TM modes can be supported by this inter-
face. Unlike symmetric modes, the propagation length of the antisymmetric modes
increases with decreasing core thickness. Such modes are called long-range surface
plasmon polaritons [26, 16]. It should be mentioned that these modes exist only for
symmetric structures when the permittivities of the top and bottom dielectrics are
the same. For asymmetric configurations the attenuation of these modes increases
because of the phase mismatch. For example, a significantly larger permittivity of
the bottom dielectric will result in the top plasmon mode leaking into the substrate.

Such a mode is called a leaky mode and experiences strong attenuation [16].

2.1.2 The MIM interface

The case of a MIM interface (see Fig.2.4) is a compliment of the IMI configuration
and consists of a dielectric core sandwiched between two metal slabs. Similarly to the

previous interface, this configuration can support both symmetric and antisymmetric
modes [26].

A fundamental antisymmetric TM mode does not have a cut-off thickness when
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Figure 2.4: Even (a) and odd (b) coupled modes propagating along the MIM
interface. Gray (e2) and blue (€;) colours represent metal and dielectric
respectively.

the dielectric core thickness decreases [87]. This opens up the opportunity of achiev-
ing a very high field confinement even at low frequencies, for example in the case of
infrared light. Additionally, the small penetration of electric field into the metal at
these frequencies results in large propagation lengths. Various modifications of such

a configuration have been previously studied theoretically [86] and experimentally
[17].

2.1.3 Drude — Sommerfeld model

While the dependence of the relative permittivity of material and the wavelength of
the light for most transparent dielectrics can be found using the Sellmeier equation
[88], the dispersion relation for metals and heavily doped semiconductors requires a
more complex approach. The Drude-Sommerfeld free electron model is usually used
to determine such a relation. This model assumes that electrons in metal behave as a
nearly-free electron gas, forming an electron plasma inside the metal. The potential
of the crystal lattice (effective electron mass is used instead) and electron-electron

interactions are neglected.

Combining all the assumptions discussed above, it is then possible to derive a
differential equation, which describes the displacement from equilibrium, 7, of an

electron in response to an applied alternating electric field stimulus:

0% or ot
mew + me’ya = —eFpye ™", (2.16)
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where m, is an effective electron mass, e is an electron charge, Ey is an amplitude
of applied electric field and v is a damping frequency of the electron gas. Equation
(Eq.2.16) is also called Drude-Sommerfeld model for the free electron gas.

The solution of (Eq.2.16) is 7(t) = roe”™*. Also a polarisation density with n

electrons is equal to P = —nef(t) [26]. Combination of these two equations with

(Eq.2.3a) gives an expression for a electric displacement:

2
D=e (1 - L) E, (2.17)

w? + iyw

where w,, is the plasma frequency given by:

ne?
=4/ ) 2.1
Wp Py (2.18)

The dielectric permittivity of the free electron gas, therefore, is given by:

2
wp

em(w) =1

The equation (Eq.2.19) describes the relative permittivity of an ideal free electron
gas. In the case of real metals and, especially, semiconductors the ionic background
of the crystal structure must also be taken into account. In this case the polarisation
caused by the free electrons can be described as P, = €(é0o — 1)E and (Eq.2.19)

can be rewritten as:

w2

(W) = gy — —2 2.20
em(w) = € w? + iyw ( )

Although the Drude-Sommerfeld model can reasonably accurately describe the
permittivity in infrared and red light spectra, it is not applicable at higher frequen-
cies. The inaccuracies result from the fact that high-energy photons can excite lower
band electrons into the conduction band [86]. For noble metals like Au or Ag the
interband transition occurs in the visible part of spectrum. Therefore, experimental

data (for example from [89]) for metal permittivities must be used to accurately
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2.2. Surface plasmon polariton excitation

calculate surface plasmon resonances at high frequencies. In addition to that, the

properties of metals also depend on the size of a structure and deposition methods
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Figure 2.5: Graphs showing the values of real (left) and imaginary (right) parts
of dielectric permittivity for gold, obtained from the Drude model (solid black line)
and experimental data (red dots) from [89]. Taken from [26]".

As can be seen from Figure 2.5 the Drude model fits the experimental data for
gold up to 2 eV (the model describes dielectric permittivity €(w) of gold). For higher
energies the model strongly deviates from the experimental data due to the interband
transition. Nevertheless, the Drude model can give a satisfactory approximation of

the dielectric permittivity of semiconductors [90].

2.2 Surface plasmon polariton excitation

Surface plasmons polaritons can be excited by either injecting electrons into the
metallic structure [91, 92] or using photons [93]. Optical excitation is preferred as
it is more flexible and does not require specialised equipment [94]. Therefore, SPP

excitation by electrons is outside the scope of this work.

For optical excitation of SPP it is required that a photon has the same energy
and momentum as the SPPs. Since freely propagating photons will always have a
lower momentum due to the difference in dispersion relations [26], the excitation of
surface plasmon polaritons by direct illumination of the metal surface is impossible.
Therefore, special techniques must be utilised in order to match the wave vectors.

Some of these techniques will be discussed in this section.

!Maier, Stefan Alexander, “Plasmonics: Fundamentals and Applications”, p.14, Springer 2007.
With permission of Springer Nature.
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2.2. Surface plasmon polariton excitation

2.2.1 Prism coupling

As mentioned before, a freely propagating photon will always have a lower momen-
tum than a surface plasmon. At the same time, a photon with a certain frequency
propagates in a more optically dense medium its momentum is larger. Figure 2.6
shows dispersion relations for surface plasmons at a silver-air interface (blue) and
two light lines: light-in-air (dashed purple) and light-in-SiOs (dashed red). As can
be seen, the photon in silica has a larger momentum than the surface plasmon at
the silver-air interface (ks;o, = kspp + Ak). This opens up an opportunity to excite

surface plasmons using a silica prism.

% 1015

10

Radial frequency (rad/s)

—6— Ag-Air SPP
= = =Light-in-air | 4
= = =Light-in-SiO,

0 1 2 3 4 5 6
Wavevector (m'1) x 107

Figure 2.6: Dispersion relations for SPP on silver film and light lines in air and
silica. Photon in silica has larger momentum than the SPP on Ag-Air interface.

In the prism coupling scheme the wavevector of the surface plasmon is calculated

using the following formula:

kspp = ko\/asinﬁ, (221)

where kg is the wavevector of the light in vacuum, ¢; is the dielectric permittivity of

the prism material and # is the angle of illumination. For certain values of ¢; and
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2.2. Surface plasmon polariton excitation

0 it is possible to match the wavelectors and excite SPPs on the interface between
metal and air. Different configurations can be used (see Fig.2.7) to excite the SPP

using this technique.

a : b
SPP
Air E E —

Metal

SPP
Metal

|
Glass " Glass
I

Light beam Light beam

Figure 2.7: Prism coupling to SPP using Kretschmann (a) and Otto (b)
configuration.

In the Kretschmann configuration (see Fig.2.7a) a thin metal film is deposited
directly on the top surface of a prism. The light beam enters the prism at an angle
greater than the angle of total internal reflection and photons tunnel through the
metal layer [26] and excite surface plasmons on the metal-air interface. For the Otto
configuration (see Fig.2.7b), the prism is placed very close to the metal surface. Total
reflection from the prism-air interface excites SPPs via photon tunneling. In both
configurations, the excitation of surface plasmon could be confirmed by registering

a decrease in the reflected beam intensity.

The Kretschmann configuration is widely used for biosensing applications [95]
and in lab-on-a-chip sensors, based on surface plasmon resonance (SPR) [96]. The
Otto configuration, in turn, is commonly used to test the quality of the sample

surface when direct contact with the surface cannot be achieved [97].

2.2.2 Grating coupling

A grating on a metal surface can also be used to excite SPPs (see Fig.2.8). In this
case, the difference between the projection of the incident light wavevector onto the
surface and the SPP propagation constant is compensated by an amount related to

the grating period [26].

The value of the surface plasmon wavevector in this case can be calculated using
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Figure 2.8: Excitation of SPP using grating coupling. The difference in
wavevectors is compensated by an amount related to the grating period.

the following formula:

2
k’spp = k’oSineﬂ:m—ﬂ-, (222)
a

where a is the grating period and m = (1,2,3,4...) is an integer representing the
diffraction order. This technique can also be used in reverse mode, enabling the

coupling of surface plasmons back into the far-field.

The advantage of this method is that it is possible to define the wavevector of
the surface plasmons by only the grating period. This opens up an opportunity
to use convenient normal incidence illumination for SPP excitation. It should also
be mentioned that expression (Eq.2.22) is strictly valid only in the case of shallow
gratings. Deep gratings can introduce significant changes into the dispersion relation

which become evident in grooves of depth of the order of 20 nm [26].

2.2.3 Near-field excitation

The above-mentioned methods are applicable for far-field excitation of surface plas-
mons. Such techniques enable the excitation of SPPs over a macroscopic area with
dimensions of several wavelengths or larger. Near-field techniques [98, 99] must be
utilised in order to locally excite surface plasmons at particular locations on the sur-
face. A metal-coated optical fibre with aperture much smaller than the wavelength

(a < \) can be used for this purposes (see Fig.2.9).
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Figure 2.9: Near-field excitation of surface plasmons using a metal-coated optical
fibre with small aperture.

Because of the small aperture of a fibre, the light radiated will have a wavevector
components comparable to that of the SPP. The fibre must be brought very close
to the surface so the photons can tunnel into the metal film and, therefore, excite
surface plasmons. This technique is often used to test plasmonic structures such as
waveguides [100] or nanowires [101], as it permits local excitation of surface plasmons
in desired locations. This method is also suitable for excitation of localised surface

plasmons [102] and their subsequent spectroscopy.

2.2.4 Summary

Various methods for exciting surface plasmon polariton have been presented in this
sections. Grating couplers can be used to build future hybrid optoelectronic circuits
as they are easy to implement, require no additional laboratory equipment and have

relatively small dimensions compared to other techniques.
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2.3. Surface plasmon detection

2.3 Surface plasmon detection

Detection of surface plasmons is an essential consideration for building logic gates
with plasmonic interconnects. There are several techniques which can be used to
detect propagating surface plasmons (see Fig.2.10). Generally, these techniques can
be divided into three groups: either utilising near- or far- fields and by conversion

of the SPP energy into an electric current.

‘ SPP imaging ‘

W W Wl

‘ Near-field ‘ ‘ Far-field ‘ ‘ Conversion ‘

4‘ SNOM ‘ > Q-dots

* Gratings

Photodetectors ‘

L

Figure 2.10: Common techniques used for detecting surface plasmons.

Some of these methods may be inapplicable in certain cases. Moreover, some
exhibit better resolution while others can be more easily implemented. Therefore,
each of these methods possess its own advantages and can be used depending on the
particular application. A detailed review of each method will be presented in this

section.

2.3.1 Near-field imaging

Scanning near-field optical microscopes (SNOM) can be used to map surface prop-
agating plasmons. This method is based on coupling of the evanescent field above
a surface into the tapered optical fibre [26]. The optical fibre is placed very close

to the surface under investigation. The distance between the metal film and the
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fibre should not exceed the evanescent decay length - from tens to hundreds of
nanometers, depending on the used frequency and metal film. Specialised feedback
techniques are used to control the vertical position of the tip (similar to a scanning

tunneling microscope).

Figure 2.11: Excitation and detection of surface plasmons on the surface of
nanowire. (a) Excitation scheme. (b) Microscope image of a nanowire. (c)
Near-field image obtained by SNOM. (d) Cross-cut along the chain dotted line.
Taken from [103]°.

SNOM provides the most accurate investigation of SPP electric field distribution
in both longitudinal and lateral directions. A number of SPP parameters can be
studied using this technique such as mode profile, propagation length and field con-
finement. Also it is possible to not only detect SPPs but also to locally excite them
(see Section 2.2.3). These facts make the near-field detection method an indispens-
able tool when accurate investigation of SPP propagation is required. Furthermore,
SNOM provides an ability to map the electric field around the waveguide which can
be useful when studying evanescent field coupling or parasitic interactions between

waveguides.

An example of near-field detection method utilisation has been demonstrated

in [103]. A focused laser beam polarised along the wire excites an SPP at one of

2Reprinted figure with permission from [Ditlbacher, Harald, Andreas Hohenau, Dieter Wagner,
Uwe Kreibig, Michael Rogers, Ferdinand Hofer, Franz R. Aussenegg, and Joachim R. Krenn.
“Silver nanowires as surface plasmon resonators.” Physical Review Letters 95, no. 25 (2005):
257403. Copyright 2017 by the American Physical Society
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the ends (see Fig.2.11a). The electric field distribution along the wire was mapped
using SNOM (see Fig.2.11c). As can be seen, the electric field is modulated due
to reflection of the SPP from the distal end of the wire. SNOM provides nanoscale
resolution well below the diffraction limit (see Fig.2.11b and Fig.2.11c¢).

