


ABSTRACT

Bicrystals and Bowties: Photothermoelectric and plasmonic effects of gold nanoscale

structures

by

Charlotte I. Evans

The interaction of light with gold dramatically changes when the size of the gold

devices is reduced to the nanoscale. The free electron gas in the metal can col-

lectively oscillate with the electric field of the incident laser in an excitation called

plasmons which can result in dramatic enhancements of the local electric field. Elec-

tronic transport and open circuit voltage (photothermoelectric) measurements can

be powerful tools to characterize a gold nanoscale device heated by an incident laser.

This laser can be raster-scanned to probe the response of the device as a function

of laser position. The thermoelectric effect has been well-studied since its discovery

by Seebeck in the 1820s. A resurgence of thermoelectric studies have been published

recently manipulating the thermoelectric properties of thin metal film devices via

nanostructuring. Substantial variation of the local Seebeck coefficient has recently

been observed in polycrystalline nanowires of uniform thickness and width, a regime

where the Seebeck coefficient is generally regarded as a constant value. A study of

the photothermoelectric voltage signal of single crystalline wires and bicrystal devices,

two single crystals in contact at an individual grain boundary, provides evidence that

grain structure does not substantially contribute to the local Seebeck coefficient. In-

stead, the photovoltages of these single and bicrystal devices are well-correlated with



local variations in strain as detected by electron back-scatter diffraction measurements

and with variations in platinum impurity concentration. Therefore, the photovoltage

measurements are demonstrated to have sensitivity to intrinsic variations in nanoscale

devices that are otherwise difficult to detect using traditional electronic transport and

imaging techniques.

In nanoscale molecular junctions, the large enhancements of the local electric field

due to local surface plasmon resonances allows for single-molecule Raman measure-

ments, which probe the inelastic energy exchanges between incident photons and the

vibrational modes of the molecule. These optical measurements can be combined

with electronic transport measurements to detect the energy exchanges between the

vibrational and electronic energy states in the molecule. However, the plasmonic res-

onances that allow for the single-molecule sensitivity also result in high local heating

making these energy exchanges difficult to detect. We will discuss one potential way

to mitigate the local heating: remote excitation of the nanojunction using propagat-

ing surface plasmon polaritons. Electronic transport measurements estimate the local

temperature rise of the device due to direct and remote excitation. Large enhance-

ments of the open circuit photovoltages in nanogaps due to hot electron photocurrents

from non-radiative plasmon decay are observed. The open circuit photovoltages are

then used to probe the interactions of the propagating surface plasmon polaritons

with the local modes in the nanogap, demonstrating that the open circuit photo-

voltages and electronic transport methods are powerful tools to not only characterize

nanoscale devices but also to probe the plasmonic properties of the devices.
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Chapter 1

Introduction

The interaction of light with gold changes dramatically at the nanoscale. The free

electron gas in the metal can collectively oscillate with the incident electric field re-

sulting in large enhancements of the local electric field behaving as a quasiparticle

called plasmons. The work in this thesis considers the effects of gold plasmonically

active nanostructures under focused laser illumination. First, the photothermoelec-

tric effect is used to probe intrinsic variation in gold “bowtie” devices consisting of a

plasmonically-active nanowire between two electrodes. The variation in the detected

photovoltages are suggestive of local changes in the Seebeck coefficient in the poly-

crystalline films. To determine the cause of these local variations, the devices are

simplified to single crystalline gold wires and bicrystal devices with a single grain

boundary. Comprehensive studies of each demonstrate that these photovoltages are

sensitive to small variations in local strain and platinum impurities. Simultaneous

optical and electronic transport measurements in molecular junctions can allow for

the detection of energy exchanges between the electronic and vibrational states of an

individual molecule. The plasmonic resonances in the gold bowtie devices allows for

single molecule detection in optical measurements, but also result in sufficiently high

local heating that these energy exchanges cannot be well-resolved. A potential way to

mitigate this heating, via remote excitation of the nanowire via propagating surface

plasmon polaritons, provides a promising path forward for these measurements. The

local heating of the nanowire due to remote excitation is estimated via electronic
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transport measurements while the coupling of the propagating plasmons to the local

modes in the nanowire are probed using photovoltages. This work highlights the

wealth of information that can be provided via simple electronic transport and open

circuit voltage measurements in device characterization.

1.1 Overview and organization of this thesis

The first three chapters will discuss the introductory background information neces-

sary to understand the experimental results. First, Chapter 2 will discuss the advances

of the thermoelectric effect in the nanoscale regime, particularly single metal ther-

mocouples. Chapter 3 details how conductance measurements can probe the energy

exchanges between tunneling electrons and molecular vibrational modes in molecular

junctions. Chapter 4 discusses how the free electrons in gold can couple with incident

laser illumination, oscillating in unison as quasiparticles called plasmons, which am-

plify the local electric field in nanostructures. The local enhancement of the electric

field allows for single molecule sensitivity of Raman spectroscopy which probes the

vibrational energy exchanges within a molecule through inelastic light scattering. Fi-

nally Chapter 5 provides details about the nanoscale device that is primarily discussed

in this work: the gold “bowtie” consisting of a plasmonically resonant nanowire con-

striction between two fan out electrodes. Previous results will be briefly summarized

before the experimental methods used throughout this work are discussed.

The results discussed in this work can be broken down into two parts. First, the

sensitivity of the photothermoelectric effect to detect small changes in nanoscale de-

vices is discussed. Chapter 6 looks at results of photothermoelectric measurements

of intact gold “bowtie” devices and discusses that while nanostructuring devices can

result in single metal thermocouples, the photothermoelectric effect shows surprising
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sensitivity to the crystalline structure of thin polycrystalline gold films with spatial

scales smaller than the laser spot size. Chapter 7 looks at the importance of crystalline

structure in the photothermoelectric effect of single crystalline gold devices and gold

“bicrystal” devices, devices consisting of a single grain boundary. The photother-

moelectric voltages are compared to electron back-scatter diffraction measurements

which provide insight on the local details of the elastic strain. The correlation between

these measurements indicate that the photothermoelectric effect is sensitive to local

changes in strain and that the photothermoelectric effect is sensitive to details that

would be challenging to detect through traditional electronic transport measurements.

Chapter 8 extends this study of the single and bicrystal gold devices to devices with

trace platinum impurities which demonstrate that the photothermoelectric voltages

are sensitive to the metal purity down to levels that are difficult to measure even in

state-of-the-art equipment.

Next, the plasmonic nature of gold “bowtie” devices is discussed. Chapter 9 looks

at how plasmonic resonances in nanowires can result in high local heating and how

electronic transport measurements can be used to determine the local temperature

rise of the nanowire, both from direct illumination and remote excitation from surface

plasmon polaritons that propagate from a grating in the electrode design to the

nanowire. Then, Chapter 10 discusses how huge enhancements of photovoltages are

seen in plasmonically resonant nanowires with electromigrated nanogaps, and that

these large signals can be attributed to hot electrons tunneling across the gap and

extends the work using photovoltages to detect how surface plasmon polaritons can

remotely excite hot electrons which then tunnel across the nanogap.

Finally, Chapter 11 provides a summary of the work discussed throughout this

document before discussing potential future directions for the continuation of these
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findings.
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Chapter 2

The Thermoelectric Effect

Imagine you have a bar of some material and you heat one end, such as Fig. 2.1.

Electrons tend to diffuse from the hot side to the cold side until thermal equilibrium

is established. Now, imagine that you keep one side hot and one side cold - forever.

Although electrons will still diffuse from the hot side to the cold side, thermal equi-

librium can never be established because you are forcing there to be a permanent

temperature gradient (∇T ). Net charges will build up on each end - positive charges

on the hot side, negative charges on the cold side - to counteract the thermal diffusion

of electrons which results in no net charge. If you were to probe the voltage differ-

ence between both ends, the charge distribution built up to counteract the thermal

diffusion of electrons would result in an open circuit voltage (OCV) proportional to

the temperature difference between both ends times some constant, called the See-

beck coefficient (S ), that is a material property that describes the propensity of the

material to build up charge to counteract a temperature gradient. Briefly put, this

describes the thermoelectric effect: an effect that relates the conversion of tempera-

ture differences to an electric voltage or vice versa in a material. The name is a bit of

a misnomer because the thermoelectric effect actually is comprised of three different,

independently found effects: the Seebeck effect, Peltier effect, and Thomson effect.

In this chapter, we will briefly discuss the latter two and will discuss in detail the

Seebeck effect. After this chapter, mention of the thermoelectric effect will primarily

focus on Seebeck effect unless otherwise specified. We will then move on to discuss
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the Seebeck coefficient and thermocouples. The work described in this thesis is going

to touch only on metals, and in particular, gold. While some discussion will touch

on more traditional aspects of the thermoelectric effect, the intent of this chapter is

to frame the discussion more on what is necessary to understand the thermoelectric

effect in terms of nanoscale manipulation of single metal, thin film gold nanoscale

thermocouples.

Figure 2.1 : Schematic of the thermoelectric effect: a bar of a single material is placed
under a constant, steady state thermal gradient. Electrons will thermally diffuse from
the hot side to the cold side. To counteract the thermal diffusion, net charges, positive
on the hot side and negative on the cold side, will build up resulting in no net current.
Probing both ends would result in an OCV proportional to the applied temperature
gradient times the Seebeck coefficient of the material.

2.1 A Brief Introduction to the Thermoelectric Effect

As mentioned in the introduction of this chapter, the thermoelectric effect is actually

comprised of three different effects: the Seebeck effect, Peltier effect, and Thomson

effect. This section will give a brief introduction to each ot these. The Seebeck effect

will be described in greater detail throughout the rest of this chapter.
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2.1.1 The Seebeck Effect: Converting a temperature gradient to voltage

Before we can describe the Seebeck effect and the other effects thereafter, we should

first briefly define two important concepts: the Seebeck coefficient and thermocouples.

The specifics of these terms will be discussed in Sec. 2.2 but a conceptual overview

of them will make the thermoelectric effect easier to understand.

For now, consider the Seebeck coefficient as an intrinsic material property that de-

scribes the propensity of the material to build up charge to counteract a temperature

gradient. The larger S is, the larger the charge build up due to the same temperature

gradient. Consider a thermocouple as an electrical device consisting of two (or more)

materials with different Seebeck coefficients in contact with each other. This time,

imagine you have two bars of differing materials with different S in contact with each

other, as in Fig. 2.2. Instead of heating one end vs. the other, heating the interface

of the two different materials while keeping both ends constant gives a difference in

voltage (∆V ) that is still proportional to the applied ∇T , but the multiplicative

factor is the difference of the two values of S .

Figure 2.2 : Schematic of a thermocouple: two bars of different materials with unique
Seebeck coefficients (S1 and S2) in contact with each other. The junction of the
two different materials is heated to temperature TH with ends kept at constant,
cold temperature, TC . This time, a voltage proportional to the applied temperature
gradient and the difference in Seebeck coefficients can be probed between both ends.
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In the steady state, this leads to the equation known as the Seebeck effect[1]:

∆V = −S∆T (2.1)

steady state Seebeck effect

While there is some debate about who discovered the Seebeck effect first*, the honor is

typically given to Estonian-German Thomas Seebeck in 1821 who found that heating

a junction of a thermocouple would deflect the needle of a magnetic compass.[2]

Equation 2.1 assumes that the system has reached the steady state, that is the net

local current density (J ) is 0. The generalized form of the Seebeck effect is defined

by:

J = σ(−∇V + Eemf ) = σ(−∇V − S∇T) (2.2)

general form of the Seebeck effect

which relates the local current density to the local electrical conductivity (σ), the local

voltage, ∇V , and the electromotive field, Eemf , which is defined as −S∇T. Setting

J to 0 yields 2.1 which appears to be independent of σ. As we will see in Sec. 2.2.1,

this isn’t completely true, at least with regards to the electronic component of the

Seebeck coefficient at the nanoscale.

*Christophe Goupil et al. in the Wiley textbook Continuum Theory and Modeling of Thermoelec-

tric Elements first published December 14, 2015 does a beautiful job in the first chapter describing

the history and some of the debate between Volta vs. Seebeck being the first to discover the effect

and is well worth the read
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2.1.2 The Peltier Effect: Converting a voltage to heating or cooling

The Peltier effect is sometimes combined with the Seebeck effect as it’s really the

same physical process, just with different manifestations. This time, instead of a

temperature gradient resulting in a OCV, applying an electrical current across a

thermocouple results in generated or removed heat at the interface of the two differing

materials. Depending on the direction of the current flow, the junction can either heat

up or cool down, as seen in Fig. 2.3. The Peltier effect is best known by the equation:

dQ

dt
= (ΠA − ΠB)I (2.3)

Peltier effect

where dQ
dt

is the heat generated at the junction per unit time, Peltier coefficient (Π)

of the two materials marked A and B, and I is the electric current.[1] Π relates to S

by the equation:

Π = TS (2.4)

Relationship between the Peltier and Seebeck coefficients

Because the hot junction depicted in Fig. 2.3 can be placed on a heat sink outside of

an insulated area, the Peltier effect can be used for cooling. The Peltier effect is used

a lot in electronics, particularly in computer CPUs, because the circuitry can cool

without any moving pieces. It is important to remember that Joule heating plays a

large role in the total heat generation that isn’t included in Equation 2.3. The power

of heat generation depends on the product of the total resistance and the square
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Figure 2.3 : Schematic of the Peltier effect: A circuit consisting of two materials with
differing Π in contact with each other have an applied current. One of the junctions of
the two materials is heated while the other is cooled, depending on the directionality
of the applied current.

of the applied current. While the Peltier effect is present in any thermocouple, the

effect may be challenging to detect due to Joule heating unless the thermocouples

are specifically designed for thermoelectric cooling, with vastly differing Π values and

low resistances to increase the effects described in Equation 2.3.[2]

2.1.3 The Thomson Effect: The continuous Peltier Effect

As seen in Equation 2.4, the Peltier effect and Seebeck effect are closely related, simply

multiplying S by the absolute temperature will yield a material’s Π. Let’s imagine

some material with a S that has some temperature dependence, S(T), which we will

subject to some ∇T (x). The material now has a spatial ∇S(x). Now, applying J

through this material will result in a continuous form of the Peltier effect, which is

better known as the Thomson effect. The Thomson effect equation describes the heat

generated per volume:
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q̇ = −KJ · ∇T (2.5)

Thomson effect

Thomson coefficient (K ) relates to S and Π using the Thomson relations:[3]

K = T
dS

dT
=

dΠ

dT
− S (2.6)

Thomson relations

2.2 The Seebeck Coefficient and Thermocouples

Throughout the entirety of Sec. 2.1, the Seebeck coefficient was extensively men-

tioned but not discussed in detail. Up until this point, we only considered it as an

intrinsic property of a material. In this section, the Seebeck coefficient and its role in

thermocouples will be discussed in more detail, particularly in the context of metals.

2.2.1 The Seebeck Coefficient

The Seebeck coefficient, also known as the thermopower, is material property that

describes the propensity of the material to build up charge to counteract a tempera-

ture gradient with SI units V/K. In the steady state, the Seebeck coefficient can be

described by re-arranging Equation 2.1:

S = −∆V

∆T
(2.7)

Steady-state Seebeck coefficient
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As mentioned in the previous section, the Seebeck effect results in an open circuit

voltage to counteract thermal diffusion of charge carriers due to a temperature gra-

dient. S of a material cannot be measured directly, as the voltage probe will include

an additional voltage contribution due to the thermoelectric effect in the leads due to

the applied temperature gradient (this is called ”parasitic leads”)! For this reason, a

measurement of S will not consist of a single material under a temperature gradient

to Fig. 2.1. Instead will consist of a thermocouple similar to that seen in Fig. 2.2, so

that the probe ends will be the same temperature and the relative S between the two

different materials will be read. Using a standard, like platinum, can allow for the S

to be experimentally measured.

S consists of two different parts: the electronic component and the phonon drag

component. The electronic component of S dominates the system at high temper-

atures and describes the deviation of the electronic system from equilibrium due to

an applied ∇T . Likewise, the phonon drag component describes the deviation of

the phonons from equilibrium due to an applied ∇T . It additionally describes the

electron-phonon interaction. This component is negligible at high temperatures, but

plays a major role in temperatures lower than the Debye temperature[4]. For now, we

will begin discussion of S considering only the electronic component as this is a valid

approximation of S at room temperature. Later on in this section, we will discuss

the phonon contribution which plays a much larger role at low temperatures.

The value of S for a specific material highly depends on the density of states of

those charge carriers near the Fermi surface. The sign of the charge carriers plays a

role in determining the value of S , where materials dominated with holes typically

have positive S whereas materials dominated with electrons have negative S . The See-

beck effect can be used to determine which charge carriers are conducting in a system.
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The Seebeck coefficient for a metal, considering only the electronic contribution, can

be described using the Mott-Jones equation[5]:

S = −π
2k2BT

3e

(
d lnσ

dE

)∣∣∣
E=EF

(2.8)

Mott-Jones equation for metals

with Boltzmann constant (kB), temperature (T ), electron charge (e), electrical con-

ductivity (σ), Fermi energy (EF ), and electron energy (E ). The biggest takeaway from

this equation is that S depends strongly on the energy dependent σ of the material.

Later, in Sec. 2.2.2, we will discuss how we can manipulate this at the nanoscale

for single-metal thermocouples. Note that Equation 2.8 has the log derivative of σ;

multiplicative factors in σ or in the density of states do not change S !

For bulk materials, assuming Fermi-Dirac statistics, S can be related to carrier

concentration (n) by:

|S| = 8π2k2B
3eh2

m∗T (
π

3n
)2/3 (2.9)

bulk material Seebeck coefficient

with h as Plank’s constant, m∗ as effective mass and σ=neµ where µ is the carrier

mobility[6]. Because of their high carrier concentration density, metals in general

have low S values, which make them unusual candidates for most thermoelectric ef-

fect applications, demonstrated in Fig. 2.4. Semiconductors are much more common

in thermoelectric effect devices because they tend to have higher S . One way to deter-

mine how effective a thermoelectric effect device can be is through the thermoelectric
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figure of merit (ZT ): a dimensionless value to predict the maximum efficiency of a

thermoelectric device detailed here:

ZT =
σS2T

κ
(2.10)

thermoelectric figure of merit

with thermal conductivity (κ). Because ZT depends on the square of S , it’s no

surprise that metals are not good candidates for industrial energy-harvesting thermo-

electric devices.[7]

Figure 2.4 : Magnitude of Seebeck coefficients (relative to platinum) of common
materials at room temperature. Metals have the lowest Seebeck coefficients of the
different solids. Values from the tables in Ref. [8].

From Equations 2.8, 2.9, and 2.10, we can see that the efficiency of thermoelectric

effect devices depend on κ, the energy dependence of σ, and the value of S . Achieving
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a higher ZT for a particular device can be challenging because increasing S for simple

materials decreases σ, yet increasing σ typically results in an increase of κ because of

the Wiedemann-Franz law:

κ

σ
= LT (2.11)

Wiedemann-Franz law

where L is the proportionality constant called the Lorenz number.[9, 10] A common

way to try to increase ZT in silicon nanowire devices is by increasing phonon boundary

scattering to decrease lattice κ, without causing much change to σ.[11–16]

Because S originates from the energy dependence of conduction electron prop-

erties, such as µ and n, thermoelectric effect measurements can give additional,

complementary information on scattering mechanisms and electronic properties in

a material compared to other traditional electronic transport measurements. In par-

ticular, σ and κ only give you information regarding the average magnitude of those

same conduction electron properties. As mentioned in Sec. 2.1.3, the Seebeck co-

efficient changes with temperature. Fig. 2.5 shows the temperature dependence of

platinum’s S . From Equation 2.9, S increases linearly with temperature with a slope

proportional to m∗. This is true at high temperatures, where the dominant scattering

mechanism is electron-phonon scattering. However, metals can have complex elec-

tronic structures, scattering mechanisms, and magnetic properties which can deviate

the linear relationship between the temperature and S .[17] The linear relationship of

S is seen in Fig. 2.5, but at lower temperatures the temperature relationship of S

deviates significantly from this theory. At temperatures below the Debye tempera-

ture, the scattering mechanisms change as phonon modes begin to freeze out. Now,
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we can no longer only consider the electronic portion of the Seebeck coefficient and

instead must consider the contributions of phonons, and specifically phonon drag, to

thermopower.[18]

Figure 2.5 : Temperature dependence of platinum’s absolute Seebeck coefficient: Data
plotted from the tabulated values in Table IV in [18]. The horizontal line at the zero
crossing and the vertical dashed line at room temperature are marked as a reference.

