Traveling-Wave Metal-Insulator-Metal Diodes for Infrared

Optical Rectennas
by
Bradley Pelz
B.S., Washington University in Saint Louis, 2010

M.S., University of Colorado, Boulder, 2017

A thesis submitted to the
Faculty of the Graduate School of the
University of Colorado in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Electrical, Computer, and Energy Engineering

2018



This thesis entitled:
Traveling-Wave Metal-Insulator-Metal Diodes for Infrared Optical Rectennas
written by Bradley Pelz
has been approved for the Department of Electrical, Computer, and Energy Engineering

Prof. Garret Moddel

Prof. Wounjhang Park

Date

The final copy of this thesis has been examined by the signatories, and we find that both the
content and the form meet acceptable presentation standards of scholarly work in the above
mentioned discipline.



Pelz, Bradley (Ph.D., Electrical Engineering)
Traveling-Wave Metal-Insulator-Metal Diodes for Infrared Optical Rectennas

Thesis directed by Prof. Garret Moddel

Infrared optical rectennas absorb electromagnetic radiation in a micro-antennas and rectify
the AC signal with high speed diodes. These devices have applications in detection and energy
harvesting. Metal-insulator-metal (MIM) diodes provide an excellent option for the high speed
diode required for optical rectification, but are limited by poor coupling efficiency to the antenna
due to their capacitive nature. One option to improve the antenna/diode coupling efficiency is the
traveling-wave diode (TWD). By changing the diode to an MIM transmission line structure that
acts like a distributed rectifier, the impedance seen by the antenna becomes the input impedance
of the transmission line rather than the capacitive impedance of the lumped-element diode.

The germanium shadow mask is an effective method for fabricating TWD rectennas and has
several benefits. First, this technique requires only a single lithography step, which helps reduce
processing time. The critical feature sizes are controlled by angled metal evaporations at a higher
resolution than the lithography used pattern the shadow mask. Finally, it keeps contaminates such
as photoresist away from the sensitive MIM diode junction and results in high diode yield.

A simplified TWD geometry is modeled in COMSOL. Since linear FEM solvers cannot handle
a nonlinear (V') characteristic, the rectification is calculated as part of the post processing. The
fabricated devices are experimentally measured with infrared illumination from a COq laser with
an automated measurement system. The measured system responsivites are as high as 471 pA/W,
which is within a factor of ten of a commercially available HgCdTe photodiode detector. With
additional development, the TWD is expected to surpass this existing technology.

Despite the coupling efficiency improvements of more than three orders of magnitude for
the TWD compared to the lumped-element, the overall improvement is limited. This limitation is

because in the TWD there is an additional loss mechanism: the propagation of the surface plasmon



iv
along the MIM interface. The thin insulator required to support electron tunneling leads to very
high field confinement and lossy plasmonic propagation. In a lumped-element rectenna, once the
AC power enters the diode, all of it is available to be rectified. Alternatively, in a TWD, since
all the rectification does not occur at the same location, the field that couples to the diode must
still propagate along the MIM interface, and this propagation loss becomes costly. Because of this
limitation, the traveling-wave rectenna probably cannot achieve efficiencies high enough for practical
energy harvesting in the current configuration. However, the work in this thesis has shown that the
coupling efficiency limitations of MIM rectennas can be circumvented through careful engineering
of the diode input impedance as seen by the antenna. This means that capacitance compensation
works, and high coupling efficiencies are possible. Infrared optical rectennas with some alternative,

low-loss, compensation structure show promise as energy harvesters.
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Chapter 1

Introduction

1.1 Rectennas

A rectenna, illustrated in Figure 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 microwave frequencies by Brown in the 1960’s (Neil et al., 1969). In the

1970’s Bailey proposed the concept of optical rectennas (Baileyl 1972)). Infrared optical rectennas
have potential applications in both detection and energy harvesting.
antenna

. DC
diode filter load

Figure 1.1: Rectenna diagram (Zhu, [2014).

While microwave rectennas can make use of semiconductor diodes and can operate at overall

power conversion efficiencies up to 90% (Zhang and Huang, 1980)), optical rectennas require an

ultra-fast diode to operate at in the terahertz region. The speed of semiconductor diodes is limited



by their plasma frequency and electron mobility. For this reason, metal-insulator-metal (MIM)

diodes, which use femtosecond fast electron tunneling for rectification, are an excellent candidate

(Hartman) [1962; Heiblum et al., [1978; Eliasson, 2001; Miskovsky et al., 2012; Nagae, 1972).

1.2 Metal-Insulator-Metal Diodes

MIM diodes are formed by separating two metals with a thin insulator (~2-6 nm). The
metal-insulator junction forms a barrier with a height, ¢, that is determined by the difference

between the metal work function and the insulator electron affinity as shown in Figure (a).

(a) (b) (c)
P 19,
v
dox dox dox
Equilibrium Forward bias Reverse bias

Figure 1.2: MIM energy band structure. Where M; and My are the diode metals, I is the diode

insulator with thickness d,;. The barrier formed between M; /T and Mz /I is ¢; and ¢o respectively.

When metals with different work functions are used on either side of the insulator, the two
metal-insulator junctions will have different barrier heights. At equilibrium, the Fermi levels of
metals align, and the conduction band of the insulator bends accordingly, as shown by Figure (1.2
(a). This asymmetric barrier gives rise to an asymmetric tunneling characteristic. When the diode
is forward biased, as illustrated in Figure (b), the insulator bends further, reducing the distance
the electron must tunnel. In the opposite bias, Figure (c), the effective tunneling distance is

increased, resulting in a lower tunneling current.

Adding a second insulator can make diodes more asymmetric (Grover and Moddel, 2012).

Double insulator MIM didoes fall into two categories, step diode and resonant diode. In the



resonant tunneling case, shown in Figure (a), the bending of the insulator conduction bands
forms a quantum well. When the structure is biased to drive electrons from M; to Mo, the Fermi

level of M; can align with the resonant states in the well, resulting in a high forward current.

(a) (b)
—_— P2
----- o]
I L,
M, ™ M M
4, 4 d

Figure 1.3: MIIM energy band structure (a) resonant diode (b) step diode(Joshi, [2015)). The
insulators, I; and Is have thicknesses d; and ds respectively. The metals, M; and My, form barriers

with height ¢p; and ¢y with their respective insulators.

Figure (b) shows a step diode energy band diagram. In a step diode, when the bias is
applied to drive electrons from Ms to Mj, the Fermi level of My can be raised far enough that
electrons that tunnel through Is are at a high enough energy to be injected into the conduction
band of I;. In the reverse direction, electrons must tunnel though both I; and Io.

Despite the ultrafast nature of electron tunneling (on the order of femtoseconds), a fast
rectification mechanism is not the only requirement of an efficient optical rectenna diode. The
efficiency of rectennas can be broken down into three major components shown in Eq. Nant
which is the antenna efficiency, n. which is the coupling efficiency between the antenna and the

diode, and finally, 74, the diodes rectification efficiency.

Tlrectenna = Tant")cTd (1 . 1)

The overall efficiency is the product of those components. For efficient AC to DC power



conversion, impedance matching is required to maximize power transfer (coupling efficiency) and
ensure a low RC time constant (Grover and Moddel, 2011; [Sanchez et al.l [1978). Given the inher-
ently capacitive structure of an MIM diode, and the tradeoff between resistance and capacitance for
changing area, the fundamental cut-off frequency of a lumped-element MIM is in the low terahertz.
Specifically, the coupling efficiency between a lumped-element MIM diode and an antenna can be

calculated as follows:

_ 4RARp
e = (Ra+ Rp)2 + (RaRpwC)?

(1.2)

In this equation, R4 is the antenna impedance, assuming the antenna reactance is negligible
compared to the diode reactance. The diode resistance is Rp, w is angular frequency, and C' is the

diode geometric capacitance.

€oerA

C= 7

(1.3)

where A is the diode area, d is the insulator thickness, and ¢, is the relative dielectric constant.
Using optimistic assumptions, d = 3 nm, R4 = 100 Q, Rp = 100 Q, ¢, = 8.5 (NiO), and A = (200

nm)2, I plot the coupling efficiency in Figure
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Figure 1.4: Coupling efficiency of lumped-element MIM diode

As Figure shows, even with these optimistic assumptions, ignoring the antenna reactance
and using a small-area 100 € diode, the coupling efficiency at 30 THz is only ~1%. When antenna

reactance is included, it can reduce the coupling efficiency by a factor of 10 or more.

1.3 Traveling-Wave Diodes

One proposed solution to overcome the RC time constant limitation is the traveling-wave
diode (TWD) (Estes and Moddel, 2006)). A TWD differs from a lumped-element rectenna primarily
in the method it is fed from the antenna. In a lumped-element configuration, 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. Figure (b) shows the TWD extending

perpendicular to the antenna axis from this transition region.
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Figure 1.5: TWD vs lumped-element configuration.

In such a TWD configuration, the antenna excites a surface plasmon wave that travels down
the line, as illustrated in (c) and (d). I discuss coupled surface plasmon modes in detail in
Chapter [5, Section 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 and resistive lumped-element MIM impedance.
The TWD optical rectenna concept has been demonstrated experimentally in a waveguide-coupled
configuration at 1.6 um (Hobbs et al., 2007)). 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 (Grover
et al., |2010; Hashem et al., 2014; Sayed et al., [2015). In these cases, the nonlinear characteristic of
the MIM junction cannot be included in the finite element analysis. In other work, the nonlinear
I(V) characteristic was included in a FDTD simulation examining a TWD for pulse detection (Lei
and Van, |2013)). In this thesis, I will discuss fabrication techniques, DC characterization, 3D FEM
modeling with estimations for rectification, and experimental testing of the optical response of

TWD rectennas at 10.6 um.



Chapter 2

Fabrication

2.1 Available Fabrication Techniques

One important fabrication requirement for optical rectenna MIM diodes is a small area. For
lumped-element diode rectennas, the small area is important for obtaining the low capacitance
necessary for best-case coupling efficiency. TWD’s require a small overlap (ideally < 100 nm) to
have a good impedance match to the antenna, as shown by TWD modeling in Chapter [l Because
of this small area requirement, it is common for MIM optical rectennas to be built using either
deep ultraviolet (DUV) lithography or electron beam (e-beam) lithography. The simplest way to

form a small area MIM device using high-resolution lithography, is to use a simple overlap structure

(Dagenais et al.| 2010; [Choi et al., [2011) depicted in Figure

Diode Oxides

Figure 2.1: Overlap MIM diode fabrication.



In this overlap process, the first metal, M1, is patterned using liftoff. Then the diode oxides
are either grown or deposited. Finally, the second metal, M2, is patterned by liftoff so that there is a
small overlap region. Unfortunately, there are several prominent problems with this process. First,
using liftoff to form the MIM junction can easily leave resist residue and disrupt the MIM tunneling
characteristics. The common practice of removing resist residue with an Os plasma descum cannot
be used with M2 in this process because the exposure to oxygen plasma will grow an uncontrolled
diode oxide. Second, even if the resist residue problem is avoided (possibly by using an etchback
process where metal is deposited everywhere before the lithography and etched to leave the desired
pattern), when this type of overlap is formed, there is both surface and edge conduction, which
limits the ability to control the diode characteristics as tunneling can vary greatly between the
vertical edges and the horizontal surfaces. This variation is usually attributed to nonuniform oxide
growth/deposition or the sharp corner in the middle of the junction formed by M1 at the transition
between the vertical and horizontal surfaces. This sharp corner generally leads to enhanced fields in
this area. The inability to distinguish surface and edge conductions disrupts the ability to engineer
the desired MIM (V') characteristics.

The problems of the overlap diode can be avoided with techniques such as the pillar process
shown in Figure (Herner et al., 2017bja). I have run and helped develop several similar
processes. These types of processes require at least four lithographic steps, and relies on a DUV

stepper to get small feature sizes (~(300 nm)? diode area), and good alignment.



(a) (b) Diode Stack

Thermal SiO,

(c) Diode Stack (d) Diode Stack

Pad Contact Pad Contact
Wiring M2
Diode Stack

(e)

PECVD SiO,

Figure 2.2: Pillar process MIM diode fabrication. (a) Wiring metal, M1, is patterned by liftoff.
(b) the diode stack, including diode insulators, is deposited and patterned by etchback. The stack
is capped in a refractory metal like Nb to provide a good chemical-mechanical polishing (CMP)
stop. (¢) The wafer is coated with SiO2 by plasma enhanced chemical vapor deposition (PECVD).
CMP planarizes the surface and exposes the top of the diode stack. (d) A large via is etched into
the PECVD SiOs to allow electrical contact the wiring M1. (e) The second wiring metal, M2, is

patterned by etchback.

While the pillar process can eliminate the problems associated with the overlap method, it
comes at a cost of a substantially more complex fabrication procedure. The pillar process has three
fundamental limitations that prevent me from using it to make TWDs. First, the minimum 248 nm
stepper resolution is ~200 nm. From the TWD modeling in Chapter[5] this is larger than the desired
MIM overlap. Second, the pillar process has slow turnaround. Given the experimental nature of
MIM diodes, a process with fast turnaround provides the beneficial opportunity to experiment with

different materials and oxide thicknesses. Finally, particularly in multi-user cleanroom facilities,
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like the ones available to me, achieving repeatable and reliable fabrication results with many process
steps often takes an extraordinary amount of development.

The germanium shadow mask (GSM) technique solves all three of these shortcomings. First,
it utilizes a single lithography step, that is completed prior to any material depositions. This is
ideal for experimenting with diode materials and oxide thicknesses. Second, it allows fabrication
of feature sizes beyond the resolution of the lithography. This improved dimensional control is
achieved by making use of a shadowing effects from suspended bridge and angled evaporations.
This improved control comes at a cost of pattern fidelity for other geometry features. Finally, by
employing a limited number of process steps, the GSM can achieve repeatable results with relative
ease, even with a multi-user facility. The GSM process is described in detail in the following section.

Additionally, GSM does not reintroduce any of the problems found in the overlap technique.
As soon as the diode MIM structure is deposited, no additional processing is required beyond an
acetone bath for liftoff. This limits the possibilities for contamination of the MIM junction. The
problems associated with edge conduction vs surface conduction are also avoided because angle
depositions required by GSM form an MIM junction at an angle, that is neither strictly surface or
edge. This angled junction also avoids the sharp corner found in the overlap process. I fabricated
all of my devices using a germanium shadow mask (GSM) technique similar to (Hobbs et al., 2005,
2007; |[Bean et al., 2011). One major difference from this previous shadow mask work is that I
adapted the process for use with a DUV 248 nm stepper rather than e-beam lithography. Using
a stepper allowed me to build many identical die, which provided some additional advantages for

optimizing the process, described in the following section.

