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Abstract

The development of chip-scale electronics and photonics has led to remarkable data processing and
transport capabilities that permeate almost every facet of our daily lives. Plasmonics is an exciting new
device technology that has recently emerged. It exploits the unique optical properties of metallic
nanostructures to enable routing and manipulation of light at the nanoscale. A tremendous synergy can be
attained by integrating plasmonic, electronic, and conventional dielectric photonic devices on the same
chip and taking advantage of the strengths of each technology.

The ever increasing demand for faster information transport and processing capabilities is undeniable.
Our data hungry society has driven the enormous progress in the Si electronics industry and we have
witnessed a continous progression towards smaller, faster, and more efficient electronic devices over the
last five decades. Device scaling has also brought about a myriad of challenges. Currently, two of the
most daunting problems preventing significant increases in processor speed are thermal and RC delay
time issues associated with electronic interconnection [1-3]. Optical interconnects, on the other hand,
possess an almost unimaginably large data carrying capacity and may offer interesting new solutions for
circumventing these problems [4, 5]. Optical alternatives may be particularly attractive for future chips
with more distributed architectures in which a multitude of fast electronic computing units (cores)
need to be connected by high speed links. Unfortunately, their implementation is hampered by the
large size mismatch between electronic and dielectric photonic components. Dielectric photonic devices
are limited in size by the fundamental laws of diffraction to about half a wavelength of light and tend to
be at least 1 or 2 orders of magnitude larger than their nanoscale electronic counterparts. This obvious
size mismatch between electronic and photonic components presents a major challenge for interfacing
these technologies. It thus appears that further progress will require the development of a radically new
chip-scale device technology that can facilitate information transport between nanoscale devices at optical
frequencies and bridge the gap between the world of nanoscale electronics and microscale photonics. In
the following, we discuss a candidate technology that recently emerged [6, 7] and was termed
“plasmonics” [8]. This device technology exploits the unique optical properties of nanoscale metallic
structures to route and manipulate light at the nanoscale. A tremendous synergy could be attained by
integrating plasmonic, electronic, and conventional photonic devices on the same chip and taking
advantage of the strengths of each technology. In the following, we present some of our recent studies on
plasmonic structures and conclude by providing an assessment of the potential opportunities and
limitations for silicon chip-scale plasmonics.

Metal nanostructures may possess exactly the right combination of electronic and optical properties to
tackle the issues outlined above and realize the dream of significantly faster processing speeds. The
metals commonly used in electrical interconnection such as copper (Cu) and aluminum (Al) allow for the
excitation of surface plasmon-polaritons (SPPs). SPPs are electromagnetic waves that propagate along a
metal-dielectric interface and are coupled to the free electrons in the metal, as pictorially shown in Fig. 1
[9-11].
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From an engineering standpoint a SPP can be viewed as a special type of light wave and the metallic
interconnects that support such waves thus serve as tiny optical waveguides, termed plasmonic
waveguides. The notion that the optical mode (“light beam™) diameter normal to the metal interface can
be significantly smaller than the wavelength of light [12], has generated significant excitement and
sparked the dream that one day we will be able to interface nanoscale electronics with similar sized
optical (plasmonic) devices.

It is important to realize that with the latest advances in electromagnetic simulations and current
CMOS compatible fabrication techniques a variety of functional plasmonic structures can be designed
and fabricated in a Si foundry right now. Current silicon-based integrated circuit technology is already
capable of making nanoscale metallic structures such as the copper and aluminum interconnects that route
electronic signals between the transistors on a chip. This mature processing technology can thus also be
used to our advantage to integrate plasmonic devices with their electronic and dielectric photonic
counterparts. In some cases plasmonic waveguides may even perform a dual function and simultaneously
carry both optical and electrical signals, giving rise to exciting new capabilities [13].

