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ABSTRACT

An experimentally realizable prototype optical nanocircuit consisting of a receiving and an emitting nanoantenna connected by a two-wire
optical transmission line is studied using finite-difference time- and frequency-domain simulations. To optimize the coupling between optical
nanocircuit elements we apply impedance matching concepts in analogy to radio frequency technology. We show that the degree of impedance
matching, and in particular the impedance of the emitting nanoantenna, can be inferred from the experimentally accessible standing wave
pattern on the transmission line. We demonstrate the possibility of matching the nanoantenna impedance to the transmission line by variations
of the antenna length and width realizable by modern microfabrication techniques. The radiation efficiency of the emitting antenna also
depends on its geometry but is independent of the degree of impedance matching. The case study presented here provides the basis for
experimental realizations of general optical nanocircuits based on readily available gold nanostructures and a large variety of derived novel

devices.

Miniaturization and packaging density of integrated optics
based on dielectrics is limited by the wavelength scale modal
profiles of guided modes.! In contrast, plasmonic modes on
noble metal nanostructures offer strong subwavelength
confinement and therefore promise the realization of na-
nometer-scale integrated optical circuitry.>® A truly sub-
wavelength integrated optical circuit based on plasmonic
nanostructures will generally consist of (i) a set of optical
antennas*~” to efficiently excite specific local modes by far-
field radiation, (ii) a very small footprint network of optical
transmission lines® (OTLs) to distribute and manipulate
plasmonic excitations,’ !¢ and (iii) another set of optical
antennas to efficiently convert local modes into propagating
photons. The properties of metal nanoparticle chains,'”'8
metal nanowires,'®?° line defects in plasmonic photonic
crystals,?' as well as gaps,?? 2* and v-shaped grooves®?>2
in extended metal films have been explored as subwavelength
waveguides for light. Efficient launching of specific guided
modes on such structures is difficult since it requires
matching of both the small mode extension and the k-vector.
It has been shown recently that efficient coupling between
far-field photons and subwavelength spatial domains can be
achieved using resonant optical antennas.>’?’ 3! However,
so far optical antennas have mostly been studied as isolated
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elements. Here we consider optical antennas as integral parts
of an experimentally realizable integrated optical nanocircuit
where they act as efficient interfacing elements between
propagating photons and guided modes of a plasmonic two-
wire transmission line. We show by simulations that the
principles of classical transmission line theory, for example,
impedance matching,*? between the two-wire OTL and dipole
antennas are fully applicable at optical frequencies. Imped-
ances of optical circuit elements, in particular impedances
of isolated optical antennas, have been introduced before and
the possibility of tuning such impedances by optical nano-
circuits has been described.** 3¢ Here we exploit the fact that
the antenna impedance can be tuned by changing the
experimentally accessible antenna dimensions. We further
show that complex impedances of circuit elements at optical
wavelength may be experimentally obtained in terms of
reflection coefficients and that impedance matching can be
achieved at optical frequencies where connection wires of
finite width are used in contrast to well-defined feed points
typically encountered in the radio frequency (rf) regime.**
We finally determine the incoupling efficiency from a
receiving antenna into the two-wire transmission line, the
radiation efficiency of the emitting optical antenna as well
as the overall efficiency of the optical nanocircuit. We would
like to point out that because of the plasmonic character of
the metals at optical frequencies, which results in a finite
penetration depth of light into the metal and a shortened



Figure 1. Artists view of the overall geometry of an optical
nanocircuit consisting of a receiving antenna (left) and a two-wire
optical transmission line as well as an emitting antenna. The
receiving antenna is excited by a linearly polarized Gaussian source
and launches guided modes which propagate along the nanosize
two-wire optical transmission line. The emitting antenna (right)
converts guided modes into propagating photons. The inset shows
the corresponding equivalent circuit consisting of a generator, a
transmission line, and a load.

effective wavelength of surface waves, the results obtained
here cannot be derived by a simple scaling down of similar
systems used at longer wavelengths, where metals behave
as ideal conductors.

