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ABSTRACT

The transmission line impedance of traveling-wave diodes can circumvent resistance-capacitance time constant limitations of
metal-insulator-metal diodes in rectennas operating at optical frequencies. We performed three-dimensional simulations of a traveling-wave
diode rectenna using a linear finite-element electromagnetic solver. We develop a method to analyze metal-insulator-metal traveling-wave
rectennas by using the field profiles from the linear finite-element solver and accounting for the nonlinear current-voltage characteristics
during postprocessing. The traveling-wave diode length produces resonance at half surface plasmon wavelength intervals. With optimized
cross section and length parameters, we observe a peak system responsivity of 239 uA/W and a detectivity of 5.7 x 10* Jones.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083154

I. INTRODUCTION

A rectenna is an antenna coupled to a diode. The antenna
absorbs an electromagnetic wave and the diode rectifies the signal
to give a DC output. Rectennas were first demonstrated at micro-
wave frequencies by Brown in the 1960s."” Optical rectennas were
first proposed in the 1970s by Bailey.” While microwave rectennas
can make use of semiconductor diodes and can operate at power
conversion efficiencies up to 90%," optical rectennas require an
ultrafast diode to operate in the terahertz region. Semiconductor
diodes are limited by plasma frequency and electron mobility. For
this reason, metal-insulator-metal (MIM) diodes, which use femto-
second fast electron tunneling for rectification, are an excellent
candidate.”™ However, a fast rectification mechanism is not the
only requirement. For efficient AC-to-DC conversion, a good
impedance match between the antenna and the diode is required
to maximize transferred power and ensure a low resistance-
capacitance (RC) time constant.''" Given the inherently capacitive
structure of an MIM diode and the trade-off between resistance
and capacitance with area, the fundamental cutoff frequency of a

lumped-element MIM diode is in the low terahertz, that is,

1
Jeutolf = 37 RC" )

One proposed solution to overcome the RC time constant
limitation is the traveling-wave diode (TWD)." In such a configu-
ration, the antenna excites a surface plasmon wave that travels
down the MIM transmission line. As the wave propagates, it is
rectified by the MIM diode. Since the antenna is now loaded by a
rectifying transmission line, the impedance seen by the antenna
is the input impedance of the line, rather than the capacitive
lumped-element MIM impedance. The TWD optical rectenna
concept has been demonstrated experimentally in a waveguide-
coupled configuration at 1.6um'” and a free-space illumination at
10.6um."* Previously, the finite-element method (FEM) was used
to examine the effects of the cross-section geometry on the TWD
rectenna performance with the assumption that the TWD length is
much longer than the plasmonic decay length.'”™"” In these cases,
the nonlinear characteristic of the MIM junction cannot be
included in the finite-element analysis. In other work, the nonlinear
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current-voltage [I(V)] characteristic was included in a finite-
difference time domain (FDTD) simulation examining a TWD for
pulse detection.'® In this work, we focus on the effect TWD length
has on the overall performance of the rectenna system using the
COMSOL RF module finite element solver.

Il. TRAVELING-WAVE STRUCTURE

A TWD differs from a lumped-element rectenna primarily in
the method it is fed from the antenna. In a lumped-element confi-
guration, the diode is located at the feed-point of the antenna,
where it receives a voltage signal uniformly across the diode as the
signal from each antenna leaf enters from opposite sides of the
diode. A TWD, on the other hand, requires a transition at the feed-
point of the antenna so that the signal from the antenna can
couple to the MIM transmission line. This transition excites a
surface plasmon mode at the MIM interface. In this way, the power
from each antenna leaf propagates in the same direction away from
the antenna feed-point and along the TWD. We discuss coupled
surface plasmon modes in detail in Sec. IV.

Figure 1 shows an implementation of TWD rectenna with
a bowtie antenna, which is similar to the experimental device
(but with a simplified geometry) from our previous work.'* This
experimental device was fabricated on a silicon substrate coated
with a 300 nm thick layer of silicon dioxide. The space above the
device is air. Coherent, plane-wave, 10.6 um radiation illuminates
the device from the top xz-boundary, port 1, on the air side of
the antenna. The vertical boundaries (xy and zy) are periodic
(effectively a two-dimensional array) on a 10 x 14 um? pitch in the
x and z directions, respectively. This maintains the plane-wave
nature of the illumination and provides a slight boost to antenna
performance over nonperiodic boundary conditions. The illumina-
tion is polarized along the x-direction, in line with the antenna

10.6 um plane- 1

MIM

wave illumination

FIG. 1. lllustration of TWD rectenna geometry and illumination conditions. The
TWD is the dark gray part of the rectenna structure; the antenna is the light
gray part. From each leaf of the antenna, a curved trace extends. These two
curved regions are the transition region, which is considered to be part of the
antenna.
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axis, for maximum absorption. The antenna length, Ly, is 5.2 um,
and the antenna flare angle, 6, is 42.5°. We consider the transi-
tion at the feed-point to be part of the antenna for the discussion
of impedance matching between the antenna and the TWD. This
transition uses 250 nm wide metal traces that make 90° turns about
a rotation point of 250 nm from the edge of the trace. We use a
gold bowtie antenna and hold the geometry constant.