When a temperature gradient is applied to a material, the lattice vibrations are

not isotropic. Instead, the phonons travel away from the hot end toward the cold end

of the material. The directionality of the charge carriers scattering off the phonons

is not random, instead the scattering events push the carriers toward the cold end,

enhancing S .[19] The OCV that must build up to counteract not only the thermal

diffusion of the charge carriers but also the effect of the phonon drag. In general, this

phonon drag effect is more prevalent at low temperatures. At very low temperatures,

there are not enough phonon modes to contribute to the phonon drag effect, which

causes a decrease in S .[20] As more phonon modes populate as the temperature rises,

the phonon drag effect will cause an increase in S , until phonon-phonon scattering

processes tend to reduce the effect, resulting in a phonon drag “peak”.[21] When
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choosing to reduce κ via impurities to increase ZT , careful consideration must be

made to prevent the impurities increasing phonon-phonon scattering negating the

phonon drag component of S at low temperature thereby further reducing ZT .[22]

The phonon drag contribution is described by Equation 2.12:

Sp = AT 3

∫ θD/T

0

α(z)
z4ez

(ez − 1)2
dz (2.12)

phonon drag component of the Seebeck coefficient

where A is a constant, T is the temperature, θD is the Debye temperature, e is the

charge of the electron, z = ~ω
kBT

, ω is the phonon frequency, ~ is reduced Plank’s

constant, and α(z) is some function that describes the probability that the phonon

with frequency ω interacts with an electron[4].

Fig. 2.6 shows the temperature dependence of S of the noble metals, copper,

gold, and silver. While this data, taken from tabulated values in Reference [23],

does not include temperatures low enough to see the effects of phonon drag, whose

contribution is also positive [24, 25] at temperatures above 1.4 K, the linear relation

between the temperature and S of these metals is seen at moderate temperatures and

have approximately identical values. At very high temperatures, however, the values

of gold and silver’s S deviate. Silver tends to rise faster than linear, whereas gold

tends to saturate at very high temperatures.[17]

Earlier, it was mentioned that S depends on the energy dependence of σ. Normally

the sign of S is the same sign as the charge carriers in the system. The free electron

model for gold and the other noble metals predicts a negative S and the Hall coefficient

of noble metals is negative, yet Fig. 2.6 shows positive S at all temperatures! σ can

be defined as:
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Figure 2.6 : Temperature dependence of gold, copper, and silver’s Seebeck coefficient:
Data plotted from the tabulated values on page 900 in [23]. The horizontal line at
the zero crossing and the vertical dashed line at room temperature are marked as a
reference.

σ =
e2λA

6π2h
(2.13)

Definition of electrical conductivity

with Fermi surface area (A) and electron mean free path (λ).[26] S depends on the

particulars of the Fermi surface of the material, which is pretty complicated for the

noble metals. Fig. 2.7 shows the Fermi surface of gold which contacts the Brillouin

zone boundaries. Initially, it was believed that the anisotropy of the Fermi surface

could explain why S was positive.[27] However, a Fermi surface that would yield a

positive S would also yield a positive Hall coefficient, indicating a hole-like character

of the charge carriers. This is not the case in the noble metals, so the Fermi sur-

face cannot be the main reason S is positive. Further supporting the case, even at

temperatures above the noble metals’ melting points where the Fermi surface is not

preserved, S remains positive. Because of this issue, the positive S of noble metals
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is thought to come primarily from the energy dependence of λ.[28] While the theory

is pretty complicated, Ref. [29] discusses how λ can decrease with increasing energy

considering a model of electron-phonon scattering resulting in a negative
(
d lnσ
dE

)∣∣∣
E=EF

and therefore positive S for noble metals.

Figure 2.7 : Fermi surface of gold. Reprinted with permission from [30] and [31].

As discussed earlier, in silicon nanowires, the ZT score is increased by increasing

phonon boundary scattering. This approach doesn’t work as well for thin metal

films because surface scattering also decreases electric conductivity, and therefore

the electronic mean free path, lowering the electronic contribution to S , as well as

the phonon drag component important at low temperatures.[32–37] Changing the

thickness of thin metal films can then tune the electronic component of the Seebeck

coefficient. The Seebeck coefficient of a thin metal film, Sf , of thickness t can be

estimated from the bulk S by

Sf
S

= 1 +
3

8
(1− p)λ

t

U

1 + U
(2.14)

Seebeck coefficient of thin metal film compared to bulk

where U = (dlnλ
dE

)
∣∣∣
E=EF

, p is a specular scattering coefficient discussed in more de-

tail in Ref. [38]. This change in thin film Seebeck coefficient was seen in Au[32],
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Ag[39], Cu[40], Cr[41], Al[37], Bi[42], Fe[43], Pd and Pd/Au alloys[44], and transition

metals[45].

Because the conditions that allow for the positive S in the noble metals are pretty

sensitive, slightly alloying gold with other metals can cause large changes in S . Refs.

[46] and [47] both conducted similar experiments where the S of gold with vary-

ing levels of impurities were measured as as a function of temperature. As seen in

Fig. 2.8, alloying gold with increasing the platinum concentration from 0% to 5% can

have a drastic effect on the sign and magnitude of S . Adding just 1% platinum to

otherwise pure gold changed S from positive to negative. Refs. [48] and [49] discuss

similar measurements at lower temperatures and with different transition metals, re-

spectively. Adding almost any element to the noble metals even in trace amounts

results in an alloy with a lower Seebeck coefficient than the pure metal.[50].

Figure 2.8 : Absolute thermopower of Au-Pd and Au-Pt alloys. As the concentration
of platinum impurity increases from 1% to 4%, the Seebeck coefficient of the gold-
platinum alloy becomes increasingly negative. Figure reprinted with permission from
Ref. [46]. ©1956, American Institute of Physics.
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Adding impurities to an otherwise pure metal can cause changes to both the elec-

tronic and phonon components of S . In general, the electronic component cares only

about the changes to the band structure and electron scattering while the contribution

due to phonons will decrease with impurity concentration because phonon-impurity

scattering reduces the phonon drag effect. At low temperatures, the contribution of

phonon drag to S of dilute AuPt alloys actually becomes negative[47]. Particularly

at low temperatures, the phonon drag component of S in a dilute AuPt alloy can

be explained by the anisotropy of electron scattering relaxation times [51–53]. The

electronic portion of the Seebeck coefficient, described by Equation 2.8, is affected

by the alloying as the foreign atoms increase the scattering cross-section which have

their own energy dependence.[46, 50]

Figure 2.9 : Temperature dependence of the open circuit voltage of a gold wire under
various strain intensities, W. Reproduced from Reference [54] ©1953 with permission
from CSIRO Publishing.

Impurities and defects can also deform the Fermi surface, further affecting the See-
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beck coefficient.[55] Another way to deform the Fermi surface is through tension.[56–

59] The Seebeck coefficient of a metal wire has been shown to be sensitive to elastic

strain[54, 60–62], as seen in Fig. 2.9, likely due to the deformation of the Fermi sur-

face. Strain engineering[63–65] may be a way to tune the thermoelectric response

of a material. Additionally, residual strain due to fabrication processes[66, 67] or

annealing may modify the thermoelectric response of the devices.

2.2.2 Thermocouples

Typically, when someone refers to thermocouples, they mean something similar to

Fig. 2.2, an electronic device consisting of two dissimilar materials with differing

Seebeck coefficients. Applying a temperature gradient to the device while heat-

ing the interface of the two materials generates an open circuit voltage. Thermo-

couples are commonly used as a temperature sensor; if the Seebeck coefficients of

the two materials is known, the measured voltage can be converted to a temper-

ature. This temperature detection technique is particularly popular because these

inexpensive devices can measure a wide temperature range and do not require any

external power supply.[68, 69] The excellent energy conversion capabilities of thermo-

couples are exploited for on-chip temperature sensing[70, 71], energy harvesting[72],

photochemistry[73], and IR detection[74, 75]. Recently, there has been a resurgence

in thermoelectric studies. This time, however, the studies focus on thermocouples in

the nanoscale. In the nanoscale, the Seebeck coefficient can be tuned to allow for

single metal thermocouples, as discussed below. The small size of these nanoscale

devices allows for high spatial resolution[76–80] and detection of temperature gradi-

ents in sub-microsecond timescales due to the fast thermalization.[81] The rest of this

section focuses on nanoscale, single metal thermocouples.
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Single metal thermocouples

From Equations 2.8 and 2.13, the Seebeck coefficient can be tuned by changing the

electron mean free path. The electron mean free path can be changed via nanos-

tructuring, changing the width or thickness of a device. If there is an abrupt change

in geometry in a nanoscale device, thermocouples can be created out of a single

material.[82–90] From Equation 2.14, a single metal thermocouple can be created

due to an abrupt change in the thickness of a thin film (e.g. bonding pads) which

can result in large thermoelectric voltages. Devices of uniform thickness can also be

effective thermocouples through abrupt changes in geometry. Fig. 2.10a shows one

such example from Ref. [87]. Heating in the interface of the geometric change results

in measurable open circuit voltages.

Figure 2.10 : Example of single metal thermocouple via nanostructuring. a: A
thin Ni film abruptly changes geometry, changing the local conductivity. A resisitive
heater can locally heat either side of the thermocouple. b: Open circuit voltage
measurements as a function of heater power. Heating only one side of the device
results in a linear increase in open circuit voltage magnitude, with each side having
opposite sign polarity. Heating both thermocouple junctions simultaneously results
in no detectable voltage signal. Adapted with permission from [87]. ©2015 IEEE.
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These devices are commonly heated via a nearby lithographically-defined resistive

heater, running current through a conductor results in Joule heating with power

proportional to the square of the current. One such example is shown in Fig. 2.10a,

where resistive heaters are placed close to the geometric discontinuities on either

side. Current can be ran through one side, the other side, or both sides to locally

heat the junctions. If only one side is heated, the magnitude of the open circuit

voltage increases linearly with the power, Fig. 2.10b. Heating the opposite junction

results in the opposite thermovoltage; the sign of the thermovoltage is determined

by the difference in Seebeck coefficients and the order is reversed on the opposite

side. Evenly heating the junctions at the same time causes these voltages to cancel

out. Although the resistive heater provides a convenient way to locally heat the

thermocouple junctions, these heaters are typically static in location. Therefore,

local variation in the thermovoltage response cannot be detected using this method.

In the next section, an alternate method using a well-focused laser as a heating source

whose location can be scanned to locally probe the thermoelectric response called the

photothermoelectric effect will be discussed.

2.3 The Photothermoelectric effect

The basic concept of the photothermoelectric effect, PTE, is the same as the ther-

moelectric effect, but using a laser as a heating source to probe the temperature-

difference-driven photovoltages[26]. One benefit of using a laser as the heating source

is that the photovoltage can be measured as a function of heating position, allowing

for detection of the local Seebeck response. If a temperature gradient, ∇T is applied

somewhere in the middle of the device, Fig. 2.11, with both ends kept at a constant

temperature, the open circuit voltage between the ends is
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Figure 2.11 : Schematic of the photothermoelectric effect, consisting of a focused laser
serving as a heating source with a temperature distribution T (x) heating somewhere
in the middle of a device with Seebeck coefficients S1 and S2 with the ends of the
device kept at a constant temperature TC .

V =

∫ l

0

S(x, T (x))∇T (x)dx (2.15)

Thermoelectric voltage

where T is the local temperature and S(x, T (x)) is the local Seebeck coefficient that is

a function of position and the temperature distribution.[91] The photothermoelectric

effect has been used to characterize nanostructures under focused illumination[26, 87–

90, 92–94] including carbon nanotubes[91, 95] and mechanical controllable break

junctions.[92, 96–100] Because nanostructures can also be geometrically structured

to be plasmonically resonant [92, 101, 102] at certain wavelengths, the photothermo-

electric effect is also used as a mechanism for photodetection[26, 92, 96–100, 103, 104]

and energy conversion.[105, 106]
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Chapter 3

Electronic transport measurements in molecular

junctions

3.1 Macroscopic view of electronic transport measurements

Figure 3.1 : Schematic of a current-carrying wire, of length L, cross-sectional area A,
and electrons, e passing through the wire at the drift velocity, vd.

Imagine a conducting metal wire with of some length, L, and cross-sectional area,

A, Fig. 3.1. Because this is a macroscopic wire, we can think of the charge as a

classical fluid. If a bias, V , is applied across the wire, the electrons will drift toward

the positive terminal. The total charge, Q, in the wire is defined as Q = neAL where

e is the electron charge and n is the electron number density. The current, I = Q
t
,

shows the total charge passing through per unit time. The time is set by the drift

velocity, defined as vd = L
t
. The total current is therefore I = neAvd. Relating this

to Ohm’s law, G = I
V

, where G is the total conductance, we see that the conductance

increases linearly with the area of the wire. Additionally, the conductance is inversely
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proportional to the length of the wire.

As the wire gets shorter, the resistance linearly decreases. However, if the wire

gets short enough, the resistance plateaus. The length scale associated with this

plateau in the resistance is the electron mean free path, λ, or the path the electron

can travel before scattering. The length of the wire is then said to be in the ballistic

regime, where the electrons can traverse the wire without scattering. The resistance

that the resistance plateaus at is called the contact resistance.

Figure 3.2 : Example of quantized conductance, with the conductance increasing in
integer multiples of the conductance quantum, Go. Adapted with permission from
[107]. ©1998 Science

Now, let’s decrease the cross-sectional area of the wire. Instead of the conductance

decreasing linearly with A, the conductance plateaus as seen in Fig. 3.2, similar to

how the resistance plateaued as the wire length decreased. Except this time, as the

wire becomes smaller and smaller, there are “steps” in the conductance plateaus with

spacing of integer multiples of 2e2

h
. This is called the conductance quantum, which

will be derived in the next section.[108, 109]
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3.2 The conductance quantum

Imagine a 1D wire of length L in contact with reservoirs to the left and right with a

chemical potential µL and µR, respectively. This difference in chemical potential can

be converted to a voltage, V , by −µL−µR
e

. The current density, j, of the wire is defined

as j = −evd(µL − µR) dn
dE

where dn
dE

is the density of states. vd is can be described by

the group velocity, vd = 1
~
∂E
∂k

with k as the wave vector. Making these substitutions

and recognizing ∂E
∂k

dn
dE

= dn
dk

, we get j = −e2( (µL−µR)
−e )vd

dn
dE

= e2V
~

∂E
∂k

dn
dE

= e2V
~

dn
dk

. In

a 1D system with periodic boundary conditions, the wavefunctions in k -space are

separated by 2π
L

per spin state. Considering the spin-1/2 degeneracy, dn
dk

= 2L
2π

. This

means that the total current is then I = 2e2V
2π~ = 2e2V

h
. Therefore the conductance

quantum, Go, is

Go =
2e2

h
(3.1)

Conductance quantum

which is ∼12.9 kΩ. This equation is true only for a wire with one transmission

channel. The Landauer-Buttiker formalism[110] shows that the adding additional

channels increases the conductance by integer multiples of Equation 3.1.

3.3 Electronic transport in a molecular junction

Once the wire is broken to have a nanogap, the electronic transport is now dictated by

quantum mechanics; we can no longer think about the charges as a classical fluid.[111]

The gap serves as an effective barrier and in the classical picture, traversing the gap

is forbidden; the electron would be reflected once it reaches the barrier. However,
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quantum mechanics allows for the electron to tunnel across the gap, from one side to

the other through classically forbidden “virtual” states, with a probability of tunneling

depending on the height and geometry of the barrier.[112] The conductance from

tunneling exponentially decays as the gap gets larger and is defined as

G = Goe
−β(d−do) (3.2)

Tunneling conductance of nanogap

where β is the attenuation factor, d is the gap distance, and do is the lattice constant.

For gold, do is around 0.4 nm and β is ∼ 2Å
−1

.[113] The conductance in the gap is

dominated where the gap size is the smallest. The conductance drops by a factor of e2

as the gap increases by β, meaning that the tunneling gaps are in the sub-nanometer

regime[114], on the order of a molecular volume.[115]

Figure 3.3 : Schematic of a molecular junction, consisting of a molecular between a
source and a drain electrode.

Molecules have conductances∼ 0.006Go[116], dominating the conductance if placed

in the gap. As such, molecular junctions, consisting of a molecule in a nanogap be-

tween a source and drain electrode depicted in Fig. 3.3, are excellent ways to detect
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how tunneling electrons interact with the vibrational and electronic states of the

molecule. Molecular junctions were first measured in 1974[117] and have recently

had a resurgence as molecular electronics gained popularity as a potential way to

continue shrinking electronic circuits.[112, 118] Molecular junctions are created us-

ing multiple techniques, the most common include STM[116, 119–128], mechanically

controllable break junctions[129–141], and electromigration[118, 142–158]. Multiple

transport mechanisms can be observed in molecular junctions, including tunneling,

vibronic effects[159, 160], and charge hopping[161]. The work in this thesis will focus

on tunneling, the dominant transport mechanisms, in electromigrated devices. The

electromigration process will be discussed in more details in Sec. 5.3

Electronic transport measurements are an excellent way to detect how the tun-

neling electrons interact with the molecule as they tunnel from the source to the

drain[159]. The molecule itself has two relevant energy levels: the highest occupied

molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO. In the

molecular junction, the molecule serves as effective tunneling barrier[162]; the typical

energy spacing between the HOMO and LUMO for a molecule is ∼1 eV. The HOMO

and LUMO levels of the molecule will be broadened in the molecular junction as they

interact conducting states within the electrodes, which obey Fermi-Dirac statistics.

The molecular junctions discussed in this work are in the Landauer-Imry regime[163],

where the tunneling process is coherent and the chemical potentials of the electrodes

is sufficiently far from the HOMO and LUMO levels of the molecule so that molecular

charging is not an issue.[159] Additionally, the thermal energy also must be considered

in these measurements as thermal fluctuations increase with temperature; the Fermi

energy distribution of the source and drain electrodes broadens with temperature,

broadening the features from the energy exchanges discussed throughout this section.
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When no net bias, V , is applied across the electrodes, the chemical potentials

of the source and drain, µs and µd respectively, are the same. This means that the

electrons have equal probability to tunnel from the source to the drain and vice versa

as the electrons rearrange themselves to achieve the lowest energy configuration of the

system as a whole[112], resulting in no net current, leftmost diagrams of Fig. 3.4a,b.

Applying a bias, V , across the electrodes shift the chemical potentials of the source

and drain, resulting in a net current from the source to the drain. Depending on the

energetic alignment of the molecule to the electrode chemical potentials, the electrons

can tunnel through the HOMO or LUMO of the molecule[112] with the LUMO acting

as an effective tunneling barrier[162]. Measuring the current, I, as a function of V

can provide insight about the interactions that occur between the electrons and the

molecule as the electrons undergo a second-order tunneling process, using the LUMO

as a virtual state to tunnel across the gap. The rest of the section will focus on how

electronic transport measurements can detect some of the most common tunneling

mechanisms.

3.3.1 Elastic electron co-tunneling

Most of the time, the unbiased chemical potentials of the source and the drain will

be sufficiently far from the HOMO and LUMO levels of the molecule, as seen in the

leftmost panel in Fig. 3.4a. Applying V across the electrodes will shift µs and µd,

causing electrons to tunnel from the source, to the LUMO, and again to the drain,

middle panel of Fig. 3.4a. Typically, the electron elastically tunnels through the

molecule, leaving the molecule with the same amount of energy with which it entered.

This is the most common tunneling mechanism and is called elastic, nonresonant

electron co-tunneling, and can be detected in electronic transport measurements as a
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Figure 3.4 : Schematic of electronic tunneling mechanisms through a molecule. a:
elastic, nonresonant co-tunneling, b: resonant tunneling, c: inelastic electron tunnel-
ing, d : vibronic tunneling. µs and µd is the chemical potential for the source and
drain electrodes, respectively.

linear relationship between current and applied bias, rightmost panel of Fig. 3.4a.