2.2 Germanium Shadow Mask Process

I start with a 4 inch, high-resistivity, silicon wafer with a 300 nm layer of thermally grown
Si0g. I'spin 4% polymethyl-methacrylate (PMMA) in anisole solution on to the wafer at a thickness
of 260 nm. To ensure all the solvent is removed, I bake the wafer at 180° C for 15 minutes. Next,

I cover the surface with 60 nm of evaporated germanium. The top view in the insert of Figure
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shows the pattern printed on the surface with a ASML 5500 248 nm DUV stepper in the
nanofabrication cleanroom at the University of California, Santa Barbara. This pattern is one
representative geometry for a TWD rectenna with a bow-tie antenna and four-point probe leads
connected at the end of the TWD. I used anti-reflective coating and UVN2300-.5 resist or UV210,
depending on the tone of the reticle (I had reticles made with both tones). The stepper prints
~20 die (1-4 cm?) on the wafer. Each die contains many TWDs with varying geometries, primarily
variations in TWD length. I etch the pattern into the germanium with a CF4 reactive ion etch and
remove the under layer of PMMA with a O2 plasma clean. The Og plasma is run at a relatively
high pressure (~700 mT) to ensure the PMMA removal undercuts the Ge by at least a 0.5 um. The
insert in Figure is a top view and shows the location of the cross-section illustrated in the main
portion of the figure. The cross-section shows the resulting structure has a suspended Ge bridge
that is supported by PMMA in/out of the plane of the cross-section. The bridge length defines the

TWD length for the different devices in the die and ranges from 1 to 3 pm.
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Top View

Cr/Au
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Figure 2.3: TWD fabrication with germanium shadow mask.

While the GSM supports fabrication of many different MIM material sets, I will focus on
the one I found to be the most reliable, Ni-NiO(~3 nm)-NbgO5(~2 nm)-Cr/Au. Prior to diode
material deposition, the 4 inch wafer is diced into individual die (~1-4 cm?), as each die contains
plenty of devices (~50) for testing. After the wafer is diced, immediately prior to the first metal
deposition, an additional 30 second Oy plasma clean is performed to ensure the substrate is free
of organic contaminates. Then, Ni (M1) is thermally evaporated at an angle, ©; = 43°, from the
right. Depending on the specific PMMA thickness, Ge bridge width, and desired overlap, the ideal
angle for deposition can vary. However, since there are multiple die, corrections to deposition angle
can be made on subsequent die to achieve the desired overlap. This is one of the biggest advantages
of patterning with a DUV stepper rather than e-beam lithography.

After the nickel is deposited, a nickel oxide is grown in an Oy plasma (30 W, 50 mT, 30-60 s)
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to a thickness of ~3 nm. Then NbyOj5 is DC reactively sputter deposited (60 W, 2.5 mT, 60-100
s) from a Nb target in an Og/Ar plasma to a thickness of ~2 nm. To complete the MIM junction,
a 3 nm layer of Cr and a 30 nm layer of Au are evaporated at normal incidence. Finally, excess
material is lifted off in an acetone bath. The thin Cr layer forms a good barrier for an asymmetric
I(V') characteristic. The thick Au improves the plasmonic propagation characteristics of the TWD.

In order to have good control of the overlap dimension, I need tight control over the deposition
angle relative to the wafer. Figure shows how I used a self-leveling laser to accurate measure

the angle of the metal deposition, ©;.

Adjustable wafer mount Ruler
"\
flected Beam
+ hl hZ
Self-
leveling
laser
Horizontal Beam

Tungsten boat for metal
evaporation

Figure 2.4: Evaporation angle measurement.

The self-leveling laser emitted a level and plumb laser beams. The beam from the bottom of

the laser aligns the laser to the metal source. The horizontal beam is directed at a ruler mounted
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to a wall ~2 m away. The beam from the top of the laser reflects off the sample, which is mounted
at an angle, toward the wall-mounted ruler. The sample holder is mounted on a round rod, and
can be rotated to adjusted the angle of incidence, ;. As the wafer mounted is rotated clockwise
(counter-clockwise), 0; and ho decreases (increases). Using the height difference from horizontal
source beam and the reflected beam from the wafer, I calculated the metal incident angle relative
to the normal of the wafer using the following equation:

90° + arctan(t27™)
0, = 5

(2.1)

For L = 1760 mm, a 5 mm difference in the h; and ho gives a change in 6; of approximately
0.1° (near #; = 45°). With a PMMA thickness of 260 nm, this corresponds to theoretical overlap
control of ~1 nm. In practice, the control is not that good because of slight variations in PMMA
thickness and bridge width. In some cases, we managed to push the overlap dimension to ~20-30

nm as shown by the transmission electron micrograph (TEM) in Figure
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Cr/Au

Figure 2.5: TEM of MIM junction with ~20 nm overlap. Fabrication by Ayendra Weerakkody.

While hundreds of TWDs were fabricated (and characterized by DC I(V') measurement) and
~b0 were measured for infrared optical response, I will focus on five devices for full analysis: a
lumped-element rectenna for reference, TWD1 (3 pm), TWD2 (1.5 pm), TWD3 (1.35 pm), and
TWD4 (~1.0 pm). All five devices are Ni-NiO-NbgO5-Cr/Au material set with an estimated 3 nm
NiO and 2 nm NbyOs. This material set proved to have the most reliable (V') characteristics, but

we used the GSM to explore many other material combinations including:

(1) Ni-NiO-Ni (4) Ni-NiO-NbyOs-Al (7) Ni-NiO-TiOo-Ti

(2) Ni-NiO-Pt (5) Ni-NiO-NbyOs5-Nb (8) Ni-NiO-TiO5-Cr

(3) Ni-NiO-NbyOs5-Ni (6) Ni-NiO-Tay05-Ta (9) Ni-NiO-ZnO-Ti
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(10) Ni-NiO-ZnO-Cr (12) Co-Co0,-TiO2-Cr

(11) Co-CoO,-TiOs-Ti (13) Ni-NiO-Al,03-Cr

Despite all the benefits, the GSM is not without drawbacks. First, and fundamentally, GSM
requires directional metal depositions. This limits the metal choices to only the ones that can be
evaporated. Second, there is a cost to achieving dimensional control of the MIM junction beyond
the resolution of the lithography. That is, other features become distorted due to the relative
displacement of subsequent layers from the angle depositions. This distortion is seen clearly in
all of the SEM images in Chapter The final limitation is based on the specific equipment
available to me. Since our oxides are deposited or grown in a sputter system, which is separate
from the evaporator, the MIM diodes cannot be deposited in-situ. The time of junction exposure
to atmosphere is limited to several minutes, however, depositing in-situ would still be the preferred
method. To build MIM diodes with GSM in-situ, specialty equipment that can evaporate metals,
deposit and grow oxides, and control the angle of the wafer relative to evaporation sources, all
without breaking vacuum, would be required. Even with the consideration of its limitations, GSM

is the best option for fabricating TWDs.



Chapter 3

Exponential Fitting

3.1 Importance of /(V) Curve Fitting

Measuring the DC I(V) characteristic of fabricated MIM diodes is the first step in exper-
imentally analyzing and testing an optical rectenna. From the DC I(V') characteristics, certain
performance metrics, such as differential resistance, responsivity, and asymmetry, given in Egs.
and respectively, can be extracted. Two of these three metrics require differentiation,
indicted by the primes in the equations. These metrics describe properties that are central in

assessing a diode’s suitability for use in an optical rectenna.

Ry(V)=T'(V)™! (3.1)
BV) = ;5(%) (3.2)
A(V) = — IE(_V‘E) (3.3)

For an efficient rectenna, a high coupling efficiency between the MIM diode and the antenna
is required. The antenna impedance is typically on the order of 100 ohms, and for efficient power
transfer the diode resistance should match it (Sanchez et al., [1978; Grover and Moddel, 2011). For
this reason, only diodes that have a relatively low resistance are of interest, despite the higher asym-

metry and nonlinearity seen in some high-resistance diodes (Weerakkody et al., |2015; Maraghechi
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ket al., [2011} [2012; [Herner et al., [2017a). A high diode responsivity, which is a measure of rectified

DC voltage or current as a function of input power, and a large asymmetry, which is the ratio

of forward to reverse current, are required for efficient rectification (Grover and Moddel, 2011)).

Since optical rectennas usually operate at voltages close to zero (Joshi and Moddel, 2015), we use

the zero-bias resistance, Ry = R4(0), and the zero-bias responsivity, By = £(0), when analyzing
our diodes. Using zero-bias values simplifies the differential resistance and responsivity curves into

single quantitative metrics.
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Figure 3.1: Effects of polynomial fitting order on a moderate-resistance diode (MIM-1)
(a) responsivity as a function of voltage (b) asymmetry as a function of voltage.

While R4(V') and B(V) can be calculated directly from (V') data using central difference
approximation derivatives, a problem often arises when noise in the experimental data gets amplified
by the derivatives. To overcome this noise amplification, it is necessary to use some sort of fitting
or smoothing. A polynomial fit using least square regression is an attractive option because it is
easy to differentiate and integrate, and a polynomial of high enough order can fit any curve to

an arbitrarily high degree of accuracy. This arbitrarily high degree of fit accuracy, however, can

give misleading results. Runge’s function is one well-established example (Forsythe et al., 1977}

Kreyszigl, 2006). Despite the known problems with polynomial fitting, it has become common

practice to fit MIM I(V') data with a polynomial when analyzing MIM diodes (Ozkan et al., 2016;
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Bean et al., 2009, 2011} |Dodd et al., 2015; |Dagenais et al., |2010; |Choi et al., 2009, 2010} |Gadalla
et al., 2014; [Sabaawi et al., [2013; Herner et al., [2017b). In this paper we expose the shortcomings
of the polynomial fit for MIM diodes through the analysis of a double insulator MIM diodes. We
demonstrate that an alternative fitting procedure can overcome these shortcomings.

The first diode we examine, MIM-1 (R4(0) = 16 k2), is a Co-CoO,-TiO2-Ti double insulator
MIM diode fabricated as described in Herner (Herner et al.,|[2017b). We fit the measured I(V') data
for MIM-1 with 5", 7" and 9" order polynomials. These fits generate smooth responsivity curves
shown in Figure (a). However, these responsivity curves vary greatly between the different fit
orders, which is evidence that these results are misleading. The asymmetry curves in Figure (3.1
(b) also show substantial variation, not only from each other, but from the data. Unlike R;(V)
or B(V), the asymmetry does not rely on I(V) derivatives, and so it can be calculated directly
from the interpolated I(V') data. The interpolation is necessary to ensure that the currents at
both the positive and negative voltage are taken at a uniform voltage distance from V = 0. Even
though the asymmetry can be calculated from the data directly, the noise of the measurement is
still clearly evident, which again demonstrates the need for quality fitting. These curves show that
the polynomial fits do a particularly poor job of estimating the asymmetry at low voltages. Because

of these erroneous results, we developed an alternative, more robust fitting model.

3.2 The Exponential Fit Performance Metrics

The electron tunneling responsible for the rectification in MIM diodes is fundamentally an
exponential process (Simmons, 1963). To overcome limitations of the polynomial fit, we propose an
alternative approach using least square regression to fit an equation based on exponentials. This
fit facilitates an understanding of how well the diode will operate in a circuit (e.g., in a rectenna,)

and provides a useful basis for diode improvement. The proposed exponential-based fit is:

I(V) = ae®’ 4 ce®?V = Iy(e? — e V) (3.4)
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In practice, we use the first version of the equation to perform the fit as it is a convenient MATLAB
built-in fitting function, ’exp2’. After the fit is complete, we check that the variation between a
and c is less than 1% and set Iy to the average of a and ¢ and force the sign conventions in the
second version of the equation. In this equation, parameter b strongly influences the I(V') at positive
voltages while parameter d affects the curve at negative voltages. The parameter Iy scales the curve,
thus modifying the diode resistance. The first indication that Eq. is an appropriate form for a
diode fit is that when d = 0 and b = n%t, where n is an ideality factor and v; is the thermal voltage,
the equation simplifies to the Shockley diode equation, which describes an ideal semiconductor
diode (Shockleyl |1949). Simmons proposed a similar exponential form for a trapezoidal high-
barrier diode (Simmons, |1963). We note that Simmon’s equation does not describe our MIM
diodes accurately because for low-barrier height MIM diodes at intermediate voltages (100 mV <
V < 300 mV), the equation simplifies to a symmetric I(V') formula and overestimates the tunnel
current (Grover and Moddel, 2012). In contrast to the polynomial fits, when the exponential fit is
used the resistance, responsivity, and asymmetry are directly determined by the fitting coefficients
in a physically meaningful way. In this paper, we calculate resistance, responsivity and asymmetry
for two MIM diodes of different material sets that were fabricated by different techniques. These

different diodes show slightly different (V') curvature and fitting techniques. We demonstrate that

the exponential fitting is a superior alternative to the polynomial fit.

3.2.1 Resistance

To effectively match the diode resistance, R4, to the antenna, it is necessary to understand
the relationship between the diode I(V') and R4(V'). Substituting the exponential equation for the

diode I(V), Eq. into the diode differential resistance equation, Eq. results in:

1
Ra(V) = In(bexp(bV') + dexp(—dV)) (3:5)
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From Eq. we can calculate the zero-bias differential resistance Rg. At V = 0, the exponential
terms vanish and Ry can be expressed simply as:

1
Ry=———
"7 To(b+d)

3.2.2 Responsivity

Since responsivity provides the connection between optical input power and DC output, it
is useful to understand the relationship between the I(V') and 5(V'). Substituting the exponential

I(V') equation, Eq. into Eq. we obtain the voltage-dependent responsivity:

pV) =

L (B i) (37)

2\ bexp(bV) + dexp(—dV)

Just as with resistance, the first parameter of interest is the zero-bias responsivity, since we are

often interested in rectenna operation at or near zero bias. The responsivity at zero bias is:

Bo = %(b —d) (3.8)

Zero-bias responsivity is dependent only on the two coefficients in the arguments of the exponentials
in Eq. From Eq. [3.4we can see that at large voltage magnitudes, one exponential dominates the
I(V) equation. Similarly, from Eq. we see that at large positive voltages 5(V') asymptotically

approaches %b and at large negative voltages 5(V') approaches —%d.

3.2.3 Asymmetry

The asymmetry gives insight into a diode’s ability to efficiently rectify. Again, substituting

Eq. into Eq. and simplifying gives the voltage dependent asymmetry:
A(V) — e(bfd)V — eQ,BOV (39)

This asymmetry equation is rewritten in terms of Sy using Eq. thus showing a direct corre-

spondence between the diode asymmetry and zero-bias responsivity.
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3.3 Exponential Fit

Our interest in relatively low resistance diodes (Grover and Moddel, 2012) dictates that the
MIM insulators be thin (<5 nm). Thus, the maximum measured voltage range for our diodes,
to avoid dielectric breakdown, is the on the order of several hundred millivolts. For MIM-1, the
exponential fit coefficients are as follows: Iy = 3.3 x 1076 A, b =10.0 V! and d = 8.9 V~!. Using
Eq. and Eq. these coefficient values correspond to a Sy = 0.55 A/W and a Ry = 16 k.
The quality of the fit is assessed in two ways: First, the fit residue, which is calculated from the
I(V) data minus the I(V) fit, indicates how well the model fits the data. Second, comparing the fit
asymmetry to the interpolated data asymmetry shows how closely the model estimates performance
metrics.