To understand the effects of the TWD dimensions, we varied
the TWD length, L4, from 300 nm to 2 um. We also explored the
effect of the metal thickness, t,, (60 nm, 120 nm, and 240 nm),
which is effectively the transmission line width because the diode is
formed on the edge. Finally, we explored a small range of insulator
thickness, ¢t (2.5nm and 5nm). While changes in ¢ have some
effects on the TWD transmission line characteristics, the diode
I(V) characteristics are extremely sensitive to changes in the insula-
tor thickness. Because of this sensitivity, ¢ is chosen primarily to
achieve the desired I(V) characteristics, namely, low resistance and
high asymmetry. The nonlinear and asymmetric characteristic of
an MIM I(V) curve arises from the nature of electron tunneling.
For practical, low-resistance, MIM diodes, the diode total insulator
thickness must be between 2 and 6 nm because of the exponential
dependence of tunneling current on insulator thickness.”'’ When
the MIM insulators are too thin, the diode responsivity drops
below 0.1 A/W. When the MIM insulators are too thick, the resis-
tance becomes too high (>20kQ). Despite the sensitivity of the
I(V) curve to insulator thickness, we use the same I(V) model for
both insulator thicknesses. This allows us to isolate the effect of
insulator thickness on the plasmonic properties of the TWD, by
excluding effects from changes in the I(V) characteristics.

The metal trace width of the TWD, w,,, is held at a constant
value of 250 nm. We estimate the skin depth of our metals at
28 THz to be between 50 and 100 nm. Since the trace width is
larger than the metal skin depth, the plasmonic prorogation will be
in part limited by the skin depth. This effect is included directly
through the values of the dielectric constants of the metals.

For these simulations, we use a double-insulator MIM diode
to take advantage of enhanced asymmetry and responsivity com-
pared to a single insulator.'”*’ Our analysis suggests that tunneling
is the dominant conduction mechanism, but we cannot rule out
additional charge trapping effects.”””> An analysis is available in
the supplementary material. The diode I(V) curve is based on an
experimentally measured Ni — NiO(3 nm)—Nb,0s(2 nm)—CrAu
diode similar to the experimentally measured TWD."* The I(V)
data are fit with the exponential model,”* described by the follow-
ing two equations:

I(V) — Io(thD(a,R;,V) _ edVD(a,RS,V)), (2)

Vpla, R, V) = V — I(V)(R, + aV?), (3)

where Vp is the voltage on the exponential characteristic of
the diode and V is the voltage on the series combination of the
exponential part of the diode and its series resistance. I is the
diode current, and the remaining variables (I, b, d, a, and R;)
are the fit coefficients. The fit parameters for the I(V) curve used
for this work are as follows: b=930V~!, d=831V]
Iy=151x10"*A, 0 =320 &, and R, = 0Q.
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To estimate the input power, P;,, we approximate the antenna
absorption area, Ay, to be the circle that circumscribes the antenna.
By choosing the largest possible physical area of the antenna, we are
conservative in our estimate of the power available for rectification.
Therefore, P;, is simply the product of Agps (24um?) and illumina-
tion intensity, I (10° W/m?, based on our measurement system).
Because the illumination is coming from the low-index side of the
antenna, the antenna directivity is poor in the direction of illumina-
tion,”* and the maximum absorption is limited to ~13%. This was
estimated by removing the TWD portion of the model and replacing
it with a lumped-port load that was conjugate matched to the
antenna impedance. With the perfectly matched load, the absorption
is the maximum absorption possible for that antenna/substrate com-
bination. While the free-space-to-antenna coupling is relatively poor,
it is sufficiently absorptive to provide the plasmonic excitation to
explore the effects of TWD dimensions on rectenna performance.
Therefore, even though the antenna optimization is important for
efficient overall rectenna operation, it remains outside the scope of
this work.