If the unbiased chemical potentials of the electrodes are close to the LUMO level,

leftmost panel in Fig. 3.4b, elastic, resonant electron tunneling is possible. The

energy levels of the HOMO and LUMO can be adjusted via gating to achieve resonant

tunneling[160, 164, 165]. Leaky gating can cause considerable local heating which can

wash out the fine features of molecular junctions, so this method is typically only used

to study resonant tunneling.[111] When a bias is applied across the electrodes, µd is

greater than the LUMO energy which allows for resonant tunneling, middle panel of

Fig. 3.4b. In the resonant tunneling regime, the electrons remain coherent during

the tunneling process, so quantum interference effects such as negative differential

conductance can be observed as dips in the current-voltage measurements, rightmost

panel of Fig. 3.4b.[160, 166, 167]
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3.3.2 Inelastic electron co-tunneling

Although the elastic tunneling processes are the dominant tunneling mechanisms in

the molecular junctions, inelastic electron tunneling provides much more interesting

information. In inelastic electron tunneling, if a sufficient bias, V , is applied, an

electron with eV ≥ ~ωvib can tunnel into the molecule and exchange one quanta

of vibrational energy, ~ωvib, with the molecule before tunneling through the drain,

leftmost panel of Fig. 3.4c. From this tunneling process, the electron excites or relaxes

the molecule to a different vibrational energy level. Understanding how this energy

exchange happens can be described conceptually.[168] When a bias is applied across

the electrodes, µs and µd are shifted. As the electron elastically tunnels from the

source to the drain, the electron energy is higher than µd. When enough electrons

tunnel with this higher energy, the energy distribution of the drain is no longer a

simple Fermi-Dirac distribution. Instead, the local effective temperature of the drain

at length scales smaller than the electron-electron scattering length will be elevated.

This local effective temperature rise will result in bulk phonons in the drain. The

electron will tunnel from the source to the molecule and will stay on the molecule for

a timescale set by the molecule-lead coupling (which determines the broadening of

the molecular electronic states), exchanging ~ωvib with the molecule, before tunneling

to the drain. The energy exchange will excite a vibrational mode in the molecule,

which will lose energy to the bulk phonons in the electrons at a relaxation timescale

set by the coupling of the molecule to the thermal phonons in the leads.[169]

Because the tunneling electron excites a vibrational mode in the molecule, another

tunneling channel becomes available which increases the tunneling probability, result-

ing in a change of slope at the bias where the exchange occurred set by ~ωvib

e
,[170]

middle panel of Fig. 3.4c. This change in the total current is small and is difficult
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to detect; inelastic processes are much less likely to occur than elastic scattering pro-

cesses because the timescale of the electron tunneling is much faster than that of the

vibrational oscillation, reducing the probability of the inelastic scattering event.[159]

As such, this inelastic process can typically be regarded as a weak perturbation. Al-

though directly measuring the current as a function of bias typically doesn’t show a

clear signal, the differential conductance, dI
dV

, shows a step function while the second

derivative, d2I
dV 2 , shows a peak at the energy where the exchange occurred[171–174],

rightmost panel of Fig. 3.4c. Measuring d2I
dV 2 is called inelastic electron tunneling spec-

troscopy, IETS, which will be discussed in more detail in the next section. The elastic

analog to inelastic electron tunneling is called vibronic electron tunneling, Fig. 3.4d,

and is seen when µs passes through a vibrational energy level of the LUMO. As the

bias increases, the peaks in d2I
dV 2 are seen at steps of ∆V = ~ωvib

e
.[175–178]

3.4 Inelastic electron tunneling spectroscopy

As mentioned in the previous section, inelastic electron tunneling spectroscopy is an

electronic transport method to detect where tunneling electrons exchange energy with

and excite a vibrational mode in the molecule, by detecting peaks in d2I
dV 2 . Because the

probability of an inelastic event is low, simple I vs. V curves do not highlight these

energy exchanges, top panel of Fig. 3.5. Even dI
dV

, middle panel, only highlights some

some signal at 0 bias. It isn’t until d2I
dV 2 , bottom panel, that the energy exchanges

are clearly detected as peaks. The lineshapes seen in the IETS measurements aren’t

always peaks but can also be dips;[178] the specific shapes are determined by the

energetics of the system as a whole[179] including coherent interference between the

elastic and inelastic tunneling electrons.[168]

IETS was first measured in 1966 [180] and has since become a primary technique to
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identify molecules present in a nanogap.[159, 177, 181, 182] The first IETS measure-

ment of a single molecule wasn’t conducted until 1998.[173]. The initial observation of

IETS was that it resembled that of Raman or Infrared Absorption spectroscopy.[183]

Like Raman and infrared absorption spectroscopies, IETS can detect the molecular

vibrations. However, only the molecular vibrations that obey the selection rules will

be detected by Raman or infrared absorption, requiring the vibration to change the

polarizability or dipole moment, respectively. In centrosymmetric molecules, those

with inversion centers, no vibrational mode can be detected by both IR and Raman.

While IETS does have some orientation preference,[184] IETS does not have such se-

lection rules and can detect both Raman-active and IR-active vibrational modes,[185]

making it a powerful tool to probe the vibrational modes of molecules. Raman spec-

troscopy will be discussed in Ch. 4.2.

Because the inelastic tunneling events are so rare, it can be challenging to detect

the energy exchanges in the total current with sufficient signal-to-noise to detect the

peaks via numerical differentiation. Instead, the traditional detection method uses

lock-in amplifier techniques, which allows the peaks of d2I
dV 2 to be measured directly

using AC modulation.[170] A small AC voltage, VAC(ω), is applied to the device along

the the voltage bias, VB. Taylor expanding the current yields:[187]

I(VB + VAC cosωt) = I(VB) +
dI

dV

∣∣∣∣
VB

VAC cosωt+
1

4

d2I

dV 2

∣∣∣∣
VB

V 2
AC(1 + cos 2ωt) + . . .

(3.3)

Lock-in detection of IETS

which means that second harmonic lock-in measurements allow for a quantity directly

proportional to d2I
dV 2 .[180, 183, 187].
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Figure 3.5 : Resolving inelastic tunneling using the second harmonic signal of the
electronic transport measurements. top: The current (I ) vs. voltage (V ) curve of
a molecular junction looks featureless. middle: The first harmonic of the I-V curve
shows steps in areas where tunneling electrons exchange energy with the molecule.
bottom: The second harmonic shows well-resolved peaks where the energy exchanges
occur. The second harmonic of the I-V curve is called inelastic electron tunneling
spectroscopy. Reprinted with permission from Ref. [186]. ©PNAS 2007.

As mentioned before, one of the energy scales that is important to consider for

IETS and other tunneling processes is the thermal energy. When the local temper-

atures increase, thermal fluctuations become more likely. The HOMO and LUMO

energy levels can broaden as they interact with the energy states in the electrodes. As

seen in Fig. 3.6, as the temperature increases above 30 K, the signal from the inelastic

energy exchange is washed out.[181] The FWHM of the peaks is a function of broad-

ening effects from the thermal energy, the modulation voltage in the lock-in detection

method, and the intrinsic linewidth, Wintrinsic and is set by:[170, 183, 187, 188]
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Figure 3.6 : Temperature dependence of inelastic electron tunneling spectroscopy:
As the temperature decreases, the peaks become more well-resolved. Reprinted with
permission from Ref. [181]. ©2004 American Chemical Society.

FWHM =
√
W 2
intrinsic + (5.4kBT/e)2 + (1.7VAC)2 (3.4)

FWHM of IETS line widths
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where 5.4kBT/e is the thermal broadening component[189] and 1.7VAC is the broad-

ening component from the AC modulation in the lock-in amplifier.[190] The linewidth

dependence on the thermal energy and the modulation voltage can provide a diagnos-

tic tool to determine that the signal is truly IETS. The thermal broadening component

from Equation 3.4 shows that cryogenic temperatures must be used to have well-

resolved peaks. A linewidth of 5 meV requires a temperature of T = 5meV
5.4∗0.86meV/K

∼

10K![187] Therefore, careful attention must be paid to the local temperature of the

molecular junction as thermal broadening can wash out the wealth of information

IETS can provide.
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Chapter 4

Plasmons and surface enhanced Raman

spectroscopy

At the core of the gold “bowtie” work discussed in this thesis is trying to get a better

understanding about how light interacts with matter, and in particular how light can

interact with the free electron gas in gold, resulting in collective oscillation. Just as

water molecules can collectively ripple across the surface of a lake, the free electron

gas in a metal can be collectively excited under coherent illumination. This is called a

plasmon, a quanta of plasma oscillations, just as phonons are a quanta of mechanical

vibrations.

In this chapter, plasmons are discussed in more detail. We will first discuss how

the optical properties of gold (and other conducting materials, in particular, noble

metals) allow for plasmon excitation in the first place. We will then move on to

the main types of plasmon: the confined localized surface plasmons (LSP) and the

propagating surface plasmon polaritons (SPP). Finally, we will introduce Raman

spectroscopy and the role plasmons play in surface enhanced Raman spectroscopy,

which can allow for single molecule Raman.
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Figure 4.1 : Schematic of a bulk plasmon. Left: An initial electric field causes separa-
tion of the electron gas and the positively charged lattice. The field is instantaneously
turned off. Middle: After the field is turned off, the electrons move toward the posi-
tively charged lattice due to the electric field caused by that initial separation. Right:
As the electrons move toward the lattice, they gain momentum from the electric field,
causing the electrons to overshoot. This creates an electric field in the opposite direc-
tion, resulting in an oscillation of the free electron gas with characteristic frequency
ωp.

4.1 Classical picture of gold’s optical properties

4.1.1 The Drude model: free electron theory

The Drude model of conductivity is classically used to describe a metal conductor

consisting free electron gas of conducting electrons, free to move around and to collide

against the static lattice of positively charged ions. Macroscopically, there is a net

zero field, the positive ions in the lattice is neutralized by the surrounding electron

gas which rearranges itself to counteract the charge. If a slab of the material is

placed in a constant electric field, the electrons in the slab will rearrange themselves

to counteract the field and will be displaced from the positive ionic lattice by length x,

seen in the leftmost schematic in Fig. 4.1. If the electric field is instantaneously turned

off, the separation of the electron gas from the positively charged lattice will result
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in an electric field that will pull the electrons back toward the lattice, E = −enex/εo

with permittivity of free space εo, number density ne, and electron charge e. Typical

carrier densities for good metals are ∼ 1022−1023 carriers/cm−1.[108] As the electrons

move back to the lattice, they gain momentum from the field and will overshoot their

original position. This, in turn, results in an electric field in the opposite direction

which causes the electrons to collectively oscillate akin to simple harmonic motion

with an equation of motion without damping of me
d2x
dt2

= −eE = − e2nex
εo

= −kx,

effective mass of the electron me, and spring constant k = meωp. Substituting for k

and rearranging, the ωp of the collective oscillation of the free electron gas is:

ωp =

√
e2ne
εome

(4.1)

definition of plasma frequency

ωp depends only on ne, the rest of the values are constants. For gold, ne is around

5.9 × 1022 cm−3 which gives ~ωp=8.95 eV. These collective oscillations of the free

electron gas are called plasmons, which are quanta of plasma oscillations just as

phonons are quanta of mechanical vibrations.[191] The plasma frequency sets the

timescale of these bulk plasmons with energy ~ωp.[108, 192]

In the Drude model, the dielectric function ε is defined as

εDrude(ω) = 1−
ω2
p

ω2 + iγω
= 1−

ω2
p

ω2 + γ2
+ i

γω2
p

ω(ω2 + γ2)
(4.2)

Drude model dielectric function

with damping term γ which is the reciprocal of the relaxation time.[193] For gold,

the relaxation time ∼ 9.3 fs.[194] In the near-IR, the wavelength is much larger than
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Figure 4.2 : Real and imaginary component of the dielectic function of gold as a
function of wavelength using the Drude model.

γ, so Equation 4.2 simplifies to 1− ω2
p

ω2 + i
ω2
p

ω3γ. Fig. 4.2 plots the real and imaginary

parts of Equation 4.2 using values for gold (~ωp = 8.95 eV, ~γ = 65.8 meV). The

real part of the dielectric function is negative for the entire visible range, yielding a

large imaginary component of the index of refraction, n =
√
ε. Fig. 4.3 shows the

real part of ε, this time normalized by ωp. When the frequency of incident light is

below that of the plasma frequency, the dielectric function is negative. In a metal,

the free electron gas rearranges to cancel an external electric field. When the incident

frequency is slower than the plasma frequency, the electrons can keep up with the

oscillations to neutralize the field, resulting in total reflection of the light. When the

incident light has a frequency faster than the plasma frequency, the free electrons can

no longer cancel the oscillating electric field. The dielectric function becomes positive

and the metal begins to absorb the incident light. The reflection of the light under
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the plasma frequency is why metals appear shiny; the visible light according to the

Drude model should get reflected due to the negative real component of the dielectric

function with only limited electric field penetrating in a length scale called the skin

depth. The plasma frequency for metals is typically deep in the UV range.[191]

Figure 4.3 : The real component of the gold dielectric function plotted in Fig. 4.2
normalized to the plasma frequency. When the incident frequency is lower than
the plasma frequency, the dielectric function is negative and the light is reflected,
indicated by the gray rectangle.

However, the Drude model does not capture everything involving the dielectric

function of gold, particularly in the visible range. The color of gold is yellow, indi-

cating that the blue frequencies are not reflected as well as the other wavelengths in

the visible range. This discrepancy is because the Drude model considers only the

free electron gas and not the bound electrons in the system. These bound electrons

play a large role in the optical properties of gold and interband transitions must be

considered. When high energy photons interact with gold, the electrons in those lower
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bound states can get promoted to the conduction band.[195–198] The interband tran-

sition energy level in gold, promoting 5d -band electrons to the conduction band is

2.4 eV, which is in the blue range of the visible spectrum.[195, 199] This causes gold

to reflect the red and yellow portion of the visible spectrum while absorbing the blue

and violet.[200, 201] The interband transition effects are also observed with an energy

threshold of 1.8 eV.[202] As seen in Fig. 4.4, the interband transitions cause changes

to the dielectric function of gold in the blue.[203] Adding the interband transition con-

tribution to the dielectric function of gold as calculated via the Drude model results

in a dielectric function that closely matches the Johnson-Christy measurements.[194]

Although gold is more “lossy” (larger imaginary component of ε) than silver in the

visible and near-infrared (NIR), gold is much more chemically stable under ambient

conditions, making it a popular candidate for plasmonics.[204, 205]

Figure 4.4 : The interband contribution to the dielectric function in gold, considering
only a 450 nm incident wavelength. This figure reproduces the plot from Fig. 12.2 in
Ref. [191].



45

4.1.2 Surface plasmon polaritons

In the nanoscale, devices are commonly made with thin metal films on a bulk, planar

dielectric substrate such as SiO2/Si. As mentioned in the previous section, plasmons

cannot be excited in a bulk material below the skin depth, as the electric field within a

conductor must be zero. As a result, the plasmonic properties of thin films on planar

dielectric substrates result in unique plasmonic properties; the plasmonic modes in

this case are confined to the metal-dielectric interface. The dielectric function of

the substrate, εd, is real and frequency-independent (negligible ohmic losses) while

the dielectric function of the thin metal film, εm, is a complex, frequency-dependent

function described by Equation 4.2 set by εm = ε′m + iε′′m. ε′′m indicates how “lossy”

the material is, or how much energy dissipates due to ohmic losses.

Figure 4.5 : Schematic of a surface plasmon polariton (“propagating plasmon”) prop-
agating along a planar metal-dielectric interface due to the periodic oscillation of the
charge density.

When an oscillating electric field of a laser interacts with the free electron gas in a
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metal causing a surface plasmon, the charge density oscillations propagate along the

interface of the metal-dielectric surface, Fig. 4.5. The electric fields decay evanescently

perpendicularly into the metal and dielectric layers. These propagating plasmonic

modes are called surface plasmon polaritons (SPPs) because the collective oscillation

of the charge carriers (plasmons) are strongly coupled to the evanescent decay of the

electric field confined to the surface (polariton). This propagation of the SPP can be

defined with a wave vector kx = k′x + ik′′x. k′x indicates the wavelength of the SPP

while the k′′x describes the damping of the SPP as it propagates along the interface

of the metal-dielectric interface. The total electric field along the interface, E(x), is

E(x) = Eoe
ik′xxe−k

′′
xx (4.3)

electric field of a SPP along the interface

with the first term being the propagating term and the second term describing the

exponential decay along the interface. From Maxwell’s equations, it can be shown[191]

that the dispersion relation of SPPs is

k′x =
ω

c

√
ε′mεd
ε′m + εd

=
1

λo

√
ε′mεd
ε′m + εd

(4.4)

Surface plasmon polariton dispersion relation (Real)

where λo is the incident laser wavelength in vacuum. The resonance condition occurs

when Re(εm) = −εd. Neglecting γ in Equation 4.2, the resonant surface plasmon

frequency is ωspp = ωp√
1+εd

.[206] The dielectric functions of the dielectric and the

metal determine whether SPPs can be excited; one must be negative with the absolute

magnitude of the negative dielectric function being larger than the positive dielectric
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function.[191] Because gold has large, negative real component of εm[194] as seen

in Fig. 4.2, SPPs are frequently detected at the gold-air (εd = 1) and gold-SiO2

(εd ∼ 3.8) interfaces. The wavelength of the SPP (λspp = 2π/k′x) is shorter than

the incident laser wavelength, as seen in Fig. 4.6, which means the SPP has more

momentum than the incident photon. Due to this momentum mismatch,[207] SPPs

cannot be directly excited on a planar film via incident illumination alone. Instead,

SPPs can be excited by adding a grating[81, 208–222] or by refracting the light using a

prism[223–226]. A grating with correct periodicity a acts as a waveguide by adding a

reciprocal lattice vector G = 2π/a to the free space wave vector exciting a SPP when

k′xspp = kxphoton sin θ ± nG, where n is an integer and θ is the angle of incidence.[192,

208, 208, 226].

k′′x describes the propagation length of the SPPs, how far they travel before being

damped out due to ohmic losses and is defined as[191]

k′′x =

√
ε′mεd
ε′m + εd

ε′′mεd
2ε′m(ε′m + εd)

ω

c
(4.5)

Surface plasmon polariton dispersion relation (Imaginary)

The 1/e propagation length of the electric field is defined as 1/k′′x and of the intensity is

1/2k′′x.[227] Decay lengths in thin gold films are typically ∼ 10 µm.[81, 217, 222, 227–

229] The dissipation of the SPPs causes heating in the metal. This heating causes local

changes in the conductance of nanoscale devices which can be a way to electronically

detect SPP excitation.[209, 214, 218, 227]

Earlier, it was mentioned that the electric field perpendicular to the interface,

E(z) decays evanescently into the metal and the dielectric, decaying as
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Figure 4.6 : Dispersion relation of blue line: SPPs, orange line: free space photons,
green line: refracted photons with index of refraction n. Free space photons do not
have the momentum matching conditions to excite SPPs. Instead, increasing the
wave vector component of the photons through either a waveguide or a prism with
n > 1 can allow for SPP excitation. The dashed horizontal line indicates ωspp.

E(z) = Eoe
−|Imkz ||z| (4.6)

electric field of a SPP along the z-axis

The dispersion relation of the wave vector normal to the metal-dielectric interface is

k2j,z =
ε2j

εm + εd

ω2

c2
(4.7)

SPP dispersion relation (normal component)

where j is the material of interest. As seen in Fig. 4.7, the electric field decays much

more rapidly in the metal than in the dielectric. The 1/e decay length is called the skin
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depth and is defined as 1/Im(kz). For gold under 785 nm, εm = −22.86 + i1.42[194]

and εd = 1, the skin depth into the gold is ∼ 25 nm. In the thin film limit, the electric

field can penetrate beyond the thickness of the film![230] If the SPP propagates to a

break in symmetry, such as another grating or the edge of the material serving as an

antenna-type structure, free photons can be emitted.[207, 213, 216, 219, 229, 231–234]

Figure 4.7 : Evanescent decay of SPP electric field into dielectric and metal layer.
The decay length into the metal layer is much shorter than that into the dielectric.