For MIM-1, the exponential fit is of similar quality to the polynomial fit. In Figure (3.2
(a), the three polynomials (5", 7", and 9*" order fits) and exponential I(V') curves are all nearly
indistinguishable from the data and each other. A closer look at the fit quality in Figure [3.2
(b) reveals that all fits have comparably low residues. However, as shown earlier, changing the
order of the polynomial fit results in a wide range of responsivity curves. Figure (c) shows the
exponential fit responsivity curve overlaid on Figure (a), the polynomial fits responsivity curves.
Figure (d) shows the exponential fit asymmetry overlaid on the polynomial and interpolated
data asymmetry from Figure (b). Clearly, the exponential fit does a superior job of representing
the diode asymmetry.

The second diode examined is a Ni-NiO-TiO2-Cr double insulator diode, MIM-2. MIM-2
(R4(0) = 4kQ) has a lower resistance than MIM-1 and was fabricated with a shadow-mask technique
discussed in Chapter [2, Diodes with lower resistances often suffer less variation between different
polynomial fit orders, but even when the polynomial fits are well behaved, the resulting polynomial
equation fails to provide the same connection among diode properties that the exponential fit
provides.

We now repeat the fitting procedure for MIM-2, comparing the exponential model to the
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7th order polynomial fit. Just as with MIM-1, both the 7" order polynomial and exponential fits
are nearly indistinguishable from the raw I(V') data, and therefore are not shown. Unlike MIM-1,
however, once we examine the residue plot, Figure (a), we can see that the exponential fit
is substantially less accurate than the polynomial, especially at higher voltage magnitudes. The
exponential fit tends to overstate the magnitude of the current at higher voltages. This systematic
error corresponds to a curvature of the I(V') data that does not increase with voltage as quickly as
the fit does. The fundamental nature of the exponential model does not allow for this reduction in
curvature because away from V = 0, only one of the exponential terms in Eq. dominates. One
physical explanation of this reduced curvature of the I(V') is an unaccounted for series resistance.
This series resistance also accounts for the flattening of the asymmetry curve in Figure (b),
rather than the unbounded exponential growth predicted by Eq.

A small portion of the resistance is due to the inability, in practice, to remove 100% of the
parasitic lead resistance even with 4-point probe measurements, while the remainder is associated
with the MIM diode junction itself. In Fowler-Nordhiem tunneling, electrons are transported
through the dielectric barrier partially by tunneling, and partially by conduction in the conduction
band of the insulator (Sze and Ng, |1981). This transport through the conduction band adds to the
series resistance. The distance an electron travels in the conduction band depends on the insulator
thickness and the energy band structure, which changes for different voltages. Therefore, the series
resistance depends on the voltage, V. To fit this adequately while avoiding unnecessary complexity,
we choose the simplest form that meets the physical requirements for this voltage-dependent series
resistance: 1) resistance is always positive, and 2) it has a continuous first derivative. Thus, the

voltage-dependent series resistance, R,, is approximated as follows:
R,(V) = Ry + aV? (3.10)

Where R; is the constant portion of the series resistance, and « is the coefficient for the voltage-
dependent portion. The relatively low zero-bias resistance of MIM-2 makes the inclusion of this

additional voltage-dependent series resistance necessary for an accurate fit, unlike for MIM-1 where
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the diode resistance was large enough that the series resistance was negligible.

3.4 Modified Exponential Fit

Previously, when Eq. described the diode I(V), it was unnecessary to distinguish between
the voltage on the diode, Vp and the measured voltage, V', as Vp = V. With the addition of a series
resistance, R, there is a third voltage to consider, the resistor voltage, Vz. The voltage, which is

measured over the diode and resistor series combination, can be separated into two components:
V=Vp+Vgr (3.11)
The diode voltage, Vp, from Eq. [3.11 can be expressed in another form:
Vb=V —R,(V)I (3.12)

where Vp is the diode voltage, and R,(V')I gives the voltage across the voltage-dependent series
resistor. Even though we are now including a series resistance in our analysis, the diode I(V) data
is still represented by Eq. which can be rewritten to clarify which voltage the (V') relationship
applies to:

I(Vp) = In(e?VP — ¢=4Vp) (3.13)

The relationship between the measured current, I(V') and the measured voltage, V, can be found

by substituting Eq. into Eq. for Vp and is described by:

I(V) — Io(eb(Vfl(V)Rv(V)) o 6*d(V*I(V)RU(V))) (314)

Since the current in Eq. [3.14 is recursive, the fit coefficients cannot be obtained through
least squares regression as done for Eq. in Section However, with the addition of a few
preliminary data manipulation steps, and a comparison of a series of least squares regression fits,
we can solve for the five coefficients (Rs, «, b, d, and Ij). Appendix E explains this procedure in

detail.
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To compare the results of the modified exponential fit with the unmodified version, we plot
I(V')’s, residues, responsivities and asymmetries. Figure (a) shows that for the data, the un-
modified exponential fit, and the series resistance exponential fit are all indistinguishable in the
I(V) plot. Figure (b) present the fit residue for the exponential and the modified exponential
fits. This shows that the addition of the series resistance improves the fit, compared to a simple
exponential without an additional resistance. Figure (c) shows the responsivity of both expo-
nential fits, and that, as expected, the addition of the series resistance reduces the curvature of the
the I(V) at higher voltages. Finally, Figure (d) shows the asymmetry for both exponentials
with the interpolated asymmetry data. Clearly, the exponential with the series resistance does a
much more accurate job of representing the asymmetry than the unmodified exponential.

Just as we did for the fit without the series resistance, we want to determine the relationship
between our model and the diode performance metrics. Because of the complex relationship be-
tween I and V in Eq. [3.14, there are not useful analytic expressions for voltage-dependent diode
resistance, responsivity or asymmetry. However, we can find expressions for zero-bias resistance

and responsivity, because those complex voltage dependent expressions simplify at V =0V

3.4.1 Zero-Bias Resistance

The diode resistance is simply the series combination of a resistor and the exponential resis-
tance in Eq. At V = 0, the voltage-dependent resistance part of R, vanishes and leaves only

Rs. Thus the zero-bias resistance can be expressed as follows:

|
Ro= — 4+ R — R“P 4+ R, 3.15
= Tt+ad o 7t (3.15)

If we refer to the resistance in Eq. as Ri"™", we get the second form, where we see the zero-bias
resistance is the sum of the constant portion of the series resistance and the zero-bias resistance

from the unmodified exponential. Using Eq. |3.15 for MIM-2 fitting results gives Ry = 4.1 k€.
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3.4.2 Zero-Bias Responsivity

While the complexity of Eq. leads to a voltage-dependent responsivity that provides

little insight into the diode characteristics, the responsivity at zero-bias can be calculated as:

1 2
1+ Rolo(b+ d))

Using Eq. for MIM-2, we find Sy = 0.65 A/W. If we refer to the responsivity in Eq. as

o= 50— ( (316)

85", Eq. [3.16 simplifies to the following:

1 2
L 3.17
Fo =Py <1+RS/RS’”’> (3.17)

As Ry gets large relative to R;™, the zero-bias responsivity is reduced relative to ;"". Of course,

if Ry =0, then 8y = ;.
3.5 Fitting Conclusion

Inaccurate fitting of fabricated MIM didoes can lead to erroneous analyses of a diode’s I(V)
characteristics and its performance metrics. We found that polynomial fitting can misstate respon-
sivity and asymmetry values, two of the main metrics used to assess the performance of diodes
in optical rectennas. Using the wrong order polynomial fit for a high resistance diode can dras-
tically affect the resulting responsivity curve, and could even result in mislabeling the forward
direction of the diode. Here, we have presented an exponential fitting method as an alternative to
the commonly used polynomial fitting procedure. The exponential fit provides several advantages
in analyzing MIM diodes such as fewer fitting parameters and a simple relationship between the
fitting parameters and the diode performance metrics, while requiring a more complex fitting strat-
egy. One example of the relationships provided is that the diode asymmetry is directly linked to
the zero-bias responsivity. Another is a simple function relationship showing how series resistance
degrades responsivity. This exponential model can be used to develop a broader understanding of
MIM diode I(V') characteristics, and the connections between performance metrics.

We have analyzed the exponential fit for two diodes, one with high resistance and one with

low resistance. For the low resistance diode, an additional voltage-dependent series resistance was
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necessary to get an accurate fit. The high resistance diode can be fit by either the modified or
unmodified exponential fit and achieve the same results. The addition of these exponential fitting
procedures to existing analysis techniques will help avoid potentially misleading results, and give

added confidence to derived performance metrics.



Chapter 4

Characterization: DC Measurement and Device Imaging

After fabrication is complete, DC measurements provide valuable feedback on the quality
of the MIM junction. I make an I(V) measurement to get an accurate characterization of the
junction nonlinearity and asymmetry. All the devices are fabricated with four-point probe contacts
so the junction can be measured in isolation from contact and lead resistance. I use a Kiethley
2602 source meter to provide the source current and a HP 3478A multimeter to measure the
sense voltage. A mercury switch shorts all four probes together during probe manipulation to
prevent static discharge from damaging the MIM junction. Using the method described in Chapter
I fit the data to determine the diode differential resistance, responsivity and asymmetry. I
use zero-bias responsivity, By, and zero-bias resistance, Ry, as comparison metrics to determine
which devices are most promising for 10.6 um (28 THz) measurement. At higher frequencies (or
lower illumination intensities), as the photon energy becomes large compared AC voltage from
the antenna, a quantum analysis is necessary (Joshi, 2015). Using high resolution imaging such
as scanning electron micrography (SEM) and transmission electron micrography (TEM), I made
measurements of device dimensions so experimental results can be compared to modeled TWD

performance.

4.1 Example TWD TEM

Since TEM is costly and destructive to the device being imaged, it was preformed only on

representative TWDs, similar to the ones that were measured. Figure shows TEM results for a
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TWD with an 80 nm overlap.

29 11

TWD Region
M1:Ni - - - M2:Cr/Au

SiO, Substrate

Figure 4.1: Representative TEM of a GSM fabricated TWD

As predicted by the illustration of the GSM process in Figure there are seven regions
across the cross-section of the TWD: two regions with just M1, two regions with just M2, and three
regions with both M1 and M2. The middle region forms the TWD MIM junction. As expected,
the junction forms at an angle due to the angled metal depositions. This prevents the problems
shown in Figure where the overlap junction has surface and edge conduction as well as a sharp
metal corner in the middle of the junction. This particular device has an overlap of ~80 nm. Even
in the TEM, the NiO is nearly indistinguishable from the NbyOj, but the total insulator (bright

white between the two metals) thickness can be estimated at ~5 nm.
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4.2 Lumped-Element Diode

To completely analyze the benefits of a TWD, we built a lumped-element rectenna as a
control device for optical testing and comparison. This device, having a slightly larger Ge bridge
width, required two angle depositions to achieve an overlap. Figure shows an SEM of the
lumped-element rectenna. The four leads for the four-point measurement are visible, two to each
end of the bow-tie antenna. The distortion due to the angle evaporation is visible. The dull gray
found near the left boundaries of the structure is the Ni. The large area very bright regions are

Ni/Cr/Au, and the medium bright areas at the right boundaries of the structure are Cr/Au.

SU3500 20.0kV 8.4mm x17.0k SE

Figure 4.2: SEM of lumped-element rectenna.

The overlap MIM junction at the center measures 150 nm in the x-direction and 400 nm

in the y-direction. The area is estimated at 0.7 the product of the overlap dimensions since the
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overlap region is not rectangular.

Figure 4.3| summarizes the DC I(V') characteristics. The plot has the raw I(V') data plotted
with the exponential fit. Additionally, I plot the differential resistance and responsivity versus
the diode voltage. Finally, I also plot the asymmetry as calculated by the fit and the asymmetry
interpolated from the raw data. Complete details of the DC I(V') fitting procedure are documented

in Chapter

T [~ 3 [
—_ —Exp Fit 3
< . <2
E 21
- 'S
o %0
= c -1t
5 o
O o2
-1 : ‘ ! c-3 ‘ ‘ ‘
04 -0.2 0 0.2 0.4 04 -0.2 0 0.2 0.4
Voltage (V) Voltage (V)
1.2 ‘ ‘ ‘ A1200
G
£1.15 =
] Y 800
£ 3
> D 400
< 1.05! —ExpFit|]
N * Data oc 0
0 0.1 0.2 0.3 0.4 -0.2 0 0.2 0.4
Voltage (V) Voltage (V)

Figure 4.3: Lumped-element I(V'), responsivity, asymmetry, and differential resistance character-
istics: Rg = 1151 Q and By = 0.49 A/W. The fit coefficients are as follows: b = 10.27 V71, d =

9.15 V71 Iy = 48 pA, a = 417 Q/V?, and R, = 77 Q.

The summary of the resulting fitting parameters, DC characteristics, and diode dimensions

are available in Table at the end of this chapter.
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4.3 TWD1
Unfortunately, TWD1 was destroyed in the measurement process prior to taking an SEM.

The device picture in Figure 4.4]is a neighboring 2 pm long device that should have representative

overlap and appearance.

SU3500 20.0kV 9.6mm X18.0k SE

Figure 4.4: SEM of 2 pum long TWD rectenna similar to TWD1 (3 pm) used for the optical

measurement.

Clearly, from the SEM, the overlap of this TWD is much smaller than the overlap in the
lumped-element MIM. The overlap is very small and difficult to measure even in the SEM. Barely
visible in Figure [4.4] is a slightly brighter region at the center of the TWD, this is the junction
overlap. The asymmetric and non-linear I(V') measurement in Figure is the strongest proof of

an MIM junction. I estimate the overlap to be ~30 nm. Such a narrow nominal overlap means
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that small variations in the size of the overlap will add uncertainty to the analysis of the device
performance. In contrast to the lumped-element rectenna, the four-point probes are in slightly
different locations; two leads are connected to the antenna, one at either end, and two connect at

the end of the TWD. As I did for the lumped-element retenna, Figure shows the I(V') data for

TWD1 analyzed with the exponential fit.
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Figure 4.5: TWDI1 (3 pm) I(V), responsivity, asymmetry, and differential resistance characteristics:
Ro = 559 Q and By = 0.53 A/W. The fit coefficients are as follows: b = 9.23 V-1, d = 8.15 V71

Io = 104 pA, o = 313 Q/V? and Ry = 7.3 .

4.4 TWD2

In Chapter [5] I show that shorter TWDs have a potentially higher optical response due to
resonance. Both TWD2 and TWD3 were neighboring devices on the same wafer and die, and

therefore had identical processing. Additionally, both were defined in the reticle to have a length
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of 1.3 pum, however, upon measurement, one appears to be slightly shorter than 1.3 pm and one
slightly longer. Figure shows an SEM of TWD2. Unfortunately, there is some minor antenna
damage to this device. The four-point contacts were modified compared to TWD1. In this case,
all four connect at the end of the TWD in an attempt to leave the antenna undisturbed. Unlike
the TWD1 in Figure the overlap is clearly visible in this image. The illustrated cross-section
from Figure is inset for reference; each of the seven regions from the illustrated cross-section

are clearly visible in the SEM.