The system simulated by the finite-difference time-domain
method (FDTD Solutions, version 5.1.2, Lumerical Solutions
Inc., Vancouver, Canada) contains two dipole nanoantennas
connected by a nanosize two-wire OTL with a 30 x 30 nm?
quadratic wire cross section and a wire separation of 10 nm
equal to the feed-gap width of both antennas (see Figure 1).
The structure is made of gold (¢ = —26.57 + 1.66/)*” and
situated in air (¢ = 1) on top of a glass half-space (¢ = 2.11).
One of the antennas (left side, receiving antenna) is il-
luminated by a tightly focused Gaussian beam (spot size =
340 nm, A = 830 nm) from within the glass half-space with
polarization parallel to the antenna. Enhanced and confined
optical fields created in the antenna feed-gap are efficiently
converted into guided quasi-transverse electric (TE) modes
propagating along the transmission line, which are finally
converted into far-field photons by the second antenna
(emitting antenna). The equivalent circuit of the system is
shown in the inset of Figure 1. It consists of a generator
providing an ac-voltage at the chosen optical frequency
including the generator impedance Zg representing the
receiving antenna, a transmission line with characteristic
impedance Z, as well as a load impedance Z; representing
the emitting antenna. In the following we show that the
coupling efficiency between elements of this prototype
optical nanocircuit is governed by the degree of impedance
matching. We also outline how impedance matching can be
achieved by variation of experimentally accessible geo-
metrical parameters.

As a first step we optimize the coupling of the receiving
antenna to an infinitely long OTL, which is characterized
by its characteristic impedance, Z,>*?> To mimic an infinitely
long transmission line in the simulation, the OTL extends
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long enough (>3000 nm) inside the simulation area before
being terminated by the perfectly matched layer boundary.
Because of the considerable damping of the guided modes
on the OTL the amplitude of reflected fields reaching the
receiving antenna is negligible, as required for a system of
infinite length. To optimize the coupling of far-field power
into the OTL guided modes we vary the length of the
receiving antenna (cross section 30 x 30 nm?) and record
the intensity enhancement in the antenna feed-gap (point P)
and at an equivalent position at a distance of 1000 nm down
the OTL (point Q). The results are plotted in Figure 2a along
with the intensity enhancement obtained in the feed-gap of
an isolated dipole antenna of the same geometry. Compared
to the isolated dipole antenna, the OTL-connected antenna
shows a lower intensity enhancement but exhibits a resonance
at about the same total length of 200 nm, which is kept
constant in all further simulations. We tentatively conclude
that attaching a two-wire OTL oriented perpendicular to the
electric fields in the feed-gap does not significantly affect
the antenna resonance length. It is also evident that the
maxima of the intensity enhancements at point P and Q
coincide. This implies that the antenna resonance and the
coupling efficiency into the waveguide for the chosen
geometry can be optimized for the same antenna length.
Compared to the same transmission line without receiving
antenna, the far-field power coupling improves by more than
a factor of 200 with a resonant receiving antenna.

Having efficiently launched guided modes on the OTL we
are interested in their propagation constants.*> Figure 2b
shows the intensity enhancement along a line marking the
center of the transmission line (red cross in the inset), while
Figure 2c shows the intensity enhancement in a plane 15
nm above and parallel to the glass/air interface (red dotted
line in the inset). A strong exponential damping of the
intensity enhancement is observed with superimposed slow
undulations close to the receiving antenna. The slow undula-
tions are due to the beating of at least three modes with
different propagation constants (Supporting Information,
Figure S1). After a distance of 500 nm from the receiving
antenna these undulations cease and only the fundamental
mode prevails. A very small modulation is observed close
to the end of the simulation area due to a weak reflection
from the perfectly matched layer boundary. Exploiting this
modulation and the overall exponential decay we determine
the complex propagation constant of the guided fundamental
TE mode y = (0.00084 + 0.02802j) nm™~! by nonlinear
fitting of the curve in Figure 2b. From this we obtain a decay
length of 1190 nm and an effective wavelength of 224 nm,
which is much shorter than the free-space wavelength.?*
An independent simulation using the full-vectorial finite-
difference frequency-domain (FDFD) method*® (MODE
Solutions, version 3.0.1, Lumerical Solutions Inc., Vancou-
ver, Canada) yields similar results. The propagation constants
of the two higher-order modes (one very short-ranged, one
longer-ranged but very low intensity) are determined by a
stepwise fitting of respective segments of the decay (Sup-
porting Information, Figure S1). The inset of Figure 2b shows
the near-field intensity modal profile of the fundamental
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Figure 2. Receiving antenna and infinitely long optical transmission line. (a) Intensity enhancement in the feed-gap as a function of the
total antenna length for an isolated dipole antenna (black squares), the gap of an antenna connecting to the optical transmission line
(multiplication factor, x2; blue dots), as well as the field enhancement at an equivalent position 1000 nm down the optical transmission
line (multiplication factor, x10; red triangles). (b) Line cut of the intensity enhancement along the center of the transmission line. Red
dashed line shows the best fit. The inset shows the normalized modal intensity profile of the fundamental guided TE mode. (c) 2D map of
the intensity enhancement recorded in a plane parallel to the substrate, 15 nm above the glass/air interface, indicated by the red dotted line