4.1.3 Local surface plasmons

At the nanoscale, plasmonic properties become even more interesting as the effects of

bulk plasmons and surface plasmons become less distinct. If a spherical nanoparticle

is sufficiently smaller than the incident wavelength, the incident oscillating electric

field is confined to the nanoparticle and will induce resonant local surface plasmon

“standing wave” oscillations, Fig. 4.8, that do not propagate. For sufficiently small
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Figure 4.8 : Schematic of a dipolar local surface plasmon resonance. The oscillating
electric field of the incident light results in surface plasmons confined within the
nanoparticle. The electron cloud oscillates relative to the positively charged ions in
the metal sphere. Figure recreated from Ref. [235]

nanoparticles, this coherent oscillation of the electron cloud called the dipole plasmon

mode dominates the system. This dipolar mode is considered a “bright” mode; an

excited dipolar mode will decay radiatively, emitting photons of the characteristic

plasmon frequency.[236, 237] Higher order “dark” modes can exist, e.g. the quadripole

mode where half the electron cloud moves with the oscillating field while the other

half moves against it, which decay non-radiatively.[73, 238, 239]

For a sufficiently small nanosphere with volume V and dielectric function εm(ω) =

ε′m(ω)+iε′′m(ω) in a dielectric environment with frequency-independent dielectric func-

tion εd, Mie theory solves Maxwell’s equations with appropriate boundary conditions

in order to calculate the total extinction cross-section σext (the total cross-section of

absorption and scattering) considering only the dipolar mode:[240]

σext =
9V ε

3/2
d

c

ωε′′m
(ε′m + 2εd)2 + ε′′2m

(4.8)

Mie theory extinction cross section for a nanosphere

When ε′m ∼ −2εd and ε′′m << 0, resonance conditions for a large σext are met. This
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resonance occurs at the Mie frequency, ωMie = ωp√
3
.[206]

Mie theory neglects the interband transition terms of the dielectric in gold, so

the Mie frequency doesn’t accurately describe the local surface plasmon resonance

frequency.[198] Adding in the interband transition contribution, εb, to the dielectric

function of gold, the polarizability α (which describes how easily the dipole mode is

excited) of a sphere with radius R, in vacuum is defined as

α = R3 ε− 1

ε+ 2
=

R3(εbω
2 − ω2

p) + iωγεb

((εb + 3)ω2 − ω2
p]) + iωγ(εb + 3)

(4.9)

Polarizability of nanosphere including interband transitions

which has a resonance frequency ωR condition when ωR = ωp√
εb+3

with a width set by

γ(εb + 3).[198] The figure-of-merit (Q-factor) indicates how well the resonance main-

tains its energy content and is determined through the ratio of the plasmon energy

and the full width at half maximum of the band.[241] The larger the Q-factor, the

better the plasmonic resonance is with larger local electric field enhancements, longer

lifetimes, and weaker damping.[242] This means that when the electron mean free

path is low, either because of poor conductivity or because the size of the nanoparti-

cle is so small that surface scattering dominates the mean free path, γ becomes large,

reducing the quality of the plasmon resonance. Large interband transition contri-

butions of the dielectric function additionally degrade the plasmon resonance. The

effects of conductivity and interband transitions on the plasmonic resonance are why

transition metals are poor candidates for plasmonics. The interband transitions are

also why the dipolar plasmon resonance for gold is shifted to the visible (∼ 520 nm)

despite the plasma frequency being in the deep UV. γ also indicates that although the

size of the nanoparticles must be smaller than the wavelength of the incident illumina-
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tion for localized surface plasmons, the nanoparticles cannot be so small that surface

scattering dominates the mean free path. Therefore, typical gold nanoparticles used

in plasmonics are ∼ 10-100 nm in diameter.[198] Factors that affect the plasmon en-

ergy include size and geometry of the nanoparticles and the dielectric environment

surrounding the nanoparticle.[206, 239, 240] From Equations 4.8, changing the di-

electric environment changes the extinction cross section and can cause the plasmon

energy to shift. Because the dielectric function for gold decreases with wavelength,

Fig. 4.2, the resonance red-shifts when placed in an environment with higher index

of refraction.[205] Changing the size and shape of the nanoparticle also shifts the

plasmon energy. The resonance red-shifts as the particles become more oblong if the

electric field polarization is along the major axis as there will be one plasmonic mode

per unique axis.[239] Additionally, the particle size has clear effects on the plasmonic

energy, having a 1/R relationship.[240]

Because of the collective oscillations of the free electron gas, the induced electric

field near the surface of the nanoparticle is enhanced. This local electric field can be

enhanced even further if two nanoparticles are brought together, known as dimers.

The polarization dependence of the incident illumination is important, Fig. 4.9. If

the laser is in the optimal polarization, the charge distributions due to the plasmonic

oscillations in the nanoparticle can allow for large local enhancements.[120, 236] As

the particles get closer together, the field enhancements can get closer together, in-

creasing by ∼ d−8.[198] As seen in the next section, these local field enhancements

can allow for Raman enhancements ∼ 1011. These field enhancements are near-field,

meaning that the fields decay rapidly away from the interparticle gap. Bringing these

particles together causes the plasmon resonances to shift, red-shifting in the top case

of Fig. 4.9 and blue-shifting in the bottom case due to Coloumb interactions.[205] This
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Figure 4.9 : Schematic of plasmonic dimers, consisting of two nanoparticles brought
close together with an interparticle gap d under incident laser illumination, demon-
strating the importance of incident laser polarization. top: When the laser polariza-
tion goes along the length of d, the charge distribution due to the plasmonic resonance
allows for localized electric field enhancements in the gap, increasing as d shrinks.
bottom When the laser polarization is oriented perpendicular to the length of d, the
charge distributions due to the plasmonic oscillations do not create the local field
enhancements between the particles. Figure recreated from Ref. [198].

shifting is called hybridization, where the plasmonic modes in distinct nanoparticles

interact with each other.[243] As we will discuss in the next section, these large local

enhancements of the electric field can be utilized to enhance inelastic light scattering

in single molecule junctions.

4.1.4 Decay mechanisms of plasmons

The dipolar plasmonic mode was previously called a “bright” mode and the higher-

order multipolar modes were called “dark” modes. Here, we will discuss both the

radiative (“bright”) and non-radiative (“dark”) decay mechanisms of plasmons. Re-

cently, pulsed lasers have been used to probe the relaxation times of the plasmonic
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Figure 4.10 : Excitation and relaxation of local surface plasmons after a laser pulse.
From left to right is a time axis. t=0 : the incident illumination excites an LSPR
which redirects the Poynting vector towards the nanoparticle. t = 1 - 100 fs : The
LSPR decays, either radiatively via re-emitted photons (~ω) or non-radiatively via
the excitation of non-thermal “hot” carriers through either interband or intraband
transitions. The hot electron distribution is seen in green and the hot hole distribu-
tion is seen in orange. t = 100 fs - 1 ps : “hot” carriers relax via electron-electron
scattering, redistributing their energy distributions as they begin to thermalize. t =
100 ps - 10 ns : The local heating from the LSPR thermally dissipates through the
substrate as the system relaxes to thermal equilibrium.

decay.[73, 215, 244–248] As seen in Fig. 4.10, after a local surface plasmon reso-

nance is excited in a nanoparticle, the free electron oscillations begins to become

damped with a dephasing timscale ∼ 2-50 fs[205] and will either decay radiatively

emitting coherent photons or non-radiatively by exciting non-thermal “hot” electron-

hole pairs, depending on the specifics of the excited plasmonic mode.[198] The “hot”

electrons[92, 98, 100, 249, 250] get excited to energy levels above the Fermi energy

from either intra- or interband transitions[195] changing the Fermi distribution to
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have a non-thermal, high-energy tail. The timescale for these non-thermal exci-

tations is ∼ 1 − 100 fs. The excitation efficiency and energy distribution is de-

termined by the specifics of the plasmonic resonance including particle size, plas-

mon energy, electronic structure, and density of states of the material.[73] If the

hot electron energy, E = EF + kbTel where EF is the Fermi energy and Tel is

the effective temperature of the hot electron, is larger than the work function of

the material, the electrons may be emitted due to photoemission.[196, 251–254]

Otherwise, between ∼ 100 fs - 1 ps, the hot carriers begin to thermalize, rear-

ranging to a “quasi” equilibrium distribution as the carriers relax due to electron-

electron, electron-phonon, electron-defect, or surface scattering.[205] After ∼ 100 ps-

1 ns, the system reaches thermal equilibrium as the local heat dissipates through

the surrounding substrate via phonon-phonon scattering. Although the lifetimes

of these hot carriers are quite short, non-radiative decay of local surface plasmon

resonances can be used beyond just local heating such as energy conversion,[255]

photodetection,[92, 98, 256] and photochemistry.[73] The hot electrons can play a

role in plasmon-assisted transport[81, 229, 257–260] and have been shown to add ad-

ditional photocurrent in molecular and tunnel junctions.[258, 261, 262] As a result,

care should be taken when attributing signal from electronic transport of plasmoni-

cally resonant molecular or tunneling junctions under laser illumination.

4.2 Raman spectroscopy

Ch. 3 discussed how electronic transport measurements can probe the energy ex-

changes between tunneling electrons and molecular electronic and vibrational states

in a molecular junction. In this section, we will discuss molecular vibrations and how

we can probe them using the frequency of scattered light, in a method called Ra-
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Figure 4.11 : Schematic of a diatomic molecule, consisting of two masses, m1 and m2,
on a spring with spring constant, k.

man spectroscopy. Consider a diatomic molecule consisting of two atoms covalently

bonded. This molecule can be simplified to two masses, m1 and m2, on a spring with

some spring constant, k, whose value represents the strength of the chemical bond, as

seen in Fig. 4.11. The displacement of the atoms in the molecule q can be described

from using Hooke’s law, µd2q
dt2

= −kq, where µ = m1m2

m1+m2
is the effective mass of the

molecule. Solving for q gives q = qo cosωvibt where ωvib =
√

k
µ

is the characteristic

vibrational frequency. If an incident electric field oscillating at some frequency ωo,

E = Eo cosωot, interacts with the molecule, the molecule can also oscillate inducing a

dipole moment, p, described by p = E ·α = Eo cosωot ·α, where α is the polarizability

tensor of the molecule which describes how easily a dipole moment can be induced in

the molecule. Because α changes as the molecule vibrates, α depends on q. For small

q, α can be described as a function of q using the small amplitude approximation,

which to the first order is α(q) = αo + ∂α
∂q
· q. α(q) can then be substituted into the

equation for p, yielding

p = αoEo cosωot+
∂α

∂q
qEo(cos (wo − wvib)t+ cos (ωo + ωvib)t) (4.10)

dipole moment for Rayleigh and Raman scattering

Equation 4.10 describes the possible frequencies the incident photon can be scattered

to before being re-emitted, depicted in Fig. 4.12. The first term is the elastic scat-
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tering event called Rayleigh scattering, where the re-emitted photon has exactly the

same energy as the incident photon. The second and third terms describe inelastic

scattering processes. The second term describes Stokes scattering, where the photon

loses energy to the molecule, leaving with ~ωo− ωvib of energy, exciting the molecule

from the ground state to an excited vibrational state. The third term describes Anti-

Stokes scattering, where the photon gains energy from the molecule, re-emitting with

~ωo + ωvib of energy, relaxing the molecule from an excited state back to the ground

state. Therefore, the frequency of the scattered light can be used as a probe to de-

termine the molecular vibrations in the molecule. The next two subsections will go

into these scattering mechanisms in more detail.

4.2.1 Rayleigh scattering

The dominant scattering mechanism is the elastic Rayleigh scattering. Generally,

intensity from Rayleigh scattering is ∼ 0.1% of the incident light. In this mechanism,

an incident photon is absorbed by the molecule, which is then excited to a virtual

state, before it is re-emitted at exactly the same energy as the incident photon. The

molecule essentially acts an an antenna oscillating at the same frequency as the inci-

dent electric field. The Rayleigh scattering cross-section is inversely proportional to

λ4, where λ is the incident wavelength. Because of the strong wavelength dependence

of the Rayleigh cross-section, shorter wavelengths are scattered more strongly than

longer wavelengths.[191] This wavelength dependence is why the sky is blue during

daylight.
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Figure 4.12 : Schematic of Rayleigh and Raman scattering. A molecule absorbs an
incident photon of energy ~ωo, gets excited to a virtual state, before re-emitting the
photon which is either elastically or inelastically scattered. Left : Rayleigh scattering,
the elastic scattering event where both the molecule and photon energies remain
unchanged. Middle: Stokes scattering, where the incoming photon loses energy to
the molecule, exciting it to an excited vibrational state. Right : Anti-Stokes scattering,
where the incoming photon gains energy from the molecule, relaxing it to a ground
state.

4.2.2 Stokes and Anti-Stokes scattering

Although Rayleigh scattering is the dominant scattering mechanism, about 1 in

10 million photons[263, 264] are scattered inelastically, exchanging energy with the

molecular vibrational modes. These vibrational modes are quantized and can be

approximated as a quantum harmonic oscillator, with evenly spaced energy levels

described by En = ~ω(n+ 1
2
), for low integers n. Because Raman spectroscopy looks

at energy shifts, it is often easier to consider the energy in terms of wavenumber,

cm−1, defined as cm−1 = 1
λ

instead of ω. The Raman shift can be converted from

wavelength to wavenumber by
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cm−1 =
1

λincidentnm
− 1

λscatterednm
× 107nm

cm
(4.11)

Raman shift conversion from wavelength to wavenumber

For reference, 1 eV = 8086 cm−1 ∼ 242THz.

Stokes scattering refers to when a molecule in the ground state absorbs an incident

photon, gets excited to a virtual state, and relaxes back down to an excited vibrational

state, receiving ~ωvib of energy from the photon, before re-emitting the scattered

photon with less energy than the incident photon. Anti-Stokes scattering refers to

when a molecule is already in an excited vibrational state when it absorbs an incident

photon, gets excited to a virtual state, and relaxes back down to the ground state,

giving ~ωvib to the re-emitted photon. Because the Fermi energy is much higher

than the thermal energy at experimental temperatures (the Fermi energy of gold

is 5.53 eV or 64,200 K),[108] the energy distribution of the system is degenerate

with the lower states dominating the local vibrational population. As such, at finite

temperatures, the Stokes signal will be much larger than the Anti-Stokes signal.

The Stokes scattering will largely be temperature independent while the Anti-Stokes

scattering intensity will increase with local temperature. Due to this temperature

dependence of the Raman scattering intensity, the ratio of the Anti-Stokes to the

Stokes intensity, IAS and IS respectively, can be used as a way to probe the local,

vibrational effective temperature of a particular vibrational mode, T effν as

IAS
IS

= (
σAS
σS

)(
g(ωAS)

g(ωS)
)2(
ωAS
ωS

)4 exp

{
−~(δω)

kBT
eff
ν

}
(4.12)

Probing temperature with ratio of Anti-Stokes to Stokes intensities
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for the following parameters with subscripts AS and S indicating the values for Anti-

Stokes and Stokes emission respectively: cross-section σ,[265] scattered photon fre-

quency ω, electric field enhancement factor from plasmons g(ω), and the Raman shift

δω.[266, 267] Note that this describes the effective temperature of an individual vi-

brational mode; different modes can have different effective temperatures.[266–268]

Additionally, if Stokes scattering occurs at a rate faster than the vibrational relax-

ation timescale, the Raman scattering process itself can drive the local vibrational

temperature to become elevated in a process called optical pumping. In general,

the Raman intensity scales linearly with incident laser intensity, however under the

presence of optical pumping, the Anti-Stokes signal scales quadratically with incident

intensity. These concepts will be discussed in further detail in Ch. 5.6. Because inelas-

tic light scattering events are so rare, spontaneous Raman scattering is challenging to

detect without enhancement.[263, 264] The electric field enhancement of plasmonic

nanosystems can significantly increase the Raman scattering intensity in a process

called surface-enhanced Raman spectroscopy (SERS), which will be discussed in in

Sec. 4.2.3.

From Equation dipole moment for Rayleigh and Raman scattering, both the Stokes

and Anti-Stokes scattering require ∂α
∂q

∣∣∣∣
q=0

6= 0, which means that for a vibrational

mode to be Raman active the polarizability must change with time. A similar spec-

troscopic technique called infrared (IR) spectroscopy, which looks at the absorption,

transmission, and reflectance of IR illumination to probe the vibrational modes, re-

quires a change in the dipole moment, ∂p
∂t

∣∣∣∣
q=0

6= 0, to be IR active. The rule of mutual

exclusion states that if a molecule has a center of symmetry, no vibrational mode can

be both IR and Raman active, seen in Fig. 4.13. IETS does not have such limitations

in detecting these vibrations.
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Figure 4.13 : Schematic of Raman and IR active modes in a centrosymmetric
molecule, demonstrating rule of mutual exclusion.

4.2.3 Surface-enhanced Raman spectroscopy

Because inelastic light scattering events are so rare, spontaneous Raman scattering

is challenging to detect. In the 1970s, the first reports of surface-enhanced Raman

spectroscopy (SERS), where the plasmonic enhancement of the local electromagnetic

field from roughened metal substrates strongly modified the Raman scattering rate,

were published. There are two different mechanisms that are attributed to these

enhancements: electromagnetic and the chemical theory[269], with the former being

discussed in further detail in this section. The general concept of SERS from electro-

magnetic enhancement from plasmons is depicted in Fig. 4.14 and can be described

as follows: a molecule is present on a roughened metal substrate and is under incident

laser illumination with electric field E = Eo, frequency ω, and intensity Io. The local
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plasmonic modes in the substrate increase the local electric field by a factor of g(ω) to

E = g(ω)Eo. The molecule then scatters the light, re-emitting a photon of frequency

ω′. The electric field is again enhanced by the local plasmons, this time by a factor of

g(ω′). The total electric field is then E = αg(ω)g(ω′)Eo, where α is the polarizability

tensor of the molecule. For low shift wavenumbers, g(ω′) ∼ g(ω). Therefore, the total

intensity of the SERS signal is I ∝ g4Io, which scales to the fourth power with g but

linearly with Io.[198]

Figure 4.14 : Schematic of surface-enhanced Raman spectroscopy. A molecule is
present on a roughened metal substrate. The electric field of the incident laser il-
lumination, E = Eo, is enhanced by some factor g(ω) due to the plasmonc modes
in the substrate. The molecule scatters the enhanced, incident photons, re-emitting
the scattered photon whose electric field is again enhanced by g(ω′), where ω′ is the
frequency of the scattered light. For low wavenumbers, g(ω′) ∼ g(ω), so the overall
intensity of the Raman signal, ISERS ∝ g4Io, where Io is the incident intensity.

The total SERS enhancement factor is defined as:

G = | αR
αRo
|2|gg′|2 (4.13)
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SERS enhancement factor

where αR describes the polarizability tensor of the Raman tensor of the entire sys-

tem and αRo is the polarizability tensor of the isolated molecule. These values can

vary because the interaction of the molecule with the SERS substrate can affect the

resonant properties and vibrational details of the molecular modes compare to that

of the isolated molecule. SERS enhancement factors ∼ 105 − 1011 are commonly

reported,[198, 239, 270] with single molecule SERS sensitivity requiring an enhance-

ment ∼ 108.[145, 271, 272] For gold and silver under resonant wavelengths, g >> 1,

which allows for large G values due to the g4 dependence.[198] For example, if g ∼ 10,

G ∼ 104 − 105.[270] G can be determined experimentally by comparing the ratio of

the SERS intensity and the normal Raman intensity, adjusting for the number of

molecules in the excitation volume.[273]

When measuring SERS in the single- to few-molecule regime, there are some key

indicators. The first is “blinking”,[145, 269, 274, 275] where the intensity of individual

vibrational modes change suddenly and independently, indicating that the molecule

is re-arranging within the plasmonically-enhanced electric field. As the molecule

re-arranges, the coupling of the specific vibrational modes to the enhanced local

field changes with time causing the changes to Raman signal. Another indication of

single- to few-molecule SERS signal is spectral diffusion,[145, 168, 238, 271, 274, 275]

where the specific mode energy shifts with time. As the molecule re-arranges, the

changing interactions between the molecule, disorder in the metal, and the plas-

monic resonances can cause the the energy levels to shift slightly, typically ∼ 20cm−1.