Figure 4.6: SEM of TWD2 (1.35 um).

In addition to the antenna damage, there is some non-uniformity in the TWD region as well.
Luckily, those distortions do not disturb the TWD MIM junction. I estimate this overlap to be 115

nm and the length to be 1350 nm. As I did for the previous diodes, Figure [4.7] summarizes the DC
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I(V') characteristics for TWD2.
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Figure 4.7: TWD2 (1.35 pm) I(V'), responsivity, asymmetry, and differential resistance character-
istics: Rgp = 381 and By = 0.46 A/W. The fit coefficients are as follows: b = 11.0 vV~ d=10.0

V=L Iy =131 pA, a = 386 Q/V?, and R, = 16.5 €.

4.5 TWD3

In Figure I show the SEM of the another similar rectenna from the same die as TWD2,
TWD3. Unfortunately, this rectenna also has antenna damage, specifically on the upper edge of

the right bow-tie leaf and lower edge of the left leaf. The TWD region on the other hand, has the

expected structure.
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Figure 4.8: SEM of TWD3 (1.25 um).

For TWD3, estimated diode overlap is 110 nm and the length is 1250 nm. Again, the junction

characteristics are measured with an current-voltage sweep and fit with the exponential fit.
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Figure 4.9: TWD3 (1.25 pm) I(V'), responsivity, asymmetry, and differential resistance character-
istics: Rg = 430 and By = 0.46 A/W. The fit coefficients are as follows: b = 10.97 V!, d = 9.97

V=L Iy =116 pA, a = 406 /V?, and R, = 18.1 €.

4.6 TWD4

The final TWD I present is the 1.0 ym long TWD4. As the experimental results in Chapter
[6] show, this device has the highest detectivity of the four TWDs presented. The germanium
bridge on this wafer was wider than for the previous devices shown in this chapter. The wider
bridge required that both M1 and M2 be evaporated at an angle (39.3°) from opposite directions
to ensure an overlap. As Figure shows, this results in a wider spread in the TWD region. In
this case, rather than continuous metal across the TWD region, there are gaps where the substrate
is visible between M1 and M2. In this device I also experimented with the lead location; in this
case all four leads extend from the end of the bow-tie antenna. This change in the lead structure

likely led to the wider bridge, as the reduced exposure area at the end of the TWD led to smaller
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openings in the germanium. This also caused the rounding at the ends of the TWD lines, and a
shorter than defined length. In the reticle, the TWD length is 1.5 pgm, in the SEM, the maximum

length is ~1.3 um, and the overlap region is estimated to be ~1.0 um long.

SU3500 10.0kV 8.4mm X20.0k SE

Figure 4.10: SEM of TWD4 (1.0 pm).

Similar to TWD1, it is not clear that there is an overlap in TWD4. In this particular image,
there actually is not an overlap. Unfortunately, this SEM image was taken approximately one year
after the device was fabricated and measured (DC and infrared illumination). At that time of the
SEM, the device DC measurement showed that the MIM was no longer conductive (GS2), probably
due to some shock during measurement. Given the positive I(V) measurement results shown in
Figure I know there was a conductive MIM junction at the time of fabrication and optical

measurement. Given the geometries of the shadow mask, I roughly estimate the overlap was ~30
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Figure 4.11: TWD4 (1.0 um) I(V'), responsivity, asymmetry and differential resistance character-

istics: Rg = 743 Q and By = 0.42 A/W. The fit coefficients are as follows: b = 9.18 V™1, d = 8.33

V=L Iy =77 pA, a = 1153 Q/V?, and R, = 0 €.

4.7

DC Measurement Summary

All dimensions and I(V) characteristics for all five devices are summarized below in Table

These values are used later to make estimates of expected rectenna performance for comparison

to actual measured optical response.
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Table 4.1: Summary of DC I(V) measurements.

Devices
LE* | TWD1 | TWD2 TWD3 TWD4
(3 pm) | (1.35 pm) | (1.25 pm) | (1.0 pm)
b (V™1 10.27 | 9.23 11.0 10.97 9.18
Exponential d(vh 9.15 8.15 10.0 9.97 8.33
Fitting Iy (nA) 48 104 131 116 7
Parameters a (Q/V?) 417 313 386 406 1153
R, (©) 7 7.3 16.5 18.1 0
Ro () 1151 559 381 429 743
DC characteristics
Bo (A/W) 0.49 0.53 0.46 0.46 0.42
Length (nm) | 400° 3000 1350 1250 1000
Dimensions Overlap (nm) | 150° 30 115 110 30
Area (nm?) | 42,000 | 90,000 | 155,250 137,500 30,000

& Lumped-element
b Area is ~0.7xlengthxoverlap for the lumped-element diode because of the rounding of

the corners.

Overall, the GSM technique meets the requirements for TWD MIM rectenna fabrication. It
allows for small feature size (<100 nm) and clean MIM interfaces. The results are repeatable, and
have a quick turn around. Figure [4.12|shows the distribution of diodes from the die on which both
TWD2 & TWD3 were built. I plot cumulative distribution plots for both zero-bias responsivity
vs zero-bias resistance. Since the wafer had varying device lengths, all the diode resistances were
normalized to the shortest length, 1 um. The relatively vertical nature indicates the small diode

variations across the wafer and illustrates the GSM’s ability to fabricate uniform MIM diodes.
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Chapter 5

Simulation

5.1 Traveling-Wave Structure

Simulating the TWD provides insights into aspects of the device operation that cannot be
easily demonstrated experimentally. I model the TWD with a slightly simplified geometry for ease of
meshing the model and making controlled geometry variations. Figure|5.1{shows an implementation
of TWD rectenna with a bow tie antenna, which is similar to the experimentally fabricated devices
in Chapter The device is 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 pum 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 um
by 14 pm 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 non-periodic boundary
conditions. The illumination is polarized along the z-direction, in line with the antenna axis, for
maximum absorption. The antenna length, Ly, is 5.2 pum, and the antenna flare angle, 0y, is
42.5°. We consider the transition at the feed point to be part of the antenna for the discussion
of impedance matching between the antenna and TWD. This transition uses 250 nm wide metal
traces that make 90° turns about a rotation point 250 nm from the edge of the trace. We use a
gold bow-tie antenna and hold the geometry constant.

To understand the effects of the TWD dimensions, we varied the TWD length, L, from

300 nm to 2 um. We also explored the effect of the metal thickness, t,, (60 nm, 120 nm, and
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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, ¢ (2.5 nm and 5 nm). While changes in ¢
have some effect on the TWD transmission line characteristics, the diode I(V') characteristics are
extremely sensitive to changes in the insulator thickness. Because of this sensitivity, ¢ is chosen
primarily to achieve the desired I(V') characteristics, namely low resistance and high asymmetry.
Generally, for practical, low-resistance, MIM didoes, the diode total insulator thickness must be

between 2-6 nm. The metal trace width of the TWD, w,,, is held at a constant value of 250 nm.

Port 1

10.6 pm plane-
wave illumination

insulator

Figure 5.1: Hlustration 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.

For these simulations, we use a double-insulator MIM diode to take advantage of enhanced

asymmetry and responsivity compared to a single insulator (Grover and Moddel, 2012} [Maraghechi
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et al., 2011). The diode I(V') curve is based on an experimentally measured Ni-NiO(3 nm)-NboO5(2
nm)-Cr diode similar to the experimentally measured TWDs from Chapter |4, The I(V') data is
fit with the exponential fit in Chapter |3| and (Pelz et al.| [2017), described by the following two

(simplified) equations:

(V) = Iy(e?VP(@Rs V) _ odVp(eRs V) (5.1)

Vp(a,Rs, V) =V — I(V)(R,s + aV?) (5.2)

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 Ry) are the fit coefficients. The fit parameters

for the I(V) curve used for this work are as follows:

b=930V~!
d=831V"!

Ip=151x10"% A (5.3)

Q

a =320 7z

R, =08
To estimate the input power, Pj,, we approximate the antenna absorption area, Ags, to
be the circle that circumscribes the antenna. Therefore, P;, is simply the product of Ags (24
pm?) and illumination 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 illumination, and the maximum absorption is limited to ~13%. 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 antenna
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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 an single insulator
with the total combined thickness, t, and an average effective relative permittivity. We use ¢, = 8.5
for NiO and ¢, = 20 for NboO5. The low terahertz dielectric constant values measured by Thacker
et al., while slightly higher, should be the upper limit for the values at 10.6 pym (Thacker and
Pinhero, 2016)). When exploring variations in the insulator thickness, a constant thickness ratio of
2:3 for Nbs05 to NiO is maintained, giving an effective relative permittivity, e; = 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 section
In practice, a thin (~3 nm) 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. Two dimensional modeling of the TWD cross-section shows 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 decay length is 1.36 pm, with a 3 nm
layer of Cr, it is reduced to 1.31 um, a reduction of less than 5%. In the model with no Au, the
decay lenght is only 570 nm. Therefore, in this simulation, we ignore the thin Cr layer and make
one lead of the TWD Au (e, = -2842 -1339%j) (Palik, |1998) for enhanced plasmon propagation. The

other TWD trace is Ni (e, = -1416 -545%]) (Palik, [1998).

5.2 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 post processing. Without the inclusion of the diode I(V') characteristics, the
MIM insulator is modeled as perfectly insulating in the EM simulation. Therefore, the decay of the
surface plasmon is solely the result of plasmonic resistive decay, i.e., resistive heating of the TWD. In

reality, electron tunneling through the insulator also consumes power from the plasmonic wave and
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increases the rate of decay. This means that by ignoring the tunneling in the EM simulation, we are
making an approximation that underestimates the total plasmonic decay. For this approximation
to be valid, the total power taken from the plasmonic wave due to tunneling, P, ,ner, must be much
smaller (<5%) than the plasmonic power, Ps,,, the power that enters the TWD at the boundary
between the TWD and antenna. In the case this condition is not met, the resulting fields from the
EM simulation require modification during the post processing to reflect the additional decay due
to tunneling.

Figure illustrates the power flow through the rectenna system and where we make the
distinction between the EM modeling and the post-processing 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, P;,, is either transmitted or reflected, while the rest is absorbed, Pus. Of the
absorbed power, some is lost to resistive heating in the antenna; the rest is transmitted to the
TWD, P,,, 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 current. This power flow, Py nnei, is represented by a dashed arrow in Figure [5.2
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 know as short-circuit current, Is.. The difference between Piyne; 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 Is., shown in detail in section
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Figure 5.2: Power flow in TWD operation and the separation of the EM simulation and post
processing 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, resistive heating of the antenna and TWD, and electron tunneling

in the reverse direction.

5.3 TWD Surface Plasmon Theory

A metal-insulator interface supports a confined electromagnetic mode, known as a surface

plasmon polariton (SPP) (Woolf et al., 2009). 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 [5.3| shows the dispersion relationship for a Au-insulator-Au MIM
structure calculated using the Drude model. We use the same effective insulator as in our TWD, ¢4
= 11 with a thickness of 5 nm. While a Ni-insulator-Au structure has slightly different dispersion

characteristics due to the asymmetry in the structure, the concepts remain the same and the
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Au-Insulator-Au configuration is a good approximation. 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, fg:

fom = 5 —
PP 211+ ¢4

where w), is the plasma frequency of the metal. When two single surface modes couple, the symmet-

(5.4)

ric and antisymmetric modes split from the single surface dispersion curve. The smaller the metal
separation, the further the coupled modes move from the single surface. For a metal-to-metal sep-
aration 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 quasi-static treatment
of the transverse field is generally valid for TEM transmission lines, assuming negligible 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 THz 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 10.6 pum (~28 Thz), only the antisymmetric mode is
accessible. In this mode, there is a very large field confinement in the direction perpendicular to the
insulator, F,, as shown in the Figure lower insert. 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 (Nicol, 2005). In our

case, the antenna fulfills this function (Muehlschlegel et al., [2005; [Knight et al., [2011; [Novotny and
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[Van Hulst| 2011). The inclusion of the transition region, shown in Figure adds sharp curvature

that allows charge concentration with alternating charges at smaller than the free-space wavelength

periodicity, i.e. the larger k, necessary for a momentum match.
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Figure 5.3: Au-Insulator-Au dispersion characteristics for an MIM structure with a 5 nm insulator.
The antisymmetric and symmetric mode field characteristics are illustrated next to their respective

dispersion curves.

5.4 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 [5.4] shows
the field strength in the insulator along the TWD length. The alternating polarity of F, confirms
the excitation of the antisymmetric mode described in section At the beginning of the TWD,

z = 0, B, starts in phase with H, showing that power is propagating in the positive z-direction.
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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 Figure [5.4

We can see that the plasmonic wavelength, sy, is ~928 nm and the decay length, ¢, is ~1.34 pm.

A larger ¢ is desirable as it indicates less resistive plasmonic decay loss.
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Figure 5.4: Electric and magnetic fields (E, and H,) at the center of the MIM insulator along the

length of the TWD (z-dimension) with insulator thickness () of 5 nm, metal thickness (¢,,) of 120

nm, and TWD length (Lyyq) of 2.0 um, for I = 1 x 10> W/m? illumination condition.

Table summarizes the plasmoinc 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 ¢

is reduced, both ¢ and Ay, decrease too.
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Table 5.1: Simulated TWD plasmonic wavelength and decay length

Insulator Metal Thickness (t,,)
Thickness (t) 60 nm 120 nm 240 nm
¢ = 760 nm
t =2.5nm Not Simulated Not Simulated
Aspp = 631 nm

£ =142 ym ¢ =134 yum £ =1.26 pm
t = 5.0 nm

Aspp = 1.06 Aspp = 928 nm | Agpp = 850 nm

We can calculate the total power absorbed in the rectenna, P,ps, 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 zz upper boundary port where the plane wave is excited, there is a second zz
boundary port, port 2, on the bottom of the silicon substrate. This port calculates the through
power, that is the power that is transmitted past the device and through the substrate. The air,
SiO2 and Si are all modeled as lossless at 10.6 pum; therefore, 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.

Pups = TAp (1 — |S11)* — S [?) (5.5)

where [ is the input intensity and Ap; is the area of port 1. Si; and So; are the S-parameters for
ports 1 and 2 respectively.

Length has an important effect on the total absorbed power, as Figure [5.5/shows. We see that
the length of the TWD can establish a resonant behavior. These resonant peaks occur at ~ Agpp/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 2.5 nm insulator. From an impedance perspective, narrow

transmission lines, which corresponds to smaller t,,, result in a better coupling efficiency to the
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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 match to the antenna. We observe
a similar effect with insulator thickness, as ¢ 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.
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Figure 5.5: 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).