in the inset of panel b. Note the unequal scales in x and y directions.

mode. The corresponding distributions of the electric (E) and
magnetic (H) field components are plotted in the Supporting
Information, Figure S2. The characteristic impedance of the
two-wire OTL is defined as Z, =V/I. The voltage V between
two finite-width wires is obtained by a line integral over the
complex electric field E from one wire core to the other, as
indicated by the red-dashed line in Figure S2, Supporting
Information, while the current [ is evaluated based on
Ampere’s law. Since the magnetic field H is zero at infinity,
we replace the typical close-loop integration path with a
sufficiently long path approximating a linear path from y =
—oo to y = +oo. The OTL characteristic impedance thus
obtained has a value of Z, = (216 — 5.5j) Q, which is
comparable to impedances of two-wire transmission lines
at radio frequencies.> The robustness of this method is
confirmed by the very weak dependence of Z; on the choice
of the integration path (AZ, < 6%), which is due to the weak
inhomogeneity of the field distribution inside the gap.
Knowing the complex propagation constant of the funda-
mental TE mode supported by the two-wire OTL and its
characteristic impedance we are able to quantitatively study
effects that occur in optical nanocircuits based on finite-
length OTLs. In Figure 3, we compare a finite-length open
OTL (L = 1344 nm, Figure 3a) with the same OTL
terminated by an emitting antenna serving as an arbitrary
load (Figure 3b). Corresponding 2D images of the intensity
enhancement recorded in the same plane as Figure 1c are
shown in the lower panel of Figure 3. Owing to a finite
impedance mismatch between the OTL and the load we
observe characteristic standing wave patterns. The complex
voltage reflection coefficient I'y for the discontinuity can be
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determined by nonlinear fitting of these standing wave
patterns between the centers of two antennas. As to be
expected from classical transmission line theory, the open
end termination of the OTL leads to a near 100% reflectivity
(ICyl = 95.6%) while the termination with the particular
antenna of Figure 3b results in a much lower reflectivity (I
= 37.3%). The deviation from perfect reflection of the open-
ended OTL is due to residual radiation from the truncated
finite-width nanowires.

Since the reflectivity is a direct measure of the impedance
matching between the OTL and the load, the load impedance
7y can be determined according to

1+T1,
ZL:ZOW

ey
once the complex reflection coefficient is known.*? This
approach avoids ambiguities that occur due to the fact that
at optical frequencies, as opposed to the radiowave and
microwave regime, the finite extension of nanostructures in
the optical nanocircuit can no longer be neglected since the
fields vary strongly over the emitting antenna’s gap volume
(see for example Figure 3b). Therefore, the concept of a feed
“point” is difficult to apply, which makes it impractical to
evaluate impedances by calculating the voltage to current
ratio. From an experimental point of view, since plasmon
propagation and standing waves on the OTL can be observed
experimentally, for example, by photoemission electron
microscopy*“*? or scanning near-field optical microscopy,**
it is possible to use this approach to determine impedances
of circuit elements at optical frequencies.
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Figure 3. Effect of different loads on reflectivity. Upper panels: Line cut and best fit (red dashed line) of the intensity enhancement in the
gap of a 1344 nm long optical transmission line terminated by (a) an open end (equivalent to antenna length 70 nm) and (b) a 200 nm long
emitting antenna. Lower panels: corresponding 2D field enhancement maps. The respective voltage reflectivities at the terminations are

indicated. Note the unequal scales in x and y directions.