In the electromagnetic (EM) model, the two insulators are
combined into a single insulator with the total combined thickness,
t, and an average effective relative permittivity. We use €, = 8.5 for
NiO and €, = 20 for Nb,Os, which are between values found in
the literature and our measured values.'>>”° When exploring vari-
ations in the insulator thickness, a constant thickness ratio of 2:3
for Nb,Os to NiO is maintained, giving an effective relative per-
mittivity, €; = 11, calculated from series equivalent capacitance.
Using effective permittivity is a valid approximation as the field
confinement in the insulator is normal to the insulator interfaces,
as we show in Sec. IV. In practice, a thin (~3nm) Cr layer is
sufficient to achieve the desired I(V) characteristics.'* A metal,
such as Au, with better plasmonic properties can be added over
the thin Cr to improve TWD rectenna performance. We per-
formed a two-dimensional analysis in COMSOL of the TWD
cross section, as shown in the inset of Fig. 1. The results show
that the inclusion of the 3 nm layer of Cr has a small effect on
plasmonic propagation characteristics compared to Au only.
Specifically, without the Cr layer, the plasmonic decay length is
1.36um, and with a 3 nm layer of Cr, it is reduced to 1.31 um,
which is a reduction of less than 5%. In the model with no Au,
the decay length is only 570 nm. Therefore, in this simulation, we
ignore the thin Cr layer and make one lead of the TWD Au
(€, = —2842t01339*j)”” for enhanced plasmon propagation. The
other TWD trace is Ni (e, = —1416t0545*j).”” We have ignored
metal granularity in this model, which will likely degrade plas-
monic propagation in any experimental device.

11l. SOLVING FOR A NONLINEAR /(V) ELEMENT WITHIN
A FINITE-ELEMENT SOLVER

Linear FEM solvers are unable to incorporate the nonlinear
I(V) characteristics of a diode. Therefore, TWD tunneling and
rectification cannot be included in the EM simulation and must be
incorporated during postprocessing. Without the inclusion of the
diode I(V) characteristics, the MIM insulator is modeled as per-
fectly insulating in the EM simulation. Therefore, the decay of the
surface plasmon is solely the result of plasmonic resistive decay,
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i.e., resistive heating of the TWD. In reality, electron tunneling
through the insulator also consumes power from the plasmonic
wave and increases the rate of decay. This means that by ignoring
the tunneling in the EM simulation, we are making an approxima-
tion that underestimates the total plasmonic decay. For this approx-
imation to be valid, the total power taken from the plasmonic wave
due to tunneling, Pyue, must be much smaller (<5%) than the
plasmonic power, P, the power that enters the TWD at the boun-
dary between the TWD and antenna. In the case this condition is
not met, the resulting fields from the EM simulation require mod-
ification during the postprocessing to reflect the additional decay
due to tunneling.

Figure 2 illustrates the power flow through the rectenna
system and where we make the distinction between the EM model-
ing and the postprocessing rectification calculation. First, in the
EM portion of the simulation, a free-space wave is incident on the
antenna. A portion of the incident power, Pj,, is either transmitted
or reflected, while the rest is absorbed, P,. Of the absorbed power,
some is lost to resistive heating in the antenna; the rest is transmit-
ted to the TWD, Py, based on the impedance match with the
antenna. Of the power that is transmitted to the diode, some is lost
to plasmonic resistive decay. The remainder drives both forward
and reverse tunneling currents. This power flow, Py, is repre-
sented by a dashed arrow in Fig. 2 because it is excluded in the EM
model due to the exclusion of tunneling. The net DC output, Py, is
calculated from the net current due to the asymmetric electron
tunneling in the MIM junction, also known as short-circuit
current, I,.. The difference between Py, and the output power is
the power lost to reverse leakage. In this paper, we will direct our
analysis to finding the detectivity, D", which is a detector metric
calculated using I, shown in detail in Sec. V1.

Antenna
Resistive
Losses

Reflection/

e Antenna
Transmission

Impedance

Plasmonic
Electromagnetic Resistive

Simulation (EM)

Reverse

Leakage
Loss

Rectification Post-
Processing Calculation

FIG. 2. Power flow in TWD operation and the separation of the EM simulation
and postprocessing calculations. The total input power, P, is calculated from
the product of radiation intensity and absorption area. Loss mechanisms include
radiation not absorbed due to reflection or transmission past the antenna, resis-
tive heating of the antenna and TWD, and electron tunneling in the reverse
direction.
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IV. TWD SURFACE PLASMON THEORY