To confirm that the resonance behavior we see in Figure 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 Figure 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
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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 t. 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 are summarized in table

Table 5.2: Simulated antenna impedance

Insulator Metal Thickness (t,,)

Thickness (t) 60 nm 120 nm 240 nm

t =2.5nm Not Simulated | 61-95j 2 | Not Simulated
t = 5.0 nm 117-1125 Q 80-104j Q2 45-82j Q

From the decoupled TWD simulation, the real part of TWD input impedance for our geome-
tries varies from 6 to 95 €2 and the imaginary part varies from -8 to 63 2. This variation comes
largely from the TWD length dependence. In Figure below, I show the real and imaginary
components of the input impedance versus TWD length for both a 120 nm overlap TWD and a 60
nm overlap TWD. As expected, the input impedance approaches a constant value (the characteris-
tic impedance) when the TWD length becomes much longer than the plasmonic decay length. At

short lengths I see a similar resonant behavior as Figure [5.5
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Figure 5.6: Input impedance for TWDs with t=5.0 nm and ¢,,=120 nm and 60 nm versus TWD

length, Lyq-

Figure shows the dependence of TWD characteristic impedance on TWD width, t,,. As
the TWD width decreases, both the real and imaginary parts of the TWD characteristic impedance
increase, i.e. the characteristic impedance become more inductive (less capacitive). Given the

capacitive nature of the antenna, and the need for a conjugate match, this narrower width results

in better coupling.
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Figure 5.7: TWD characteristic impedance, Zy, for TWDs with ¢=5.0 nm and ¢,, from 30 to 240
nm versus TWD width, ¢,,. The characteristic impedance is equal to the input impedance for

TWD lengths much longer than the plasmonic decay length.

These values are consistent with the input impedances shown by Figure |5.6| when the TWD
length becomes much longer than the decay length. Using the antenna and TWD impedances, the

coupling efficiency is calculated using the following equation:

4RtwdRant

= 5.6
g (Rtwd + Rant)2 + (thd + Xant)2 ( )

where Ry,+ and X,,,; represent the real and imaginary parts of the antenna impedance, respectively.
Riwq and Xi,q are the real and imaginary parts of the TWD input impedance, respectively, not
to be confused with the diode DC resistance calcuated by Eq. [5.14 and used in Eq. and Eq.

The resulting coupling efficiency from Eq. is plotted in Figure [5.8| versus TWD length for

the cross-section variations of interest.
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Figure 5.8: Decoupled calculated impedance match efficiency for different TWD geometries versus

length of the TWD.

While the impedance coupling efficiency results are informative, 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 Figure [5.5 and Figure the geometry effects are much
more pronounced in the decoupled impedance match calculation (Figure . Figs. (a) and
(b) show the surface currents at the cross-sectional boundary between the antenna and TWD,
illustrated in Figure 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 (5.9 (c) shows the coupled antenna/TWD simulation, and the
surface currents on the antenna/TWD interface are much more distributed. This is because in the
coupled model, the entire rectenna is excited by a 10.6 um 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
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current as the antenna concentrates the plasmonic energy to the feed point and MIM insulator.
Because of the more concentrated current in the decoupled simulations, Figure [5.8, compared to

Figure exaggerates the effect of changes in geometry on the calculated impedance match.

(dBmax)
a 0

-10
20
-30
-40
b -50
-60
70

-80
C -90
-100

Figure 5.9: Normalized current density in dB for cross-section at TWD /antenna interface (a)

Antenna only simulation (b) TWD only simulation (c) Coupled simulation.

5.5 Post Processing and Rectification Performance

The MIM asymmetric tunneling characteristics are added in post processing using the (V')
equation generated by Eq. [5.1]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 insulator thickness
from the measured MIM diode, we want the tunneling estimate in the post-processing calcuation 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),
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rather than a conductivity. To convert I(V') to G4(V), we use the following:

V)

Ga (V) B VLtwdtm

(5.7)

where Lyy,q is 3 pm 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 Pyypner is much less than Py, (<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 transfered 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

toptn
Py, = 2/0 ; Re(Ey, x H,) - 2dzdy (5.8)

Given the current distribution in Figure (c), this calculation tends to understate Py, as
it only includes the power on the MIM interface. To calculate Piynner, 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.

21 Liwd tm Ga Ext E2t2
Ptunnel :/ / / (Z)mdded(rb (59)
0 0 0 T

where E, is the electrical field in the z-direction, normal to the MIM interface, and is a function
of position (y and z), and phase of the illumination wave, ¢. From evaluating Eq. and Eq.
at a maximum, Pjyuner is 3.9% of the Pg,,. Therefore, the additional 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 Eq. for Piynnel- We

integrate the current density over the insulator area and average over a full 27 cycle of incident
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radiation.

2r pLywa  ftm W Et)E,
Iye = / / / CalBt) Bt ) 1o (5.10)
o Jo 0 27

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

ISC

/Bsys = ﬁ (511)

System responsivity is the ratio of DC current and optical AC input power. From system

responsivity we calculate specific detectivity (Rogalski, 2003)):

D* = \/AAbSAf% (5.12)

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

noise due to DC bias.

4kT
I, = \/Af(Qqums +—) (5.13)
Ry

In Eq. [5.13 k is the Boltzmann constant, ¢ is the electron charge, and T is temperature, taken to
be 300 K for this work. Ip;,s 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. The zero-bias diode resistance, Ry,

is calculated from Eq. evaluated at V = 0.
Ro = (Ga(O)Ltwdtm)_l (5.14)

The detectivity from Eq. can be simplified by combining Eq. and Eq. The detector

bandwidth terms cancel and leaves the following:

. ~— | Ro
D —Bsys AAbs AkT (5.15)
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Figure shows detectivity versus length of various TWDs and a lumped-element rectenna
with the equivalent MIM area and junction characteristics as the TWD with ¢t = 5 nm, t,, = 120
nm, for any given length. For the lumped-element (LE) diode, short-circuit current was calculated

with the following:

Isc/LE = PinNantNcbo (516)

where 74, is the maximum antenna absorption given in section ~13%, and fj is the zero-
bias responsivity, 0.49 A /W, calculated from the DC I(V) fit. The coupling efficiency, 7., comes
from Eq. where the TWD impedance is replaced with the series equivalent of the diode
resistance in parallel with the diode capacitance (Ry||1/jwCq), described in detal in Appendix
The capacitance of the diode, Cy, is calculated as the planar geometric capacitance. As expected,
the lumped-element and the equivalent TWD detectivities converge for extremely short TWDs.
For the thin (2.5 nm) insulator TWD, the detectivity is substantially lower than the TWDs with 5
nm insulators. This is primarily because of the shorter plasmon propagation length along a thinner
insulator. This validates our intuition that for a given I(V') characteristic, a thicker insulator will
have better overall rectenna performance. For the two variations of the 5 nm insulator shown, the

detectivies exhibit the same trend established by the diode impedance match in Figure |5.8
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Figure 5.10: TWD detectivity vs TWD length for varying TWD cross-sections and a comparison

lumped-element (LE) rectenna.

If we modify the I(V) equation exponential fit parameters from Eq. we can see the
effects of improved diode I(V') characteristics. For example, we can double the responsivity and

leave the resistance unchanged by increasing b and reducing d by identical amounts and doubling

the difference between them (Pelz et al.| [2017). This leads to doubling the detectivity for any given

length. Likewise, we could reduce the resistance by a factor two by doubling Iy. This increases the

detectiviy by /2 for any given TWD length.

We compare the TWD detectivity reported by Grover et al. (Grover et al., 2010) for a 2D

model with t = 2.0 nm, ¢,, = 100 nm and assuming L;,,q greater than decay length, to the most
similar device from this work (¢ = 2.5 nm, ¢,, = 120 nm, Ly,q = 2000 nm). The detectivity reported
in Figure is lower by a factor of ~1600; Grover reported 3 x 10% Jones at 10.6 pum and we
observed 1.85 x 10% Jones. This difference stems from three fundamental expansions in this work.

First, Grover assumes a perfectly efficient antenna while our maximum absorption is ~13% due to
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the illumination from the low index side of the antenna. 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 Figure [5.5).
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. Using Eq. we
estimate our noise current to be 5.5 pA. From Eq. we can estimate Grover’s noise current
to be 3.3 pA, a factor of ~1.7 times lower than ours. The combined effects of these assumptions
result in a reduction of responsivity by a factor of ~860 (8, 4.5, 14, and 1.7 respectively). The
additional factor of ~2 could be due to any combination of a number of factors (slight variations
in cross-section, different materials). Considering Grover et al.’s idealistic assumptions Grover’s
predictions are are consistent with our results.

Using the design techniques in this paper, we observed a ~31X increase in detectivity, from
1.85 x 103 to 5.75 x 10* Jones, from a device with a thicker insulator, narrower overlap, and
shorter length (¢ = 5.0 nm, ¢, = 60 nm, Ls,q = 550 nm). This improvement derives from four
improvements: First, the improved coupling efficiency accounts for a factor of ~2.3 based on the
higher absorption in Figure (2.8% increased to 6.5%). Second, the reduced area (2000 nm X
120 nm decreased to 550 nm x 60 nm) leads to a proportionally higher resistance. From Eq.
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 leads to a longer decay length from Table
We can estimate the improvement in detectivity due to increased decay length from Figure [5.5
and Figure [5.10} For the change in TWD cross-section, holding the length constant at 2000 nm,
the detectivity increases by a factor of 4.64 (1.85 x 10% Jones to 8.56 x 10% 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% to 3.4%) which is is unaffected by the
increased decay length. Therefore, we estimate the improvement due to increased decay length is
~3.9 (4.64/1.2). These first three factors combine for an overall improvement by the observed ~24

(2.3, 2.7 and 3.9 respectively). The final improvement of ~1.3 is the result of higher electric fields
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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 higher fields and larger voltage swings on the
I(V) curve and better rectification. Thus, we demonstrate how to design a TWD with coupling

characteristics near Grover’s idealistic assumptions.

5.6 Simulation 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 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.



Chapter 6

Optical Measurement

Once the devices have been fabricated and DC tested to confirm quality MIM interfaces with
good nonlinearity and asymmetry, I make illuminated measurements to check the high-frequency
response. 1 analyze the open-circuit voltage response and compare the results to simulation and
the estimated lumped-element rectenna response for a lumped-element diode with an equivalent

area. This lumped-element estimated response is described in detail in Appendix

6.1 Optical Measurement Setup

To test the high-frequency response of the TWD rectenna, I illuminate it with 10.6 yum linearly
polarized radiation from a COs laser. Most of my measurements were made with a SYNRAD 48-
1SWJ, which is pulse-width modulated (PWM). Unfortunately, this is a less than ideal source as
it was designed to be a cutting tool, and the beam stability is marginal. The laser is modulated
with a function generator (Agilent 33220A) at 20.0 kHz. The reference for the lock-in amplifier
is generated by a mechanical chopper (SR540) around 2 kHz as shown in Figure A few of
the measurements were made with a continuous wave (CW) Access L4SL COg laser, but the lower
intensity of the CW laser made establishing a good signal-to-noise ratio more difficult. Therefore,

I will generally focus the analysis on measurements using the PWM laser.
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Figure 6.1: Infrared optical illumination measurement setup with linearly polarized CO; laser.

The infrared beam passes through a shutter (ThorLabs SH05) and and a half-wave plate
(Gooch and Housego XC13) prior to illuminating the TWD. The shutter allows monitoring the
baseline noise level read by the lock-in amplifier (SR830) under dark conditions. The half-wave
plate rotates the polarization of the incident beam relative to the antenna axis with a motorized
rotational stage (ThorLabs PRM1Z8). In the starting position of the half-wave plate, © = 0°,
the laser polarization is aligned with the antenna axis. The half-wave plate rotates the beam in
the counter-clockwise direction relative to the rectenna as shown in Figure [6.1 By rotating the
incident polarization, I can confirm that the rectenna has the expected cos? response from a bow-tie
antenna.

The open circuit-voltage, V., is measured by the lock-in amplifier. I choose V,. over short-
circuit current so that lead resistance will not load the rectenna and reduce the measured signal.
Just as with the DC measurement, there is a mercury switch to keep the two probes shorted
together until the measurement is made. This prevents static discharge during the preparation

steps from damaging the device. Most of the equipment (lock-in amplifier, shutter, half wave plate)
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is computer controlled to standardize the measurement process. The software takes 20-30 data
points for each polarization and averages the values for each polarization data point shown in the

following sections.

6.2 Laser Beam Characterization

6.2.1 Beam Profile Measurement

An accurate calibration of the input illumination conditions is essential to analyzing rectenna
performance. I start by assuming the beam has a Gaussian profile and that the beam intensity can

be represented by the following equation:

(2 —20)” + (y — yo)Q)

s (6.1)

I(SE, y) = Ioe:l:p(_

where z and y are the coordinates of the cross-sectional plane of the beam, xy and gy are the
position of the beam center in that plane, and Iy is the maximum beam intensity. The beam
radius, defined as the radius with Iy/e intensity, is 0. I characterize the laser beam profile with a

knife edge measurement illustrated in Figure which assumes the beam is radially symmetric.
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Yo

Figure 6.2: Beam profile knife-edge measurement with arbitrary Gaussian profile where red and

blue are high and low intensity respectively.

For this measurement, the laser is directed into calorimeter (Scientech Astral AI310) with a
large aperture (~20 mm), so that the entire beam reaches the detector. Then using a motorized
linear translational stage (ThorLabs MTS25-Z8), I block a portion of the beam in 0.25 mm steps
with a thin square plate (the “knife-edge”) and record the corresponding power versus linear position
of the beam block (xp). After the measurement is complete, I shift the data so that the beam is
centered in the coordinate plane, i.e. yo = 0 and xg = 0. In other words, when x, = z¢ (x, = 0),
the measured power is 50% of the maximum. The resulting power should fit the Gaussian curve
from Eq. integrated from -oo to the position of the beam block in the z-direction and from -oo

to +o00 in the y-direction. This calorimeter power versus beam block position can be described by
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the following equation:

Pcalorimeter($b) = 2100-2(1 - erf(?)) = / / b I(l‘,y)dl’dy (62)

In Eq. erf() is the Gaussian error function. The measured power for the PWM laser
versus the position of the beam block is shown in Figure (a). The data fits the integrated

Gaussian in Eq. and has a coefficient of determination, R?, 0.999.
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Figure 6.3: PWM beam profile measurement

Figure (b) shows the beam intensity versus the radial position from the beam center, r,

where r = \/22 + y2. This figure shows that pulsed laser has a maximum intensity of ~1 W/mm?2.
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The beam is large enough that we can confidentially align our device at the center of the beam
where it will receive the maximum intensity from the incident radiation. Inside a 1.6 mm diameter
circle, the intensity is within 10% of the maximum. For the CW laser, measured with the same

technique, the maximum intensity is ~0.04 W/mm?.