Such re-arrangements of the molecules would be averaged out for a large ensemble

of molecules.[238] A final indication of single- to few-molecule SERS measurements

is signal from the low wavenumber Anti-Stokes continuum staying constant as the
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“blinking” and spectral diffusion effects are observed. This continuum is commonly

seen in SERS and is attributed to the Raman scattering by the conduction elec-

trons in the electrodes[168, 198, 268, 274, 276–279] and the the interaction of these

electrons with the adsorbed molecules.[280, 281] When changes in the Raman signal

due to “blinking” and spectral diffusion effects are observed, this low-wavenumber

Anti-Stokes continuum can serve as an indication that the rest of the system remains

constant with time, providing further evidence that the changing signal is from single-

to few-molecules.[238]

SERS is commonly conducted in aggregated nanoparticle clusters[198], nanogaps

formed by electromigration[145, 168] or mechanically controllable break junctions[139,

141] or via a sharp STM-style tip being brought in close proximity to a roughened

metal substrate in a process called tip enhanced Raman spectroscopy, TERS.[282–

285] Adding a grating to serve as a waveguide on the tip can allow for SPPs to

propagate along the tip before emitting highly confined light at the tip,[216] which

provides a way for nonlocal excitation of TERS for higher spatial resolution.[211] This

technique is not limited to TERS, however. SPPs have been used to remotely excite

nanogaps for SERS measurements[286, 287] in which SPPs are excited by shining on

a grating[81] or the end of a nanowire[288, 289] which then propagate along the device

before emitting light when scattering off the nanoscale molecular junction nanogap.
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Chapter 5

Previous work: Single molecule sensitivity, but

high local heating

5.1 Motivation: Understanding how energy dissipates through

a single molecule through simultaneous electronic trans-

port and optical measurements

As technology advances, development of electronic devices strives to make the devices

smaller, more portable, and faster. These sorts of demands have pushed electrical

components to the single-molecule scale. Although Chapter 3 discusses how molecu-

lar junctions have been widely studied, one major open question remains: how does

heat dissipate through a single molecule? Heat dissipation is well understood in the

macroscopic limit, but there is a lack of quantitative data that shows how energy

exchanges between electronic and vibrational states of a molecule. By studying si-

multaneous IETS and SERS measurements, quantifying these energy exchanges is

possible and learning how to drive and manipulate these exchanges can be explored.

Measuring these energy exchanges is no simple task - single molecule SERS sensitivity

requires resonant plasmonic enhancement which typically comes with high local heat-

ing due to the collective oscillation of the electrons while the IETS measurements re-

quire cryogenic temperatures for well-resolved peaks highlighting the inelastic energy

exchanges. In this chapter, previous results of lithographically-defined plasmonically-

active single molecule junctions with single molecule SERS enhancement with the
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ability for simultaneous electronic transport measurements will be discussed along

with some of the challenges of achieving true low temperature measurements due to

local temperature rises from plasmonically active modes in the wire. Finally, exper-

imental methods for the experiments described in the rest of the chapters will be

discussed.

5.2 Intact gold “bowtie” devices have a resonant transverse

plasmon mode

A significant amount of work discussed in this thesis, and in numerous publications

in the Natelson lab including Refs. [113, 150, 151, 168, 243, 266, 268, 274, 290–292],

has been conducted using gold “bowtie” devices; devices consisting of a thin film,

polycrystalline gold nanowire between two “fan-out” electrodes, seen in Fig. 5.1 with

gratings in the electrode design, which are discussed in more detail in Chapter 9 and

are not always present. These electrodes extend out to bonding pads which allow for

electronic transport measurements. Information regarding the fabrication of these

bowties is seen in Sec. 5.8.1. The nanowire geometry is optimized to have a resonant

transverse plasmon mode (perpendicular to the length of the wire) under 785 nm free

space CW laser illumination [290].

The intact nanowire under 785 nm illumination experiences a temperature rise

due to this plasmonic resonance, which can be detected via electronic transport mea-

surements. Because the nanowire is so much smaller than the connecting electrodes,

the nanowire dominates the conductance measurements of the entire device. There-

fore, changes in the conductance measurements can be attributed to changes in the

nanowire itself. A study of the incident laser polarization dependence of the dif-
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Figure 5.1 : SEM image of a gold ”bowtie” device with gratings in the electrode
design. Inset: zoomed-in image of the nanowire

ferential conductance of nanowire provides evidence of the excitation of the local,

transverse plasmon mode in the wire, Fig. 5.2. The differential conductance has the

largest magnitude when the laser is in the transverse polarization, and the smallest

change when the laser is in the longitudinal polarization.

The temperature rise of the nanowire under laser illumination can be quantified

using a bolometric technique, as discussed in Ref. [290]. Ohm’s law relates a voltage,

V , to a resistance, R, and current, I, as:

V = IR (5.1)

Ohm’s Law

Relating a small change in R to a small change in I by taking a derivative of Equa-

tion 5.1 then results in:
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Figure 5.2 : Polar plot of the incident laser polarization dependence of the nanowire
differential conductance (∆G). ∆ G has the largest magnitude when the laser is in the
transverse (90°) polarization due to the excitation of the resonant transverse plasmon
mode.

dR = −(
R2

V
)dI (5.2)

Differential Ohm’s Law

Using the relation dR = dRdT
dT

= dT dR
dT

, the temperature rise of the nanowire, ∆T ,

can be estimated using the differential conductance, ∆G = dI
V

, by:

∆T =
−R2∆G

dR
dT

(5.3)

Conversion of differential conductance to temperature rise

where dR
dT

is the slope of the substrate temperature dependence of the total device

resistance and R is the total device resistance at the measurement substrate temper-

ature. This conversion is true at substrate temperatures where dR
dT

is linear, which
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is generally above 30 K, Fig. 5.3. At lower substrate temperatures, Equation 5.3

should no longer be used. Quantifying the temperature rise at lower substrate tem-

peratures will be discussed in more detail in Sec. 5.7. At room temperature, the

typical temperature rise of a standard nanowire on a 200 nm SiO2/Si substrate under

a focused 785 nm laser with FWHM of 1.8 µm with power ∼ 20 mW in the transverse

polarization is on the order of 1 K[290].

Figure 5.3 : Device resistance, R, as a function of substrate temperature, T . The rela-
tionship is linear to around 30K, and so the temperature dependence of the resistance
can be estimated by the slope, dR/dT .

5.3 Broken nanowires have high local enhancements of the

electric field, specific to the details in the nanogap

Creating a nanogap in the nanowire within the bowtie devices allow for a molecular

tunnel junction, Fig. 5.4. The nanogap is created in one of two ways: the “self-

aligned” fabrication technique where the gap is created in a two-step lithography
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process or through electromigration in an intact wire. The work in this thesis utilizes

electromigration because it allows for the wire to be intact for initial conductance

measurements without a tunneling gap.

Figure 5.4 : SEM image of a bowtie device with an electromigrated nanogap

The “self-aligned” gaps are created during device fabrication which can allow for

small gaps to be fabricated in bulk.[293–295] These gaps can be well-controlled geo-

metrically, and the gap sizes can be smaller than what is achievable during fabrication.[295]

The self-aligned fabrication process, detailed in Fig. 5.5, consists of a two-step lithog-

raphy technique. An initial lithography step patterns half of the device and has an

initial deposition of the Au layer, with an additional Cr layer over the Au film. The Cr

oxidizes and expands beyond the Au layered pattern. An additional lithography step

patterns the second half of the device, which overlaps with the previously-deposited

pattern, and a final Au layer is deposited. After lift-off, the Cr is etched away, result-

ing in a nanogap within the wire where the Cr expanded.

Although the self-aligned gap fabrication allows for arrays of devices to be fabri-

cated with nanogaps, the devices in this work have gaps created through electromigra-
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Figure 5.5 : Schematic of self-aligned fabrication process. first column: 3D schematic.
second column: 2D cross-section. a: After the initial lithography step and develop-
ment, a layer of Au is deposited. A layer of Cr is then deposited over the Au layer.
The Cr layer oxidizes, expanding beyond the Au layer after lift-off. b: After the
second step of lithography, the resist is developed to show the lithographically cre-
ated pattern. c: The final Au film is deposited via e-beam evaporation. d : After
lift-off, only the Au and Cr layers remain. e: The Cr layer is etched away using a wet
Cr etch, leaving behind only the gold films that were directly evaporated onto the
substrate. f : Comparison of gap sizes of self-aligned structures vs. lithographically
defined features. Figure reprinted with permission from Ref. [295]. ©2011 IEEE.

tion. Although considered a failure in traditional circuit design[296, 297], the process

can be used to create nanoscale gaps in nanowires. The concept of electromigration

is simple: when a large current density (typically higher than 108A/cm2) is pushed

through a conducting wire due to an applied bias, charge carriers travel through the

wire. As the charge carriers move through the wire, they move past and interact

with the stationary ions in the conductor. Momentum exchanges between the charge

carriers and the ions can cause the charge carriers to physically push the ions out

of the way, resulting in a nanogap, called the electron wind force. Additionally, due
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to the high electric fields during the electromigration process, charge defects can be

pushed along wire causing further separation.[298] These momentum exchanges most

commonly occur when the charge carriers scatter of defects, such as grain boundaries

or structural defects. When an ion begins to diffuse, the local current density at that

location increases, resulting in more scattering and therefore more momentum trans-

fer at that specific location.[142, 296, 299–301] Using electromigration in a controlled

way can allow for consistent nanoscale gap formations in nanowires.

The electromigration process in these bowtie devices is as follows: a National

Instruments DAQ is controlled via computer to apply a bias across the device. The

bias is linearly ramped up while the total current is monitored. Joule heating, where a

conductor is heated as a current passes through, will cause an increased resistance as

the voltage increases. Dynamically measuring the change in resistance as the voltage

ramps allows for controlled electromigration; the process is terminated when a change

in resistance is larger than what is expected due to Joule heating. This process

is repeated until the total device resistance is larger than that of the conductance

quantum, Go = 3.8E − 5S = 2e2

h
, ∼12.9 kΩ.

The specific details of the nanogap can allow for large enhancements of the local

electric field, Fig. 5.6. In Ref. [243], COMSOL Multiphysics was used to model the

electric field enhancement of the nanogap system. As expected, when the laser is in

the longitudinal polarization, the electric field enhancement and charge distribution

are relatively weak. The largest response occurs when the laser is in the transverse

polarization, exciting that local mode within the nanowire; within the gap, there is

large, local enhancements of the electric field specific to the device geometry which is

a result of the hybridization of the local transverse plasmon mode with the multipolar

modes within the gap.
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Figure 5.6 : Simulation of i, ii electric field enhancement and iii charge distribution in
nanogaps. c: Example of simulation geometry used in finite-element modeling using
COMSOL. d, e: results of the simulation of the gap under illumination in the longitu-
dinal, EL, and transverse, ET , polarization, respectively. The local field enhancement
within the wire is largest when the laser is in the transverse polarization because of
the resonant local transverse plasmon mode in the nanowire. Within the gap, very
large local enhancements of the electric field is seen under the transverse polarization,
indicating hybridization of the transverse plasmon with multipolar modes within the
gap. Reprinted with permission from Ref. [243]. ©2013 American Chemical Society.

5.4 The large field enhancements in the nanogaps allow for

SERS measurements

The large field enhancements from the hybridization of the local, multipolar modes

within the gap and the local surface plasmon resonance from the nanowire allow for

detection of single molecular Raman scattering via SERS. As seen in Fig. 5.7c,d,

2D maps of the integrated Raman signal of the characteristic Si peak (510-520 cm2)

as a function of laser position were conducted with the laser in the transverse and
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longitudinal polarization, respectively. The maps are nearly identical regardless of

polarization; the Si peak is not enhanced due to the local modes within the gap.

The signal is largest when the laser is incident on the substrate and smallest when

the laser is incident on the gold bowtie. When looking at the characteristic peaks

around 1500-1600 cm2 of the applied self-assembled monolayer of BPE (trans-1,2-

bis(4-pyridyl)-ethlyene), the maps look much different. When the laser is in the

transverse polarization, Fig. 5.7e, there is a “hotspot” of signal within the nanogap,

with no detectable signal anywhere else. This hotspot is completely absent when the

laser is in the longitudinal polarization, Fig. 5.7f, indicating that the signal is detected

due to SERS. In Ref. [113], the electric field was experimentally determined to be

enhanced by a factor of 1000.[266]

Figure 5.7 : Simulation of i, ii electric field enhancement and iii charge distribution in
nanogaps. c: Example of simulation geometry used in finite-element modeling using
COMSOL. d, e: results of the simulation of the gap under illumination in the longitu-
dinal, EL, and transverse, ET , polarization, respectively. The local field enhancement
within the wire is largest when the laser is in the transverse polarization because of
the resonant local transverse plasmon mode in the nanowire. Within the gap, very
large local enhancements of the electric field is seen under the transverse polarization,
indicating hybridization of the transverse plasmon with multipolar modes within the
gap. Reprinted with permission from Ref. [243]. ©2013 American Chemical Society.
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A plot comparing the Raman intensity within the hotspot under the transverse

and longitudinal polarization, respectively, is seen in Fig. 5.8. The characteristic BPE

signals are clearly visible when the laser is in the transverse polarization and are not

detected at all in the longitudinal polarization. This indicates that the high local

field enhancement due to the plasmonic modes within the gap is responsible for the

SERS signal.

Figure 5.8 : Comparison of Raman signal in nanogap in the longitudinal, EL, and
transverse, ET , polarizations. Well-defined peaks are detected under ET that are not
detected under EL. Reprinted with permission from Ref. [243]. ©2013 American
Chemical Society.
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5.5 Simultaneous single molecule SERS and electronic trans-

port measurements

The SERS enhancement within the gold bowtie devices can allow for single molecule

Raman measurements. In Ref. [274], simultaneous Raman and differential conduc-

tance measurements were conducted in single molecule junctions with para-mercaptoaniline

(pMA) and a fluorinated oligophenylyne (FOPE), seen in the bottom panel of Fig. 5.9a,b

respectively. As seen in the top rows in Fig. 5.9, the Raman intensity of specific peaks

can have sudden drops in the measured intesnity, with the amplitudes of the differ-

ent vibrational modes varying independently. This “blinking” of the Raman signal

is attributed to that of the single- to few-molecule regime; it is unlikely that large

ensemble of molecules would show temporal fluctuations as this.[170, 238, 272] In-

stead, this “blinking” is thought to capture the movement and rearrangement of

a single molecule, with different vibrational modes being enhanced as the molec-

ular orientation changes.[269, 275, 302] Additionally, as seen in Fig. 5.9b, individ-

ual vibrational modes experience a Raman shift by as much as ±20 cm−1. This

strong spectral diffusion further indicates that the signal is due to the details of the

molecular environment while the low wavenumber continuum remains constant with

time.[271, 274] Both the “blinking” and spectral diffusion are routinely observed in

these junctions.[145, 150, 151, 168, 266]

As discussed in Chapter 3, the conductance as a function of applied bias can

provide insight about when a tunneling electron exchanges energy with a molecule,

exciting a vibrational mode in the molecule. Because the IETS signal detects Raman-

active modes (as well as modes that Raman can’t detect!), simultaneous electronic

transport and Raman measurements can provide additional information about the
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Figure 5.9 : Simultaneous measurements of Raman and differential conductance of
single molecular junctions. a, b: Measurements of molecular junctions with pMA
and FOPE, respectively. top row : Colormap of the Raman intensity as a function
of time (x-axis) and wavenumber (y-axis). The colorscale indicates the intensity of
the Raman peaks. The “blinking” of signal of specific modes indicates the one- to
few-molecule regime. b: black line, left axis : Differential conductance measurement
as a function of time. blue lines, right axis : Intensity of specific characteristic Raman
peaks as a function of time. The vertical red dashed lines indicate times where changes
within the electronic transport and Raman intensity measurements changed rapidly.
Reprinted with permission from Ref. [274]. ©2008 American Chemical Society.



78

specifics of the molecular environment, including the molecular orientation.[141, 141,

145, 168, 172, 268, 274, 303–308] As seen in Fig. 5.9, there is strong correlation

in the temporal changes in the differential conductance and Raman measurements;

when a vibrational mode becomes active, both the differential conductance and the

Raman intensity increase, further indicating the single-molecule sensitivity. This

correlation was seen in ∼10% of the devices measured.[274] Although these room

temperature measurements show that the signals detected in these devices are in

the single- to few-molecule regime, quantifying the energy exchanges between the

tunneling electrons and the electronic and vibrational states in the molecule require

cryogenic temperatures for well-resolved IETS peaks.

5.6 Anti-Stokes signal hints at local heating in the junction

In Chapter 4.2, it was shown that the ratio of Anti-Stokes to Stokes intensity provides

an indication of the local temperature distribution. Raman scattering itself can drive

the vibrational population out of thermal equilibrium. If the Stokes scattering events,

exciting the molecule vibrational modes from the ground state to an excited state,

occur more quickly than the time for the vibration to relax to the bulk phonon modes,

the excited vibrational population will exceed the equilibrium population, resulting in

an effective vibrational temperature above the substrate temperature, T effν .[113, 266,

267, 309] In this regime, the intensity of the Anti-Stokes signal scales quadratically

with the incident laser intensity while the Stokes intensity scales linearly.[267, 309] In

Ref. [268], a systematic study of the Raman response of a three-ring oligophenylene

vinyelene terminating in amine functional groups (OPV3) under bias was conducted

which showed both optical and electronic pumping. Seen in Fig. 5.10, the Stokes signal

(left) stays constant under applied bias as expected; at the measurement temperature
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(80 K), the system is degenerate. The Anti-Stokes signal of the low wavenumber

continuum, however, does increase even with moderate applied biases, indicating an

effective vibrational temperature that increases with applied bias. Additionally, an

Anti-Stokes mode∼ 1800cm−1 (223 meV) shows clear signal at zero bias, which means

that the local temperature of this mode is significantly elevated above the substrate

temperature. The signal doesn’t increase until the applied bias exceeds the vibrational

mode energy ~ων which indicates current-driven vibrational pumping.[266] Further

studies involving the bias-dependence of Raman spectra in single molecule junctions

is discussed in more detail in Refs. [150] and [151]. Because the effective vibrational

temperatures exceeded the substrate temperature by several orders of magnitude

under optical illumination[268], further study to probe the local temperature rise of

the system was required.

5.7 High local heating in gold nanowires

Because the effective vibrational temperature of some modes were ∼ 100−1000 times

larger than the substrate temperature at a substrate temperature of 80 K, attempting

to conduct simultaneous IETS and SERS measurements at cryogenic temperatures

posed some significant challenges. The IETS peaks were softened and widened when

measured under laser illumination compared to when the laser was off with a sub-

strate temperature of 5 K, implying thermal broadening due to local heating. This

prompted a study of the local heating of the nanowire due to the presence of the

wire, which was published in [292]. Gold bowtie devices, Fig. 5.11a, were measured

on various substrates. Using a lock-in amplifier, the differential conductance of the

device under chopped optical illumination was measured. Because the device’s con-

ductance is dominated by the constriction, it is assumed that all measured change
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Figure 5.10 : Heating apparent in single molecule Anti-Stokes signal of molecular
junction under moderate bias. The Raman response of a OPV3 molecular junction
as a function of applied bias. The Stokes signal, left, remains constant under applied
bias. The Anti-Stokes signal of the low wavenumber continuum increases with applied
bias. A measurable mode around 1800 cm−1 at zero bias shows an elevated effective
vibrational temperature, with the intensity increasing after the applied bias exceeds
~ων of that mode. Note that the color bars for the Stokes and Anti-Stokes signal have
different magnitudes. Reprinted with permission from Ref. [268]. ©2011 Nature
Nanotechnology.

in the conductance occurs at the constriction. From the measured change of conduc-

tance, the temperature rise was inferred using bolometric techniques and assuming

Ohm’s law, as discussed in [290]. A study of the polarization and incident laser

intensity dependence of the inferred temperature rise of the bowtie constriction on

various substrates and at various substrate temperatures was conducted. As seen
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Figure 5.11 : a: SEM image of a typical gold bowtie device. b: polarization depen-
dence of the temperature rise of the constriction under direct illumination at various
substrate temperatures. The maximum heating occurs when the laser is in the trans-
verse polarization, exciting the local surface plasmon resonance in the nanowire. The
heating of the wire increases as the substrate temperature decreases. c: Intensity
dependence of the temperature rise of the constriction under direct illumination at
various substrate temperatures. As the substrate temperature increases, the intensity
dependence becomes more linear. At lower substrate temperatures, the temperature
rise of the constriction’s becomes more nonlinear at low intensities, but becomes lin-
ear at around 75 kW/cm2. Reprinted with permission from [292]. ©2016 American
Chemical Society.
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in Fig. 5.11b, the temperature rise has a strong polarization dependence, with the

transverse polarization (perpendicular to the length of the wire) having the largest

response. This is indicative of the excitation of the transverse local surface plasmon

resonance that couples in with the multipolar “dark” modes that allow for SERS.