A metal-insulator interface supports a confined electromag-
netic mode, known as a surface plasmon polariton (SPP).”**’
When two metal-insulator interfaces share a thin insulator, the
SPPs on the two interfaces couple into either a symmetric mode or
an antisymmetric mode. This coupling usually occurs when the
separation between the two metal-insulator interfaces is less than
100 nm. Figure 3 shows the dispersion relationship for an
Au-insulator-Au MIM structure calculated using the Drude model.
We use the same effective insulator as in our TWD, €; = 11 with a
thickness of 5 nm. While the Ni-insulator-Au structure has slightly
different dispersion characteristics due to the difference in metal
dielectric constant values on either side of the insulator, the con-
cepts remain the same and the Au-Insulator-Au configuration is a
good approximation for the dispersion characteristics of our TWD
structure. The dashed curve represents the single interface plasmon
dispersion relationship. The single surface plasmon mode is
confined to the area below the light-line and below the surface
plasmon frequency, f,,

@p

Jor = om T el

where @), is the plasma frequency of the metal. When two single
surface modes couple, the symmetric and antisymmetric modes split
from the single surface dispersion curve. The smaller the metal sepa-
ration, the further the coupled modes move from the single surface.
For a metal-to-metal separation much smaller than the wavelength,
the symmetric mode exists above the surface plasmon frequency.
The Coulomb repulsion prohibits SPP of the same charge to travel in
phase without high energy, thus the symmetric mode dispersion is
found at high frequency. This quasistatic treatment of the transverse
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FIG. 3. Au-Insulator-Au dispersion characteristics for an MIM structure with a
5nm insulator. The antisymmetric and symmetric mode field characteristics are
illustrated next to their respective dispersion curves.

ARTICLE scitation.org/journalljap

field is generally valid for TEM transmission lines, assuming a negli-
gible variation in the transverse fields. Therefore, one can say the
“natural” mode of operation at low frequencies is the antisymmetric
mode, which is equivalent to differential transmission line modes,
hence the traveling-wave behavior of the surface plasmon. Given the
smaller effective wavelength (larger k,) for the plasmon relative to
free-space, a transmission line that supports an antisymmetric SPP
mode in the terahertz region is equivalent to what is known as a
“slow-wave” transmission line in RF.

The symmetric and antisymmetric modes are depicted next to
their respective dispersion curves. From the figure, it is clear that at
10.6um (~28THz), only the antisymmetric mode is accessible.
In this mode, there is a very large field confinement in the direction
perpendicular to the insulator, E,, as shown in Fig. 3, lower inset.
This is crucial to the operation of a TWD, as it is this field that
drives the electron tunneling through the asymmetric junction.
The symmetric mode has an electric field null down the center of
the insulator and cannot drive tunneling. Since the antisymmetric
mode never intersects the light-line, it cannot be excited directly
from a free-space wave, but rather require some sort of structure to
achieve a momentum match.” In our case, the antenna fulfills this
function.”' ™ The inclusion of the transition region, shown in
Fig. 1, adds sharp curvature that allows charge concentration with
alternating charges at smaller than the free-space wavelength peri-
odicity, i.e., the larger k, necessary for a momentum match.

V. EM SIMULATION RESULTS

We examine the field distribution at the center of the insulator
and along the length of the TWD structure for an illuminated
antenna to see what mode has been excited. Figure 4 shows the
field strength in the insulator along the TWD length.

5
25210 400
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X
27 - -field decay (e @134 #™)_ 300
1.5
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25 \ ‘ -400
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FIG. 4. Electric and magnetic fields (E, and H,) at the center of the MIM insu-
lator along the length of the TWD (z-dimension) with the insulator thickness (f)
of 5nm, the metal thickness ({n) of 120 nm, and the TWD length (Lwq) oOf
2.0um, for I = 1 x 105 W/m? illumination condition.
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The alternating polarity of E, confirms the excitation of the
antisymmetric mode described in Sec. IV. At the beginning of
the TWD, z = 0, E, starts in phase with H, showing that power is
propagating in the positive z-direction. Only at the end of the
TWD, we see a shift in the relative phases of E, and H, due to
reflections at the open transmission line termination. The reflection
off the end of the TWD also explains why the field exceeds the
expected decay envelope, represented by the dashed black line in
Fig. 4. We can see that the plasmonic wavelength, A, is ~928 nm
and the decay length, ¢, is ~1.34um. A larger ¢ is desirable as it
indicates less resistive plasmonic decay loss.

Table I summarizes the plasmonic wavelength, Ay, and decay
length, ¢, for the four TWD cross sections considered. This table
shows us that as t,, is reduced both £ and Ay, increase. As t is
reduced, both ¢ and Aspp decrease too.