Nevertheless, the SNOM technique has several drawbacks. First of all, scanning
takes a significant amount of time. This method is also appropriate only for studying
SPPs at a metal-air interface. Utilisation of this method for waveguides coated
with a thick layer of dielectric (dielectric-loaded waveguides [104] for example) is
difficult, due to the extremely weak evanescent field outside the dielectric. The
most significant drawback in terms of miniaturisation is the fact that this method
is not scalable as it requires specialised scientific equipment. It is also suitable only
for small scanning areas (of the order of 100 pm) as the travelling distance of the

tip is limited by the piezo-stage.

2.3.2 Far-field imaging

Another approach involves far-field imaging to map surface plasmon propagation.
This technique may involve utilisation of a scattering grating or quantum dots (QD).
The main purpose of those is to couple surface plasmons back into the far-field. In
this case a simple microscope with high magnification objective can be used to detect

the presence of SPPs.

Quantum dots

The utilisation of QDs to map surface plasmon propagation has been demonstrated
n [29]. Quantum dots were placed into the evanescent field of the SPPs. Some
power is absorbed by the QDs and re-radiated into far-field. The brightness of these

emitters is proportional to strength of electric field.

The nanowires were firstly coated with a 30-50 nm layer of AlyO3 as a spacer to

minimise the influence of the quantum dots on the SPP. They were then uniformly

3Reprinted with permission from Wei, Hong, Zhipeng Li, Xiaorui Tian, Zhuoxian Wang, Fengzi
Cong, Ning Liu, Shunping Zhang, Peter Nordlander, Naomi J. Halas, and Hongxing Xu. “Quan-
tum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire
networks.” Nano Letters 11, no. 2 (2010): 471-475. Copyright 2017 American Chemical Society.

38



2.3. Surface plasmon detection
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Figure 2.12: Imaging of SPP using quantum dots. (i) Optical image of Ag
nanowire. (ii) The QD emission under large-area laser illumination. (iii-vi) The
QD emission with different polarisation angle of excitation laser. Taken from [29]°.

spin-coated with CdSe@ZnS quantum dots. Then each nanowire was illuminated
with a He-Ne laser (632.8 nm) at one of its ends. The peak of QD emission spectrum
was at 655 nm. The electric field distribution of the excited SPP was mapped by
collecting of emission from the QDs with microscope objective through the 633 nm

long-pass filter. Figure 2.12 shows examples of the obtained images.

A distinct advantage of this method is that it is possible to use different wave-
lengths for excitation and detection. Depending on the size and type of the quantum
dots the emitted electromagnetic wave can have different frequency that the exci-
tation. This makes detection much easier as the excitation light can be filtered.
However, since optical microscope is used to detect surface plasmons, the maximum

resolution is limited by diffraction.

Scattering grating

Another way to couple SPPs to far-field radiation is to use a corrugated surface [26].
When SPP reaches the scattering grating it is reduced its momentum by Ak and
can be radiated into the far-field. The value of Ak is determined by the grating
period. The same phenomenon is used for grating coupling to excite the surface

plasmons (see Section 2.2.2).

4Reprinted with permission from Sorger, Volker J., Rupert F. Oulton, Jie Yao, Guy Bartal,
and Xiang Zhang. “Plasmonic fabry-prot nanocavity.” Nano Letters 9, no. 10 (2009): 3489-3493.
Copyright 2017 American Chemical Society.
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Figure 2.13: Schematic representation of surface plasmon excitation by nanoslit
and its scattering by grating structure into far-field. Taken from [105]*.

An example of the use of a grating structure for surface plasmon outcoupling
was presented in [105]. A grating was milled in a silver film using focused ion beam
(FIB). White light from a xenon lamp was focused into the slit (see Fig.2.13) to
excite SPPs. One of the slit borders had a transmission of 2% permitting part of
the SPP energy to leave the slit and propagate towards the grating structure. When
the SPP reaches the grating it was coupled into the far-field and then collected by

a spectrometer objective.

A significant advantage of this method is its simplicity. The corrugations can be
created during the lithography process with no additional steps. Moreover, it can

be used even if a protective dielectric layer is deposited on the scattering grating.

This technique, nevertheless, has a number of drawbacks. Firstly, this method
provides no information about the field distribution or the propagation distance of
the SPP. It permits the SPP detection only at a particular point of the waveguide
and the method is destructive as almost all power in the SPP radiated into the

far-field and the SPP will propagate no further.
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2.3.3 Conversion techniques

The energy of an SPP can be directly converted into a voltage or current. Such a
conversion can be performed using common optoelectronic devices such as photodi-
odes or phototransistors [106, 18]. Similarly to photons, surface plasmons can decay
in the semiconductor, generating electron-hole pairs [18] or hot-electrons [84]. The
amplitude of the voltage or current in this case is proportional to the energy of the
SPP and the flux.

Figure 2.14: Schematic representation of an SPP semiconductor detector. Taken
from [18]°.

The flexibility of this technique opens up the possibility of detecting SPPs using
various types of photodetectors. An example of SPP detection using a GaAs metal-
semiconductor-metal (MSM) photodetector was demonstrated in [18]. The SPP was
excited in a metal-insulator-metal waveguide by focusing a laser beam on a slit in
the top metal stripe (see Fig.2.14). The bottom stripe had another slit allowing
the SPP to decay into the semiconductor substrate. Two metal stripes separated
by the lower slit were used as photodetector contacts. The authors reported that
this structure demonstrated an extremely fast response time of 0.3-2.5 ps. The
method,however, provides no information about the field distribution and is not
suitable for SPP mapping. It is also associated with high losses as plasmon decay

is required for photoconversion.

SReprinted by permission from Macmillan Publishers Ltd: Nature Photonics, advance online
publication, 19 April 2009 — doi:10.1038 /nphoton.2009.47
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2.3.4 Summary

The following table provides a brief summary of the methods discussed in this sec-

tion:
Table 2.1: Surface plasmon detection methods summary.
Method Spatial resolu- | Applications Disadvantages
tion
SNOM High Presence of SPP, | Requires direct ac-
mode profile, field | cess to the metal
distribution along | surface and bulky
the waveguide in | laboratory equip-
both  transverse | ment
and longitudinal
planes
Quantum dots Depends on | Presence of SPP, | Resolution is
microscope reso- | field distribution | fundamentally
lution, diffraction | and strength limited by diffrac-
limited tion, requires
additional  tech-
nological steps to
introduce  quan-
tum dots onto
waveguide
Gratings Low Presence of SPP, | High losses, rera-
field strength diated wavelength
coincides with ex-
citation one
Optoelectronic Medium Presence of the | High losses,
conversion SPP, field strength | requires semicon-
ductor materials

Of the methods discussed above, grating outcoupling and semiconductor detec-
tion are of particular interest for designing logic gates with plasmonic interconnects
as they can be embedded into the integrated circuit. This, in turn, opens up an

opportunity to create hybrid optoelectronic digital devices.
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2.4 Plasmonic waveguides

The application of surface plasmons excited on broad interfaces is limited and rarely
extends from SPR biosensing and surface quality measurements. The utilisation
of SPPs in digital integrated circuits requires separation of different signals and
each signal must be guided to its destinations without interacting with neighbours.
Similarly to photonics or microwave technology, plasmonic waveguides can be used
to separate and guide the signals. Some of the waveguide configurations will be

discussed in this section.

2.4.1 Band gap waveguides

To control SPPs along a metal-dielectric interface it is essential to create conditions
allowing its propagation in only a certain direction [26]. The SPP propagation in
other directions is, therefore, restricted. These lateral barriers can be implemented
by using Bragg mirrors - arrays of periodic defects such as holes or pillars [107].
These mirrors are widely used to obtain band gaps at microwave [108] and optical
[109, 110] wavelengths.

Bragg mirrors are very sensitive to the wavelength of propagating SPPs. There-
fore, the band gap exists only for an SPP with a certain frequency. Utilisation of
Bragg mirrors to control the propagation of surface plasmons has been demonstrated
in [111] where Bragg mirror was formed by gold particles (see Fig.2.15a) arranged in
a triangular lattice deposited on 40 nm thick gold substrate. The resulting structure
has a band gap at free-space wavelengths around A = 1500 nm. As can be seen from
Figure 2.15b, the SPPs with a wavelength of A = 1550 nm can propagate without
experiencing high attenuation, while SPPs with a wavelength of A = 1600 nm (see

Fig.2.15¢) are strongly attenuated.

Such structures have great potential for designing surface plasmon waveguides.
Waveguides in such a structure can be implemented by introducing a local defect
which will break the Bragg reflection and, therefore, permit SPP propagation inside
this defect. An example of a linear defect in a Bragg mirror capable of guiding

surface plasmons was demonstrated in [23] and shown in Figure 2.16a.

The bending angle is 30°. Surface plasmons with a wavelength of A = 1515 nm
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Figure 2.15: Topographic (a) and near-filed (b,c) images of plasmonic Bragg
mirror obtained by SNOM. Propagation of the SPP excited using 1550 nm (b)
and 1600 nm (c) wavelengths respectively. Propagation direction is from right to
left. Taken from [23].
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Figure 2.16: Topographic (a) and near-field (b) images of an SPP waveguide in a
Bragg mirror. Taken from [23].

are excited at the right side of the structure and propagate in the direction of the
waveguide. As can be seen from Figure 2.16b, strong leakage into the surrounding
lattice is observed after the turn. This happens because the band gap is dependent

on the SPP momentum and, therefore, exists only for a certain propagation direc-
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tion. As a result, SPPs travelling in other directions do not have the same level of

confinement.

The structure of the Bragg crystal lattice must be changed along the SPP prop-
agation direction in order to overcome this issue. An investigation of such a crystal

structure was carried out in [111].

"
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Figure 2.17: Schematic representation of 45° bent plasmonic waveguide (a) and
FEM simulation (b) propagating wave. Taken from [111]°.

The structure shown in Figure 2.17a has been obtained by the gradual rotation of
crystal lattice along the linear defect through 45°. As a result, the Bragg mirror has
a constant band gap throughout the defect. FEM simulation showed that SPP can
propagate along such a waveguide with smaller loss (due to the suppressed leakage)

than through the configuration shown in Figure 2.16.

2.4.2 Stripe weveguides

An SPP stripe waveguide is a variation of IMI structure (see Section 2.1.1) where the
width w of the stripe is finite. Usually it is a rectangular metal stripe with a thickness
t (t < w) embedded into homogeneous (symmetric waveguide) or inhomogeneous
(asymmetric waveguide) dielectric medium (see Fig.2.18). Such a structure is very
easy to fabricate using equipment utilised in modern CMOS technology which makes

these structures interesting for plasmonic integrated circuits manufacturing.

6Sndergaard, Thomas, and Sergey I. Bozhevolnyi. “Surface plasmon polariton guiding in pho-
tonic bandgap structures.” In Surface Plasmon Nanophotonics, pp. 73-86. Springer Netherlands,
2007. With permission of Springer.
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Figure 2.18: Symmetric (a) and asymmetric (b) stripe waveguide configurations.

A comprehensive numerical investigation of these waveguides was performed in
[16]. As was mentioned in Section 2.1.1, stripe waveguides can support both sym-
metric and antisymmetric modes. Because of the finite width of the stripe, the
supported modes are not purely TM, but rather hybrid and, therefore, include both
TM and TE components. Also, in contrast with an infinitely wide IMI interface, the
mode analysis cannot be performed analytically and requires a numerical approach.
The mode profile can greatly vary, depending on the difference in permittivities of
the surrounding dielectrics. In the case when the sub- and superstrate have signif-
icantly different permittivities, a long range SPP mode cannot propagate through
such an interface due to the phase mismatch between the top and bottom surface

plasmons [16].

a) t=100 nm b) t=80 nm

14 Re{Ey} (Vim) 1 Re{E} (Vim)

Figure 2.19: Normalised E, field component distribution for different stripe
thicknesses. Taken from [16].

Despite the simplicity of the structure and its compatibility with existing mi-

"Reprinted figure with permission from Berini, Pierre. “Plasmon-polariton waves guided by
thin lossy metal films of finite width: Bound modes of symmetric structures.” Physical Review B
61, no. 15 (2000): 10484. Copyright 2017 by the American Physical Society.
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croelectronics technology, these waveguides have drawbacks associated with SPP
propagation. Power in such waveguides is mostly guided [16] along the edges (see
Fig.2.19). This can be an issue for applications where uniform power distribution
along the cross-section of a waveguide is required (for example waveguide splitters,
passive filters and couplers). Additionally, for asymmetric stripe waveguides the
fundamental mode shows a cutoff at some stripe width due to the leakage into the
substrate [112].