In order to study the propagation of SPPs, we constructed a photon scanning tunneling microscope
(PSTM) [14] by modifying a commercially available scanning near-field optical microscope (a.-SNOM;
WITec GmbH; Ulm, Germany). PSTMs have been the tool of choice to characterize SPP propagation
along extended films as well as metal stripe waveguides [15-17]. Figure 2(a) shows schematically how a
microscope objective (Zeiss Alpha Plan-Fluar, 100X, NA=1.45) at the heart of our PSTM can be used to
focus a laser beam onto a metal film at a well-defined angle and thereby launch a SPP along the top metal
surface. This method of exciting SPPs makes use of the well-known Kretschmann geometry that enables
phase matching of the free space excitation beam and the SPP [18].
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Figure 2. (a) Schematic of the operation of a photon scanning tunneling microscope (PSTM) that enables the study of
surface plasmon-polariton (SPP) propagation along metal film surfaces. A red arrow shows pictorially how a SPP is
launched from an excitation spot onto a metal film surface using a high numerical aperture microscope objective. (b)
Scanning electron microscopy (SEM) image of the near-field optical cantilever probe used in our experiments. The tip
consists of a micro-fabricated, hollow glass pyramid coated with an optically thick layer of aluminum. Light can be
collected or emitted through a ~ 50 nm hole fabricated in the aluminum film on the top of the pyramid. (c) A cross-sectional
view of the same hollow pyramidal tip, after a large section was cut out of the sidewall with a focused ion beam (FIB) tool.
It is shown pictorially how the pyramidal tip in close proximity to the surface can tap into to propagating SPP and scatter
out a little bit of light through the ~ 50 nm hole. The scattered light is detected in the far-field, providing a measure of the
local field intensity right underneath the tip. By scanning the tip over the sample and measuring the intensity at each tip
position, images of propagating SPP can be created. (d) Shows an SEM image of a Au film into which a Bragg grating was
fabricated using a FIB. (e) A PSTM image of a SPP wave that was launched along the metal film toward the Bragg
grating. The back reflection of the SPP from the Bragg grating results in the observed standing wave interference pattern.



A sharp, metal-coated, pyramidal tip, as shown in Fig. 2 (b) and (c), is used to locally tap into the
guided SPP wave and scatter light towards a far-field detector. These particular tips have a nanoscale
aperture defined on the top of the pyramid through which light can be collected. The scattered light is
then detected with a photomultiplier tube. The detected signal provides a measure of the local light
intensity right underneath the tip and by scanning the tip over the metal surface the propagation of SPPs
can be imaged.

The operation of the PSTM can be illustrated nicely by investigating the propagation of SPPs on a
patterned Au film, as shown in Figure 2 (d). Here, a focused ion beam (FIB) was used to define a series
of parallel grooves serving as a Bragg grating that reflects SPP waves. Figure 2(e) shows the PSTM
image of a SPP wave excited with a 785 nm wavelength laser and directed towards the Bragg grating.
The back reflection of the SPP from the grating results in the observed standing wave interference pattern
in the image. From this type of experiment the wavelength of SPPs can be determined in a
straightforward manner and compared to theory. The PSTM can also be used to directly image SPP
propagation in plasmonic structures and devices of more complex architecture to elucidate their behavior.
This is quite different than typical characterization procedures for photonic devices in which a device is
seen as a black box with input and output ports. In such cases, the device operation is inferred from
responses measured at output ports resulting from different stimuli provided at input ports. The PSTM
provides a clear advantage by providing a direct method to observe the inner workings of plasmonic
devices, offering a peek inside the box.

The valuable information provided by PSTM measurements of plasmonic structures allows us to
evaluate the usefulness of plasmonics for interconnection. Plasmonic stripe waveguides provide a natural
starting point for this discussion as such stripes very closely resemble conventional metal interconnects.
In this study, electron beam lithography was used to generate 55 nm thick Au stripes on a SiO; glass slide
with stripe widths ranging from 5 um to 50 nm. Au stripes are ideal for fundamental waveguide transport
studies as they are easy to fabricate, do not oxidize, and exhibit a qualitatively similar plasmonic response
to Cu and Al [19]. Figure 3 (a) shows an optical micrograph of a typical device consisting of a large Au
area from which SPPs can be launched onto varying width metal stripes. An SEM of a 250 nm wide
stripe is shown as an inset. The red arrow shows pictorially how light is launched from a focused laser
spot into a 1 um wide stripe.
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Figure 3. (a) Optical microscopy image of a SiO, substrate with an array of Au stripes attached to a large launchpad
generated by electron beam lithography. The red arrow illustrates the launching of a surface plasmon-polariton (SPP) into
a 1 um wide stripe. (b), (c) , and (d) show PSTM images of SPPs excited at 4 = 785 nm and propagating along 3.0 zm,
1.5um, and 0.5 #zm wide Au stripes, respectively.