We can calculate the total power absorbed in the rectenna, Py,
as the sum of the antenna resistive loss, the plasmonic resistive decay
loss, the reverse leakage loss, and the rectified output. In addition to
the xz upper boundary port where the plane-wave is excited, there is
a second xz boundary port, port 2, on the bottom of the silicon sub-
strate. This port calculates the through power, that is, the power that
is transmitted past the device and through the substrate. Given that
air, SiO,, and Si are all nearly lossless at 10.6 ,um,27 the power
absorbed in the rectenna can be approximated as the total power
absorbed in the system. The total power absorbed in the system is
the difference between the input power to the system and the sum of
the power that exits the upper and lower ports,

Paps = IAp (1 — [Sui* — [Su[*), (5)

where I is the input intensity, A is the area of port 1, and S;; and
Sy are the S-parameters for ports 1 and 2, respectively.

Length has an important effect on the total absorbed power,
as Fig. 5 shows. We see that the length of the TWD can establish a
resonant behavior. These resonant peaks occur at ~A,/2 intervals.
The size of the resonant peaks decreases for longer TWDs.
Additionally, the height of the resonant peaks decreases faster
for increased length when the cross-sectional geometry has a
shorter decay length, as is the case for the 2.5nm insulator.
From an impedance perspective, narrow transmission lines,
which corresponds to smaller ¢, result in a better coupling
efficiency to the antenna. This is due to the capacitive nature of the
antenna impedance. Perfectly matched source and load impedances
are complex conjugates of each other. With a narrower TWD, the
input impedance becomes more inductive, and, therefore, a better

TABLE I. TWD plasmonic wavelength and decay length.

Metal thickness (t,,)

Insulator
thickness () 60 nm 120 nm 240 nm
t=2.5nm Not simulated ¢ =760 nm Not simulated
Aspp =631 nm
t=5.0nm ¢ =142um Z=134um =126 um
Aspp = 1.06 Aspp =928 nm Aspp =850 nm
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FIG. 5. Fraction of the incident illumination power that is absorbed in the TWD
rectenna vs TWD length for different cross-sectional geometries (insulator and
metal thicknesses).

match to the antenna. We observe a similar effect with insulator
thickness, as t increases, the TWD capacitance is reduced, and the
match is improved. As the TWD becomes substantially longer than
the decay length, the variations in impedance with length decrease
as the antenna no longer sees the open circuit termination of
the line.

To confirm that the resonance behavior we see in Fig. 5 is
due to impedance match, we model the antenna and the diode
separately. We excite each structure at the interface where they
meet, illustrated by the TWD cross section in Fig. 1, using a
lumped-port voltage excitation. The voltage is applied from the Ni
(M1) to the Au (M2) across the TWD insulator. This allows us to
estimate the impedance of the two individual elements so we can
calculate the coupling efficiency. Of the three TWD dimensions we
vary, the two cross-section dimensions affect the antenna: t,, and ¢.
While we keep the antenna geometry mostly constant, we make the
small changes necessary to prevent sharp steps at the transition
boundary between the antenna and TWD. The antenna impedance
for the four sets of TWD cross-section dimensions is summarized
in Table II.

TABLE Il. Antenna impedance.

Metal thickness (t,,)

Insulator

thickness () 60 nm 120 nm 240 nm
t=2.5nm Not simulated 61-95j Q Not simulated
t=5.0nm 117-112j Q 80-104j Q 45-82j Q
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From the decoupled TWD simulation, the real part of TWD
input impedance for our geometries varies from 6 to 95Q and the
imaginary part varies from —8 to 63€Q. This variation comes
largely from the TWD length dependence. Using the antenna and
TWD impedances, the coupling efficiency is calculated using the
following equation:

4Rtwd Rant

= , (6)
(Rtwd + Runt)z + (thd + Xant)z

Me

where R, and X, represent the real and imaginary parts of the
antenna impedance, respectively. Ry,q and X, are the real and
imaginary parts of the TWD input impedance, respectively, not to
be confused with the diode DC resistance calculated by (14) and
used in (13) and (15). The resulting coupling efficiency from (6) is
plotted in Fig. 6 vs TWD length for the cross-section variations
of interest.