2.4.3 Slot waveguides

An SPP slot waveguide is a case of a MIM configuration when the thickness ¢ of
a slit is finite. The dielectric core is embedded between the two metal slabs (see
Fig.2.20). Coupling between top and bottom surface plasmons occurs through the
dielectric and, therefore, can be much stronger than in case of IMI structure. The
field confinement in slot waveguides can also be much stronger. The fundamental
mode of symmetric waveguide configuration (see Fig.2.20a) does not have a cutoff
wavelength as the width decreases and exists even when the width is nearly zero
[87]. This opens up an opportunity for scaling down the dimensions of waveguides

and active plasmonic elements into hundreds or even tens of nanometers.
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Figure 2.20: Symmetric (a) and asymmetric (b) slot waveguide structures.

Unlike stripe waveguide, this structure can support not only TM but also quasi-
TEM modes [112]. Slot waveguides can also exhibit relatively low losses at near-
infrared frequencies [113] which permits an application of microwave theory to plas-
monic waveguides [114, 115]. To calculate properties of designed structures analyti-
cally. An example of microwave theory applied to the design of a passive plasmonic

circuit was demonstrated in [116].
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Another noticeable feature of slot waveguides is that they can be easily trans-
formed into plasmonic modulators. High field intensity in the slit enhances inter-
actions between plasmons and dielectric core medium. The attenuation of prop-
agating surface plasmons can be modulated by bias application to metallic slabs
of the waveguide and this approach was demonstrated in [21]. A surface plasmon

modulator based on the slot waveguide structure will be discussed in Chapter 6.

2.4.4 Summary

In this section three types of plasmonic waveguides have been discussed. Both stripe
and slot waveguides can have small dimensions and are compatible with modern
CMOS fabrication technology. Therefore, they are of a great interest for building

future hybrid integrated circuits.

2.5 Semiconductor plasmonics

An ability to modulate propagation of surface plasmons is essential for building
a functional logic gates. It was previously demonstrated that periodic structures
can have band gaps for SPPs at a certain frequency. However, for plasmonic semi-
conductors a mechanism for modifying the position of the plasmonic band gap is

needed.

The surface plasmon modulation mechanism can be implemented either using
linear or non-linear effects (see Fig.2.21). The application of these effects will be

discussed in this section.

2.5.1 Linear effects

The key phenomenon that underlies a linear modulation is interference between
surface plasmons. It should be noted that by itself, this method does not involve
any semiconductor properties but it permits the realisation of all basic logic elements.
This method is based on the utilisation of multiple input plasmonic networks. It was

previously demonstrated [29] that all boolean logic operations can be performed by
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Figure 2.21: Possible approaches for surface plasmon modulation.

using various combinations of waveguides. Figure 2.22a shows an example of such a
waveguide network. A short silver nanowire was attached to the long one, forming
a y-junction. Such a network forms a simple interferometer. The ’inputs’ I1 and 12
were used to excite surface plasmons. A scattering intensity was measured at the
‘output’ O and quantum dots were used to map the SPPs distribution along the

waveguide network.

The dependence of scattering intensity at the output O on the phase shift be-
tween inputs is shown in Figure 2.22b. The green line shows the intensity at the
output when only one of the inputs (either I1 or 12) is used. As can be seen, in this
case the intensity at the output remains constant, as both inputs are equivalent.
When both inputs I1 and I2 are in use, the interference of two surface plasmons will
result in intensity fluctuation at the output O and the black line in Figure 2.22b
shows the dependence of the output intensity on the phase shift between two input
signals. Scattering and fluorescent images of the junction with a phase shift between
inputs are presented in Figure 2.22¢c. With a zero phase shift (i,ii) the maximal scat-
tering intensity is observed at the output (a bright spot in the yellow circle). If the
phase difference is 7/2 the scattered intensity at the output is minimal (iii,iv) as a

result of destructive interference between two surface plasmons.
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(b) 1000+

Figure 2.22: Simple plasmonic waveguide network (a) with two inputs I1, 12 and
single output O. Plot (b) shows the dependence of the output scattering intensity
from the phase shift between inputs (black line) or when only a single input (either

I1 or 12) is used (green line). Scattering (i,iii) and QD emission (ii,iv) images of

the structure with different phase shifts between inputs. Taken from [29]°.
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Figure 2.23: Examples of plasmonic waveguide networks capable of realising basic
logic functions. Taken from [29]°.

The waveguides configurations shown implement ‘OR’ or ‘XOR’ logic operations,

8Reprinted with permission from Wei, Hong, Zhipeng Li, Xiaorui Tian, Zhuoxian Wang, Fengzi
Cong, Ning Liu, Shunping Zhang, Peter Nordlander, Naomi J. Halas, and Hongxing Xu. “Quan-
tum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire
networks.” Nano Letters 11, no. 2 (2010): 471-475. Copyright 2017 American Chemical Society.
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depending on the phase shift between inputs I1 and I2. Using various network
designs it is possible to obtain all functional elements required to build complex
logic circuits. Some possible implementations are shown in Figure 2.23. The control
signals (green colour) are used in some network configurations and represent constant

logic ‘0" or ‘1’

(a)

Laser 1
OR  —

Laser 2 NOT ——— NOR

Control laser

(b)

Figure 2.24: Schematic representation of cascaded logic elements (a) and
fluorescent image of designed waveguide network (b). 11 and 12, O and C are
inputs, output and control signal of the circuit respectively. Taken from [117].

Another work [117] demonstrates an ability to cascade such logic gates. As an
example, ‘OR’ and ‘NOT’ elements were connected in series, thereby, implementing
a ‘NOR’ logic function (see Fig.2.24).

The remarkable advantage of such structures is their simplicity. All logic gates
can be implemented using different numbers and lengths of interferometer arms.
This approach, however, is inapplicable for complex logic circuits. The power at the
output is dependent on the input phase which results in uncertainty in the imple-
mented logic function due to the possible difference in the length of interconnects.
Furthermore, the input signals are not amplified which makes fanout of the output

impossible since it cannot be used as an input signal for another logic gate.

9Reprinted by permission from Macmillan Publishers Ltd: Nature Communications , advance
online publication, 12 July 2011 — do0i:10.1038 /ncomms1388
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2.5.2 Non-linear effects

As mentioned before, one of the main advantages of surface plasmons is their sen-
sitivity to the properties of the interface along which they propagate. In contrast
to photonic elements, even a small change in the dielectric permittivity of the sur-
rounding dielectric leads to a substantial shift in plasmon resonance or a change
in attenuation. It is possible, therefore, to design active plasmonic elements with
dimensions much smaller than corresponding photonic devices. Different non-linear
effects can be used to modulate the surface plasmon propagation will be discussed

in this section.

Electro-optical modulation

Various research groups have demonstrated [20, 21] the possibility of electro-optical
modulation of surface plasmons. One of designs utilises a Fabry-Perot resonator
[20] which was embedded into a MIM waveguide (see Fig.2.25a). The operating

wavelength of the resonator was designed to be A = 850 nm.

on state

=790 nm

Figure 2.25: Schematic representation of MIM waveguide (a) and magnetic field
mapping inside the resonator in ’ON” and 'OFF’ states (b) respectively. Taken
from [20]"°.

Simulations showed that the modulation depth (M = W, where Ipy and

lopr are power flows transmitted through the interferometer in ‘ON’ and ‘OFF’

states respectively) depends on both the real An’ and imaginary An” parts of the

10Reprinted with permission from Cai, Wenshan, Justin S. White, and Mark L. Brongersma.
“Compact, high-speed and power-efficient electrooptic plasmonic modulators.” Nano Letters 9, no.
12 (2009): 4403-4411. Copyright 2017 American Chemical Society.
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refractive index (see Fig.2.26). Changing the value of either of these has a different
effect on the SPP propagation through the structure. Changing the real part of the
refractive index (see Fig.2.26a) results in a shift in resonance frequency leading to a
rapid decay of the SPP while an increase in the imaginary part (see Fig.2.26b) leads
to reduction of the output power flow due to the increase in absorption inside the
modulator. Thus, as can be seen from Figure 2.26 to achieve a modulation depth of
3 dB (M = 0.5) it is sufficient to obtain a change in either real or imaginary parts
of refractive index of An’ = 0.008 or An” = 0.004 respectively.
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Figure 2.26: Dependence between the modulation depth and change of real (a)
and imaginary (b) parts of refractive index respectively. Different lines correspond
to various lengths between the modulator cavities. Taken from [20]"'.

The spatial distributions of the magnetic field inside the resonator in the ‘ON’
and ‘OFF’ states are shown in Figure 2.25b. The power flow through the resonator
was reduced by the factor of 2 (-3 dB). Authors propose to use the Franz-Keldysh
effect - a change in optical absorption of semiconductors induced by applied electric
field. Utilising this effect it is possible to achieve the necessary change An” at an
applied voltage of about 1 V. It was assumed that such an electro-optic modulator is
capable of operating at frequencies of 100 GHz, with propagation losses of no more
than 3 dB, modulation depth of 3 dB and power dissipation of 1 £J/bit [20].

The main advantages and disadvantages of this SPP modulation approach in

terms of designing of hybrid optoelectronic integrated circuits are:

Compatibility with existing technology of integrated circuits

HReprinted with permission from Cai, Wenshan, Justin S. White, and Mark L. Brongersma.
“Compact, high-speed and power-efficient electrooptic plasmonic modulators.” Nano Letters 9, no.
12 (2009): 4403-4411. Copyright 2017 American Chemical Society.
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Large modulation depth with relatively small dimensions
Compactness
- Relatively high losses

These surface plasmon modulators are, therefore, of a great interest for building

hybrid optoelectronic circuits.

Optical Kerr effect

The Kerr effect is a change in the refractive index of a material under the influence
of an applied electric field [118]. This change is very fast [119] and is, therefore, of
interest for high-speed integrated circuits. The change in refractive index can be

calculated using the following expression:

An = \KE?, (2.23)

where A is a wavelength, F is an electric field and K is the Kerr constant, which
depends on material. All materials exhibit this dependence, but some of them have

significantly larger Kerr coefficient than others.

An all-optical modulator utilising the Kerr effect has been demonstrated in [22].
A schematic representation of this device is shown in Figure 2.27a. This device is
again based on the MIM waveguide. The device has a resonator which is filled with
material having a large Kerr constant and a two resonant stubs embedded into the

waveguide.

This structure has two resonant frequencies at vacuum wavelengths of A\; = 563
nm and Ay = 816 nm respectively (see Fig.2.27b). The wavelength \; was selected
as the signal while the wavelength Ay was used to change the refractive index of the
dielectric inside the resonator. When the refractive index is changed by Ae = 0.05
the transmission through the device at signal wavelength A\; increases from 0.03 to
0.5, therefore, permitting modulation. The resonant stubs are used to prevent pump
light transmission through the modulator and the grooves form a bandstop filter for

the wavelength Ay to reflects the pump light.
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Figure 2.27: Schematic representation of an all-optical modulator (a) and
transmission spectra through it (b). Taken from [22].
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Figure 2.28: Signal transmission spectra through the modulator (a) in ’'ON’ and
'OFF’ states. Distribution of magnetic field (b,c) inside the device. Taken from
[22].

The spectral dependence of the signal transmission with the pump light ‘ON’
and ‘OFF’ is shown in Figure 2.28a. As can be seen, the presence of the pump
causes the red shift of the transmission spectra which results in 50% reduction of
transmission at 563 nm. The magnetic field distribution (at 563 nm wavelength) with
the modulator in the ‘ON” and ‘OFF’ states are shown in Figure 2.28b,c. Simulations
[22] demonstrated that such a device will have a response time of around 100 fs for
an intensity of the pump light of 650 MW /cm?.

The main advantages and disadvantages of this SPP modulation approach in

terms of designing of hybrid optoelectronic integrated circuits are presented below:
Fast response
Compactness

- Weak non-linear interaction
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2.5. Semiconductor plasmonics

- Requirement of high intensity of pump light
- Requirement of different wavelengths for signal and pump light
- Unable to cascade elements

Since the Kerr effect is relatively weak, a high intensity of the pump light is
essential to achieve sufficient modulation depth which, in turn, leads to high heat
dissipation that limits the utilisation of this approach in high-level integration inte-

grated circuits.