As the substrate temperature lowers from 60 K to 5 K, the temperature rise of the

constriction increases. The inferred temperature rise of the nanowire under trans-

verse laser illumination with a 200 nm SiO2 substrate of temperature 5 K is around

100 K! As seen in Fig. 3.6, for IETS signal to have well-resolved peaks to see this

energy exchange, the local temperature must be at least below 20 K! As with Ref.

[290], the measured differential conductance is linear with the substrate temperature

for temperatures above 40K. Below 40K, however, the constriction temperature rise

(negative differential conductance) increases nonlinearly with substrate temperature,

and therefore the temperature rise had to be calculated using curve-fitting routines

instead of a simple linear equation as before. Additionally, the intensity dependence,

Fig. 5.11c shows the intensity dependence of the constriction temperature rise. When

the substrate temperature is 75 K, the relationship between temperature rise and laser

intensity is linear. Below 75K, however, the relationship becomes more nonlinear as

the intensity decreases. The thermal conductivity of substrates at low temperatures

is normally nonmonotonic and nonlinear, and phonon thermal boundary resistance

due to the mismatch of the acoustic phonons at low temperatures contributes to these

large temperature rises.

One approach to try to reduce this large temperature rise is by using a substrate

with better thermal conductivity than 200 nm SiO2/Si. At 5K, the thermal conduc-

tivity of quartz and sapphire is on the order of 103 times better than that of Silicon.

However, as seen in Fig. 5.12, the temperature rise is only reduced by around a factor
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Figure 5.12 : Comparison of local heating of the nanowire constriction due to direct
laser illumination using (a) sapphire and (b) quartz substrates. Although the thermal
conductivity of these substrates is around a factor of 103 better than that of silicon, the
temperature rise is only reduced by around a factor of 3. Reprinted with permission
from [292].©2016 American Chemical Society

of 3 for both substrates, which suggests that the temperature rise is predominantly

determined by the thermal boundary resistance, preventing thermal transport from

the nanowire into the substrate.[244] This study indicated that a simple change of

substrate could not reduce the local temperature enough to obtain well-resolved IETS

peaks. Instead, in Chapter 9 will discuss an alternate approach to reduce the local ef-

fective temperature using surface plasmon polaritions to remotely excite the nanowire

constriction for both SERS and electronic transport measurements in a similar ap-

proach as Refs. [81, 211, 214, 286, 287].
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5.8 Experimental methods

5.8.1 Gold “bowtie” fabrication process and naming convention

Devices were fabricated on silicon wafers with 200 nm - 2 µm thermally grown oxide.

Bonding pads and a common ground were deposited using a shadow mask and electron

beam (E-Beam) evaporation. 5 nm Ti/50 nm Au was found to be the optimal metal

deposition thickness to reduce complications during wire bonding (see Sec. A.2 for

more information). Refer to Sec. A.1 for the number of bonding pads and naming

convention.

Prior to electron beam lithography, chips are sonicated in acetone and rinsed in

isopropyl alcohol (IPA) and blown dry. Using an in-house Harrick PDC-32 G plasma

cleaner, the chip undergoes 2 minutes of O2 plasma cleaning on the “high” setting.

Using single-layer polymethyl methacrylate (PMMA) 495 A4 in Anisole (Microchem)

and spinning at 3000 RPM for 40 seconds over the entire chip, the chip is annealed at

180 for 90 seconds. (Tip: the hot plate temperature dial has poor calibration. The

hot plate reaches 180 when the hotplate is set to around 215 .) The gold “bowtie”

devices are lithographically defined using the JEOL 6500 and Nabity software.

The standard bowties consist of a nanowire, approximately 120 nm wide and

600 nm long sandwiched between two fan-out electrodes that extend out at 45ngles

until reaching the width of 10 µm. Then the electrodes extend out with 10 µm

thickness until reaching the bonding pad. “Long” bowties consist of a nanowire that

is still approximately 120 nm wide but has an extended length, typically 5-10 µm long.

In the case of “bowties with gratings”, two rectangular slits are also designed in the

rectangular electrode design. After lithography, the devices are developed in 3:1 IPA

: methyl isobutyl ketone (MIBK) for 40 seconds, rinsed with IPA and blown dry with
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N2, and undergo O2 plasma cleaning on “low” for 5 seconds prior to electron beam

evaporation in the Edwards FL 400. During evaporation, 1 nm of Ti (Cr if specially

noted) is deposited as an adhesion layer and between 15-30 nm of Au is deposited

afterward, at an average rate of 1 Å/s. The sample is then soaked in acetone for “lift

off” before being sonicated, rinsed in IPA, and blown dry.

Throughout this work, different terminologies are used to delineate the various

styles of bowtie devices. Unless otherwise specified, the term standard bowtie is the

typical bowtie configuration described above (with the nanowire of dimensions 120 nm

wide, 600 nm long) made with 15 nm Au/1 nm Ti on a silicon wafer with 200 nm

thermally grown oxide. The term long bowtie indicates the same conditions of the

standard bowtie device but with an extended nanowire length. The term bowtie with

gratings has the same conditions as the standard bowtie configuration but with 2

rectangular holes (8 µm length, 300 nm width spaced 0.5 µm apart) in the electrode

design and with 30 nm Au/1 nm Ti on 2 µm thermally grown oxide.

The chip is then mounted to the chip carrier, as discussed in Sec. A.1, using

N grease before being wire bonded with 25 µm gold wires. In the case of optical

measurements at low temperatures (<70 K), the chip must be elevated on the chip

carrier using a piece of copper between 1-2 mm thick to account for the reduced range

of motion of the piezo controlled stage.

5.8.2 Home built Raman microscope

A home-built Raman microscope with a raster-scanning laser was used for this mea-

surement, illustrated in Fig. 5.13. Since 2018, the Toptica iBeam Smart WS 785 nm

free space wavelength continuous wavelength, turn-key diode laser in the TEM 00

mode was used. Prior to this, the Ondax SureLock RO 785 nm laser was used. The
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laser is isolated using an external optical isolator which the beam is steered into using

two mirrors. I recommend that the isolator be upgraded as the opening to the isolator

is on the order of the laser spot size which results in some diffraction. After the isola-

tor, the OptiGrate BragGrateTM Spatial Filter (BSF) is sometimes used to clean the

beam mode for ultra low wavenumber Raman measurements. The Bragg style grating

in the BSF diverts wavelengths not at the specified 785 nm wavelength and reflects

cleaned beam completely and the position is adjusted through the incident angle.

However, due to the BSF extreme sensitivity to wavelength, the positional stability

of the laser position was not within tolerance of the pinhole placement between power

cycles. In order to extend the laser lifetime, the BSF is removed when such measure-

ments are not required so that the laser can be turned off during off-experiment hours

without needing to adjust the pinhole placement. After 2018, these were just com-

pletely removed as the pinhole is sufficient as the BSF is more appropriate for paths

where a pinhole isn’t feasible (high intensity pulsed lasers, for example). After the

BSF and/or mirror, an attenuator wheel that can be controlled using the NI DAQ

is placed along with an optical chopper before being steered with another mirror.

An 100 µm optical pinhole in a beam expander configuration cleans the beam mode.

The laser is then placed through a polarizer and a controllable angle λ/2 waveplate

is placed. The laser is then steered by two mirrors and reflects off a notch filter to

allow for the incident and exiting beam from the sample to travel the same path.

The notch filters used to reduce the Rayleigh peak from Raman measurements were

OptiGrate’s BragGrateTM Notch Filters. Like the BSF, these filters are particularly

sensitive in positional placement. The notch filters are aligned in the same way, ex-

cept this time, only the light that is not 785 nm is allowed to pass through the notch

filter without affecting its path. After reflecting off the notch filter, the laser passes
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through a final beam expander, this time the first lens is controlled using Newport’s

NPC3SG 3 channel, closed loop, piezo nanopositioner controller. The laser is then

steered through a cage system before being focused by a 50x (NA=0.7) objective lens

down through the low working distance optical window of the cryostation. The laser

is focused on the chip by adjusting the chip height using piezo controlled stage move-

ment. The laser then reflects off the silicon chip, and travels back through the same

beam expander as before, but this time, scattered light not at 785 nm is not reflected

by the notch filter. Instead, the laser will continue through an additional two notch

filters and into the Horiba Jobin Yvon iHR 320 spectrometer with Synapse CCD. A

removable beam splitter is placed between the cage and the final beam expander to

allow for white light illumination and imaging via a CCD camera. The spot size of

the laser is approximately 1.8 µm full width half maximum and is around 20 mW

incident intensity without additional attenuation. All measurements are under high

vacuum (< 10−7 bar).

5.8.3 Motion control using the piezo controlled lens

Just a quick note regarding motion control of the NPC3SG piezo controller. The

LabVIEW software that came with the controller doesn’t actually allow read/write

permissions. I did some extensive debugging by communicating with the device in a

terminal and found that there’s an error with the flow control via USB communication

in general. To bypass this unreliable USB software connection, I bypassed the USB

entirely by using analog control by sending voltages to the piezo controller directly

to the back panel via the NI DAQ and then reading the voltages in via the DAQ

once again. In order to use the Python software I wrote, discussed in Chapter A,

LabVIEW MUST be installed to properly connect to the DAQ. Motion control using
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Figure 5.13 : Schematic of the homemade Raman microscope alignment

the sample stage isn’t nearly as stable or retraceable as using the piezo controlled

lens and is not recommended.

5.8.4 Photothermoelectric effect measurement methods

An optical chopper is used to modulate the light intensity of a frequency around 367

Hz, which is much slower than the thermalization time scale of the devices.[81, 210]

The integrated, steady-state voltage at each end of the device was probed using the

SR560 voltage amplifier (100 MΩ input impedance) with the potential difference be-

tween the two ends being measured as the input of a SR7270 lock-in amplifier while

under high vacuum. Unless otherwise specified, the measurements were conducted

at room temperature. The schematic of the measurement setup is seen in Fig. 5.14.

In devices electromigrated to very large resistances (∼ 100MΩ), the capacitive phase
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shifts could be sufficiently large during lock-in detection. In these cases, the photo-

voltages were instead detected via DC measurements using the NI DAQ instead of

the lock-in amplifier (and without optical chopping).

Figure 5.14 : Schematic of the photothermoelectric effect measurement

5.8.5 Photocurrent “heating” measurement methods

An optical chopper is used to modulate the light intensity of a frequency around 367

Hz, which is much slower than the thermalization time scale of the devices.[81, 210]

Two lock-in amplifiers are used for this measurement. The first applies a small AC

voltage to measure the first and second harmonic response of this applied AC bias

for IETS measurements. The second lock-in amplifier is set to measure the steady-

state amplified current as a response of the chopped laser illumination. During the

measurements discussed in Chapter 9, a DC bias of 5 mV is applied across the device.

A schematic of the measurement setup is seen in Fig. 5.15
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Figure 5.15 : Schematic of the photocurrent measurement
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Chapter 6

Thermoelectric effects in intact polycrystalline

gold nanowires

6.1 Motivation: Creating single metal thermocouples via nanos-

tructuring

As discussed in Section 2.2.1, the electronic component of the S in metals depends

on σ. σ can be manipulated locally in nanoscale devices via changes in the geometric

structure. This means that nanostructuring the devices can result in local control of

S , resulting in single metal thermocouples. In the work done by Sun, W. et al. [82],

single metal thin film devices consisting of two parallel wires of different widths with

large bonding pads on one side and a connecting joint on the other were measured,

as sketched in Fig. 6.1. The bonding pads were kept at the substrate temperature

and the junction of the two wires were heated using a resistive heater. As the heater

temperature increased, the open circuit voltage (OCV) measured linearly increased.

A series of devices were tested; the larger wire width was kept at a constant 100 µm

but the more narrow wire’s dimension varied between 3-50 µm (much larger than the

electronic mean free path). As the more narrow wire’s width decreased, the slope of

the OCV vs. heater temperature increased. This was experimentally demonstrative

that locally changing σ via nanostructuring can result in single metal thermocouples.

However, because the geometric changes were still much larger than the electronic

mean free path and because the static placement of the heater was relatively close to
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Figure 6.1 : Sketch of single metal thermocouple measured by Sun, W. et al.: A thin
film single metal thermocouple consisting two parallel wires of different widths, w1

and w2, are in contact with each other at one end. The OCV is probed between the
two free ends kept at the cold substrate temperature, TC , while the joined end is
heated with a resistive heater to temperature TH . Figure adapted with permission
from Ref. [82]. ©2011, American Institute of Physics.

the bonding pads, there was some debate of the source of the signal. A comment from

Notre Dame [83] raised concern that rather than the signal occurring from the width

dependence of the wires, the response was actually from asymmetric thermal transport

that unequally heated the bonding pads resulting in stray OCV from parasitic leads.

Sun, W. [310] responded to the comment dismissing these claims.

Because the ongoing nature of this conversation, we decided to see for ourselves

if we could detect OCV signal in our gold bowtie devices. Our particular set up had

some inherent differences from the previous measurements that would be beneficial

to advancing the conversation forward: our bowtie devices were symmetric, the ge-

ometry change was significantly farther away from the probing ends eliminating the

potential for asymmetric heating of the leads, and our well-focused laser beam which

would serve our heating source could be raster-scanned providing position-dependent

measurements of the open circuit photovoltage (OCPV) in the photothermoelectric
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effect (PTE).

6.2 The experiment: Position-dependent photothermoelec-

tric voltages of a uniform nanowire as a function of laser

position

From Section 2.2.2, how nanostructuring can allow for single metal thermocouples

was discussed. Changing the geometry of a nanoscale device can change the local

boundary scattering, therefore changing the local Seebeck coefficient. Because the

gold “bowtie” devices consist of a nanowire between two fan out electrodes, there

should be a measurable signal when the interface of the fan-out electrode and the

nanowire is illuminated. Illuminating the other side of the nanowire should result

in a voltage of the same magnitude, but of the opposite sign. In this section, the

surprising results of this simple experiment of gold bowtie devices with an extended

length nanowire will be discussed. This closely follows Reference [90].

6.2.1 Experimental details

A schematic of the experimental setup is seen in Fig. 6.2b. The steady-state, inte-

grated open circuit photovoltage of the device was measured as a function of a 785 nm

CW laser position, whose position was moved by a piezo controlled lens. The laser

illumination was modulated using an optical chopper, whose frequency was the input

reference for the lock-in amplifier. The open circuit voltage was measured as the dif-

ference in potential between the two ends of the device and was amplified by a voltage

amplifier prior to lock-in amplifier detection. Details of the measurement scheme is

detailed further in Section 5.8.4. The measurements of the gold bowtie devices were
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conducted at room temperature under high vacuum within the closed cycle optical

cryostat. The fabrication technique to create the bowties described in this section is

detailed in Section 5.8.1. Both standard and long bowties were studied.

6.3 Results: Substantial local variation of the local Seebeck

coefficient in polycrystalline nanowires

6.3.1 Standard “bowtie” device: maximum signal at the interface of the

nanowire and electrode design

Initially, the standard ”bowtie” devices with a nanowire with a length around 600 nm

were measured, Fig. 6.2a. The steady-state, integrated open circuit photovoltage of

the device was measured as a function of laser position, which was raster scanned

around the nanowire and fan-out electrodes. The map of this measurement is seen

in Fig. 6.2c. As expected, shining the laser at the interface of the fan-out electrode

and the nanowire resulted in a change of photovoltage, because at that location, the

electronic mean free path changes due to the change in nanostructuring. Shining

the laser on the opposite end of the the nanowire shows a similar magnitude of

photovoltage, but of the opposite polarity, indicating that this is due to the change

in local Seebeck coefficient. To better highlight these observations, a scatter plot

of the PTE voltage along the length of the wire is seen in Fig. 6.2d. Regardless

of the polarization, the PTE signal when the laser is illuminating either interface

of the nanowire and fan-out electrode results in photovoltages of roughly the same

magnitude, but of opposite polarity. The transverse polarization (perpendicular to

the nanowire) results in a slightly more elevated signal, likely because of the resonant

local surface plasmon within the nanowire.
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Figure 6.2 : Photothermoelectric measurements of a standard gold bowtie device. a:
an SEM image of a standard device, b: schematic of the measurement setup. c: 2D
PTE map of the standard gold bowtie device. d : Scatter plot of c, showing the PTE
signal along the length of the device. The black line shows PTE signal when the laser
is in the longitudinal polarization (along the length of the nanowire), whereas the red
line indicates the transverse polarization (perpendicular to the nanowire). Reprinted
with permission from [90]. ©2017 Nanoscale.

6.3.2 Extended “bowtie” device: surprising local variation of the pho-

tovoltage response with length scales smaller than the laser spot

size

Because the length of the wire is only 600 nm, whereas the laser spot size is around

1.8µm, the signal could not be completely resolved to be only as an effect of heating

the interface of the fan-out electrodes and the nanowire. In order to resolve this effect,

the length of the nanowire was extended from 600 nm to 10 µm. It was expected that
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Figure 6.3 : Photothermoelectric measurements of an extended gold bowtie device.
a: 2D PTE map of a bowtie device with a 10 µm long nanowire. The scale bar
shows 1 µm. The units of the colormap is µV/mW. b: Scatter plot of the PTE signal
along the length of the device. c-e: SEM images along the length of the device. The
displayed area is highlighted by brackets in a that are the same color as the boxed
outline. Reprinted with permission from [90]. ©2017 Nanoscale.

the features in Fig. 6.2c would simply spread out; traditional theory of nanostructured

single metal thermocouples consider devices of uniform width and thickness to have

a constant Seebeck coefficient. Therefore, the PTE signal along the length of the

extended nanowire should be completely featureless. Instead, the PTE map showed

surprising local variations along the length of the wire, Fig. 6.3a. The PTE signal

not only varied in magnitude but also in polarity. As seen in Fig. 6.3b, these changes
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were observed within the spot size of the laser! In some cases, the variation in signal

could be explained by a defect in the wire, as seen in Fig. 6.3e, but for the most part,

there was no obvious explanation to the inhomogeneity of the photovoltage response

due to SEM images alone, Figs. 6.3c,d. This spatial variation of the photovoltage

is not specific only to gold, bowties made of Ni and Au/Pd showed similar results,

Fig. 6.4. Bulk Ni has a Seebeck coefficient of -20 µV/K (compared to 6.5 µV/K

of gold), resulting in larger photovoltages. The AuPd with Ti adhesion layer has

an anomalously low photovoltage signal compared to the room temperature Seebeck

coefficient of AuPd of approximately -35 µV/K, which can possibly be because the

AuPd alloyed with the Ti.

Figure 6.4 : Photothermoelectric measurements of an extended bowtie devices made
of Ni (a) and AuPd with Ti adhesion layer (b) which shows that this spatial variation
of the photovoltage is not unique to only gold films. Reprinted with permission from
[90]. ©2017 Nanoscale.
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6.3.3 Annealing the device yields changes in the variation in photovoltage

response

The variation in the extended bowties was consistently seen, but the specific pat-

tern was unique to each device. Comparing the pattern before and after annealing

could probe the dependence of the pattern to the local grain structure. Fig. 6.5a

shows a 5 µm device prior to annealing. Afterward, the device was current annealed

by running a current through the nanowire while monitoring the resistance to avoid

electromigration. After the resistance dropped by around 2%, the measurement was

repeated, Fig. 6.5b. The magnitude of the PTE signal was reduced by roughly a factor

of 5. Current annealing can have some undesirable consequences, such as physically

moving gold atoms through electromigration, so another device was measured by an-

nealing on a hotplate. Fig. 6.5c shows a 10 µm long device prior to annealing, and

Fig. 6.5d shows the same device after annealing on a hotplate at 200 °C for 3 hours

under an Ar atmosphere. Once again, the variation in the photovoltage response

changed. This time, while the signal near the interface of the fan-out electrodes and

the nanowire constriction stays roughly the same magnitude, the magnitude of the sig-

nal along the nanowire decreases and overall pattern of the spatial variation changes.