While the impedance coupling efficiency results are informa-
tive and show what sort of effect we should expect from TWD
geometry variations, they are more qualitative than quantitative due
to the method of excitation. Comparing Figs. 5 and 6, the geometry
effects are much more pronounced in the decoupled impedance
match calculation (Fig. 6). Figures 7(a) and 7(b) show the surface
currents at the cross-sectional boundary between the antenna and
TWD, illustrated in Fig. 1, from the decoupled antenna and TWD
simulations, respectively. These modes look very similar as both
were excited by applying a potential difference at the inner edges of
the diode metals. In both cases, the modes are contained tightly
around the diode insulator gap, where the excitation occurred.
Figure 7(c) shows the coupled antenna/TWD simulation and the
surface currents on the antenna/TWD interface are much more dis-
tributed. This is because in the coupled model, the entire rectenna

1
A-t=5.0nm, tm=60 nm
0.9 /A\‘ ot=50nm,t =120nm
08 / \ t=5.0 nm, tm =240 nm |

[\ ~»t=25nm,t_ =120 nm

e
3

o
)

Coupling Efficiency (n_)
°© o o o
4'94 w » [3,]

o
-

800 1000 1200 1400 1600 1800 2000
Ltw d (nm)

400 600

FIG. 6. Decoupled calculated impedance match efficiency for different TWD
geometries vs length of the TWD.
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is excited by a 10.6um plane-wave. In this case, all the surfaces of
the metal in the transition region, not just the surfaces at the MIM
junction, are used to carry current as the antenna concentrates the
plasmonic energy to the feed-point and the MIM insulator.
Because of the more concentrated current in the decoupled simula-
tions, Fig. 6, compared to Fig. 5, exaggerates the effect of changes
in geometry on the calculated impedance match.

VI. POST PROCESSING AND RECTIFICATION
PERFORMANCE

The MIM asymmetric tunneling characteristics are added in
postprocessing using the I(V) equation generated by (2) from
Ref. 23 to calculate the tunneling currents. We use a TWD rectenna
without an external DC bias, as it has an experimental advantage
of avoiding possible bolometric effects in a measurement. Since we
have a TWD, the MIM junction does not have the same voltage
everywhere. Therefore, we must use the DC I(V) characteristics
of the diode and the modeled electric field to calculate the current
through the insulator. Given the relative uncertainty of the insula-
tor thickness from the measured MIM diode, we want the tunnel-
ing estimate in the postprocessing calculation to be dependent on
the area of the simulated TWD but independent of the insulator
thickness chosen in the EM simulation. Therefore, we define a
voltage dependent conductance per unit area, G,(V), rather than a
conductivity. To convert I(V) to G,(V), we use the following:

1(V)
VLiwatm ’

Ga(V) = ™
where Ly,q is 3um and £, is 115 nm for the experimental device on
which the I(V) characteristic is based. Before proceeding to analyze
the rectification performance of the TWD rectenna with metrics
like detectiviy and short-circuit current, we need to check that our
assumptions are valid; specifically, that Pyuee is much less than
Pyp (<5%). The plasmonic power, Py, is the power that enters the
TWD in the form of a surface plasmon at the boundary between
the diode and the antenna. The amount of power transferred is
determined by the impedance match. It is calculated using the
Poynting vector integrated over the cross-sectional area of the
diode insulator in the plane normal to the propagation direction,

1 t (hm o .
P, =—J J Re(E, x H,) - zdx dy. (8)
2)oJo 4
Given the current distribution in Fig. 7(c), this calculation
tends to understate Py, as it only includes the power on the MIM
interface. To calculate Py, we take the average over a full 27
cycle of incident radiation of the tunneling power density (voltage
times current density) integrated over the yz cut-plane at the center

of the MIM insulator,
27 (Lpwa tm G.(E.t E2t2
J J M dydzdg, 9)

P =
tunnel J o oy

0 Jo

where E, is the electrical field in the x-direction, normal to the
MIM interface, and is a function of position (y and z), and phase
of the illumination wave, ¢. From evaluating (8) and (9), at a
maximum, Pyuug is 3.9% of the Pg,. Therefore, the additional
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FIG. 7. Surface current at the cross-sectional boundary at the TWD/antenna
interface. Normalized current density in decibels for (a) antenna only simulation,
(b) TWD only simulation, and (c) coupled simulation.

-100

plasmonic decay due to tunneling can be ignored. Now that we
have confirmed the validity of our initial assumptions, we can
calculate the final performance metrics such as short-circuit
current and detectivity. The first metric to calculate is short-circuit
current with an equation very similar to (9) for Pyune;. We integrate
the current density over the insulator area and average over a full
2z cycle of incident radiation,

20 (Lwd (G (B t)Eyt
Isc — a X ‘X )
J J J T dydzdd

0 Jo 0

(10)

Using short-circuit current, system responsivity can be
calculated as

ISC

P—m. (11)

.Bsys =

System responsivity is the ratio of DC current and optical

AC input power. From system responsivity, we calculate specific
detectivity,”*

*

D = %

1, (12)

AabsAf
where Af is the detector bandwidth, A, is the rectenna absorption
area, and I, is the noise current calculated in (13) from the
Johnson noise due to the diode resistance and the shot noise due to

DC bias,
/ 4kT
In = Af (Zquius + R_> .
0

In (13), k is the Boltzmann constant, g is the electron charge,
and T is the temperature, taken to be 300 K for this work. Iy is
the DC bias current, taken to be zero for this work as we have
modeled an asymmetric MIM designed to operate at zero-bias.