Figure 3 (b), (c) , and (d) show PSTM images of SPPs excited at A = 785 nm and propagating along
3.0 um, 1.5 um, and 0.5 um wide Au stripes. The 3.0 um wide stripe can be used to propagate signals
over several tens of microns. Similar to previous far-field measurements along silver (Ag) stripes [20], it
is clear that the propagation distance of SPPs decreases with decreasing stripe width. A better
understanding of this behavior can be obtained from full-field simulations and a recently developed
intuitive ray optics picture for plasmon waveguides [21-23].

Recent numerical work demonstrated that the modal solutions of plasmonic stripe waveguides are
hybrid transverse electric-transverse magnetic (TE-TM) modes, and therefore, proper analysis requires
numerical solution of the full vectorial wave equation [24-26]. To this end we developed a full vectorial
magnetic field-finite difference method (FVH- FDM) for solving the electromagnetic Helmholtz equation
[21, 27]. This is a frequency domain method and has clear advantages over the very popular finite
difference time domain methods. One particularly attractive feature is that realistic, frequency dependent
dielectric constants for the metals and dielectrics can be used as inputs to the simulation. Figure 4 shows
two modal solutions obtained with this method for a 55 nm thick and 3.5 um wide Au stripe on glass at
A=800 nm. It is worth noticing that SPP modes are supported on both the top and bottom Au surfaces.
These waves can simultaneously carry information without interacting. The mode propagating along the
top metal/air interface is called a leaky mode and the mode at the bottom metal/glass interface is called a
bound mode. The field associated with these modes have a large H, component, which is reminiscent of
the purely TM nature of the SPP modes on infinite metal films. For this reason they are often called
quasi-TM modes.
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Figure 4. Simulated surface plasmon-polariton (SPP) mode profiles appropriate to a 55 nm thick and 3.5 zm wide Au
stripe on a SiO, glass substrate. It shows both the leaky (left) and bound (right) SPP modes propagating at the top
air/metal and bottom glass/ metal interfaces. Both modes can be employed simultaneously for information transport.

In addition to calculating the field intensity distributions of SPP modes, the FVH-FDM also provides
values for the real and imaginary parts of the propagation constants. Figure 5 shows the complex
propagation constants (5, + i asp) determined for the lowest order leaky, quasi-TM modes supported by
55 nm thick Au stripes of various widths, W, at an excitation wavelength of 800 nm [21]. The inset in the
bottom graph shows the geometry used in the simulations. For this simulation the dielectric properties of
Au (&, =-26.1437 + 1.8497 i) at the excitation wavelength of A = 800 nm were used [28].
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Several important trends can be discerned from these plots. Similar to dielectric waveguides, larger
structures tend to support an increased number of modes. Higher order SPP modes exhibit a higher
number of maxima in the transverse magnetic field, Hy, along the x-direction. As the stripe width is
decreased to a couple times the excitation wavelength, the wave number, /A, for all modes starts to
decrease from the value of an infinitely wide stripe (%, = 1.02). The decrease of the propagation constant
with decreasing stripe width first results in a reduced confinement of the modes and finally cutoff occurs
for a width of ~1.3um. At this width the SPP propagation constant has become equal to the propagation
constant in air, 5. The diminished confinement for narrow stripes results in a concomitant increase in the
radiation losses into the high index SiO, substrate. This explains the larger s, observed for small stripe
width. The 0.5 um wide waveguide in Fig. 3 is below cutoff and does not support a quasi-TM mode. It
appears, however, that there is a finite propagation length, which can be explained by taking into account
the contribution to the measured field intensity from the radiation continuum (i.e. non-guided waves)
[23]. It is important to note that simulations also predict cutoff for the bound modes, albeit at a slightly
narrower stripe width [21].