6.2.2 Laser Beam Stability

To check the stability of the PWM laser beam, I modified the setup in Figure I replaced
the TWD rectenna with a photodiode with an integrated current amplifier (Boston Electronics
PVM-10.6, HgCdTe). Since the laser beam has such a high intensity, the photodiode was placed
near the edge of the beam, rather than the center, to prevent damage. The photodiode current
amplifier was connected to the input of the lock-in amplifier. Since the photodiode response is
polarization independent, I added a linear polarizer after the half-wave plate. The combination
of the linearly polarized laser, the half-wave plate, and the linear polarizer forces the response to
have a cos? polarization dependence. Figure shows the photodiode response from two identical
measurements that were run consecutively. I ran the measurements from 0° to 720° so that the
half-wave plate will have rotated a full 360° (half-wave plates rotate polarization by twice the

relative angle between incident polarization and the fast axis of the wave plate).
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Figure 6.4: Photodiode response for two measurements with identical illumination conditions

demonstrating beam wander in the PWM laser. Each measurement ran for about 25 minutes.

As expected, the peaks occur when the polarization aligns with the linear polarizer and nulls
when the polarization is perpendicular to the linear polarizer. However, the change in the peak
magnitude by as much as 40% was not expected. From Figure (a), specifically from -5.25 mm to
-4 mm, before the beam block has intercepted a substantial portion of the beam, the power output
of the laser is relatively stable (~10% variation). Since the measurement was taken twice, and the
peak variation was different each time, this variation is not due to some defect in the half-wave
plate or polarizer. This means that the variation (beyond the ~10% power output fluctuation) is
due to instability of the laser beam, specifically, beam wander. This conclusion is also supported by
the fact the nulls in the photodiode response are found at consistent polarizations, but the peaks

can shift several degrees from one measurement to the next.
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6.3 Interpreting Lock-in Amplifier Response

As discussed at the beginning of the chapter, I want to measure the open-circuit voltage of
the illuminated rectenna. The lock-in amplifier, however, measures the RMS voltage, Vs, of the
fundamental sine wave of the input signal at the reference (modulation) frequency. The input signal
to the lock-in is a PWM square wave with a duty cycle, D, at the frequency set by the function
generator, 1/T7, also known as the repetition rate for the PWM laser, usually 20 kHz. This signal
is further modulated by the mechanical chopper with a 50% duty cycle and a period, T', which
provides the reference for the lock-in. The open-circuit voltage, V,., of the rectenna has the same
shape as the laser pulses through the mechanical chopper, and is represented by the dotted blue

pulse train in Figure [6.5)
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ocC

Figure 6.5: Calculating open-circuit voltage form lock-in amplifier response. The dotted blue pulse
train is the rectenna V. into the lock-in amplifier. The green square wave with period 7' is the
average of V,. at the reference frequency, 1/T. The red curve is the fundamental sine wave of the

the average voltage signal.

The open-circuit voltage is the input to the lock-in amplifier, and the pulses are at a 10 times
higher frequency than the lock-in amplifier reference signal. Therefore, the lock-in amplifier will
display the RMS value of the fundamental sine wave of the average voltage of the pulses, V4. This
is a square wave at the mechanical chopper frequency with an amplitude V4. V. and Vg4 are

related by the duty cycle.

Vo = (6.3)

The relationship between the amplitude of a 50% duty cycle square wave and the RMS voltage of
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the fundamental sine wave of its Fourier series is the following:

Vims™T

V;w = 6.4
g \/5 ( )
Therefore, V,.,,s and V,. have the following relationship:
‘/rms
Ve = T (6.5)

DV2

This equation is also valid with for the CW laser as well, in which case, D = 1, and 7/+/2 can be
estimated as ~2.22.

In an alternative configuration using a pulsed laser, the mechanical chopper can be eliminated
and the function generator sync output can be used as a reference for the lock-in amplifier. In
this case the correction for V. is slightly different. Now there is no longer a distinction between
the repetition rate and the modulation frequency, so V,. = V,,g. However, the amplitude of the
fundamental Fourier series sine wave remains dependent on the duty cycle. V,. and V,,,s are now

related as follows:

VimsT

V2sin(rD)
For Eq. when D = 50%, sin(mD) = 1, the equation simplifies to Eq. where V. =

Voec = (66)

Vavg-

6.4 Open-Circuit Voltage Polarization Dependence

A bow tie antenna is expected to have a cos? polarization response where 0° is illumination
polarization aligned with the antenna axis and 90° is where the polarization is perpendicular to
the antenna axis. However, during measurements of some TWD rectennas, I observed an off-axis
response. This unexpected signal is a thermal response due to heating of the MIM junction from
direct absorption in the TWD. The TWD is orientated perpendicular to the antenna axis, and

has a length on the same order as the wavelength of the illumination. Therefore, the TWD can



77

act like a monopole antenna and absorb radiation directly. This type of absorption cannot excite
the antisymmetric surface plasmon mode, discussed in Chapter |5, necessary for rectification, but
can result in resistive heating. Since I do not apply any external bias to my devices, the thermal
effect cannot be bolometric and must be due to the Seebeck effect. With the consideration of this
additional absorption mechanism, the appropriate fit for the optical measurement will be based on
the sum of a cos? (polarization parallel to the antenna axis) and a sin? (polarization perpendicular
to the antenna axis) terms. One example is the Ni-NiO-TiO2-Cr/Au diode optical response shown
in Figure This device has a relatively high zero-bias resistance and responsivity (Ry = 1.60 k2

and By = 0.79 A/W) compared to the NbyO5 diodes explored in Chapter
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Figure 6.6: Combination rectification and Seebeck thermal TWD illumination open-circuit voltage

response as a function of 10.6 pm illumination polarization for a Ni-NiO-TiO2-Cr/Au TWD.

This device was measured with the CW laser, which has a maximum intensity of ~0.04

W /mm?, and modulated by the mechanical chopper at 691 Hz. The open-circuit voltage response
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is represented by the blue circles, and the noise level by the dashed line. Upon first examination, this

2 2

voltage response doesn’t appear to represent either a cos® or sin“ response. Therefore, in addition
to the sin? thermal response, I must account for several sources of angular shift to the polarization
response. First, one comes from the alignment of the rectenna on the stage to the 0° polarization
angle, which is done by eye through a microscope with 100x magnification. I refer to this angular
shift as @aign, and it will effect absorption in both the TWD and the antenna. I estimate that
Galign s within £5°. Second, looking back at Chapter 4, some of the device SEMs, shown in Figure
have antennas with jagged edges due to fabrication non-uniformity. Simulations suggest that
extreme cases of this unintentional antenna asymmetry can shift the antennas absorption response
by as much as 30°. Practically, I expect ¢qpn: to be £20°. Similar to ¢qn¢, there is possibly a shift for
the TWD absorption too, ¢¢,4. Finally, since the rectenna response measurement takes anywhere
from 30 to 90 minutes, the beam wander can also contribute some additional shift in the response
peaks. Given the randomness of the beam wander, I cannot account for it in the optical response

fit, and from Figure the angular shift of the peaks appears to be minimal (+5°). Given these

effects, the preferred fit of the optical response would be with the following equation:

Voe(0) = Ajcos(0 + bant + Patign)” + AL5in(0 + druwa + Patign)” (6.7)

Since cosine and sine are identical functions phase shifted by 90°, it is difficult to establish an
accurate confidence interval for fit coefficients where the angular shifts are not strictly independent
as in Eq. Therefore, I limit the angular shift to a single term, which limits the degrees of

freedom and provides reasonable confidence intervals.

Voe(0) = Ajcos(0 + ¢)* + A sin(6) (6.8)

I use Eq. to fit the data in Figure and get the following result with 95% confidence

intervals listed in parenthesis.
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Ay =138nV (129,147) A, =950V (85,105) ¢ = 13.1° (9.8,16.5)  R? = 0.8249

I added the resulting fit line with the 95% confidence intervals to the data in Figure and

show the result below.
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Figure 6.7: Open-circuit voltage response of Ni-NiO-TiO2-Cr/Au TWD from Figure fit to Eq.
6.8

Clearly, given the high noise level in this data, there is quite a wide confidence interval.
The wide confidence interval shown on the plot does not rule out a fit that is nearly flat versus
polarization. Since sin? + cos? = 1, a flat response is theoretically possible in the case that A=
A and ¢=0°.

Ideally, I would like to eliminate the thermal response from the measurement. To prevent the

lock-in amplifier from measuring the thermal response, the modulation frequency needs to be much
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faster than the thermal time-constant. In Appendix [C] I estimated the thermal time-constant,
Tthermal, DY estimating the heat capacity of the metal and the thermal resistance through the 300
nm of SiOs. I estimate Tperma=52 ns, which corresponds to a 19 MHz modulation frequency. In
these measurements the mechanical chopper reference frequency is generally ~1-2 kHz. Therefore,
the thermal fluctuations are much faster than the low kHz modulation and cannot be eliminated
from the measurement.

To confirm the proposed distinction between rectification and thermal Seebeck response, 1
built a metal-only TWD structure. I fabricated a 2 pym long TWD as described in Chapter
with the exception that the diode oxide processing steps were excluded. Without the oxides, the
device has a very low resistance and liner I(V') characteristic, this ensures this device cannot have
a rectification response (Bareif} et al., 2013). Nor can it be bolometric because there is no external
bias. Figure shows the optical response of this device to the PWM laser with a 9% duty cycle

and modulated by the mechanical chopper at 1.70 kHz.
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Figure 6.8: Metal-metal (Ni-Cr/Au) junction open-circuit voltage illumination response due to the

Seebeck effect and direct heating of the traveling-wave region.

Since there is experimentally almost no cos? response, I adjusted the fit equation (Eq.
so that the polarization shift term, ¢, was part of the sin® term rather than the cos® term, as ¢

cannot have any meaningful effect if the amplitude coefficient is very small. Below I list the fit

coefficients with the 95% confidence intervals in parenthesis:

Ay =85nV (69,102) A, =197 nV (179,215) ¢ = —11.5° (—21.4,~1.8) R*=0.8312

As the figure shows, there is no on-axis response, only off-axis, as A is near the noise level
of ~66.7 nV. This suggests that any heating in the antenna absorption is not strong enough to
result in a thermal response, which supports the conclusion that the cos? response from MIM TWD

rectenna is indeed optical rectification. Direct heating due to off-axis absorption in the TWD, on
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the other hand, can result in a thermal signal. Seebeck coefficients for Ni, Cr and Au are -15 uV/K,
22 uV/K, and 6.5 uV/K respectively (Moore et al.l [1977). Therefore, it would only take a very
small temperature difference, 0.03 K, to account for the voltages measured. The angular shift, ¢,
is within the expected range, and the coefficient of determination, R?, is moderately close to 1,

indicating this fit accurately represents the data.

6.5 Optical Measurement Results

In this section I present the infrared optical response of a lumped-element rectenna and
four TWD rectennas. Of the TWD rectennas, one is 3 um long (TWD1), two are ~ 1.3 um
long (TWD2 and TWD3), and the final one (TWD4) is ~1 pum long. I compare the measured
response to the expected lumped-element response for a given diode, calculated as described in
Appendix I expect that the measured lumped-element rectenna will have a response close to
the predicted value, and the the TWD rectennas should have a higher response than the estimated
lumped-element. Several optical measurement results have suggested that the relative dielectric
constant for NiO is less than 8.5. For my lumped-element estimation I used a relative dielectric
constant of 7. The simulation results in Chapter [5] suggest that the optimal TWD length is ~500
nm. Unfortunately, given the concurrent nature of the experimental and modeling research, I do

not have measurements for TWD rectenna with lengths in that range.

6.5.1 Lumped-Element Rectenna

To effectively analyze TWD rectenna performance, I use a lumped-element rectenna as a
benchmark. The lumped-element rectenna was measured with the PWM laser at a 7% duty cycle,
modulated by the mechanical chopper at 1.69 kHz. In Figure I plot the V. response versus
polarization angle. The raw data from the lock-in amplifier is corrected with Eq. and plotted
with the blue dots. The noise level, which is the reading from the lock-in (also corrected by Eq.
while the shutter was closed between different polarization responses, is the dotted blue line

at ~100 nV.
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Figure 6.9: Lumped-element illumination open-circuit voltage response.

The data is fit using Eq. resulting in the following fit coefficients, again with the 95%

confidence intervals listed in parenthesis:

Ay = 1296 nV (1258,1334) A, = 4.8 nV (—37,46) ¢ = —8.2° (=9.7,—6.7) R*=0.9903

The off-axis response, A, is below the noise level of ~130 nV. The angular shift, ¢, falls
within the expected range, and R? value is very close to 1. The on-axis response, A, is the
open-circuit voltage, V,.. The predicted open-circuit voltage for a lumped-element based on the
calculations in Appendix [B|is 1196 nV. The measured value is within 10% of the estimate value

which suggests the estimation technique in Appendix |B|is sufficiently accurate.
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6.5.2 TWD1

This is the device reported in [Pelz et al. (2016). There was a correction factor missing in

this work due to the fact the source was a pulsed laser modulated by a mechanical chopper at 1.53
kHz. Thus, both the reported intensity and V,. were low by a factor of 5, (Duty Cycle = 20%)~!.
Additionally, the optical setup had a 50-50 beam splitter that split the incident beam for real-time
power monitoring. This reduced the illumination intensity by 50% compared to the other PWM

laser optical measurements (Lumped-element, TWD2, and TWD3).
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Figure 6.10: TWD1 illumination open-circuit voltage response.

In Figure the 0° data has a much lower voltage than expected. The measurement is
automated, so I was not present during the taking of this data, but I suspect that the home-made
shutter being used at the time malfunctioned, and did not open for the part of the measurement.
Therefore, that point was omitted from the fit as indicated by the red 'x’. This is the only mea-

surement presented that was taken prior to upgrading the shutter to the ThorLabs SHO05. The
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resulting polarization response had the following fit coefficients:

Ay = 2184 nV (2011,2357) A, =408 nV (217,599) ¢ =5.4° (1.3,9.4) R® =0.9387

Again, A is near the noise level of 445 nV, this time however, the confidence interval is much
wider, suggesting that it is possible that I have observed a small thermal response. The coeflicient
of determination, R? indicates a good fit, and ¢ is within the expected range. The predicted
lumped-element response for this diode is only 146 nV. The substantially higher measured response
(~14.9x) is a good indication that the TWD structure is improving the impedance match to the

antenna and enhancing the overall response.

6.5.3 TWD2

TWD2 has the cleanest response, with the highest R? and a very low noise level ~39 nV.
Figure shows the 95% confidence intervals are very close to the fit line. This rectenna was
measured with the PWM laser at a 20% duty cycle and modulated by the mechanical chopper at

1.69 kHz. The fit coefficients are as follows:

Ay =1224 nV (1194,1255) A, =95 nV (63,128) ¢ = —4.3° (=5.5,-3.0) R?=0.9918
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Figure 6.11: TWD2 illumination open-circuit voltage response.

Again, the thermal response is minimal, and the angular shift falls in a reasonable range.
The estimated lumped-element response for this diode is only 87 nV. This makes the measured

TWD response 14.1 times higher that the equivalent lumped-element.

6.5.4 TWD3

As Figure shows, TWD3-Measurement A has the largest open-circuit voltage response
of all infrared optical measurements, with V,. = 3055 nV. I measured the device through 360° of
polarization rotation. In the first 90°, the data shows, what appears to be, the negative effects

of poor beam stability. Because of the stability explanation, the data was omitted from the fit,

indicated by red z’s on top of the data points.