Temperature modulation

Some materials exhibit a strong dependence of the refractive index on temperature.
One prominent representative of such materials is vanadium dioxide (VOs). At room
temperature VO, forms monoclinic crystal lattice, but at temperature of ¢ > 68°C a
phase transition occurs and the crystal structure switches to tetragonal. This phase
transition is accompanied by significant change in the dielectric permittivity: for
example the permittivity values at a wavelength of A = 1550 nm for the monoclinic
and tetragonal crystal structures are €;=9.7+2.9i and e;=-14.14-30.5i respectively
[120].
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Figure 2.29: SEM image of the nanoantenna array on VO, substrate (a) and
normalised reflection spectra of the metasurface in cold and hot states (b). Taken
from [121].

This property of vanadium dioxide can be used to create tunable plasmonic

elements. An ability to adjust the resonant frequency of plasmonic metasurfaces was
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2.5. Semiconductor plasmonics

demonstrated in [121]. An array of nanoantennas was fabricated on VO, substrate

and normalised reflection spectra of the nanoantenna array at different temperatures

are shown in Figures 2.29a,b respectively. As can be seen, the phase transition of
vanadium dioxide blue-shifts the resonance of this metasurface.

Optical y

Input kx

z

Figure 2.30: Schematic representation of modulator based on thermo-optical
phenomenon (a) and its cross section (b). Taken from [122].

The idea of using vanadium dioxide for plasmonic modulators has been proposed
in [122]. A buried layer of VO, (see Fig.2.30b) is used to control the propagation of
surface plasmons. Gratings are used to couple and decouple surface plasmons (see
Fig.2.30a). In the 'OFF’ state the plasmon propagates along the waveguide with low
loss. When electric current is turned on, due to the local heating of vanadium dioxide
layer its crystal structure changes, leading to a change in waveguide properties. The
surface plasmon propagating along the waveguide in the ‘ON’ state will experience

a strong attenuation.

The main advantages and disadvantages of this SPP modulation approach in

terms of designing of hybrid optoelectronic integrated circuits are presented below:
+ Simplicity
- High power consumption
- High heat dissipation
- Low Speed (long relaxation time)

Although the transition time from cold to hot states can occur extremely fast

(at order of 100 fs), the relaxation time can vary from 3 ns up to 1 ms depending on
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various conditions [120]. Another issue is associated with the high heat dissipation

of thermo-optic modulators making their integration in digital devices impractical.

2.5.3 Summary

Different approaches based on linear and non-linear phenomena has been discussed
in this section. It was demonstrated that all these methods are capable of building
functional plasmonic modulators. Some of the analysed structures can be success-
fully used as an interface between the electronic circuits and telecommunication
technology. Among the modulation techniques discussed in this section, the ab-
sorption modulators based on the change of imaginary part of the refractive index
phenomenon are of particular interest for building logic gates with plasmonic in-
terconnects, as only they exhibit low power consumption and the small dimensions

essential for VLSI technology.

2.6 Conclusion

In this chapter the theoretical background describing surface plasmon phenomena is
presented as well as a comprehensive analysis of existing methods of excitation, guid-
ing, detection and modulation. The potential of each technique to build a compact
logic gate with plasmonic interconnects was evaluated. The analysis showed that
excitation of surface plasmons using grating coupling in conjunction with stripe
waveguides shows the best scalability and compatibility with existing fabrication
methods. The optoelectronic conversion of SPP energy into voltage or current (util-
isation of photodetectors) combines the advantages of well-developed CMOS tech-
nology and potential for plasmonic interconnects and is, therefore, chosen to be the
main detection method investigated in this work. Finally, among all the modulation
techniques presented in this chapter, absorption modulators better meet the minia-
turisation requirement imposed by VLSI technology and, thus, are more likely to

play a vital role in future hybrid optoelectronic circuits.

Modelling and fabrication techniques required to design and manufacture logic
gates with plasmonic interconnects and photodetectors will be discussed in the next

chapter.
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3. Modelling and fabrication

techniques

Fabrication of active electronic devices is a comprehensive multistage process in-
volving the use of multiple tools and techniques. Because of the required nanoscale
dimensions the incorporation of plasmonic elements into these devices makes the
design and fabrication processes even more challenging. High precision simulation
techniques and tools are necessary to successfully design and build the active opto-

electronic devices presented in this thesis.

This chapter will outline the numerical methods utilised to simulate plasmonic
structures as well as semiconductor devices. The discussion of these methods will
then be followed by a description of the various fabrication tools and techniques
used to undertake the research presented here. Finally, different characterisation

methods used to conduct experiments and collect data will be described.

3.1 Numerical simulations

Numerical analysis is a method of solving the problems of mathematical analysis
using numerical approximation. It is often utilised to solve complex problems where
analytical approaches are inefficient or do not exist. This includes but not limited to:
complex geometries, non-linear materials and electromagnetic potential of sophisti-
cated systems. It permits finding of an approximate solution with a given accuracy
[123]. The photonic devices investigated here have complex geometries and are com-
posed of materials with non trivial optical properties. Hence, numerical methods

are required to understand and predict their performance and design devices.
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Numerical methods provide great opportunities to simulate the interaction of
electromagnetic waves with metallic structures - a key aspect of surface plasmon
phenomenon. This approach is widely used to simulate the response of plasmonic
metasurfaces at different wavelengths [39, 37] and in polarisation states [28] as well
as for plasmonic waveguide mode analysis [19]. Numerical methods also enable the

simulation of non-linear plasmonic responses such as second harmonic generation
[124].

The choice of numerical method depends on a particular problem, its dimen-
sion and complexity. The field of plasmonics is considered highly demanding in
terms of computational time. The most popular numerical methods utilised to solve
plasmonic-related problems are Finite Element Method (FEM) and Finite Differ-
ence Time-Domain (FDTD) [125]. The FDTD method covers a wide frequency
range in a single simulation run and permits the simulation of non-linear material
properties such as second harmonic generation [126, 127]. Nevertheless, this method
is relatively inefficient for complex geometry simulations as it requires a very fine
spatial discretisation in order resolve electromagnetic wavelengths in small geomet-
rical features which results in undesirably long solution times. On the other hand,
FEM permits a local increase in accuracy in certain areas. This is a highly desirable
property when precision varies over the computational domain and permits meeting
these accuracy requirements without a significant increase of computational time or
required memory [125]. This method, therefore, is more applicable for simulation of
complex geometries at a single wavelength when the optical properties of materials
at this wavelength are known (for example the dielectric permittivity of metals [89]).

FEM was chosen as the main simulation method for this work.

3.1.1 Finite element method

The finite element method (FEM) is computational technique used to obtain ap-
proximate solutions to a variety of boundary value problems. Simulation programs
utilising this method can be used to model a wide range of complex problems includ-
ing the interaction of light with plasmonic nanostructures, thermal flows in fluid cells
and charge transport in solid state semiconductors. This method is used to divide
the problem into simplified parts and solve partial differential equations (PDEs) as
a set of algebraic expressions. These expressions can be solved in matrix form and,

therefore, require less computational time.
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3.1. Numerical simulations

The main method used to divide the boundary value problem into set of finite
elements is called a discretisation strategy [128]. Each finite element, therefore,
represents a small spatial domain where an approximation has been made. An
illustration of a FEM discritisation can be made using a one-dimensional problem
(the general problem can be solved by extrapolation of current method). Consider

the one-dimensional (1D) differential equation:

(3.1)

where f(x) is given and wu(z) is an unknown functions. The first step involves
reforming the original boundary value problem into its variational (weak) form.
Then, if u(x) is a solution for (Eq.3.1) then for any smooth function v(z) that

satisfies conditions v(z)|,_, = v(x)[,_; = 0 is true that:

/01 f(x)v(x)dr = /01 dd—;u(x)v(:c)dx (3.2)

Using partial integration the expression (Eq.3.2) can be converted into:

/0 f(z)v(z)dx = —/0 %u(x)dixv(x)dx (3.3)

It is then possible to discretise functions u(x) and f(x) into n mesh nodes. The

desired functions can be represented as a sum of basis functions v;(x):

u(z) = Z w;v; () (3.4a)

flz) =3 fiwi). (3.4b)

The equation (Eq.3.3) can then be rewritten:
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n 1 n 1 d d .
;fz/o vv;dr = —;ui/o %vj%vidx ,j=1,..n. (3.5)

Denoting by « and fthe column vectors (uy, ..., u,)" and (f1, ..., f»)" and defining
M = (M;;) = fol vv;dr and L = (L;;) = 01 L y;Ly;dx, the expression (Eq.3.5) can
be rewritten in matrix form:

Mf=—Li. (3.6)

Therefore, the problem has been reduced from second order partial differential

equation to the algebraic problem that can be solved by inversion of matrix L [128].

b

Graded mesh
region

Figure 3.1: Locally modified mesh in FDTD (a) and FEM (b) models. FEM
model is less memory-demanding as the mesh is modified only within a certain
region. Taken from [129].

The fundamental element of the FEM is a mesh which is used to divide the
region of interest into small parts. The size of the mesh defines the spatial precision
of the simulation - the finer the mesh the better is the accuracy. An insufficient
mesh size can lead to incorrect results (see Fig.3.2). On the other hand a fine mesh
leads to a substantial increase in computational time and memory required. Unlike
the finite-difference time-domain (FDTD) method the FEM provides an ability to
locally modify the mesh size within a certain region (see Fig.3.1a,b) in the case of
a complex geometry containing objects with different scale sizes. Therefore, the
simulation accuracy may be increased in particular areas (for example in dense
materials) while the mesh of the rest of the model remains reasonably dense. This

enables a high simulation accuracy in a reasonable computational time.

COMSOL Multiphysics is a simulation software package implementing the FEM
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Figure 3.2: Simulation models of the plasmonic camera pixel (see Section 8.2 for
more details). Figures (a) and (b) show the models with coarse and fine meshes
respectively. The corresponding simulation results (c) and (d) are significantly
different at certain points. The insufficient meshing can, therefore, lead to not only
inaccurate but also incorrect results.

to solve various scientific and engineering problems. It provides a number of mod-
ules specialised for solving particular problems such as RF module, Wave Optics
module, Semiconductor module and others. Throughout this project the COMSOL
Multiphysics RF Module was used to simulate the interaction of light with nanoscale
objects. The geometry is defined using a user-friendly graphical interface. The RF

module solves the inhomogeneous Helmholtz equation:

V X (u='V x E) — k2e,E =0, (3.7)

where €, and p, ! are the relative permittivity and permeability tensors respectively,
ko is the free space wave number and E is the electric field to be found. The
FEM, therefore, requires the input of the permittivity and permeability of every
material used in the simulation at every point in the region of interest. The optical
constants of metals, such as Ag, Al and Au were taken from [89]. Although these
values were obtained for bulk materials and, therefore, may deviate from the actual
values for nanostructures, they permit a sufficiently accurate approximation for tasks

concerned in this work.
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Various boundary conditions can be used to properly define the model. Peri-
odic boundary conditions (PBCs) are used on the lateral boundaries to simulate the
response of plasmonic metasurfaces - infinitely wide arrays of nanoantenna. Here,
there is a specific relationship between the fields on opposite boundaries. At normal
incidence, for example, the fields on these boundaries must be equal. Scattering
boundary conditions (SBCs) are used to simulate individual structures such as plas-
monic waveguides or single nanoantenna. The SBCs are transparent for normal
incident electromagnetic waves. For non-normal incident waves, however, some re-
flections may take place. Although for most properly designed models this effect
is negligible, for higher accuracy the SBCs must be used together with perfectly

matched layers (PMLs) to decrease reflections from model’s boundaries.

Utilisation of numerical approach for solving of complex problems requires signif-
icant computational power. The demand grows rapidly as the accuracy of simulation
increases. The simulations throughout this work were conducted on a computational
cluster with 32 2.5 GHz Intel Xenon®E5-2650 CPUs and 256 GB of RAM.

3.2 Fabrication

3.2.1 Electron-beam lithography

Electron-beam lithography (EBL) is a method for defining predetermined patterns
on an electron-sensitive film (a resist) coated substrate using a focused beam of
electrons [130, 131]. A simplified schematic diagram of the tool is presented in Figure
3.3. This technique offers a much higher spatial resolution than conventional optical
UV lithography [132]. The EBL resolution is not diffraction limited and is, therefore,
suitable for creating structures with dimensions of several nanometers. As a direct
write point-by-point method, however, exposure times can be considerable. The
electron beam scans the exposing area in series while in a mask-based lithography
(for example in conventional UV lithography) the exposition of the whole pattern

takes place simultaneously. As a result, the EBL is best-suite to prototyping.