The change of pattern and magnitude indicates that the variation in photovoltage is

sensitive to the crystalline structure of the device.

6.3.4 Small perturbations in Seebeck coefficient can result in similar spa-

tial variations of the photovoltage signal

The spatial variation of the photovoltages observed along the length of the wire could

be explained by local perturbations of the Seebeck coefficient. By varying the local

Seebeck coefficient, Fig. 6.6a, and assuming a Gaussian heating source, the resulting
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Figure 6.5 : Photothermoelectric measurements of extended gold bowtie devices be-
fore and after annealing a: 2D PTE map of a bowtie device with a 5 µm long nanowire
prior to annealing. b: PTE map of the same device in a after current annealing. c:
PTE map of a bowtie device with a 10 µm long nanowire prior to annealing. d : PTE
map of the same device in d after annealing at 200 °C for 3 hours in Ar. Reprinted
with permission from [90]. ©2017 Nanoscale.

calculated voltages, 6.6b, could be compared to the measured values to determine

the change of Seebeck coefficient required to observe the spatial variation of the

photovoltages. As seen from the calculation, the change of the Seebeck coefficient

due to the interface of the nanowire and the electrodes (around offset = -5 and

5 µm) results in a change in voltage of opposite polarity, but of the same magnitude.

Perturbing the Seebeck coefficient somewhere in the middle by a few percent yields

changes in the spatial variation of the photovoltages seen in experiment. Using such

a toy model, the Seebeck coefficient needs to change on the order of 10% to reach

magnitudes observed in experiment.
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Figure 6.6 : COMSOL simulation perturbing the local Seebeck coefficient. a: The
local Seebeck coefficient is perturbed along the length of the device. b: The pho-
tovoltage calculated from the variation in Seebeck coefficient in a. Reprinted with
permission from [90]. ©2017 Nanoscale.

6.4 Discussion and Conclusions: Does grain structure have

a significant effect on the Seebeck coefficient?

In this chapter, the PTE signal of intact gold ”bowtie” devices as a function of

laser position was discussed. Standard bowties resulted in signal that follows tradi-

tional theory of nanostructured single metal thermocouples: local changes in geometry

change the local electrical conductivity, and therefore result in a local change in See-
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beck coefficient. Heating the interface of the two different widths results in an open

circuit voltage. In an effort to better resolve the effect at the width changes, the

nanowire was extended to be much longer than the laser spot size. Instead of being

featureless long the length of the wire, as expected for a nanowire of uniform width

and thickness, the photovoltage varied in magnitude and polarity along the nanowire

with length scales smaller than the laser spot size. Annealing the devices caused a

change in the overall pattern. Because the pattern varied from device-to-device and

and changed after annealing, a natural candidate to consider for this variation is a

change in Seebeck coefficient due to crystallographic orientation or grain boundaries.

The electronic portion of the Seebeck coefficient depends on the energy dependence

of the electrical conductivity; grain boundaries and defects in crystalline structures

can affect the diffusive electronic transport through the material and the specifics of

these structures can change with annealing.[32, 55, 66] Additionally, the Fermi en-

ergy change across grain boundaries can be abrupt, which can additionally contribute

to the local Seebeck coefficient.[311, 312] Finally, this work indicates that although

nanostructuring can result in single metal thermocouples, local details of the Seebeck

coefficient due to intrinsic changes within the wire which would otherwise be difficult

to detect should be considered, particularly in devices with large Seebeck coefficients

and in devices with large device-to-device variation.

6.5 Surface modification of gold bowtie devices shows promise

of tuning thermoelectric response

In thin films, the bulk electron mean free path can be comparable to the film thickness,

resulting in surface scattering and therefore reducing the electron mean free path on
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the order of the film thickness. As such, surface conditions can have an effect of the

thermoelectric properties of the material. In Refs. [90] and [313], the thermoelectric

response due to different surface conditions were studied. First, in Ref. [90], the effect

of using a self-assembled monolayer on an extended bowtie device was observed.

Then, in both Refs. [90] and [313], the decomposition of gold oxide from oxygen

plasma cleaning was detected. Here, we will briefly discuss both of these findings as

future work will likely focus on the importance of surface modification for tuning the

thermoelectric response.

6.5.1 Surface modification using self-assembled monolayers

Figure 6.7 : a, b: 2D photothermoelectric maps of gold bowtie devices with benzyl
mercaptan SAM before and after annealing, respectively. The photovoltage signal
does not change with annealing. c: 2D photothermoelectric map of the same device
after the SAM is removed, changing the pattern and magnitude of the photovoltages.
These measurements were taking at 5K. Reprinted with permission from [90]. ©2017
Nanoscale.

The photothermoelectric properties of the gold bowtie devices can be affected by

adding a self-assembled monolayer (SAM) on the device. Adding a SAM to gold

can tune the work function[314, 315], affecting the Fermi energy and the Seebeck

coefficient.[316, 317] Fig. 6.7 shows the photothermoelectric maps of devices with
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benzyl mercaptan SAM. The photovoltage pattern of the device with the SAM does

not change before and after annealing, Fig. 6.7a,b. Once the SAM is removed us-

ing dilute NaBH4, the magnitude and the pattern of the detected voltages change

significantly, Fig. 6.7c.

6.5.2 Detecting the decomposition of gold oxide using the photothermo-

electric effect

Figure 6.8 : a: 2D photovoltage map of a bowtie device after O2 plasma clean under 1
mW laser illumination. b: photovoltage map of the same device in a in a subsequent
scan under 10 mW laser illumination. c, d : Additional scans after b under 10 mW and
1 mW laser illumination, respectively. Reprinted with permission from [90]. ©2017
Nanoscale.

Prior to measurement, the devices are cleaned using oxygen plasma treatment.

The initial photothermoelectric effect scan of long bowtie devices were different than

any subsequent scans. Instead of having spatial variation of changing magnitudes
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and polarities along the length of the device, the initial photovoltage scan showed

something completely different, Figs. 6.8b and 6.9. These initial scans show a nearly

constant photovoltage along the length of the device, with a constant polarity. Subse-

quent scans show the spatial variation as discussed before, Figs. 6.8c,d and the second

column of Fig. 6.9. Treating the same device with oxygen plasma again results in the

similar first-scan measurements. Both Refs. [90] and [313] attribute this signal due to

the photodecomposition of the unstable gold oxide layer that is deposited during the

oxygen plasma cleaning process. Supporting this is the observation that the polarity

of the photovoltage of the first scan is determined by the scanning direction, affecting

the direction of the photodecomposition, Fig. 6.9. Subsequent scans are identical

regardless of scan direction.

Both results discussed in this section provide evidence that the photothermoelec-

tric effect can be affected by the surface conditions of nanostructured devices. Further

studies are currently underway to explore these effects in more detail.
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Figure 6.9 : top row : 1st scan: Initial photovoltage measurement after O2 plasma
cleaning. 2nd scan: Subsequent scan, showing that the spatial variation returns to
normal. schematic: Schematic showing the direction of the Au/AuOx photodecom-
position during the laser scan. bottom row : Same measurements as before, but with
the opposite scanning direction. The photovoltage of the first scan after O2 plasma
cleaning results in a photovoltage of the opposite polarity, but the subsequent scan
is the same regardless of scanning direction. Reprinted with permission from [313].
©2018 American Chemical Society.
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Chapter 7

Photothermoelectric detection of local strain

variations and defects in gold single-crystal and

bicrystal stripes

7.1 Motivation: Determine the importance of grain struc-

ture in the Seebeck coefficient

The surprising local variation in the Seebeck coefficient in polycrystalline nanowires

of uniform width and thickness discussed in Ch. 6 changed in pattern and magnitude

after annealing. Ref. [90] discussed a natural candidate for this local variation: that

individual grains have their own unique Seebeck coefficients. The Fermi surface of

gold, seen in Fig. 2.7, has necks that extend to the Brillouin zone, which can result in

abrupt changes in the Fermi energy at grain boundaries. The electronic component

of the Seebeck coefficient described by the Mott-Jones equation, Equation 2.8, is

determined by the energy dependence of the electrical conductance which is a function

of the electron mean free path and the Fermi area. Simplifying the study to single

crystalline nanowires and devices consisting of two single crystals in contact with each

other at an individual grain boundary henceforth called a “bicrystal” can elucidate

the importance of grain structure of the Seebeck coefficient.

Refs. [319] and [318] describe methods to fabricate long single- and bi-crystal

microscale wires on silicon chips using a high temperature annealing process. The

process of the bicrystal growth is described in further detail in Fig. 7.1, although the
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Figure 7.1 : Schematic of the bicrystal fabrication process. 1 : A polycrystalline
gold stripe is deposited using electron beam evaporation overlapping pre-deposited
platinum seeds on either side evaporated on a silicon chip. 2 : A silicon dioxide cap
is deposited over the entire chip, serving as a crucible. The temperature of the en-
tire chip is then ramped up, heating the chip to just above the melting point of the
gold, but below the melting point of the platinum-gold alloy. 3 : The chip is then
cooled, with the platinum seed serving as the driving mechanism of crystallization.
The gold crystallizes in the 〈111〉 direction in the z-axis as it cools. 4 : An individual
grain boundary forms in the middle of the device. Single crystals are similarly fabri-
cated using only one platinum seed. Reprinted with permission from [318]. ©2019
Advanced Materials.

process for the single crystalline growth is similar. A study of the photothermoelectric

signal in single and bicrystal devices can demonstrate the effects of crystalline struc-

ture on the Seebeck coefficient. If the crystollographic orientation affects the Seebeck

coefficient, individual grain boundaries will behave as a thermocouple in that heating

the individual grain will result in a maximum in open circuit photovoltage magnitude.
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Additionally, the photovoltage signal should be relatively featureless along the length

of a single crystalline wire. Comparison of the photothermoelectric measurements to

that of electron backscatter diffraction (EBSD) measurements which can probe the

crystallographic orientations of the wires can provide a way to correlate photovoltage

measurements to the grain structure in the wires. The next two chapters will discuss

the surprising sensitivity of the photothermoelectric effect to both local variations of

strain and platinum concentration which provides a larger contribution to the Seebeck

coefficient than differences in crystallographic orientations. The work in this chapter

is pending publication at the time this thesis was written.

7.2 The experiment: Compare photovoltage measurements

to electron backscatter diffraction measurements to de-

termine a correlation between the Seebeck coefficient

and grain structure

The devices discussed in this chapter are the single- and bi-crystal wires on 200 nm

SiO2/Si substrates described in Refs. [319] and [318], respectively. The wires are

then milled to a uniform width ∼ 600 nm before contact pads for wire bonding are

deposited. In this chapter, the platinum seeds are sufficiently far (∼ 100 µm) from

the portion of the wire being measured to prevent platinum diffusion into the wire.

An example of a single crystalline wire is seen in Fig. 7.2b.

Electron back-scatter diffraction (EBSD) is a technique used to probe the crys-

tallographic information about a sample. When an electron beam interacts with the

tilted sample, the electrons are diffracted. These diffracted electrons are then imaged

by a detector and the pattern of the diffracted electrons can be used to character-
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ize the crystallographic details of the sample.[320] EBSD measurements demonstrate

that the device shown in Fig. 7.2b is single crystalline, Fig. 7.2c. The z-axis shows a

〈111〉 crystalline orientation which was observed in the previous works.[318, 319] The

same photothermoelectric mapping techniques discussed in Ref. [90] was used and is

depicted in Fig. 7.2a.

Figure 7.2 : a: Schematic of the experimental setup. b: False-colored SEM image of
the single crystalline wire, with a zoomed-in image of the wire on the inset. There
are no discernible features along the length of the wire. c: Electron back-scatter
diffraction image of the device shown in b which demonstrates that the device is
single crystalline. The z-axis is in the 〈111〉 orientation.

EBSD not only probes the crystalline orientation but also probes variations in

strain and local defects. Using cross-correlation techniques, relative local stresses can

be detected although determining the absolute strain can be challenging.[321, 322]

Even minor misalignments in the microscope can cause large, nonphysical “phantom”

strains to be detected.[323] Although measuring the absolute strain using EBSD is

nearly impossible without a strain-free reference, EBSD serves as a powerful tool to
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detect misorientations of the crystal along the length of the wire.[324] Using the refer-

ence orientation deviation (ROD) approach,[325], the local deviation of an individual

point in a crystal from the average orientation of the grain is used as a metric to probe

the local strain distribution within the wire.[324] An advantage to this approach is

that each grain is analyzed individually, so grain boundaries and an anomalously

strained grain does not affect the local misorientation distributions of other grains.

7.3 Results: Grain boundaries do not behave as thermocou-

ples, but the Seebeck coefficient is sensitive to crystallo-

graphic misorientation

7.3.1 Spatial variation of OCPV along a single crystal is correlated to

the local crystallographic misorientation

If the spatial variation of the OCPV observed in the polycrstalline wires in Ref. [90]

was due to grain-to-grain differences in the Seebeck coefficient, the OCPV signal of

a single crystalline wire should be relatively featureless. As seen in the top panel

of Fig. 7.3a, the OCPV map of the device in Fig. 7.2b shows variation of signal

along the length of the wire. Although the OCPV does not change signs as observed

previously[90], the magnitude of the signal varies along the length of the wire with

length scales on the order of the laser spot size. As seen in Fig. 7.2b, the wire is

of uniform width and thickness with no discernible topological features that would

cause changes to the local Seebeck coefficient. This variation in the OCPV maps

was observed in the 55 single crystals measured. The top panel of Fig. 7.3b shows

the OCPV of another single crystal device showing similar variation. The magni-

tude of this variation is ∼10 nV/mW. ROD analysis for the single crystal devices
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Figure 7.3 : Comparison of OCPV and EBSD measurements for a the device shown
in Fig. 7.2b and b of another single crystalline device. top panel : OCPV maps of
the single crystals show spatial variations on the order of the laser spot size. middle
panel : ROD maps showing the local misorientation angle along the length of the
crystal. bottom panel : scatter plot comparison showing the average OCPV (blue) and
misorientatioin angle (orange) across the width of the wire. The OCPV measurements
have the linear background subtracted for linear correlation statistics. The r -value
was 0.64 and 0.62 for a, b respectively. The vertical dashed lines indicates locations
where the OCPV maps were spliced together.

demonstrated that while the wires have a 〈111〉 crystallographic orientation along

the z-axis, there is notable misorientation along the length of the wire in the x- and

y-axes. The ROD maps for both devices are shown in the middle panels of Fig. 7.3.

To directly compare the signal between the OCPV and the grain deviation angles

detected by ROD, the average signal across the wire was plotted as a function of
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device length, bottom panels of Fig. 7.3. Because the OCPV measurements have a

linear background with a negative slope due to the voltage measurement measure-

ment requiring opposite polarities at the each of the pads, Fig. 7.4, this background

was subtracted from the OCPV scatter plots in the bottom panel of Fig. 7.3 to high-

light the variations in the OCPV not due to this background but does not change

the overall agreement between the OCPV and ROD measurements. This background

subtraction also allows for linear correlation statistics. The Pearson coefficient[326]

r -value was used to determine the correlation between the OCPV and ROD measure-

ments using interpolation methods at even intervals. The r -values were found to be

0.64 and 0.62 for the devices in Fig. 7.3a,b respectively, which shows that the OCPV

and ROD measurements have good correlation.

Figure 7.4 : Comparison of OCPV and EBSD measurements in Fig. 7.3b without the
linear subtraction. The background subtraction does not affect the overall agreement
between the OCPV and ROD measurements but allows for correlation statistics.

The effects of elastic strain on the Seebeck coefficient were discussed in Ch. 2.2.1
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and in Refs. [54, 60, 327]. These studies considered the long-range effects of strain on

the Seebeck coefficient of gold polycrstalline wires which varies ∼ 6.3×10−6 V/K per

unit strain. The correlation between the OCPV and the ROD measurements indicates

that the local Seebeck coefficient is sensitive to short-range effects of strain and other

defects detected by ROD measurements.[324] Simulations are currently underway

to estimate the variation in Seebeck coefficients that would yield the magnitude of

voltages observed in experiments. From this, the magnitude of strain can be estimated

from both the ROD misorientation angles and the simulated Seebeck coefficients.

7.3.2 Local grain misorientation contributes more to the Seebeck coeffi-

cient than individual grain boundaries

Figure 7.5 : a: OCPV map of a bicystal device. inset : Zoomed-in image of the
black dashed box highlighting the individual grain boundary which can be seen by
the change of contrast. b: EBSD and ROD map of the device in the red box in a.
The scale bar is shared with the inset of a. c: Scatter plot of the OCPV along the
length of the device. d : Comparison of the OCPV and misorientation angles within
the red dashed box in c.
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In order to determine whether differing grain crystallographic orientations have

different Seebeck coefficients, the study was extended to study bicrystal devices. One

such example of a bicrystal is shown in Fig. 7.5a. The SEM image is relatively feature-

less along the device, with the exception of a change of contrast at the location of the

grain boundary, inset. Fig. 7.5b shows the EBSD and ROD measurements around

the grain boundary marked by the red box in Fig. 7.5a. The ROD measurements

were taken only in this field-of-view to reduce noise. As before, the z-axis is in the

〈111〉 crystallographic orientation. However, the x- and y-axes have their own unique

orientation for each grain demonstrating a well-behaved grain boundary. To reduce

the local variation in strain along the length of the device, the bicrystal was annealed

at 300°C prior to measurement. The OCPV map and scatter plots, Fig. 7.5a,c, are

relatively featureless along the length of the device. There is no discernible OCPV

signal when the grain boundary is heated. The comparison of the OCPV and ROD

measurements around the grain boundary is seen in Fig. 7.5d. Unlike what was ob-

served in the unannealed single crystals in Fig. 7.3, although there is considerable

misorientation across the grain boundary, the OCPV signal does not change at the

grain boundary. These observations indicate that the variation of the Seebeck coef-

ficients in Ref. [90] was likely due to strain gradients in the nanowire as opposed to

the grain structure of the wire itself. An unannealed bicrystal, Fig. 7.6, shows larger

magnitudes and more spatial variation in the OCPV but still no discernible signal at

the grain boundary itself.

A histogram comparing the difference between the maximum signal of unannealed

vs. annealed bicrystals is shown in Fig. 7.7. The unannealed bicrystal devices

consistently have larger photovoltages than annealed devices, with the signal being a

factor of 2.7× larger.
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Figure 7.6 : a: SEM image of an unannealed bicrystal with the grain boundary
marked with a black dashed line. b,c: 2D map and scatter plot of the OCPV along
the unannealed bicrystal, respectively. The dashed black line marks the location of
the grain boundary in the scatter plot.

Figure 7.7 : Histogram of photovoltages along annealed and unannealed bicrystals.

7.3.3 Structural defects or geometry changes also change the local See-

beck coefficient

Fig. 7.8a shows an OCVP map of an annealed bicrystal with a structural defect

on one side. As before, the EBSD and ROD maps, Fig. 7.8b, demonstrate a well-

behaved grain boundary with a 〈111〉 crystallographic orientation in the z-axis. This

time, however, both the ROD and OCPV measurements near the grain boundary do
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Figure 7.8 : a: OCPV map of a bicystal device with a defect. black inset : Zoomed-in
image of the black dashed box highlighting the individual grain boundary which can
be seen by the change of contrast. blue inset : Zoomed-in image of the blue dashed
box highlighting a defect noted by the change of contrast. b: EBSD and ROD map of
the device in the red box in a. The scale bar is shared with the inset of a. c: Scatter
plot of the OCPV along the length of the device. d : Comparison of the OCPV and
misorientation angles within the red dashed box in c.

show some correlation, Fig. 7.8d. Although there is an overall positive photovoltage

detected near the grain boundary, this signal is likely from residual strain as opposed

to the grain orientations themselves, as the OCPV and ROD measurements agree

for much longer length scales than the laser spot size. This signal near the grain

boundary is smaller than that observed near the structural defect. At the defect,

the thickness of the wire is abruptly changed and the photovoltage signal changes

polarity on either side and becomes relatively large. This change of sign at this defect

is consistently observed at the defects that result in a change of wire thickness but

not of width, Fig. 7.9. From simulations, the change of polarity in the OCPV occurs
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when the Seebeck coefficient change is large and abrupt.