(13)

The zero-bias diode resistance, Ry, is calculated from (7) evaluated
at V=_0as

Ry = (Ga(0)Lyatm) . (14)

The detectivity from (12) can be simplified by combining
(12) and (13). The detector bandwidth terms cancel and leaves the
following:

Ry
* /
D= ﬁsys AAbS 4kT

Figure 8 shows detectivity vs length of various TWDs and a
lumped-element rectenna with the equivalent MIM area and junc-
tion characteristics as the TWD with ¢t = 5nm, t,, = 120 nm, for
any given length. For the lumped-element (LE) diode, short-circuit
current was calculated with the following:

(15)

Isc/LE = Pinnantncﬁo’ (16)

where 7,,, is the maximum antenna absorption given in Sec. I,
~13%, and f, is the zero-bias responsivity, 0.49 A/W, calculated
from the DC I(V) fit” summarized in Sec. 1. The coupling
efficiency, 7., comes from (6), where the TWD impedance is
replaced with the series equivalent of the diode resistance in parallel
with the diode capacitance (Ry||1/jwCy). The capacitance of the
diode, Cg, is calculated as the planar geometric capacitance.”
As expected, the lumped-element and the equivalent TWD detec-
tivities converge for extremely short TWDs. For the thin (2.5 nm)
insulator TWD, the detectivity is substantially lower than the
TWDs with 5.0 nm insulators. In Sec. II, we noted that we used
the same I(V) characteristics for both insulator thicknesses. From
Fig. 6, we know that the 2.5nm insulator has similar coupling
efficiency to the 5.0 nm insulator. Because of the identical I(V)

-@-TWD: t=5.0 nm, trrI =120 nm
10° 4 TWD: t=5.0nm,t_= 60 nm |
-=-TWD: t=2.5nm, tm =120 nm
- - LE: t=5.0nm,t =120 nm
m
e
G 10*
3
2
=
S
|3}
003" S. o ,
102 . . . | | . . .
400 600 800 1000 1200 1400 1600 1800 2000

Ltwd (nm)

FIG. 8. TWD detectivity vs TWD length for varying TWD cross sections and a
comparison lumped-element (LE) rectenna.
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characteristics and similar coupling efficiencies, we can conclude
that the lower detectivity of the thinner insulator is primarily a
result of the shorter plasmon propagation length.

For the two variations of the 5 nm insulator shown, the detec-
tivies exhibit the same trend established by the diode impedance
match in Fig. 6.

We compare the TWD in this work that has dimensions that
are closest to the dimensions of the TWD cross section from the
2D model used by Grover et al.'” Grover et al. used a 2D model
with t =2.0nm, t,, =100nm and assumed L, to be greater
than decay length. The most representative device from this work
is the TWD with t = 2.5nm, t,, = 120 nm, and L,y = 2000 nm.
The detectivity reported in Fig. 8 is lower by a factor of ~1600;
Grover reported 3 x 10°Jones at 10.6um, and we observed
1.85 x 103 Jones. This difference stems from three fundamental
expansions in this paper. First, Grover assumes a perfectly efficient
antenna, while our maximum absorption is ~13% due to the illumi-
nation from the low-index side of the antenna. Second, Grover also
assumes perfect impedance match, while our coupling efficiency is
calculated explicitly, simulated directly, and found to be ~22% (out
of the maximum ~13% absorption for our antenna, 2.8% was
observed in Fig. 5). Finally, Grover uses a biased responsivity
from a simulated I(V) curve that we estimate to be 14 times
larger than the zero-bias responsivity we use with our unbiased
detector. Additionally, using (13), we estimate our noise current
to be 5.5 pA. From (12), we can estimate Grover’s noise current
to be 3.3 pA, a factor of ~1.7 times lower than ours. Table III
summarizes the estimated effects of these differences.

The combined effects of the assumptions made by Grover
et al. result in an increase in detectivity and system responsivity by
a factor of ~860, which is the product of all four improvement
factors in Table I11: 8, 4.5, 14, and 1.7. The additional factor of ~2
could be due to any combination of a number of effects, including
slight variations in cross section, and different materials.
Considering Grover et al.’s idealistic assumptions, our results are
consistent with Grover’s predictions.