A Vistec EBPG 5000+ EBL tool at the Melbourne Centre for Nanofabrication
(MCN) was used to expose the nanostructure patterns presented in this thesis. The

tool operates at a 100 kV accelerating potential and permits a minimum spot size
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Figure 3.3: A schematic diagram of the electron-beam lithography tool. Taken
from [131]".

of 2 nm. The permitted beam current ranges from 50 pA up to 100 nA. A variety
of apertures (from 200 pm to 400 pm) permits a balance between the beam spot
size and the current used. The system is also equipped with a scattered electron
detector and, therefore, provides the capacity to obtain SEM images of the sample
before exposure which is essential in the multistep lithography used in the research
undertaken here. The comprehensive control system permits automatic astigmatism

and sample tilt correction.

The Beamer© software is used to convert the patterns created in GDSII file type
compatible software (KLayout 0.24.8 was used) into the GPF file format recognised
by the EBL tool. The software also provides tools for addressing pattern overlap,
beam step size adjustment and controlling the distribution of main and sub-fields. In
addition to this, the program incorporates algorithms which can noticeably decrease
the exposure time by optimising the pattern writing order in the case of large arrays.
It also provides an ability to perform a proximity error correction (PEC) of the
patterns - method which permits taking into account the charge accumulation and

optimise the exposure dose. This is extremely important for nanoantenna arrays as
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well as for grating structures (see Fig.3.4).

a b

Figure 3.4: The SEM images of the grating structures exposed with the same base
dose of 900 1C/cm? without (a) and with (b) PEC correction. The middle of the
first structure is overexposed due to the charge accumulation effect.

Depending on the process used, both negative and positive tone resists may be
used for EBL exposure. The positive resists are usually used for lift-off process. The
prime positive resist used in this research is an A-type polymethyl methacrylate
(PMMA) dissolved in anisole. A resolution down to 7 nm can be achieved with
high voltage EBL exposure [133]. Another positive resist used in this project is a
ZEP520A (a-Methylstyrene) [134]. It provides a higher resolution compared with
PMMA and is more resistive to reactive ion etching. Despite its benefits, ZEP resist
is much more expensive than the PMMA and, therefore, utilised only when high

precision is required.

A typical lithography fabrication process is shown in Figure 3.5. The silicon
wafer used is, firstly, cleaned with acetone and isopropanol (IPA) and then spin-
coated with a layer of resist. The thickness of the resist is dependent on the desired
structure thickness and is usually taken to be approximately 4 times thicker. The
thickness is controlled by the rotation speed which can be varied from 100 to 5000
rpm. After the spin-coating process the resist is baked on a hot plate to evaporate
the solvent. A typical fabrication process requires baking at 180°C for 5 min. For

a high-resolution process or a process involving wet etching the spin-coated sample

12010 Wu, Cen Shawn, ChiiDong Chen, and Yoshiyuki Makiuchi. Originally published in Wu,
C. S., Chen, C., & Makiuchi, Y. (2010). High-energy electron beam lithography for nanoscale
fabrication. INTECH Open Access Publisher under CC BY 3.0 license. Available from: DOI:
10.5772/8179
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Figure 3.5: A common fabrication process involving the EBL lithography.

is, firstly, baked for 15 min at 100°C followed by another 10 min at 170°C. This
improves solvent evaporation and prevents the sample from outgassing in vacuum.
The exposed resist is then developed in a mixture of methyl isobutyl ketone (MIBK)
and IPA in the ratio of 1:3. The development takes 1 min and is followed by rinsing
the sample in fresh TPA. Metal is then deposited using the e-beam evaporation
technique which will be discussed further. The final step is lift-off which is performed
in 70°C acetone with moderate agitation. Depending on the metal and its thickness
the lift off process can take a long time, but can be accelerated by placing the beaker
containing the sample into an ultrasonic bath. Note that this step is incompatible
with poorly adhering materials as it can damage the structures. The sample is then

rinsed with IPA and deionised water and dried using a flow of nitrogen.

Multiple-step lithography

The fabrication of complex devices usually involves multiple lithography steps. This,
in turn, requires a mechanism for realigning the coordinate systems between ex-
posures. Similarly to optical lithography alignment markers are utilised for this
purpose. The Vistec EBPG 5000+ EBL tool permits alignment to within £10 nm
which is well beyond the accuracy usually offered by optical lithography tools.

A typical alignment pattern consists of 3 metal squares with a side length of 20

nm (see Fig.3.6). A good contrast in the SEM image between the markers and the
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Figure 3.6: The marker pattern for multilayer exposure design in Klayout (a) and
implemented on the sample (b).

substrate is necessary for precise alignment. Therefore, the metal and its thickness
will depend on the substrate material. In this project a 65 - 85 nm thick gold film is
used for markers. A minimum distance of 150 pm between the markers is required
to avoid misrecognition of neighbouring markers. The EBL tool performs a search
algorithm to find the centre of the marker and uses it to align the coordinate system
between exposures. The algorithm requires an approximate value of the absolute
coordinates of the markers as a starting point for the search and these coordinates

can be found using an optical microscope.

3.2.2 Electron-beam evaporation

The deposition of thin films of metals and dielectrics is required for all the devices
investigated in this project. Electron beam physical vapor deposition or e-beam
evaporation is a method of thin film deposition using an electron beam. When the
beam hits the anode with a certain material in it (see Fig. 3.7) it causes its atoms
to transform into the gas phase. These atoms then precipitate onto the target which
is located above the anode. Films with thicknesses ranging from 0.5 nm and up to

several micrometers can be deposited using this method.

The Intlvac NanoChrome II e-beam evaporator was used in this project to deposit
thin films. The samples were placed above the crucible containing the evaporation
material and the tool chamber is then pumped to a pressure of 7x10~% Torr. The

Melbourne Center for Nanofabrication provides a set of predefined evaporation pro-
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Figure 3.7: Schematic diagram of the electron-beam evaporator. Taken from [135].

files for various materials. The evaporation rate can be set by user and usually varies
from 0.2 to 1.5 A/ s depending on the material. Is was empirically discovered that
compound materials such as SiO, or ITO should be deposited at a low evaporation
rate (0.2-0.5 A/s) while metals can be evaporated at higher rates (0.6-1 A/s). This
produces good quality films with low roughness. After the evaporation the sample is

allowed to cool for 5-10 min and the chamber is then vented to atmospheric pressure.

3.2.3 Reactive ion etching

Reactive ion etching (RIE) is a dry etching method that utilises a plasma (see
Fig. 3.8) to remove material from certain areas of the sample. It permits a higher
degree of anisotropy compared to wet etching techniques and, therefore, preferable
for fabrication on the nano-scale. An Oxford Instruments PLASMALAB100 ICP380

tool was used throughout the project to etch silicon.

A combination of Ar and Cl; gases with flow speeds of 5 and 30 sccm, respectively,
were used to etch the samples. The etching was performed at a pressure of 5 mTorr.
The depth of the etching depends on time and usually takes from 10 s to 1 min.
PMMA cannot be used as an etch mask, since the etch rate of the silicon should
be higher than the etch rate of the mask. Therefore, gold and ZEP520A resist were
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Figure 3.8: Schematic diagram of the reactive ion etching tool. Taken from [136].

used to pattern the wafer. The mask residues must be removed after the etching

step prior to the next fabrication step.

3.2.4 Hydrofluoric acid wet etching

A native oxide layer always presents on the surface of silicon wafers. To form a high
quality Schottky barrier this needs to be removed prior to metal deposition. This
is usually performed using hydrofluoric acid (HF acid) which is very selective and
the silicon etch rate for this chemical is negligible. This provides assurance that the

semiconductor structures will not be affected during the etching step in contrast to
RIE.

The etch rate of SiO,y greatly depends on the solution temperature and the HF
concentration. In this project HF acid concentrations from 1% to 4% were used
giving etch rates from 5 to 25 nm/min at 24°C respectively. The samples were
subsequently thoroughly rinsed with deionised water to remove any HF residue which

may be left after etching.

70



3.3. Characterisation

3.2.5 Annealing and thermal oxide growth

A HiTech Furnace was used to thermally grow oxide films (SiO) on silicon wafers.
The furnace can be used for both dry (up to 300 nm) and wet (from 300 nm and
above) oxidations and during the process the furnace chamber heats up to 1100°C.
The oxidation time is proportional to the film thickness and usually takes 2.5-4
hours. After oxidation the film thickness is confirmed using a Bruker Contour GT-I
optical profilometer. The same furnace was used to anneal ITO films for 10 min at
450°C.

3.3 Characterisation

The devices were characterised during and after the fabrication to confirm their
geometry and their optical and electronic properties. Various electrical and optical

characterisation methods were used to perform the task.

3.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique which obtains images of the
fabricated structures with dimensions well below the diffraction limit of optical mi-
croscopes [132]. An SEM produces image of the sample by scanning it with a focused
beam of electrons. Since the electron wavelength is much smaller than that of visible
light a resolution down to 0.4 nm [137] can be achieved. SEM microscopes can oper-
ate in various modes (backscattered electrons, secondary emitted electrons and etc.)
depending on the type of information which is required from the sample. The most
commonly used mode is secondary electron detection. In this mode the microscope
counts the number of electrons emitted by the excited atoms and creates an image

of the topography (see Fig.3.9) of the inspected sample.

A FEI NovaNanoSEM 430 tool was used throughout the project to inspect the
samples after certain fabrication steps to confirm if they were successful. The sam-
ples were scanned in a deep vacuum using 3-5 kV accelerating voltages and 56-360
pA currents. The tool permits tilting the sample from 0° to 40° and arbitrary ro-
tation to inspect the height of the fabricated structures. Higher currents should be
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Figure 3.9: SEM image of the gold stripe. The resolution allows to see the grains
on the gold surface.

used with care since they can damage the structures.

3.3.2 Electrical characterisation

The characteristics of Schottky photodetectors depend significantly on the fabrica-
tion process used. The contamination of the surface or the presence of a native oxide
layer will affect their characteristics. In addition, the prototyping of devices involves
the utilisation of non-optimised fabrication procedures which, in turn, results in the
characteristic fluctuations and low yield. Therefore, each photodetector needs to
be fully characterised prior to obtaining optical measurements so the results can be
normalised. Samples were glued into a ceramic LCC20 package and bonded using a
Kulicke & Soffa 4522D Wedge bonder with aluminium wire.

Bonded samples were characterised electrically to investigate the properties of
the metal-semiconductor contacts. A Keithley 487 source meter was used obtain the
current-voltage (IV) characteristics of each photodetector. The tool was software-

controlled to perform a voltage sweep from -5 V to 5 V or from -1 V to 1 V for
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Al-Si and Ti-Si Schottky barriers respectively. The current through the sample was
measured using the same instrument and recorded on computer. A typical IV curve
should show an MSM-like behaviour (see Fig.8.7) with minor deviations. It was
found that Ti-Si Schottky detectors exhibit high dark currents and the height of the

barriers is lower than Al-Si detectors. This is discussed further in Chapter 5;

3.3.3 Near-field scanning optical microscopy

Near-field scanning optical microscopy (NSOM) is an optical method that can be
used to observe nanostructures with dimensions below the diffraction limit [138]
at high resolution. This technique probes the evanescent field (see Fig.3.10) and
potentially permits mapping of the electric field amplitude along the investigated
structures. The distance between a sample and NSOM tip is usually of order of
several nanometers. This distance is controlled by an active feedback mechanism
similar to such in atomic force microscopes (AFM) which ensures that this distance
remains constant. Near-field microscopy is a useful technique for the investigation

of propagating plasmonic modes along waveguide networks.

Near-Field Imaging Scheme
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Figure 3.10: Schematic representation of an NSOM system operating in collection
mode. Taken from [139].

NSOM is capable of operating in several modes. In so-called reflection mode,

the NSOM tip is used to locally illuminate the sample and a microscope objective
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is used to collect the reflected light (see Fig.3.11a). Transmission mode is used for
transparent samples. Similarly to the reflection mode, the tip is used to illumi-
nate the sample, but in this case microscope objective is used to collect the light
transmitted through the sample (see Fig.3.11b). The NSOM tip can also be used in
collection mode (see Fig.3.11c) when the sample is illuminated externally and the
tip collects the photons. This mode of operation has been used to map the surface

plasmon propagation along waveguides [140].

a Reflection mode b Transmission mode Cc Collection mode

Sample Sample Sample

Figure 3.11: Schematic representation of NSOM operating regimes: (a) reflection
mode, (b) transmission mode, (c) collection mode.

Plasmonic waveguides fabricated as part of this project were imaged using a
Nanonics Multiview 2000 NSOM system. A 1064 nm laser was used to excite surface
plasmons and an Au-covered NSOM probe (in collection mode) with an aperture
diameter of 500 nm and resonance frequency of 32.4 kHZ was used to map the
propagating plasmons. The system also provides the capacity to simultaneously
collect AFM images of the scanned samples by collecting data from the distance

regulation mechanism.