87
3500 - ‘ |

3000 -

- N N
a o a
o o o
o o o

Open Circuit Voltage (nV)
o
3

500

0 30 60 90 120 150 180 210 240 270 300 330 360
Polarization Relative to Antenna Axis ( 6°)

Figure 6.12: TWD3 illumination open-circuit voltage response - Measurement A.

Below, the resulting fit parameters, for the optical response in Figure [6.12 using Eq. 6.8:

A =3035 nV (2044,3127) A, =51 nV (~78.6,181) ¢ =31.9° (30.1,33.6) R’ =0.9870

What we see from both the figure, and the fitting parameters, that there is a ~32° angular
shift in the polarization response. In Section I discussed several issues that could account for
a shift in the polarization response. However, 32° is larger than the expected maximum. The R?
is extremely close to one, and the thermal signal, A, is at the noise level, ~43 nV.

Given the large voltage magnitude, but questionable polarization dependence, I repeated the
measurement several times. In contrast to the other optical measurements, the repeat measurements
of TWD3 eliminated the mechanical chopper and used the sync from the function generator as the

reference source for the lock-in amplifier with a repetition rate of 5 kHz and a duty cycle of 10%.



88

The response shown in Figure[6.13] while lower magnitude than the first measurement, has minimal

shift relative to the expected cos? response. The fit coefficients for the fit in Figure are listed

below:

Ay =928 nV (896,960) A, =29 nV (=5.7,63) ¢ =88 (~10.6,~7.2) R?=0.9881

With an average noise level of 94 nV, the off-axis polarization response can be ignored. The
rectification open-circuit voltage response is 928 nV, which is 8.4 times higher than the estimated

response from an equivalent lumped-element rectenna of 110 nV.

1000

900
800
700
600
500

400

300

Open Circuit Voltage (nV)

200

100

0

0 30 60 90 120 150 180
Polarization Relative to Antenna Axis ( 6°)

Figure 6.13: TWD3 illumination open-circuit voltage response - Measurement B.

Figure [6.14] shows a final measurement of TWD3. Just as with the previous measurement,

the lock-in amplifier was locked directly to the PWM laser modulation signal at 5 kHz and 10%
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duty cycle. There is a large difference between the 0° polarization response and the 180° response,
roughly 40%. This is consistent with the effects of beam wander shown in Section This is the
only infrared rectenna measurement where beam wander had such a large effect. The fit coefficients

for the fit in Figure [6.14] are listed below:

Ay = 1617 nV (1383,1851) A, = 62.6 nV (—189,314) ¢ =4.1° (=3.3,11.4) R? =0.7919
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Figure 6.14: TWD3 illumination open-circuit voltage response - Measurement C.

The beam wander has led to quite wide 95% confidence intervals, but even with the wide
intervals, the result fits within the bounds of the previous two measurements (A&B). The repeata-
bility of the polarization responses adds confidence to the conclusion that I have observed 28 THz

rectification with a TWD. Additionally, all three measurements exceed the calculated lumped-
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element response of 110 nV. Going forward, I will use the average open-circuit voltage of 1860 nV
as the observed response for TWD3, which is 16.9 times larger than the estimated lumped-element

rectenna.

6.5.5 TWD4

This is the final TWD presented. It was measured with the CW laser and modulated by the
mechanical chopper at 1.36 kHz. The lower open-circuit voltage from infrared optical measurement
in Figure reflects that the illumination intensity from the CW laser is 25 times lower than that

of the PWM laser. The fit coefficients are as follows:

A =334 nV (328,340) A, =28.6 nV (21.8,35.3) ¢ = —28.2° (—29.1,-27.3) R*=0.9869

The off-axis response is near the average noise level of 19.4 nV, and the R? value is quite
high. The shift in the polarization response is near the end of the range of acceptable values. As
was done with TWD3, additional measurements would help confirm the response, however, the
junction became open-circuited before those measurements could be performed. The TWD V,. =
334 nV is 4.3 times larger than the estimated lumped-element open-circuit voltage response (78

nV).
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Figure 6.15: TWD4 illumination open-circuit voltage response

To summarize, all four measured TWD rectennas performed better than their estimated
lumped-element counterparts. The detailed implications of these measurements are discussed in
Chapter [7| However, preliminarily, given the TWD measured responses are approximately an order
of magnitude higher than the estimated response from equivalent lumped-element diodes, the TWD
can offer some performance improvement over its lumped-element counterpart. Similar performance
across different TWD rectennas with different lead configurations shows that any absorption in the

lead structure has a negligible effect.



Chapter 7

Discussion and Conclusion

7.1 Summary of Optical Measurement Results

Table[7.I]summarizes the optical measurements made in Chapter[6. As stated earlier, for com-
parison, I use Appendix[BJto calculate the estimated response for an equivalent area lumped-element
diode. Additionally, I present simulation results for each device using the method from Chapter[5l 1
modified the relative dielectric constant used for NiO from 8.5 to 7 for both the lumped-element es-
timation and the TWD device simulation as simulated fits to experimental lumped-element results
suggest it is lower than the value used for the simulation work in Chapter I compare open-
circuit voltage (Voc), short-circuit current (Iy.), DC output power (Py.), system responsivity (Bsys),
detectivity (D*), and overall efficiency (n;otq;) for the experimental measurement, the estimated
lumped-element, and the TWD simulation. Details of the relationships between these metrics can
also be found in Appendix [Bl The bottom two rows of the table show the ratio of the measured
TWD to calculated equivalent lumped-element for both D* and 7:ptq;. The D* ratio is the same for
Voes Ise, and Bgys; the ot ratio is the same for Py.. For TWD3, I made multiple measurements,
I show values based on the average open-circuit voltage of the three reported measurements.

There are several important conclusions from Table listed below:

(1) The lumped-element estimation method is quite accurate. The measured lumped-element
response is within ~10% of the estimated response (~20% for power terms because of

the dependence on squared voltage or current). This estimation method has been con-
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Table 7.1: Summary of lumped-element (LE) and TWD optical measurement results

Device
LE TWD1 TWD2 TWD3 TWD4
(Averaged)
Geometry Length (nm) 400 3000 1350 1250 1000
Overlap (nm) 150¢ 30 115 110 30
DC Ro (2) 1151 559 381 429 743
By (A/W) 0.49 0.53 0.46 0.46 0.42
Laser Input Laser PWM PWM PWM PWM CW
Pin (uW) 24 12 24 24 0.96
Measured’ 1296 2184 1224 1860 334
Voe (nV) LE calcuated 1196 146 87 110 78
TWD simulated X 3752 2297 1668 155
Measured® 1.13 3.91 3.21 4.33 0.45
Isc (nA) LE calcuated 1.04 0.261 0.227 0.255 0.106
TWD simulated X 6.73 6.03 3.87 0.21
Measured® 365 2130 983 2016 37.5
Pi. (aW) LE calcuated 311 9.55 4.92 7.03 2.1
TWD simulated X 6290 3460 1610 8.1
Measured® 47 325 134 180 471
Bsys (LA/W) LE calcuated 43 22 9 11 110
TWD simulated X 558 251 161 219
. Measured® 6.03x10% | 2.89x10* | 9.95x10% | 1.42x10* | 4.88x10%
D* (Jones) 3 3 2 2 4
24 LE calcuated 5.59x10 1.96x10° | 7.03x10 8.41x10 1.14x10
(em VHzW™) 1D simulated X 5.03x10% | 1.87x10% | 1.27x10% | 2.26x10*
Measured® 15.5 177 41.0 83.6 39.4
(X?Stfb) LE calcuated 12.9 0.80 0.21 0.29 2.15
TWD simulated X 524 144 67 8.48
D* (Measured®/LE, ) 1.08 14.9 14.1 16.9 4.28
P,;. (Measured®/LE_,.) 1.16 222 199 286 18.3

& area is ~0.7xlength xoverlap for the LE because of the severe rounding of the corners.

b measured by the lock-in amplifier.

¢ calculated from measured V,. as shown in Appendix
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sistent with other lumped-element infrared illumination measurements made by other lab

members.

TWD rectennas have a response that is ~5-20 times larger than the estimated lumped-
element of an equivalent size and I(V') characteristic. This, in conjunction with the first
point, indicates that the observed response is a traveling-wave optical response; the TWD
configuration improves coupling between the antenna and the diode. This is also consis-
tent with the expected improvement based on simulation results as shown by Figure
Simulation of TWDs with overlaps from 60 nm to 120 nm generally predict improvements
over lumped-element rectennas by factors ~5-25, with the improvement factor increas-
ing for longer TWD lengths (i.e., larger device areas, which quickly reduce the expected
lumped-element response due to reduced coupling efficiency). Unfortunately, I do not have
enough experimental data to confirm the resonant trends suggested by the simulation re-
sults. However, Figure shows an approximate agreement between experimental and

simulation results.
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Figure 7.1: Simulated and experimental ratio of TWD to lumped-element (LE) detectivity (D*)
versus the length of the TWD. The measured overlap for experimental devices ranges from 30 nm

to 115 nm, see Table

(3) All of the measured TWD rectennas have higher detectivies, by factors ranging from 1.65 to
8.09, than the measured lumped-element. This also indicates that the TWD configuration

enhances antenna/diode coupling and improves rectenna performance.

(4) The simulation method in Chapter [5|estimates the actual TWD response generally within
a factor of ~2. This is another indication that the fabricated devices are preforming as
intended, rather than simply coupling to the antenna like a lumped-element diode. The
deviation of simulated values from measured ones likely originates from small differences in
the simulated and fabricated structures. In the simulation, any given TWD has a uniform
junction width along its entire length. The experimental devices on the other hand, as

shown in Figures and the overlap region starts at zero and gradually increases to
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the reported width (over a distance of ~100 nm). The effect of this tapered region might
provide insight to possible design improvements (see Section . Likewise, the estimated
insulator thickness could be different from the actual values, and the DC I(V') curve may
deviate from the I(V') characteristic at high frequency. All of these variations can add up

to account for the difference between the simulated and measured values.

I have shown that a Ni-NiO-NbyO5-Cr/Au rectenna in a TWD configuration can improve
the response of a MIM rectenna compared to its lumped-element counterpart. The TWD achieves
this by modifying the impedance seen by the antenna from a parallel RC of the MIM diode to
the input impedance of a TWD transmission line. This modification results in a much higher
coupling efficiency. For example, the highest detectivity from a simulated TWD (¢t=5 nm, ¢,,=60
nm, L4,q=550 nm) has an estimated coupling efficiency of 50% and the estimated equivalent area
lumped-element has a coupling efficiency of 3x10~4. This makes the TWD coupling efficiency nearly
1700 times higher than the lumped-element rectenna. Yet the estimated detectivity improvement
from Figure [7.1] is only ~11. The TWD improvement over the lumped-element is limited by
the fact that despite the higher coupling efficiency, there is an additional loss mechanism: the
propagation of the surface plasmon along the MIM interface. The thin insulator required to support
electron tunneling leads to very high field confinement and lossy plasmonic propagation. In a
lumped-element rectenna, once the AC power enters the diode, all of it is available to be rectified.
Alternatively, in a TWD, since all the rectification does not occur at the same location, the field
that couples to the diode must still propagate along the MIM interface, and this propagation loss
becomes costly.

Given the enhancement of the TWD structure is not as large as initially projected, it is
possible there are cases where the TWD is actually worse than its lumped-element counterpart.
For example, AlsO3 has a very low dielectric constant at 10.6 um. This low dielectric constant
reduces the plasmonic resistive decay loss in the TWD, but also means the capacitance of a AloO3

based MIM lumped-element rectenna will be quite low. If the coupling between the antenna and
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lumped-element diode is high enough, it is possible the improvement in coupling efficiency for the
TWD will not outweigh the cost of propagation loss. In this case, the lumped-element will out

perform the corresponding TWD for that material set.

7.2 Comparison to Other Detectors

Aside from rectennas, there are a few other common options for detection of 10.6 um ra-
diation: low bandgap photodiodes, microbolometers and strained superlattice detectors. Using
cryogenic cooling, detectivities in the range of 108-10'° Jones have been reported (Rogalski, 2002,
2010; [Ting et al.l 2009; Plis, |2014). The need for cryogenic cooling adds substantially to the cost
of such detectors and limits practical application. Therefore, it is desirable to have efficient room
temperature infrared detectors, and it can be misleading to compare the detectivies of cryogenic
detectors to ones that operate at room temperature.

Microbolometers at room temperature have been reported to have detectivies around 107
Jones (Chi-Anh et al. [2005). In Chapter @I used an uncooled HgCdTe photodiode for laser
beam characterization measurements. This photodiode has a detectivity of 1.5 x 107 Jones, a
responsivity of 3.2 mA/W, and an absorption area of 1 mm?. In Appendix @ I confirm the
responsivity by measuring the photodiode with the same optical measurement setup as used for
the MIM rectennas. Below is a table that summarizes the detection characteristics of the TWD

compared with the alternative room temperature detectors. (Zhu et al., 2014



Table 7.2: Detector comparison: TWD, photodiode, bolomter, and graphene geometric diode
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Detector Type

Boston
Geometric
Simulated Experimental | Electronics
Bolometer Diode
TWD TWD Photodiode
Rectenna
HgCdTe
D* (Jones)
6 x 10% 4.9 x 104 1.5 x 107 | 1.1 x 107 | (~5 x10%)@
(or emyvVHzW™1)
VAq 4.9 pm 4.9 pm 1000 pm 70 pm 6.1 pm
L, (Af)=05 2.06 pA 4.72 pA 21 pA 4.38% pA 2.35 pA
Bsys 0.239 mA/W | 0.471 mA/W | 3.2 mA/W | 6.9° mA/W | 0.20 mA/W
Ry 3,921 O 743 Q 37 Q 27,000 3,000 €2

% Corrected from published value based on correctly reported Bsys.

b Calculated from bias current and device resistance as shown in Appendix

The TWD rectenna yields detectivies similar to those for the geometric diode but a couple

hundred times lower than photodiodes or bolometers. However, there is a v/ Area factor in the

calculation of detectivity, see Eq. The substantially smaller absorption area of a rectenna

(compared to either a photodiode or a bolometer) accounts for the majority of the difference. Simply

employing an array of TWD rectennas to achieve a larger area will yield a higher detectivity. When

the area of the detector is ignored, I observe TWD system responsivitys that are within ~10 of

the photodiode and bolometer. Rectennas have an additional advantage over bolometers of a much

faster response time. Given the possible improvements for infrared rectennas (TWD or alternatives)

outlined in the following section, rectennas have the potential to surpass existing technology.
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Potential TWD Rectenna Improvements

Increase Electric Field

Increasing the electric filed in the diode provides a higher AC voltage to the MIM interface.

MIM diodes become more nonlinear and asymmetric at higher voltages. Therefore, the efficiency

of the diode rectification is improved with a higher voltage input. There are several ways to achieve

higher electric field intensity.