The type of knowledge presented on the propagation behavior of plasmonic interconnects (mode size,
propagation length, and cutoff) is essential for chip-designers and process engineers. It is clear that the
short propagation distances found for plasmonic waveguides preclude direct competition with low-loss
dielectric waveguide components. However, plasmonic structures can add new types of functionality to
chips that cannot be obtained with dielectric photonics. One category of structures offering unigque
capabilities are active plasmonic interconnects. Such interconnects maybe offer new capabilities by
introducing non-linear optical or electrical materials into otherwise passive plasmonic waveguides [29].
If the non-linearities are strong enough, these devices can be made small compared to characteristic decay
lengths of SPPs and their performance parameters should not suffer from the unavoidable resistive losses
in the metals.

While we have shown that weakly guided stripe waveguides cannot achieve deep sub-wavelength
confinement, there exist alternative strongly guiding geometries which can provide markedly better
confinement. For the discussion on novel interconnection schemes, this category of structures is of great
interest. For example, Takahara’s original paper on SPP modes of a metal cylinder show that
subwavelength mode diameters are possible and propagation over short distances can be realized [12].
Waveguides consisting of two closely spaced metals also combine propagation distances of a few micron
with deep sub-wavelength confinement [19, 30, 31]. Figure 6 (a) shows a comparison of the propagation
lengths (1/e decay length in |E,J?) for planar metal\insulator\metal (MIM) waveguides and waveguides
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consisting of a metal film sandwiched between two insulators (IMI waveguides). These calculations
where performed using the well-established reflection pole method at the important telecom wavelength
of 1.55 um [32]. This technique, based on the transfer matrix formalism, monitors the phase of the
reflection coefficient denominator, and can be used to solve for the complex propagation constants of
both bound and leaky modes in lossy waveguides. We again used Au (ea, = -95.92 + i 10.97 at A = 1.55
um) as the metal and air as the insulator [28]. For a sufficiently large center layer thickness the
propagation lengths for these two types of waveguides converge to the propagation length found for a
single interface (dashed line in Fig. 6 (a)). This is reasonable since the SPP modes on the two metal
surfaces decouple when the spacing between them becomes large. As the center layer thickness decreases
and the SPPs at the two interfaces start to interact, the propagation length along MIM structures decreases
while it increases along IMI structures. In fact, IMI waveguides can reach centimeter propagation
distances for very thin metal films. For obvious reasons, these are termed long range SPP modes [33, 34].
These “large” propagation distances can be understood by realizing that the spatial extent of the modes at
these extremely thin metallic film thicknesses becomes as large as 10 um, as shown in Fig. 6(b). In that
case the SPP waves are almost entirely propagating in the very low loss air region with very little field
intensity inside the lossy (resistive) metal.
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Figure 6. (a) Plot of the surface plasmon-polariton propagation length as a function of the center layer thickness for
metal\insulator\metal MIM and insulator\metal\insulator (IMI) plasmonic waveguides. The calculations were
performed of the (a) propagation length and (b) spatial extent of the SPP modes as a function of decreasing center
layer thickness. The insets graphically illustrate plotted terms. The reflection pole method was used at A = 1.55xm and
Au was taken for the metal and air as the insulator

The MIM modes exhibit a continuous decrease in the propagation length as the center insulating layer
thickness is reduced. However, Fig. 6 (b) shows that by “pushing” the metals closer together it is feasible
to realize deep sub-wavelength mode diameters without running into problems with cutoff. For example,
the spatial extent decreases to about 100nm (< A/15) for metal to metal spacing of 50nm. It thus seems
possible to transport information in a deep sub-wavelength mode over short (~ 1 um) distances, which is
impossible with conventional dielectric components. For CMOS compatible Cu and Al plasmonic
waveguides similar numbers are found and were discussed in a recent publication [19]. Within the short
propagation distances MIM structures also allow for routing of electromagnetic energy around sharp
corners and split signals in T-junctions [35]. These unique features can be used to realize truly nanoscale
photonic functionality and circuitry [36, 37], although the maximum size of such circuits will be limited
in size by the SPP propagation length. It is important to realize that for every type of waveguide, there is



a clear, but different, trade-off between confinement and propagation distance (loss). The use of one type
of waveguide over another will thus depend on application specific constraints.