3.3.4 Scanning photocurrent microscopy

Scanning photocurrent microscopy is an experimental technique that has the ability
to extract spatially resolved information about semiconductor properties [141, 142].
A highly focused laser beam is used to locally excite the semiconductor in a non-
equilibrium state and the spatial position of the beam is correlated with the pho-
tocurrent collected at the terminals. The direction of the photocurrent, its amplitude
and transient response (if a pulsed optical excitation is used) provide rich informa-
tion such as the type of semiconductor barrier or the mean free path of the charge

carriers. In addition to these, the photocurrent map provides an information about
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the performance of different parts of a device that may be hard to extract from the

normal device operation.

s - polarisation p - polarisation

Photocurrent (a.u.)

Figure 3.12: Normalised photocurrent maps of the differential photodetector (see
Section 8.1.4 for details).

In this project a scanning photocurrent microscope was used to analyse the prop-
erties of fabricated Schottky photodetectors. For SPCM measurements a Thorlabs
S1FC635 fiber-coupled diode laser and Nikon CFI Plan Fluor x50 long working dis-
tance microscope objective were used to obtain a spot size of 1 pym. The spatial
resolution in both the x and y directions was of the order of 200 nm. A Keithley
487 source meter was used for precision biasing and a Stanford Research Systems
SR570 Current Preamplifier was used to amplify and filter the signal from the pho-
todetectors. The amplified photocurrent was recorded as a function of the x and
y coordinates of the beam. The signal from the amplifiers was sampled by a Na-
tional Instruments USB-6343 DAQ. A LabView program was developed to control
the position of the sample, biasing and build the photocurrent maps. The program
supports up to 2 separate channels and provides serpentine and raster scanning

regimes.

3.4 Conclusion

In this chapter the techniques required for design, fabrication and characterisation of
logic gates with plasmonic interconnects were discussed. A typical fabrication pro-
cess represents a sequence of fabrication and characterisation steps and the number
of steps in each sequence depends on a particular device and usually involves 8-12
stages. A modified process used to fabricate each device will be briefly described in

each section.

The excitation and guiding of surface plasmons is the first task that must be
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accomplished in order to build plasmonic integrated circuits. In the next chapter a

design for an input port for such circuits will be discussed.
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4. Design of input port for

plasmonic integrated circuits

4.1 Introduction

Utilisation of surface plasmons as signal carriers in integrated circuits requires opti-
misation of their excitation mechanism as well as the development of ways to build
comprehensive networks to guide the signal on chip. Due to the wave nature of SPPs;,
conventional metallic wires used in microelectronics cannot support their propaga-
tion. Analogous to photonic optical circuitry surface plasmons can be transmitted
using waveguides. The advantage of SPPs arises from their capacity to circumvent
the conventional diffraction limit as well as their use of metal interfaces which makes
plasmonic waveguides compatible with conventional microelectronic technology. In
recent decades comprehensive research into plasmonic waveguides with different con-
figurations [16, 111, 112], shapes [87, 19] and materials [143, 144, 145] has been
undertaken. It was also shown that plasmonic waveguides can be used to create
sophisticated networks [29] providing an ability to fan-out the logic gates. A need
remains, however, for improved designs to compensate for the high level of loss in

plasmonic waveguides.

Another challenging task is the excitation of surface plasmons in a circuit. Ideally
this would be undertaken by microlasers connected to the output of logic gates.
These lasers, in turn, need to be coupled to the plasmonic waveguides forming a
complete electro-optic circuit and here is the point where utilisation of silicon is

impractical. The primary disadvantage of silicon in photonic applications arises

Part of the work presented in this chapter has been published in Evgeniy Panchenko, Tim-
othy D James, and Ann Roberts. “Modified stripe waveguide design for plasmonic input port
structures.” Journal of Nanophotonics, 10(1):016019-016019, 2016

77



4.2. Design and simulations

from its indirect bandgap [85]. This bandgap structure makes radiative electron-

hole recombination improbable and, hence, the lasing process very inefficient.

A common solution to this issue involves utilisation of either only direct bandgap
materials such as GaAs [146] or using a combination of direct and indirect bandgap
semiconductors [147]. Both these methods have drawbacks associated with a rel-
atively high cost and incompatibility with silicon technology due to the mismatch
in crystal structures. Even though a large effort has been made in recent years
to integrate microlasers onto silicon chips, this technology still needs substantial

improvement to become usable in commercial 1Cs.

An alternative method involves surface plasmon excitation from the far-field us-
ing external lasers. As outlined in Chapter 2 due to the mismatch in the wave
vectors between SPPs and freely propagating light, SPPs cannot be excited by di-
rect irradiation of a metal surface with light. In this chapter a flexible design for
a plasmonic input port which can be embedded in VLSI circuits is presented. A
comprehensive study of grating coupling into plasmonic waveguides and mode anal-
ysis of the waveguides themselves has been performed to optimise surface plasmon
excitation. Furthermore, two different strategies for increasing the SPP propagation
length of the fundamental mode have been proposed and analysed. The design was
then experimentally implemented and studied using NSOM. This port structure is
suitable for far-field excitation of surface plasmon modes on a waveguide and does

not require unwieldy laboratory equipment such as near-field microscope or prisms.

4.2 Design and simulations

An ideal input port should be compatible with far-field surface plasmon excitation
with no additional equipment, be VLSI compatible, and have compact dimensions.
The use of normally incident illumination is also preferable as the port will be easier
to access in multilayer integrated circuits (a proper multilayer design is required to

open ‘windows’ for plasmon excitation ports).

The whole structure can be divided into three main components: an excitation
grating section, a tapered section and the waveguide. The waveguide was initially
chosen to have a width w of 5 pm and thickness ¢ of 60 nm. Such parameters

permit improving far-field coupling and the decoupling of top and bottom surface
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Figure 4.1: Schematic representation of plasmonic input port coupled with a stripe
waveguide. Incident p-polarized light with momentum kq excites an SPP (with
momentum kgpp) which is focused into waveguide.

plasmons in a stripe waveguide, reducing attenuation. As can be seen from Figure
4.1, the port is implemented on a silicon substrate. Different materials such as
silver, gold or aluminum can be used as a material for the waveguide depending
on the operating wavelength. Since a wavelength of \g = 632.8 nm (He-Ne laser)
was chosen as the design wavelength for SPP excitation the utilisation of aluminum
is impractical as it exhibits much higher loss. Silver or gold, therefore, can be
used as the waveguide materials (silver provides lower losses while gold requires
no passivation layer). In most cases a thin layer of titanium needs to be included
to improve the typically poor adhesion of noble metals and prevent diffusion into
silicon [148, 149]. Additionally, the port may includes a passivation layer of silica to

prevent oxidation and degradation of silver and also to improve field confinement.

In the proposed structure, SPPs are excited using grating coupling [150], and
a maximum coupling efficiency of 50% was demonstrated [151] numerically. The
optimal grating structure dimensions are dependent on the materials used, the ex-

citation wavelength, and the angle of illumination. Since the excitation section of
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Figure 4.2: Dispersion curves for silver (a) and gold (c) slabs with different
cladding dielectrics and associated with them SPP propagation lengths (b),(d).
Magenta and red dashed lines represent light-in-air and light-in-silica wave vectors
respectively.

the port was chosen to have dimensions much wider than the excitation wavelength
and the metal thickness of 60 nm is sufficient to decouple SPPs propagating along
the upper and lower surfaces of the film, the wave vector of the surface plasmon can

be calculated as a simple 2-dimensional metal-dielectric interface [26].
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The dispersion curve of Figure 4.2a is used to calculate the SPP propagation
constant S which is essential for designing the port. The real part of this constant
is needed to calculate the grating period while the imaginary part can be used to
estimate the SPP propagation length. The optical properties of bulk noble metals
from [89] were used in calculating the curves. Figure 4.2 shows calculated dispersion
curves for silver (see Fig.4.2a) and gold (see Fig.4.2¢) films with different dielectric
claddings. The SPP propagation length for an infinitely wide interface can be cal-

culated using the expression:

L= (Im(®) (4.)

Finite element method (FEM) analysis, implemented in COMSOL Multiphysics
4.3a with the RF module, was used to simulate the far-field excitation of SPPs (3D
model) as well as to find the modes supported by the waveguide (2D model). The op-
tical properties of materials used in the model were again taken from measurements
of bulk material [89]. A plane wave with electric field directed perpendicular to the
grating lines was used to excite SPPs. A waveguide length of 20 pum was used to
minimize the influence of reflections from its end since the waveguide length is much
larger than the SPP propagation length. A mesh with a maximum element size of
10 nm was used in the areas where a high simulation accuracy is desired (excitation
grating, waveguide surface, MSM fingers). A perfectly matched layer (PML) was
used together with scattering boundary conditions to decrease reflections from the
model boundaries. Utilisation of FEM allowed to locally increase a mesh density
of coupling grating and waveguide surface without avoiding a significant increase
in computational time. The total simulation time was of the order of 4 hours and
required 103 Gb of RAM (direct solver was used).

As can be seen from Figures 4.2b,d surface plasmons travelling along silver films
have a longer propagation length than SPPs at a gold-dielectric interface due to the
lower loss. Utilisation of silver, however, requires the use of a protective cladding
to prevent film oxidation. This, in turn, red-shifts the resonance (see Fig.4.2a) and
increases the loss at a given wavelength. At the same time gold can be used without
a protective cladding due to its inertness. In practice, therefore, the propagation

lengths of surface plasmons at the Ag-SiOs and Au-Air interfaces are similar.

The real part of the propagation constant at the given wavelength was used to
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determine the period of the coupling grating. As mentioned previously, the structure
is designed to work with normally incident illumination so the SPP momentum is

determined only by the grating period a:

2
kspp - ; (42)

The SPP wavevector in the case of a Ag-SiO, interface at A = 632.8 nm wave-
length is equal to kgpp = 15.47 pm~! giving a grating period of a = 380 nm. Two
different grating designs may be used to excite surface plasmons. The first design
assumes the deposition of a shallow grating on top of the metal film (see Fig.4.3a).
Analysis of a parametric sweep over the grating depth showed that the maximum
coupling efficiency from the far-field into surface plasmons is achieved with a grating
depth of 20 nm. This can be explained by the fact that (Eq.4.2) is valid only in
the case of shallow gratings [26]. With an increase in the grating depth beyond this
figure, the excitation of vertical modes [26, 152] leads to a decrease in the coupling

efficiency.

The second design involves creating complete gaps in the metal film, thus, form-
ing a grating structure (see Fig.4.3b). In comparison with the shallow grating this
design exhibits a lower coupling efficiency. Nevertheless, despite these drawbacks
this design is preferable as it is more robust to fabrication imperfections since the
coupling efficiency of the shallow grating design is very sensitive to the thickness of
these grating. It also requires only one fabrication step which, in turn, results in a

much lower manufacturing cost.

The propagation constant extracted from the dispersion curve is strictly appli-
cable only for an infinitely wide waveguide and grating. The assumption is still
valid, however, for the excitation gratings used in the port design as they are much
wider than a wavelength (wg,qing > A). Therefore, although this propagation con-
stant can be used to design a coupling grating, it significantly varies from the actual
value when surface plasmons experience significant lateral confinement. Waveguide
narrowing particularly affects the imaginary part of the propagation constant, in-
creasing the attenuation. Figure 4.4 shows the normalised magnitude of the electric
field on the top of two plasmonic ports with different waveguide widths. As can be
seen from the simulation, in the case of the 5 pm wide waveguide (see Fig.4.4a) the
surface plasmon propagates a much longer distance compared to that with a width
of 300 nm (see Fig.4.4b).
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Figure 4.3: Normalised electric field distribution on the top of the waveguide in
case of shallow (a) and through (b) grating designs. The insets depict the
schematic representation of the structures.

Despite the relatively low attenuation of wide waveguides (for example those
with widths grater than 5 pm) they are too large for VLSI plasmonic circuits. To
be suitable for this application, the waveguide needs to be narrowed to less than
3 pm [153], leaving the excitation region unchanged. To design a comprehensive
waveguide network, therefore, the propagation constant needs to be calculated more
accurately. To identify the propagating plasmon modes supported by a narrow
waveguide with a rectangular cross section, a numerical study was undertaken. Such
a study cannot be performed analytically [16] so a computational approach was used
to find supported modes. The fundamental symmetric mode ss) of the structure
should have the smallest imaginary part of the propagation constant and, hence,
the lowest attenuation. This mode was found to have a propagation constant of
B =15.48 — 0.432i pm~! and a propagation length of approximately 1.16 pm along

the waveguide. The electric field distribution of the fundamental mode is shown
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on Figure 4.5. The distribution shows that in the rectangular stripe waveguide the

energy is mostly concentrated near the edges. This leads to strong attenuation and,

thus, a relatively short propagation length.
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Figure 4.4: Normalised electric field distribution on two plasmonic ports with 5 pm
(a) and 300 nm (b) wide waveguides. Narrow waveguide exhibits a larger
attenuation of surface plasmons.