To minimize the voltage reflection coefficient at the load
antenna, we scan the length and the width of the emitting
antenna to achieve optimal impedance matching. While the
effects of scanning the antenna length can be understood in
analogy to classical antenna theory, we assume that by
changing the antenna width we change the effective wave-
length of the plasmonic mode on the nanowire.*® Figure 4a
shows the voltage reflectivity [Tyl = (I'yI%)!"?] as a function
of the total length of the emitting antenna varied between
70 and 610 nm. Plotted in different colors are traces obtained
for antennas with widths of 30, 40, 50, and 60 nm, while
the structure height is always kept constant at 30 nm. All
plots clearly show two distinct minima, which can be related
to the respective best matching of the antenna impedance to
Zy for a given width. Using eq 1, the input impedances of
the respective emitting antennas can be calculated. The results
are plotted in Figure 4b. For a fixed antenna width, the
antenna impedance describes a spiral in the complex imped-
ance plane where the position of Z, is also marked. We
observe that as the antenna width is increased the average
radius of the impedance spirals decreases while simulta-
neously the spirals shift to smaller resistances. This behavior
is in full analogy to that of radiowave antennas.*> A shorter
distance 1Z;—Zl in the complex Z; plane indicates better
impedance matching. The shortest distance |Z;,—Zl on the
plane (Figure 4b) obtained for a 610 nm long and 50 nm
wide antenna corresponds to the minimum reflectivity (II'yl
= 2.7%) in Figure 4a.

We note that there are other parameters, apart from the
antenna width, that one may change to optimize the imped-
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ance matching between two-wire OTL and antenna, for
example, the widths of the OTL’s wires and the gap between
them, as well as the connection geometry.*’ Furthermore,
the analogy to classical transmission line theory suggests that
passive elements such as “stubs” may be used in passive
impedance matching circuits®? at optical frequencies.

Having optimized the impedance matching between the
OTL and the emitting antenna, we are interested in the
radiation efficiency of the emitting antenna as well as in the
overall power transmission of the circuit. So far we have
shown that by changing structural dimensions of the involved
circuit elements, impedance matching can be achieved and
IT'yl can be minimized. The minimum IT'yl, however, only
results in the maximum transportation of power if Z is real.
Since Z; is complex in our work, the time-averaged power
delivered to the load is not given by the difference between
the powers of the incident and reflected wave.* We therefore
employ the concept of power waves and Kurokawa’s
method*’ to describe the power flow in the optical nanocir-
cuit. Using the concept of power waves, the power reflection
coefficient I'p can be expressed as

ZL_ZZZ

7, + 7,

P =

2

where Z, represents the impedance seen by the emitting
antenna (load). T'p calculated according to eq 2 is plotted in
Figure 5a while an equivalent Smith chart, mapping the
modified impedance as mentioned by Kurokawa*’ and used

Nano Lett.,, Vol. 9, No. 5, 2009


http://pubs.acs.org/action/showImage?doi=10.1021/nl803902t&iName=master.img-002.jpg&w=453&h=261

0 100 200 300 400 500 600 700
Antenna length (nm)

m —=—30nm

4 =—o—40nm
—&— 50 nm
0.2 —— 60 nm

o
o
1

-0.2 1

Antenna reactance (kQ)

o
~
1

T T T ™ : T
0.0 0.2 04 0.6 0.8
Antenna resistance (kQ)

Figure 4. Emitting antenna: voltage reflectivity and antenna
impedance. (a) Voltage reflectivity as a function of emitting
antenna’s total length for antenna widths of 30 (black), 40 (red),
50 (blue), and 60 nm (green). (b) Input impedance of the emitting
antenna in the complex Z; plane. Representative error bars resulting
from uncertainties of the reflectivity’s amplitude and phase are
displayed for the 30 nm wide antenna. The open star represents
the position of Z,. Black arrows and circles denote the point of
best impedance matching corresponding to the closest approach of
antenna impedance and Z,. The gray arrows indicate the direction
of increasing total antenna length.

in passive RFID design,*8

Information, Figure S3.