Based on the data presented above, it seems that the propagation lengths for plasmonic waveguides
are too short to propagate SPPs with high confinement over the length of an entire chip (~ 1cm).
Although, the manufacturability of long-range SPP waveguides may well be straightforward within a
CMOS foundry, it is unlikely that such waveguides will be able to compete with well-established, low-
loss and high-confinement Si, SisN, or other dielectric waveguides [38-40]. However, it is possible to
create new capabilities by capitalizing on an additional strongpoint of metallic nanostructures. Metal
nanostructures have a unique ability to concentrate light into nanoscale volumes. This capability has been
employed extensively to enhance a diversity of non-linear optical phenomena. For example, surface
enhanced Raman scattering (SERS) is widely used in the field of biology [41-44]. This technique makes
use of the enhanced electromagnetic fields near metallic nanostructures to study the structure and
composition of organic and biological materials. Enhancement factors on the order of 100 have been
predicted and observed for spherical particles. Even greater enhancements can be obtained near carefully
engineered metal optical antenna structures that basically resemble scaled down versions of a car antenna
[45]. Such antennas have recently even enabled single molecule studies by SERS and white-light
supercontinuum generation [46-48].

Despite the numerous studies on antennas in the microwave and optical regimes, their application to
solve current issues with chip-scale interconnection have remained largely unexplored. The field
concentrating abilities of optical antennas may serve to bridge the large gap between microscale dielectric
photonic devices and nanoscale electronics, as illustrated in Fig.7. This figure shows a detail of a chip on
which optical signals routed through conventional dielectric optical waveguides. The mode size of such
waveguides is typically at least one or two orders of magnitude larger than the underlying CMOS
electronics. An antenna can be used to concentrate the electromagnetic signals from the waveguide mode
into a deep subwavelength metal\insulator\metal waveguide and inject it into a nanoscale photodetector.
The small size ensures a small capacitance, low-noise, high speed operation. By using metallic
nanostructures as a bridge between photonics and electronics, one plays to the strengths of the metallic
nanostructures (concentrating fields and subwavelength guiding), the dielectric waveguides (low loss
information transport) and the nanoscale electronic components (high speed information processing).

. . . : Figure 7. Schematic illustration how a nanoscale
Microscale dle!ecTrlc wave,gwde, antenna structure can serve as a bridge between

l microscale dielectric components and nanoscale
electronic devices.
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Conclusions

Plasmonics has potential to play a unique and important role in enhancing the processing speed of
future integrated circuitry. The field of plasmonics has witnessed an explosive growth over the last few
years and our knowledge base in this area is rapidly expanding. As a result, the role of plasmonic devices
on a chip is also becoming more well-defined and can be captured in the graph shown in Fig. 8. This
graph shows the operating speeds and critical dimensions of different chip-scale device technologies. In
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the past devices were relatively slow and bulky. The semiconductor industry has performed an incredible
job at scaling electronic devices to nanoscale dimensions. Unfortunately, interconnect delay time issues
may limit processing speeds of purely electronic integrated circuits. In stark contrast, photonic devices
possess an enormous data carrying capacity (bandwidth). Unfortunately, dielectric photonic components
are limited in their size by the fundamental laws of diffraction, preventing the same scaling that was
possible for electronics. Finally, plasmonics offers precisely what electronics and photonics do not have:
The size of electronics and the speed of photonics. Plasmonic devices might therefore naturally interface
with similar speed photonic devices and with similar size electronic components. For these reasons,
plasmonics may well serve as the missing link between two device technologies that have a difficult time
communicating today. By increasing the synergy between these technologies, plasmonics may be able to
unleash the full potential of nanoscale functionality and become the next wave of chip-scale technologies.
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