4.3 Waveguide improvement techniques

Weak attenuation of the propagating signal is a highly desirable property of a waveg-
uide. Several techniques can be used to increase the propagation length of surface
plasmons. Since the attenuation arises from fundamental limitations such as metal

properties or field confinement, these techniques require some compromises. An
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depend on the particular application.

Figure 4.5: Normalized electric field profile (a) and distribution along x (b) and y
(c) coordinates of rectangular shape waveguide. Green curve represents the

increase in the propagation length will almost certainly affect other useful charac-

teristics. Therefore, each method has its own pros and cons and the choice will

4.3.1 Reduction of the mode confinement

It is possible to increase the propagation length by changing the geometry of the

waveguide to decrease the field confinement. The strategy used in this case is the
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Figure 4.6: Schematic representation of plasmonic input port with hybrid-shape
waveguide. Incident p-polarized light with momentum ky excites an SPP (with
momentum kgpp) which is focused into waveguide.

elimination of sharp edges. In the extreme case the waveguide should not contain
any corners. This could be achieved by creating a semicircular profile (see Fig.4.7)
at the top surface of the waveguide. The electric field profile of such a waveguide is

shown in Figure 4.8a.

S =300 nm
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Figure 4.7: The crossection of a modified stripe waveguide. The top surface is
curved with the radius of 200 nm to decrease attenuation.

Introducing a circular profile leads to a more uniform distribution of the field
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Figure 4.8: The normalised electric field profile of the modified stripe waveguide
with circle radius of 150 nm (a) and 300 nm (b) respectively.

along the top surface of the waveguide. Furthermore, such a shape leads to an
increase in the waveguide thickness without increasing the width, lowering the at-
tenuation even further. The propagation constant in this case is § = 15.96 — 0.101:
pm~! and the propagation distance is 4.98 pm, respectively, which is 4.3 times

greater than for the of rectangular profile waveguide.
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Figure 4.9: The evolution of the real (blue) and imaginary (green) parts of the
effective mode index. The waveguide mode index approaches that of a rectangular
waveguide as the radius of curvature is increased (1n,e. = 1.55 — 0.0413).

To understand the change in the fundamental mode as the curvature changes,
an analysis of the waveguide design for different radii of surface curvature was per-
formed. As an example, Figure 4.8b represents the field distribution in the case of a

curvature of 300 nm. The propagation constant of the waveguide with such a cross
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section is 8 = 15.49 —0.256¢ pm~! with the propagation length increased by a factor

of 2.54 over that of the rectangular profile waveguide.
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Figure 4.10: The normalized electric field distribution (a) on the top surfaces of
the rectangular (green) and modified stripe (blue) waveguides. Graphs (b) and (c)
show the distribution of a z-component of electric field on the rectangular and
modified stripe waveguides respectively.

The evolution of the real (blue) and imaginary (green) parts of the effective
mode index with radius of curvature is shown in Figure 4.9. As can be seen, as
the radius of curvature increases, the propagation constant of the mode approaches
that of the rectangular waveguide. Increasing the metal thickness of a waveguide
will decrease the leakage into the substrate and, therefore, the imaginary part of
an effective mode index. However, the improvement in propagation length observed
in the hybrid-shaped waveguide over a stripe waveguide cannot be explained by
considering only the mode leakage into the substrate resulting from the increased
thickness caused by the waveguides circular profile. In our simulations we observed
up to a 14% decrease in the imaginary part of the effective index for a given thickness

for the hybrid-shape waveguide compared to the stripe waveguide, which results in
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a similar increase in the SPP propagation length.

The normalized electric field distribution (2 nm above the surface) along the
initial and the fully curved waveguides is shown in Figure 4.10a. The z-components
of the field are presented in Figure 4.10b and Figure 4.10c. The plots show a
marked improvement in the SPP propagation length in the case of the modified

stripe waveguide in comparison with the rectangular waveguide cross-section.

1-st step Deposition of
lithography metal
Annealing Wet etching
R IR AR AR acid | |
— . P )
2-nd step Deposition of
lithography grating

Figure 4.11: Possible fabrication techniques of hybrid-shape waveguide.

Possible ways to fabricate such a waveguide (see Fig.4.11) shape involve either
annealing [154] or wet etching [155]. In a first step the base of a port can be
deposited onto the silicon substrate. Then one of the proposed methods is performed,
smoothing the corners of the rectangular waveguide. Both methods are compatible

with CMOS technology but require specialised tools and process calibration.

4.3.2 Waveguide expansion

Given the challenges of implementing the methods described above, as previously
mentioned another possible method to increase the surface plasmon propagation
length involves increasing of the waveguide width. As previously discussed, the
imaginary part of the propagation constant rapidly increases as the surface plasmon
starts to experience lateral confinement. Therefore, the simple expansion of the
waveguide can improve the SPP propagation distance. Although the waveguide

expansion is in contradiction with miniaturisation principle, this method is still
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suitable for low density interconnects where large waveguides are acceptable.
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Figure 4.12: The evolution of the real (blue) and imaginary (green) parts of the
effective mode index as a function of the waveguide width. The expansion of the
waveguide allows to reduce the loss by the factor of 2.5.

Figure 4.12 shows the evolution of the real and imaginary parts of the funda-
mental mode as a function of the waveguide width. As can be seen, by increasing
the width from 300 nm to 1 pm the imaginary part of the propagation constant can
be reduced by a factor of 2.5. Although the improvement is less compared to the
previous technique, the simplicity of the method makes it more appealing for low

cost fabrication.

a

Nes = 1.5472-0.029i Ny = 1.4819-0.05298i

Fundamental mode Second order mode

Figure 4.13: Fundamental (a) and second order (b) modes supported by 550 nm
wide waveguide. The higher order mode has much greater imaginary part of the
effective mode index n.ys and, therefore, experience higher attenuation.

In addition to increased dimensions, this method is also associated with another

drawback. As the width increases, the waveguide starts to support higher order
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modes so the guided power is divided between them. These modes are intrinsi-
cally lossier than the fundamental mode and, thus, their presence is undesirable.
The normalised electric field distribution of two lowest order modes supported by
a waveguide with a width of 550 nm is shown in Figure 4.13. As can be seen the
symmetric second order mode (see Fig.4.13b) has a larger imaginary component of

the effective mode index, indicating a higher loss.

Despite all the issues associated with this method, it is still a preferable approach
for the plasmonic input port design due to its fabrication simplicity and relatively
low cost. Therefore, the final port design was chosen to have an expanded 2.5 pm
wide waveguide. The metal film thickness was also increased to 85 nm to further

decrease the losses.

4.4 Application of microwave theory to plasmonic

waveguides

The capacity to separate and join waveguides is necessary to trace the interconnects
between the logic gates in an integrated circuit. In electric circuits operating at
low frequencies the linkage can be performed simply by connecting receivers directly
to the output of the signal source (fan-out). This method is valid as long as the
dimensions of the transmission line are much smaller than the signal wavelength.
In digital integrated circuits the low frequency approximation may still be valid for

short interconnects as the signal wavelength rarely exceeds 5 cm.

The substitution of electrical with plasmonic interconnects assumes a substantial
increase in the transmission signal frequency. With the increase in frequency the
wave nature of a signal cannot be neglected and must be taken into account. The
waveguides must be properly coupled with an appropriate junction to minimize
wave reflections which can increase losses and, therefore, negatively affect circuit
operation. Therefore, a simple fan-out approach used for low frequency circuits

becomes inappropriate.

To couple waveguides it is necessary to match their characteristic impedances.
Impedance matching techniques [156] are well-known and commonly used in mi-
crowave engineering. Since plasmonic waveguides are, in substance, very similar

to their microwave counterparts (the differences are in operating frequencies and
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dimensions) it should be possible to apply methods used in microwave engineering
[113]. Thus, to couple MIM and IMI waveguides the characteristic impedance must

be determined.

4.4.1 Characteristic impedance definition and matching tech-

niques

Plasmonic waveguides can be represented as high frequency transmission lines so
impedance matching techniques can be applicable for coupling different waveguides.
The method can be used to maximize the power transfer to the load or minimize
wave reflections from it. The waveguides to be coupled can be represented as a
source and a load respectively. Depending on the particular task the source and

load impedances can be matched by enforcing the conditions:

AR for minimizing reflections
Zg = (4.3)

Z7, for maximizing power transfer,

where Zg and Zj are the characteristic impedances of the source and load (for
example two wavegiudes) respectively and Z7 is the complex conjugate of the load
impedance. In transmission line theory [114] the dependence of the input impedance

at a specified distance from the load, [, can be found using the following expression:

_, Zr+ Zytanh(yl)
~ YZo+ Z;, tanh(y1)’

Zin(1) (4.4)

where Z, and Z; are impedances of the transmission line and the load respectively,
v = a + if is the propagation constant (« is an attenuation coefficient and g is a

wavenumber). This is the general equation for lossy transmission lines.

The characteristic impedance of the transmission line is usually defined as the
ratio of the voltage to current amplitudes and, in general, can be calculated using a

following expression [157]:

Zo = VR + jwL (4.5)

VG + jwC’
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where w is the angular frequency, L and C' are the transmission line inductance and
capacitance per unit length, R is the resistance of the line and G is the conductance of
the insulating dielectric per unit length. R and G represent losses of the transmission
line. For a lossless transmission line (or in the case where losses are negligibly small)

the expression can be further simplified:

Z():

(4.6)

~I=

L
=2

The current and voltage associated with a transmission line are well-defined
only for TEM modes. In this case the voltage and current are uniquely defined and,
therefore, the characteristic impedance, as given in equation (Eq.4.6) is constant at
any point on the line. Plasmonic waveguides, however, cannot support TEM modes
and the spatial distribution of electric and magnetic fields in plasmonic modes is
not uniform. This is particularly true for stripe waveguides as supported modes are
hybrid (a combination of TE and TM modes). Thus, the characteristic impedance
becomes a spatially dependent parameter. Nevertheless, it is possible to apply this
theory if the longitudinal component of the electric field is much smaller than the

transverse component. Therefore, the propagating mode can be considered as quasi-

TEM.

In the case of MIM plasmonic waveguides the characteristic impedance can be
calculated using the voltage-current notation. Assuming the metallic components of
the waveguide are carrying counter-propagating currents and neglecting the electric
field at the corners [115] the voltage and current can be calculated using the following

equations:

V= /E-df (4.7a)

I= j{ﬁ -z, (4.7b)

where [ is an integration path across the gap between the metallic parts and c is a

closed contour around a current carrying component (see Fig.4.14).

This method has been previously shown [113] to provide a good agreement with
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~_

Magnetic field integration contour\

S/ E o .
/ Electric field integration line

Figure 4.14: Schematic representation of a MIM plasmonic waveguide with field
lines between the metallic parts. Electric (green) and magnetic (magenta)
integration paths are used for V' and I determination respectively.

analytical calculations of the characteristic impedance for MIM waveguides. The
electromagnetic wave in these waveguides is mostly confined in the gap region. The
resulting mode is assumed to be quasi-TEM allowing the application of the trans-

mission line theory.

Even though the method described above showed good results with MIM struc-
tures, it is inappropriate for IMI waveguides. Since this waveguide type has only
one metallic part the voltage and current integration paths are not uniquely defined.
Figure 4.15 shows the typical distributions of electric and magnetic field lines. As

can be seen these fields are not confined.

T

a)

T
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li

Figure 4.15: The distribution of electric (a) and magnetic (b) field lines around
symmetric stripe waveguide.

The voltage-current definition of the characteristic impedance can also be defined

in terms of power-current or power-voltage [157:
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Zo= = (4.8)

where P is the power transmitted along the stripe waveguide which, in turn, can be

calculated using a following expression:

1 (- -
P:-fExHﬂw, (4.9)
2 /s

where S is an effective area (through which the most power is guided) of the waveg-

uide.

The power-current definition is preferable for plasmonic waveguides since the
impedance can be easily calculated from the component of the Poynting vector P,

in the longitudinal direction and the longitudinal component of the current density
J,:

L[ o
(] )

As the electric field decays exponentially away from the waveguide, the integra-

P
T = —— = 4.1
07 op2 (4.10)

tion area for the Poynting vector and current density can be truncated to [0 Mgp")]

and [0 %(Jz)] respectively (areas where power and current densities decrease in e?
and e times respectively). Figure 4.16 shows the integration area for the Poynting

vector determined using this expression.