Compared to the voltage reflection coefficient I'y in Figure
4a, I'p shows a similar trend with small deviations due to
the small imaginary part of Z,. For the design of structures
with high power transmission efficiency, the modified Smith
chart (Supporting Information, Figure S3) provides a quick
guideline by considering the distance of the respective load
impedance to the chart center, which is a direct measure of
I'p. Since I'p describes the power reflection, a minimal I'p
should result in a maximum power input to the respective
emitting antenna. We determine the net time-averaged power
flow P;, along the OTL, 95 nm in front of the emitting
antenna, by integrating the Poynting vector over a respective
plane perpendicular to the OTL, and normalize it with the
injected source power Pgyyce. As shown in Figure 5b, the
maxima of P;y/Pgoyce coincide with the minima of the power
reflection coefficient. To evaluate the radiation efficiency of
the emitting antenna, we obtain the power P, radiated from
the emitting antenna by integrating the outward Poynting

is presented in the Supporting
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Figure 5. Emitting antenna: power delivered and radiation ef-
ficiency. (a) Power reflection coefficient as a function of the antenna
length for antenna widths of 30 (black), 40 (red), 50 (blue), and 60
nm (green). (b) Input power and (c) radiation efficiency of the
emitting antenna, respectively, for the corresponding antenna
dimensions. The nonzero offset of P;, is due to the finite radiation
of the open-ended OTL and losses in the material.

vector over a closed box that encloses the emitting antenna
but excludes a small rectangular area where the transmission
line enters the box. We calculate the radiation efficiency 7oy
of the emitting antenna as*

POU
o = 3)

in

Figure 5c shows the radiation efficiency as a function of
the total antenna length for antenna widths varying from 30
to 60 nm. For all antennas the radiation efficiencies increase
markedly from close to 0 to about 60% when the antenna
length is increased to 200 nm. The first maxima of the
radiation efficiency curves seem to coincide with the first
minima of the reflectivity curves in Figure 5a, which is a
behavior not observed for the second reflectivity minima.
Indeed, we find that the concomitance of best conditions for
load impedance matching and for maximum radiation ef-
ficiency for the first reflectivity minimum is a coincidence.
As may be inferred from the deviations between reflectivity
minima and radiation efficiency maxima for the second
resonances there is in general no reason why an antenna that
provides good impedance matching should also provide high
radiation efficiency.

To estimate the overall performance of the optical nano-
circuit, we finally consider the power flow through the system
for the case of best matching, that is, for a 230 nm long and
50 nm wide emitting antenna. The time-averaged power
radiated from the emitting antenna P, can be expressed in
terms of the time-averaged Gaussian source power Py as
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Poul = 77tolPsource = nout(l - FP) e*2QL ninPsource (4)

where 7,4 is the total efficiency and #;, is the ratio between
the time-averaged power coupled into the OTL by the
receiving antenna and the source power Pguc.. The factors
(1 — T'p) and e 2%, respectively, take into account the power
reflection at the emitting antenna and losses along the OTL.
We obtain a total efficiency 7 = 2.65% and an efficiency
of the receiving antenna 7;, = 27.6%. The fairly large value
for ni, provides quantitative evidence that the receiving
antenna is an efficient collector of far-field radiation, while
the much lower value for the overall efficiency 7, is
dominated by propagation losses.

In conclusion, we have proposed and analyzed an experi-
mentally realizable prototype optical nanocircuit consisting
of a receiving and an emitting optical antenna connected by
a nanosize two-wire OTL. By evaluating standing wave
patterns we are able to investigate impedance matching and
absolute impedances of circuit elements at optical frequen-
cies. We also point out that a well-matched antenna does
not necessarily have the highest radiation efficiency. The
evaluation of standing wave patterns should be applicable
in practical realizations of optical nanocircuits to experi-
mentally determine impedances of optical nanocircuit ele-
ments. Finally, we analyze the power flow and give a
quantitative estimation of the relevant efficiencies for power
transfer in the system. Our work clearly shows that systems
of interconnected nanooptical elements can be optimized by
applying concepts of impedance matching which may also
be applied to understand and control the coupling between
single quantum emitters and metallic nanostructures.
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