(1)

Double antenna: A second antenna can be added to the open end of the TWD. In this
way, two surface plasmon waves will be launched down the TWD, one from each end, prop-
agating in opposite directions. Since the waves are propagating in opposite directions, there
will be both constructive and destructive interference, regardless of the phase relationship
of the illumination to each antenna. The net result will be a higher field intensity and more

efficient rectification.

Tapered TWD: In this I explored the effects of length and width independently. Tapering
the TWD overlap region, at either the beginning or the termination of the TWD, can
potentially help tune the diode input impedance as well as enhance field confinement. Better
impedance control will allow for higher coupling between the antenna and the diode and

enhanced field confinement will lead to higher AC voltages and more efficient rectification.

Better antenna: My work focused mainly the TWD design. I performed basic antenna
analysis, but design was held constant. Antenna optimization can improve the antenna in
several ways. First, since the antenna is illuminated from the low index side, the directivity
is poor. Embedding the antenna in a higher index material and matching to free space can
increase the amount of optical power absorbed by the antenna. Second, just as I engineered
the TWD impedance characteristics, the antenna’s impedance can be engineered as well.
Finally, the SiO2 can be grown to a thickness so that it is quarter-wave matched for the

illumination wavelength providing enhanced antenna absorption (Tiwari et al., 2009).
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(4) MIM surface roughness: A better understanding of the effects of MIM surface roughness
on TWD plasmonic propagation. Intuitively, the rough interfaces likely inhibit the plasmon
propagation, but a specific study to quantify this effect would help optimize TWD rectenna

performance.

7.3.2 Decrease Plasmonic Resistive Decay Loss

One potential way to decrease plasmonic resistive decay loss is to add sharp metal tips inside
the TWD MIM insulator. This would allow the insulator to become thicker (reduced plasmonic
resistive decay loss), while the electron tunneling can be confined to small areas at the sharp tips.
The primary limitation here is the ability to fabricate such a structure. Despite demonstrations
of single sharp tips with MIM structures (Choi et al., |2009; Miskovsky et al., 2012; |Piltan and
Sievenpiper}, [2017)), I do not know of any way that could be reliably fabricate sharp tips within a
TWD.

A second option is to load a lumped-element diode at the feed point of an antenna with
a low-loss, transmission line matching structure to compensate for the capacitance of the diode.
In this way, the impedance mis-match between the antenna and lumped-element diode can be
compensated in a low-loss way. This concept begins to deviate from the original TWD concept, as
it is no longer a rectifying transmission line. However, similar to the improved coupling efficiency
I demonstrated with the TWD, this concept utilizes a transmission line structure for improved

impedance matching between the antenna and diode.

7.3.3 Better Diodes

Most importantly, improving the MIM diode. Examining the MIM diode (V') curves, clearly
there is room for improvement. With the low resistance diodes I fabricate, the maximum asym-
metry I observe is less than 2 over the entire measured voltage range (several hundred millivolts).
Enhanced diode asymmetry and nonlinearity will improve overall rectification. Experimentation

with different materials and improved deposition techniques can potentially improve the MIM diode
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I(V) characteristics.

7.4

Measurement Improvements

While improving the performance of the rectenna is the primary goal, improving the optical

measurement configuration can help achieve that goal. More accurate measurement will enhance

feedback on specific design choices and allow for better comparison between rectenna devices. For

example, simulations in Chapter |5|suggest shorter devices should have a higher response. However,

experimentally, I do not have enough data to confirm or refute this observation.

(1)

Direct lock-in to laser: Modulating a pulsed laser near the repetition rate is a less-than-
ideal way to make these measurements. With the ~2 kHz modulation frequency and the 20
kHz repetition rate, the variation of the power to the recetnna could as much as 20% each
cycle of the the mechanical modulation based on the number of pulses that pass through
the chopper each cycle. Preliminary testing with our current SYNRAD laser appears this
is an option without any equipment upgrades and is the preferred measurement technique

moving forward.

Faster modulation: While the rectennas measured in this work appear to be genuinely
rectifying the 10.6 pm radiation, there are only two ways to rule out a thermal response:
increase the modulation frequency or laser mixing. Both of which would require substantial
measurement system upgrades. Increasing the modulation rate above the thermal time
constant will eliminate thermal signals from the measurement. Given the thermal time
constant is in the megahertz, there are two options for increasing the modulation rate:
replace the mechanical chopper with an acousto-optic modulator or direct lock-in to a
pulsed laser with a megahertz repetition rate. As stated by the first point, the preferred

method would be to lock into the laser modulation.

Non-reflecting wafer holder: In this work, the devices were mounted on a metallic, re-

purposed, SEM stage for the optical measurement. This means the beam that illuminates
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the device is reflected off the stage back through the substrate an could cause distortion in

the measurement.

(4) Better laser stability: Clearly, from the data presented in Chapter @ the laser stability
can cause errors in the measurement. Any inaccuracy in measured beam size and intensity
will manifest as uncertainty in calculated performance metrics. Switching to a laer with

better stability will improve the measurement accuracy.

(5) High frequency diode I(V) measurement: I use the DC I(V) characterization to
make predications about the high-frequency performance. It is well established that the
dielectric constants of these materials can vary at optical frequencies, so it is likely the
I(V') characteristics vary as well. Unfortunately, without terahertz electronics, there is no

way to measure an (V') at THz frequencies.

(6) INluminated I(V) measurement: Because of the resistive lead structure connecting my
electrical probes to my TWD devices, I could not make short-circuit current measure-
ments. Changes to the probe configuration could possibly allow for short-circuit current
measurements or full illuminated I(V') sweeps. This could confirm the accuracy of my

linear approximation of the illuminated I(V') curve.

7.5 Final Thoughts

TWD rectennas do provide an improvement over lumped-element rectennas. Table[7.1]shows
that I observed higher detectivity and efficiency for all of the measured TWD rectennas than
the experimentally measured lumped-element device. However, the enhancement is not as large
as initially projected because of the additional loss associated with plasmonic decay. Even with
substantial innovation, TWDs probably will not achieve the efficiencies necessary to be effective
energy harvesters, but may be practical for detection with some additional development.

Despite the limitations of the TWD rectenna, the knowledge gained through fabricating,

measuring and analysis TWD recetnna performance can provide insight for future infrared rectenna
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work. I have confirmed through simulation and experimentation that MIM diode rectennas are not
fundamentally limited by the capacitive nature of the diode. I have shown that the diode can in
fact be modified to achieve a high coupling efficiency to the antenna. This means infrared optical
rectennas with some alternative, low-loss, compensation structure should show promise as energy

harvesters.
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Appendix A

Modified Exponential Fitting Procedure

To fit the data to Eq. we find the pair of Rs and « values that allow the best fit for
Eq. 3.13 to the modified I(V) data. Given a pair of R, and « values, the V in the (V,I) data set
can be converted to Vp using Eq. When the data is converted to (Vp,I) ordered pairs, Eq.
is now an appropriate model to fit the data. Coefficients Iy, b, and d can be determined using
least squares regression, as done in section 3.

To determine the optimum R, and «, we pick the pair of Ry and « values that give the
highest coefficient of determination, R?, for the fit of Eq. to modified (Vp, I) data sets. To
make this comparison of different values for Rs; and «, we first establish a range of interest. The
additional series resistance must be smaller than the smallest measured absolute diode resistance,
which can be approximated as Viaz/I(Vinaz ), where Vi,qz is the maximum measured voltage. Thus

for R,, we are interested in the following range:
0 S Rs S Vmaz/I(Vmax> (Al)

For «, we examine this range:

0 < a < 1/Vimaol (Vinas) (A.2)

A new (Vp,I) pair is generated for every a and Rs; combination. The exponential model in Eq.
is used to fit the resulting Vp vs I. The combination of Rs; and « values that have the highest
coefficient of determination, R?, for the fit to Eq. is chosen for the final model. For MIM-2,

we have a maximum R? when Rs; = 334 Q and o = 1125 Q / V2. These Ry and a values lead to b =
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864V~ d=707V"! and Iy = 1.83 x 10~° A. This fit procedure is also suitable for MIM-1, and
shows that the series resistance is, in fact, negligible in that case. The highest R? is found when
both R, = 0 Q and o = 0 /V?, resulting in identical b, d, and Iy values established in Section 3.

Now that we have the fit coefficients for MIM-2, we can generate the fit I(V) needed to plot
the responsivity, resistance and residue. Because the current in Eq. is recursive, several steps
are required to plot the resulting fit. First, we plug Eq. [3.13 in for the current in Eq. to
get an equation that relates V and Vp. Since this results in a transcendental equation, we must
numerically solve for Vp values for a set of voltages, V, over any range of interest, generally (+
400 mV). Once we have Vp, we can calculate I using Eq. Now that we have V and I we can
easily plot I(V'), the residue, the asymmetry, or generate resistance and responsivity curves using

central difference approximation derivatives.



Appendix B

Optical Rectenna Response Analysis

B.1 Estimating Lumped-Element Optical Response

For any optical measurement of an MIM rectenna, making a calculation of the estimated
lumped-element optical response provides a good reference point. The short-circuit current, I,

for an illuminated lumped-element can be calculated as follows:

Isc = IOAabs"]antncBO (B'l)

Similar to Chapter 5] Iy is the illumination intensity, and Agps is the absorption area of the rectenna.
The product of Iy, Agps, e, and ngpe gives the power coupled to the diode. For the bowtie antenna
used throughout this work, the estimated absorption area is 24 ym?. The remaining factor of 3,
zero-bias responsivty, in Eq. [B.1 estimates the short-circuit current for a given power delivered to
the diode. I can estimate 14,y = 10% and then calculate the 7, from Eq. modified to reflect
I am calculating for a lumped-element diode. The coupling equation requires values for antenna
impedance, Z4; where R4 is the real part and X 4 is the imaginary part of the antenna impedance.

I use the simulated values from Chapter 5| (Z4 = 112-j117 Q).

B ARAZ),
T = Ra+ ZL)2 + (Xa+ 20)2

(B.2)

where Z7, is the real part and Z7, is the imaginary part of the series equivalent diode impedance.

Generally, the lumped-element diode resistance and capacitance are considered to be in parallel.
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However, the coupling calculation in Eq. [B.2 requires a series equivalent impedance. This series

equivalent impedance of the parallel diode resistance and capacitance is calculated as follows:

Ry
Z = B.
b (WCRp)?>+1 (B.3)
~wC R?
e B.4
b (WCRp)2+1 (B-4)

where Ry is the diode zero-bias resistance, w is the angular frequency and C' is the geometric
capacitance and is calculated as done in Chapter [1|in Eq. Once I4. has been calculated, any
of the performance metrics can be estimated as discussed in the next section. The lumped-element
device presented in this work, as well as other lumped-element devices measured by other members

of my lab show good agreement between this estimation method and experimental results.

B.2 Calculating Optical Performance Metrics

For any optical measurement either open-circuit voltage or short-circuit current can be used
to estimate other performance metrics. Given the relatively linear nature of my diodes, particularly
over the DC voltages at which these rectenna operate (several pV), short-circuit current and open-

circuit voltage can be correlated using the diode resistance and Ohm’s law.

Voe = IscRo (B.5)

Either I, or V,. can be used to calculate the DC power out.

2Ry, V2
Py, =~ Toc B.
d 4 AR, (B.6)

where Ry is the zero-bias diode resistance. I can be used to calculate system responsivity, SBsys,

as well.

1
ﬁsys ===

U
3
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where P, is input power to the rectenna calculated at the product of absorption area and illumi-

nation intensity. Finally, detectivity can be calculated as follows (Rogalski, 2003} Zhu, 2014):

D* = \/AAbSAf% (B.8)

where k is the Boltzmann constant, 1" is temperature, Af is detector bandwidth, and I,, is the

noise current calculated as shown in the following equation.

4kT
In = \/Af(2qlbias + ) (Bg)
Ry

The noise current has two components, shot noise from the DC bias current and the Johnson noise
based on the diode resistance. Without an applied bias, I;,s = 0, the detectivity equation simplifies

to the following:

. | Ro
D —Bsys AAbs AkT (BlO)

In the above case, the bandwidth, Af, terms cancel, and the detectivity is independent of band-

width.



Appendix C

Estimating Thermal Time Constant

If T assume the only thermal conduction path for cooling the TWD is through the substrate
and that the Si acts as a uniform temperature heat sink, I can estimate the thermal time-constant
for the TWD rectenna. In this case, the heat capacity is based on the mass of the metal in the

TWD.

Cthermal = CpAtm (Cl)

where p is the average metal density, A is the area, t,, is the metal thickness, and c is the average
specific heat for the metals in the TWD structure. The thermal resistance is calculated for the 300

nm SiO9 between the TWD and the silicon substrate.

tsio
Rthermal = ﬁ (02)
U2

where tg;0, is the thickness of the SiOg, A is the area, and og;0, is the thermal conductivity of
SiOq. Finally, the thermal time-constant, Tiperma can be calculated as the product of the thermal

resistance in Eq [C.2]and the heat capacity in Eq.

150,
0870,

Tthermal = RihermalCthermal = cptm (C?’)

Notice, that for the final equation, the time-constant is independent of area. The necessary
modulation frequency can be calculated as 1/7¢permar- Using the parameters for the GSM fabricated

TWD devices, Tipermar = 19 MHz.



Appendix D

Boston Electronics HgCdTe Photodiode

As a sanity check that my optical measurement system is correctly calibrated and that I
am calculating the detector metrics properly, I measure the HgCdTe photodiode and calculate
the system responsivity and detectivity. The specifications for the manufacturer indicate that the
HgCdTe photodiode has a responsivity of 3.2 mA /W and a current amplifier with a transimpedance
of 1.2x10* V/A. I illuminated the diode with the CW laser in my optical set up and modulated it
by the mechanical chopper at 1.69 kHz. Since the photodiode is polarization independent, just as
was done in Chapter [6] I put a linear polarizer after the half wave plate. The open-circuit voltage
response is shown below in Figure To prevent damage to the photodiode and keep the output
voltage within specification for the lock-in amplifier, the laser was operated at ~30% of maximum
power. The photodiode manufacture recommend limiting the power to the diode to 100 mW and

the maximum input voltage to the lock-in amplifier is 1 V.
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Figure D.1: Optical response of Boston Electronics HgCdTe photodiode

The data is fit to Eq. from Chapter @ The 95% confidence intervals are represented
by the dashed lines on the figure. From the fit, V,. = 444 mV. The input power is the product
of the illumination intensity (0.012 W/mm?) and the absorption area (1 mm?), 0.012 W. I,. can
be calculated from V. by dividing by the transimpedance of 1.2x10* V/A. This yields I,. = 37
pA. Dividing by the input power gives a system responsivity, Ssys = 3.08 mA /W, which is within
specification of the reported responsivity of 3.2 mA/W +20%.

Using the other reported performance metrics, I,, = 21 pA/ VHz and Ry = 37 Q combined
with the measured system responsivity, I can calculate a detectivity of 1.47x107 Jones using the

equations in Appendix B} This is also within the specification range of D*=1.5x10"+£20% Jones.
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