A parametric sweep over the width was performed to calculate the change in
the effective characteristic impedance of the waveguide. The Poynting vector and
current density of the fundamental mode were integrated using the method described
above. Figure 4.17 shows the variation in the real and imaginary parts of the effective

characteristic impedance.

As can be seen, at a wavelength of 632 nm the characteristic impedance of
the stripe waveguide has a large imaginary component (4.27%-18.8% of real part).

This, in turn, implies substantial losses associated with surface plasmon propaga-
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Power flow, time average, z component (W/mz)
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Figure 4.16: Poynting vector distribution along the cross section of the stripe
waveguide. Curved black line shows the integration area where P, > maz(P,)/e>.
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Figure 4.17: The dependence of the dielectric loaded waveguide characteristic
impedance from the width.

tion along the waveguide. Therefore, the assumption of lossless or even low-loss
transmission line is inappropriate. Therefore, the general equation (Eq.4.5) needs
to be solved to calculate the line impedance. Since the problem becomes analyti-
cally intractable FEM simulations must be used in order to estimate the value of
the particular transmission line characteristic impedance. In the near-infrared, how-
ever, this strategy provides a useful design alternative to computationally prohibitive
full-field approaches [115, 116, 113].
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4.5 Fabrication

Plasmonic input ports with waveguide widths of 0.5, 1.5, 2.5 and 5 pm were fabri-
cated and measured as a proof of concept. It was decided to use a through grating
design (see Fig.4.3b) to excite surface plasmons. The approach discussed in Section
4.2 was utilised to find a suitable grating period for Au and Al films. The waveg-
uides were fabricated on [100] n-type (phosphorus doped) silicon wafer with a bulk
resistivity of 1-10 Q-cm. The wafer was covered with a 280 nm thick layer of PMMA
A4 950k resist and exposed to create structures using a 100 kV EBPG5000+ elec-
tron beam lithography (EBL) system. The pattern was developed in 1:3 MIBK:IPA
solution for 1 minute followed by 30 s rinsing in IPA and deionised water. The
native oxide layer under the waveguides was stripped using 4% hydrofluoric (HF)
acid. The wafer was then cleaved in two parts separating the structures for Au and
Al evaporation. The samples were sequentially loaded into IntlVac NanoChrome
IT e-beam evaporator. The adhesion titanium layer with a thickness of 2 nm was
deposited at 0.2 A/s followed by 85 nm of gold deposited at 0.6 A/s evaporation
rates. The 85 nm thick aluminium film was evaporated at 0.6 A /s rate without an

adhesion layer. After evaporation a lift-off step in hot acetone was performed.

4.6 Experimental results

SEM images of the aluminium and gold waveguides are shown on Figure 4.18. As
can be seen, the aluminium film (see Fig.4.18a) is very grainy and non-uniform. It
was assumed that such a poor film quality is caused by a non-optimal evaporation
rate [158]. Several additional samples were fabricated using different evaporation
rates from 0.2 to 1.5 A/s. Although the film quality was slightly dependent on the
rate, the results were similar to the first sample. The surface plasmons propagating
along such film will experience additional attenuation as the corrugations on the
film may induce scattering [26]. The spots around the waveguides are result of local

native oxide etching due to the HF acid penetration through the PMMA layer.

In the case of the gold film, it was found that the evaporation rate of 0.6 A/s
provides a smooth, small-grain film (see Fig.4.18b). The experiments showed a good
repeatability of the results. Surface plasmons propagating along this film would be

expected to have a propagation constant closer to theoretically calculated values.
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Figure 4.18: SEM images of 500 nm wide aluminium (a) and 2.5 pm wide gold (b)
waveguides respectively. The scale bar for image (a) is 3 pm and 5 pm for (b).

a b

Figure 4.19: Optical images of 0.5 and 1.5 pm waveguides made of aluminium
(a,b) and gold (c,d).

Therefore, gold films were chosen for plasmonic input ports fabrication.
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The fabricated plasmonic ports (see Fig.4.19) were then analysed using a Nanon-
ics Multiview 2000 NSOM system. Due to the limitation of the available tool, a 1064
nm laser was used to excite surface plasmons. To accomodate the change in wave-
length the excitation grating was redesigned to have a period of 1040 nm and 50%
duty cycle while the excitation grating design, the rest of the port structure remained
unchanged. An NSOM probe (in collection mode) with an aperture diameter of 500
nm was used to map the propagating plasmons.
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Figure 4.20: The AFM scans (a,c) and surface plasmon maps (b,d) of the 0.5 and
1.5 nm wide gold waveguides respectively.

Figure 4.20 shows AFM scans of 0.5 and 1.5 pm wide waveguides and their asso-
ciated surface plasmon maps. NSOM maps (see Fig.4.20b,d) confirm the excitation
of SPPs and their propagation along the waveguide. As can be seen, in the case
of the 500 nm wide waveguide (see Fig.4.20a) the surface plasmons decay faster
and have a shorter propagation length compared to the 1 pm wide waveguide (see
Fig.4.20c). This is in a good agreement with theoretical predictions as discussed in
Section 4.2 (see Fig.4.12).

Aluminium waveguides were also been studied using NSOM. As can be seen from
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Figure 4.21: The AFM scan (a) and surface plasmon map (b) of the 5 pm wide
aluminium waveguide.

Figure 4.21b, the excited surface plasmon decays much more quickly than the gold
waveguide. It should also be noted that surface plasmons in Al waveguides were
studied only for the 5 pm wide waveguide where the attenuation is the lowest. The
poor film quality and high losses associated with aluminium make its utilisation
for SPP waveguides impractical, at least in the visible and near-IR regions of the
spectrum. Although gold is not currently compatible with CMOS technology, several
techniques such as utilisation of a barrier metal such as Ti or W [159, 160] can be

used to incorporate such plasmonic ports the integrated circuits.

4.7 Conclusion

In summary, the proposed design for a stripe waveguide coupled with a plasmonic
input port provides a key component for compact plasmonic integrated circuits. The
mode analysis undertaken and studies into changing the waveguide shape indicate
the possibility of improving the propagation length of SPPs by a factor of up to 4.3
in comparison with a waveguide with a rectangular cross section. A plasmonic port
was fabricated in Au and Al and experimentally analysed using NSOM technique,
confirming its functionality in the case of Au. The proposed structure is potentially
CMOS compatible and very flexible, and could be adjusted to particular needs

following the design sequence described in this chapter.
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Moving the operating wavelength into the NIR part of the spectrum can suffi-
ciently improve the propagation length. This opportunity was also considered but
due to the lack of NIR optics (objectives, waveplates, filters) and electrical equipment
(lock-in amplifiers) for characterisation it was decided to focus on visible response.
Nevertheless, the results obtained within this project proved the concept can be
extended to NIR.

This design is used further in this work as a base structure in conjunction with
semiconductor detectors and absorption modulators. In the next chapter a planar
surface plasmon detection technique will be discussed and experimentally demon-
strated.
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detection

5.1 Introduction

In order to utilize surface plasmons as a signal carrier it is essential to provide a
reliable detection mechanism. Numerous SPP detection techniques using nanowires
[161] or metal-insulator-metal waveguides [18] have been recently reported. Al-
though these approaches showed a good capacity for detecting surface plasmons,
their practical application is limited by complexity of design and fabrication. For
smooth integration of plasmonic interconnects with detectors a planar geometry
and reproducible characteristics are essential. Furthermore, for modern electronic
applications, minimising the device footprint is critical. In this section a nanoscale
alternative, based on utilising a metal-semiconductor-metal photodiode coupled to a
plasmonic waveguide suitable for in-plane SPP detection is proposed. A device such
as this could form one of the building blocks for high-speed optoelectronic integrated

circuits.

5.2 Surface plasmon detection

One of the possible approaches for surface plasmon detection is based on outcoupling
back to the far-field. Far-field outcoupling opens up an opportunity to use conven-
tional photodiodes to detect surface plasmons instead of bulky and more expensive

scientific instruments such as NSOM or utilising quantum dots.
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5.2.1 Electron-hole pair generation

If the energy of the surface plasmon is larger than the bandgap of the semiconductor
(hv > E,,) it will be absorbed in it, generating a electron-hole pair. This pair can
be separated by an electric field, creating a photocurrent. This photocurrent is

proportional to the power absorbed in the semiconductor.

The optical power absorbed in the silicon per unit volume at a particular fre-

quency can be calculated using the energy flux - divergence of the Poynting vector

(S):

P(7,w)apsorp = —R{V - S}. (5.1)

According to the Poynting theorem [162] the continuity of the energy flow can

be found using the following equation:

V-S= -[jewE-E*—j,uwﬁ-I:I*—E-J* ; (5.2)

N —

where E - J* represents either a power dissipation due to ohmic losses or power
generation by the energy source inside the volume, uwlzl - H* is an energy stored in

the magnetic field and ewE - E* is an energy stored in the electric field respectively.

Since there are no power generators in silicon and for simplicity the ohmic and
magnetic losses are neglected compared to the electric losses, the equation (Eq.5.2)

can be further simplified:

(5.3)

As can be seen, in this case the power absorbed in the silicon is proportional to
the imaginary part of the dielectric permittivity. Assuming all the photons absorbed
will generate an electron-hole pair (since other effects are neglected) the spatial

distribution of the generation rate can be found using following expression:
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P r, absor

= S{e(Fw)} | BFw)| (5.4)

‘2
where hw is energy of photon which is equal or larger than the bandgap energy of
the semiconductor. The total photocurrent based on electron-hole pairs generation
can be calculated by performing a volume integration over the active region of the

photodetector:

I(w) = /qF(F,w)dV = q/I’(F,w)dV, (5.5)

where ¢ is an electron charge.

For the case when the photocurrent is generated by direct absorption in a semi-
conductor (electron-hole pair generation) almost any type of the photodiode can be
used to detect surface plasmons. For example the p-n junction based photodetectors
can exhibit a high responsivity, while photodetectors based on the Schottky barrier

can provide a higher operation speed.

5.2.2 Hot-electron generation

Conventional PN or PIN junction based photodiodes are incapable of detecting
photons with energies below the bandgap of the semiconductor. Nevertheless, the
low-energy photons can still be detected by means of Schottky photodiodes. This
type of photodiode is based on a metal-semiconductor barrier which is usually lower
than the bandgap of the semiconductor [85]. The power absorbed in the metal can
deliver sufficient kinetic energy to the electrons to overcome the potential (Schot-
tky) barrier. Therefore, if the photon has an energy lower than the semiconductor
bandgap but larger than the Schottky barrier (Pp < hv < E,) it can generate
a hot-electron which can be swept by the electric field through the depletion re-
gion and detected as a photocurrent. This process can be enhanced by multiple

reflections from the boundaries [163] in a thin metal film.

Since a Schottky photodiode detection mechanism is based on internal photoe-
mission the internal quantum efficiency (7;) is dependant on the probability of a hot-

electron overcoming a metal-semiconductor barrier. Therefore, the internal quantum
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efficiency can be found using following expression [163]:

1 hv

.=— | P(E)dE, 5.6
= . (E) (5.6)

where h is a Plank’s constant, v is a wave frequency, ® g is a Schottky barrier height
and P(FE) is a probability of an internal photoemission of an electron with a certain

energy E.

The internal photoemission probability is dependent on many parameters such
as the structure shape, the metal used and its quality. Therefore, the analytical
calculation of the integral in (Eq.5.6) becomes complicated and may be inaccurate.

Thus, a FEM simulation can be performed to calculate it numerically.

As mentioned before, the photocurrent generated by a Schottky photodetector is
proportional to the internal quantum efficiency and can be found using the following

equation:

I=qn, (5.7)

where ¢ is the electron charge.

The responsivity of the photodetector describes the ratio between the optical

power at a specified wavelength and the generated photocurrent:

. I _qns
R=o5=12". (5.8)

5.3 Metal-semiconductor-metal photodetectors

Metal-semiconductor-metal (MSM) photodiodes are commonly used in ultrafast op-
toelectronic devices. It has been shown that Si-based MSM photodiodes can operate
up to a frequency of 140 GHz [164], demonstrating that very high-speed operation
can be achievable. It was recently showed [39] that by utilizing the properties of

plasmonic structures it is possible to design photodetectors that are sensitive to the
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polarization state of an incident optical beam.

Figure 5.1: Schematic representation of a waveguide-coupled MSM photodetector
with excitation grating.

An MSM photodetector consists of two interdigitated metal electrodes (see Fig.5.2b)
deposited on a low-doped semiconductor. Each of these electrodes forms a Schottky