Using the design techniques in this paper, we observed a
~31x increase in detectivity, from 1.85 x 10° to 5.75 x 10 Jones,
from a device with a thicker insulator, narrower overlap, and
shorter length (t = 5.0nm, t, = 60nm, L;,; = 550nm) (instead
of t =2.5nm, t,, = 120nm, L,,; = 2000 nm that was most repre-
sentative of Grover et al. TWD). This improvement derives from
four improvements: First, the improved coupling efficiency

TABLE lll. Sources of discrepancy between simulations (Grover et al. vs this work).

TWD—(similar
to Grover et al.)

t=2.5nm Detectivity
Grover t,=120nm  improvement
Source of discrepancy etal.  Ly,g=2000nm factor
Antenna efficiency (n,)  100% 13% 8
Coupling efficiency ()  100% 22% 4.5
Diode responsivity (8,) ~7 A/W 0.49 A/W 14
Noise current (I,,) 3.3pA 5.5pA 1.7

ARTICLE scitation.org/journalljap

TABLE IV. Improvement factors.

TWD—(similar

to Grover et al.) Best TWD
t=5.0nm t=5.0nm Detectivity

Source of t,n =120 nm t,=60nm improvement
improvement L;,g=2000nm L,,;=550 nm factor
Coupling 22% 50% 2.3
efficiency (n,)
Diode area 2000 x 120 nm> 550 x 60 nm> 2.7
Decay length (£) 760 nm 1.42 ym 39

accounts for a factor of ~2.3 based on the higher absorption in
Fig. 5 (2.8% increased to 6.5%). Second, the reduced area
(2000 x 120 nm? decreased to 550 x 60 nm?) leads to a propor-
tionality higher resistance. From (15), detectivity scales as the
square root of resistance for a detectivity increase by a factor of
~2.7. Third, the thicker insulator and narrower overlap lead to a
longer decay length from Table I. We can estimate the improvement
in detectivity due to increased decay length from Figs. 5 and 8.
For the change in TWD cross section, holding the length constant
at 2000nm, the detectivity increases by a factor of 4.64
(1.85 x 10° Jones to 8.56 x 103 Jones). This increase is due to the
product of the improved coupling efficiency and the longer decay
length. The same comparison for absorption yields a factor of ~1.2
(2.84%-3.4%), which is due to the improved coupling efficiency
only and is unaffected by the increased decay length. Therefore, we
estimate the improvement due to increased decay length to be ~3.9
(4.64/1.2; the improvement due to both better impedance matching
and longer decay length divided by the improvement due to imped-
ance matching only). These first three factors, summarized in
Table 1V, multiply for an overall improvement by a factor of ~24
(the product of the first three improvement factors: 2.3, 2.7,
and 3.9). The final improvement of ~1.3 is the result of higher
electric field due to reflections at the open termination of the
TWD. When the device length is shortened, more power is
reflected. This increased refection leads to a higher field and larger
voltage swings on the I(V) curve and better rectification. Thus, we
examine how to design a TWD with coupling characteristics near
Grover’s idealistic assumptions.

Table IV contains TWD coupling efficiencies ranging from
22% to 50%. If we calculated the best lumped-element coupling
efficiency in Fig. 8, using the method described in Sec. VI, we get
0.034%. This is in an improvement of more than three orders of
magnitude.

VII. CONCLUSION

We have presented a comprehensive analysis of the interaction
between the antenna and the TWD. The analysis has taken into
account the nonlinear transmission line loading as a first order
approximation. We showed that such an approximation is valid for
low tunneling currents. We use this method to study the effects of
TWD cross-section dimensions and TWD length. At lengths greater
than the decay length of the surface plasmon, the effect of length is
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minimal. However, when the length is shortened to less than a decay
length, resonant peaks that appear as a function of length become
very pronounced. When the TWD input impedance is well matched
to the antenna impedance, we see resonance peaks that improve the
overall operation of the rectenna. The TWD improves the coupling
efficiency between the antenna and diode by more than three orders
of magnitude compared to the lumped-element. However, not all of
that improvement is realized in detectivity, where we only see an
improvement of about one order of magnitude in Fig. 8. This is
because the TWD has an additional loss mechanism: the plasmonic
propagation down the MIM interface. Despite the plasmonic loss
limiting the overall improvement, this TWD study demonstrates that
a carefully designed rectenna system can overcome fundamental limi-
tations such as RC time constant.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
MIM tunneling, diode I(V) characteristics, and field confinement
in the transition region between the TWD and antenna.
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