Figure 7.9 : a: SEM and OCPV map of a device with a defect that changes the wire
width. The signal provides a maximum in the OCPV but does not change sign. b:
SEM and OCPV map of a device with a defect that changes the wire thickness. The
signal changes sign at the defect and becomes large on either side.

A further indication that the Seebeck coefficient is more affected by geometric

defects than by the crystalline structure is seen in Fig. 7.10. The wire thickness is

compromised, marked by a change in contrast in the SEM image in Fig. 7.10a and

width in the EBSD images of Fig. 7.10d. The EBSD images show that the device

has many distinct grains along the wire. However, the OCPV signal, Fig. 7.10b,c, is

dominated by the effects of the defect; no changes in the signal is observed at grain

boundaries.

7.4 Discussion and conclusions: Photovoltages are sensitive

to local defects and strain variation, but not significantly

impacted by granular structure

In this chapter, the OCPV of single and bicystal wires was studied to determine the

sensitivity of the Seebeck coefficient to granular structures. Surprisingly, simplifying
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Figure 7.10 : a: SEM image of a device with a large structural defect and multiple
grain boundaries. b,c: 2D map and scatter plot of the OCPV of the device, re-
spectively. d : EBSD image of the device detailing a change in device thickness and
multiple grain boundaries.

the measurements described in Ref. [90] to single crystals of uniform width and thick-

ness did not result in featureless photovoltage signals. Instead the photovoltages had

spatial variations that correlated with the local misorientation of the wire as detected

via EBSD. The photovoltages were significantly more sensitive to the variations in the
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misorientation angle than to grain boundaries. The unannealed bicrystal had larger

phohtovoltage signals than the annealed bicystals discussed in this work, but none

had large photovoltages when the grain boundary was heated. These observations

indicates that the variations in the polycrystalline wires in Ref. [90] were likely from

residual strain than from the granular structure itself.[328] Although the photovoltage

signal was sensitive to structure defects that changed either the width or thickness of

the device, the residual strain in the wire can produce comparable photovoltages.

Although it is well-known and well-studied that the Seebeck coefficient is sensitive

to changes in the electronic conductivity and the Fermi area, it is typically considered

to be a constant in areas of uniform thickness and width. This study demonstrates

that care must be used when attributing changes of the Seebeck coefficient in single

material thermocouples to local changes in geometry, especially when the geomet-

ric changes are much larger than the electron mean free path. It also shows that

the scanning probe method is an effective tool to detect intrinsic variations within a

nanoscale device that would otherwise be challenging to detect using traditional elec-

tronic transport methods. Additional caution should be used when nanostructuring

in devices of materials with large ZT scores, as the effects of local strain and defects

could produce even larger effects demonstrated here.
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Chapter 8

Detection of trace platinum impurities in gold

single- and bi-crystal devices via the

photothermoelectric effect

8.1 Motivation: Determine the effect of platinum concen-

tration on the Seebeck coefficient in gold single- and bi-

crystals

In Ref. [318], the individual grain boundaries in the bicystals fabricated in the method

described in Fig. 7.1 were consistently found to be in the middle of the wire. Fig. 8.1a

shows a histogram of the relative location of the grain boundary between the two plat-

inum seeds. The grain boundary position has a highly localized normal distribution

around the center of the wire. Figs. 7.5 and 7.8 show that while the z-axis crystallo-

graphic orientation is in the 〈111〉 direction, each crystal is randomly oriented in the

x- and y-axes. Different crystallographic orientations tend to have different growth

rates as the preferential orientation for solidification tends to minimize the surface

and interface energies,[329, 330] so that these randomly-oriented bicrystals consis-

tently resulted in a grain boundary in the center position indicates that the driving

mechanism of crystallization cannot be explained by crystalline growth kinetics alone.

Instead, the driving mechanism was determined to be a platinum gradient within the

wire. The local distribution of platinum composition along the wire was measured

using NanoSIMS (Nanoscale secondary ion mass spectroscopy).[331] NanoSIMS is a
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highly specialized and sensitive measurement technique that allows for the chemical

composition of nanoscale devices to be detected. In this measurement technique, the

sample is sputtered using a focused cesium ion beam. The ejected secondary 194Pt

ions were then measured using a mass spectrometer. Fig. 8.1b shows symmetric neg-

ative platinum gradients from the platinum seeds to the center of the wire. Platinum

impurities in gold changes the solidus temperature, Fig. 8.1c. The gold closest to the

platinum seeds solidifies first as the system cools, resulting in a solidification front

starting at the seeds to the middle of the wire. Because the platinum seeds result

in nearly symmetric platinum gradients, Fig. 8.1b, the grain boundary consistently

forms in the center of the wire.

Figure 8.1 : a: Histogram of the grain boundary position in the bicrystal devices. b:
NanoSIMS data detailing a negative platinum gradient from the seeds to the center of
the wire. c: Phase diagram highlighting that the gradient in platinum concentration
affects the temperature of solidification. The negative platinum gradient into the wire
serves as the crystal growth mechanism as it dictates the directionality of solidifica-
tion. Reprinted with permission from Ref. [318]. ©2019 Advanced Materials.

Because the platinum gradient is the driving mechanism of crystallization, these

bicrystals are a natural candidate to study the effects of a platinum gradient in the

photothermoelectric measurements. Fig. 2.8 demonstrates that platinum impurities

can have drastic effects on the Seebeck coefficient of gold.[46–48] By changing the

distance between the platinum seeds, the extent of the platinum gradient can be
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adjusted. A study of bicrystals with large platinum gradients due to close seeds will

be discussed below, however a more in-depth study of the photothermoelectric effect

of bicrystals with varying platinum seed distances is currently underway at the time

of this thesis writing. Some preliminary results will also be detailed.

8.2 The experiment: Measuring the photothermoelectric ef-

fect in bicrystals with various platinum seed distances

Figure 8.2 : a: SEM image of a gold bicrystal. The platinum seed is located in
the large square in the rightmost bonding pad. inset : zoomed-in image of the grain
boundary which can be seen by the change of contrast. b: Schematic of the experi-
mental setup.

The devices studied in the chapter are the bicrystals detailed in Ref. [318], but

this time the platinum seeds are much closer (∼ 20 µm) away from the bonding

pads. As before, the grain boundary can be identified by a change of contrast in

SEM imaging, Fig. 8.2a. The bonding pads on this device are asymmetrically placed.

The platinum seed is seen in the square in the rightmost pad, whereas the platinum

seed on the left is out of the field-of-view in the SEM image. As a result of the

bonding pad placements, the grain boundary is located on the left hand side of the
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measurements although the grain boundary is centered between the two platinum

seeds. The measurement setup is the same as that detailed in Chapters 6 and 7 and

is depicted in Fig. 8.2b. A cross-sectional TEM image of a typical grain boundary

is shown in Fig. 8.3 and shows that the grain boundary is abrupt and that grooves

form normal to substrate surface. This groove is seen in the change of contrast in the

inset of Fig. 8.2a.

Figure 8.3 : Cross-sectional TEM image of an individual grain boundary in a bicrystal
device. The grain boundary is abrupt and grooves form normal to the substrate
surface. Image taken by R. Traylor.
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Figure 8.4 : a: 2D map and b: scatter plot of the OCPV along the unannealed
bicrystal with close platinum seeds seen in Fig. 8.2a. The location of the grain
boundary is depicted by the black box. The dashed vertical lines indicate locations
where individual maps were stitched together.

8.3 Results: Platinum concentration has much larger effects

on the Seebeck coefficient than residual strain

8.3.1 Large platinum gradients result in photovoltages ∼ 100 times larger

than the signal from the previously-discussed local strain variations

The OCPV map and scatter plot of the bicrystal seen in Fig. 8.2a is shown in

Fig.8.4a,b respectively. The OCPV maps are significantly different than the maps

seen in bicystals with platinum seeds much farther away in Ch. 8. As before, the



125

signal near the grain boundary is around zero. On either side of the grain boundary,

the OCPV is of opposite polarity and slowly varies with length scales ∼ 10 µm, more

than 5× the FWHM of the focused laser spot size. The largest magnitude of signal

occurs approximately 5 µm on either side of the grain boundary. Finite-element mod-

eling suggests a 1.8 µm FWHM focused beam diameter should not appreciably heat

the grain boundary beyond 3-4 µm away from the boundary, which indicates that

this maximum signal is not set neither the grain boundary nor the laser spot size.

The overall magnitude of the OCPVs detected in this device is ∼ 1 µV/mW, which

is ∼ 100× larger than the magnitudes observed in the devices discussed in Ch. 7.

8.3.2 Annealed bicrystals have different OCPV signatures compared to

unannealed bicrystals

Annealing metal wires can affect a multitude of internal features not optically visible

such as the grain structure, impurity locations, and internal stresses and strains..

During the fabrication process, the devices were cooled to room temperature from

300 °C within two hours. Due to interactions with the substrate and surrounding

(at the time of fabrication) oxide, internal stresses could form as the metal is rapidly

cooled. An additional set of annealed devices was prepared with the cooling time

slowed to a full 24 hours. The results of an annealed device is seen in Fig. 8.5. This

time, the contact pads are symmetrically placed so the grain boundary appears in

the center of the device. As before, the signal near the grain boundary is around

zero and the OCPV is of opposite polarity on either side of the boundary. This time,

however, the maximum signal is not∼ 5 µm from either side of the grain boundary and

instead appears closest to the bonding pads ∼ 20 µm from the grain boundary. The

differences in the OCPV signatures between the unannealed and annealed devices
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Figure 8.5 : a: 2D map and b: scatter plot of the OCPV along the annealed bicrystal
with close platinum seeds shown in the squares on both contact pads. The location of
the grain boundary is depicted by the black box. The dashed vertical lines indicate
locations where individual maps were stitched together. Inset : zoomed-in image of
the grain boundary which has a notable change of contrast.

are consistently observed, Fig. 8.6. The unannealed devices consistently show the

maximum signal occurring ∼ 5 µm from the grain boundary whereas the maximum

signal occurs ∼ 20 µm from the grain boundary in annealed devices. This difference

in the length scales of the OCPV cannot be explained by platinum diffusion during

the annealing process, as the expected diffusion length is ∼ 500 nm.[332, 333] Instead,

the differences are likely explained by the relief of local strain within the wire during

the annealing process as described in Ch. 7.
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Figure 8.6 : Comparison of OCPV variation in left unannealed and right annealed
bicrystal devices.

8.3.3 NanoSIMS does not have the resolution to detect the platinum

gradient far from the platinum seeds, but the photovoltage signal

is still sensitive to the impurities

Figure 8.7 : Platinum counts detected via NanoSIMS along the length of a 40 µm
long bicrystal. Measurements by L. Gan.
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In Ref. [318], NanoSIMS was used to determine the 194Pt composition of the

bicrystal wires. An example of the 194Pt compositon along the length of these short

bowties is seen in Fig. 8.7. Near the platinum seeds, high platinum counts are de-

tected. However, the NanoSIMS reaches the noise floor ∼ 10 µm from the seeds.

Although 194Pt was selected because it is the most common platinum isotope, the

total counts are relatively low making it challenging to adequately detect the plat-

inum concentration along the devices. Fig. 8.8 shows a bicrystal twice as long as the

one in Fig. 8.7. No platinum is detected before reaching the center of the device.

Figure 8.8 : Platinum counts detected via NanoSIMS along the length of a 100 µm
long bicrystal. Measurements by L. Gan.

Although the platinum concentration in these wires is sufficiently low that detec-

tion via NanoSIMS is challenging, the OCPV is still quite sensitive to the impurities.

A study of the OCPV signal of single crystals with varying platinum seed distances

is currently underway. Fig. 8.9 shows preliminary OCPV maps of the single crys-

tals with platinum seeds 50, 200, 350, and 400 µm away from the left contact pad.
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In general, the magnitude of the OCPV is decreases as the distance of the plat-

inum seed increases while the spatial variation increases with platinum seed distance.

NanoSIMS and EBSD measurements are currently underway to compare these find-

ings. However, the larger magnitude of the OCPV detected for the devices closest to

the platinum seeds is likely because of the larger platinum gradient in the devices,

resulting in large changes to gold’s Seebeck coefficient.[46–48] Additionally, because

the negative platinum gradient is the driving mechanism of crystalline growth in these

devices[318], the quality of the single crystals likely degrades as the platinum gradient

comes negligible. A thorough comparison of the NanoSIMS and EBSD measurements

will be able to corroborate these findings.

Figure 8.9 : OCPV maps of single crystals at varying distances from the platinum
seed. These maps are set to the same color scale for direct comparison.

Initial finite element modeling has shown that the length scales and magnitudes

of the OCPV observed in these experiments can be attributed to a gradient in the

Seebeck coefficient. Variation of the Seebeck coefficient ∼ 0.01µV/K per 250 nm

can result in OCPVs of the magnitudes observed in this work. Previous works have

shown that increasing the platinum concentration in gold from 0.11% to 0.5% changes
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the Seebeck coefficient of gold by ∼ 1.7µV/K.[46–48] Using those values, the initial

simulations suggest that variations in platinum ∼ 0.01% per 1 µm have substantial

impact on the observed OCPV magnitudes.

Figure 8.10 : Simulations of the OCPV due to a gradient in Seebeck coefficient ∼
0.01µV/K per 250 nm provide magnitudes and length scales similar to that observed
in experiment.

8.4 Discussion and conclusions: Photovoltages are sensitive

to platinum impurities in gold that can be challenging to

detect using conventional means

Because the driving mechanism of crystal growth in the single and bicrystal devices

studied in this and the previous chapter is a negative platinum gradient,[318] these

systems are natural candidates to study the effects of platinum impurities on the

local Seebeck coefficient of gold. The photovoltages are highly sensitive to changes in

the platinum concentration that even NanoSIMS has difficulty detecting. The pho-

tovoltages detected in short bicrystals have magnitudes ∼ 100× larger than the long
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devices measured in Ch. 7. Annealed devices have different signatures than unan-

nealed devices which indicate that even in devices with high platinum concentration

are (likely) still sensitive to residual strain. Further work is currently being conducted

to compare the platinum concentration detected via NanoSIMS and crystalline qual-

ity determined via EBSD to the OCPV measurements of single crystalline wires at

varying distances from the platinum seed. Preliminary modeling indicates that the

OCPV signal can be attributed to gradients in the Seebeck coefficients that corre-

spond to trace variations in the platinum concentration along the length of the wire.

The sensitivity of the Seebeck coefficient in gold to both impurity concentration and

strain demonstrates that the photothermoelectric effect can be used as a powerful

diagnostic tool that can probe intrinsic properties of a nanoscale device that can

otherwise be challenging to detect.
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Chapter 9

Quantifying remote heating from propagating

surface plasmon polaritons

9.1 Motivation: reduce local heating at nanowire constric-

tion for simultaneous SERS and IETS

As discussed in Sec. 5.7, the plasmonic resonances in the gold bowtie nanowires that

make single-molecule Raman sensitivity possible also result in high local heating at

substrate temperatures that are low enough for well-resolved IETS peaks. Reducing

the temperature rise of the constriction under laser illumination is imperative to be

able to probe simultaneous IETS and Raman measurements. Remotely exciting the

nanogap via SPPs by including a periodic grating into the electrode design can allow

for the majority of the heating to occur in the electrodes, away from the resonant

constriction, yet provide the benefit of plasmonic coupling between the propagating

and local modes in the gap. In order to determine if such an approach would reduce

the local temperature of the constriction enough for well-resolved IETS measurements,

a study was conducted to estimate the temperature rise of the intact wire. This

chapter closely follows Ref. [334].
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Figure 9.1 : a: SEM image of bowtie with grating. b: Schematic of experimental
setup. Reprinted with permission from [334]. ©2017 American Chemical Society.

9.2 The experiment: Measure the temperature rise of the

constriction as a function of grating position

The devices in this work were the bowties with gratings, Fig. 9.1a. The gold thick-

ness was increased from 15 nm Au to 30 nm to extend the SPP decay length. Two

rectangular holes, which we will call “gratings”, were included in the electrode design

during a one-step lithography step. The distance of the grating from the constriction

was varied, from 5 µm to 13 µm away. The dimensions of the rectangular holes were

experimentally determined to maximize signal and fabrication yield, which are close

the theoretical optimal values as determined by the collaborators in the Dr. Nord-

lander group, Fig. 9.2. Unless otherwise specified, the substrate was 2 µm SiO2/Si, in

order to reduce damping of the SPP, which will be discussed later on in this chapter.

The measurement scheme closely follows that of Refs. [290] and [292]. The schematic

of the device is seen in Fig. 9.1b. The steady-state differential conductance of the

device as a function of laser position is measured using lock-in techniques. In order to

avoid the nonlinear temperature rise, the substrate temperature was at 40 K, which
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was the lowest temperature within the linear regime, Fig. 9.3. The device was biased

with 5 mV DC signal and the laser was modulated using an optical chopper at 339

Hz. More information is seen in Sec. 5.8.5.

Figure 9.2 : The calculated energy flux of the device based on the following grating
parameters: a: slit width b: distance between slits. The experimentally used values
are marked by the dashed lines. Reprinted with permission from [334]. ©2017
American Chemical Society.

Figure 9.3 : Substrate temperature dependence of device resistance: The relation
is linear to around 35 K. Reprinted with permission from [334]. ©2017 American
Chemical Society.
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9.3 Results: Remote excitation reduces local heating well

within IETS limitations

9.3.1 The efficiency of SPP propagation depends strongly on oxide thick-

ness

Rastering the beam around an area of interest, the steady-state differential conduc-

tance of the entire device was measured as a function of laser position. Shining

the laser directly on the nanowire resulted in the largest change of differential con-

ductance, regardless of polarization, Fig. 9.4 top row. When the laser was in the

transverse polarization, Fig. 9.4a, the resonant local surface plasmon in the nanowire

was excited resulting in a larger signal compared to the longitudinal polarization,

Fig. 9.4b. The polarization dependence of the differential conductance of the device

when incident on the constriction is seen in Fig. 9.4c. As seen in Fig. 5.11b, the polar-

ization dependence shows the largest signal when in the transverse polarization due

to the plasmon resonance. The signal has less polarization dependence than seen in

previous works because the gold thickness change shifted the plasmon resonance, and

the nanowire width was not adjusted to account for this change. Rastering the laser

around the grating changes the observations significantly. When the laser is in the

transverse polarization (parallel to the grating), Fig. 9.4d, there is no signal detected

regardless of laser position. In the longitudinal polarization, Fig. 9.4e, maximum sig-

nal is seen when the laser is incident on the grating. Fig. 9.4f shows the polarization

dependence of the differential conductance when the laser is incident on the grating.

The maximum signal occurs when the laser illumination is in the longitudinal polar-

ization, the opposite of what was seen in the constriction case. This is indicative of

excitation of SPPs. Although adding additional rectangular holes to exceed the laser
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Figure 9.4 : Differential conductance maps and polarization dependence of bowties
with gratings on 2 µm SiO2/Si substrates: a, b: 2D map of the differential conduc-
tance as a function of laser position scanning around the nanowire constriction under
transverse and longitudinal polarization, respectively. The signal is largest when the
laser is incident on the nanowire constriction and in the transverse polarization. c:
Polarization dependence of the differential conductance when the nanowire constric-
tion is illuminated. The transverse polarization has the largest signal because of the
local surface plasmon resonance in the nanowire. d, e: 2D map of the differential con-
ductance as a function of laser position scanning around the grating in the electrode
design under transverse and longitudinal polarization, respectively. The differential
conductance is almost featureless even when the laser is incident on the grating when
the laser is in the transverse polarization. When the laser is in the longitudinal po-
larization, the largest response occurs when the laser is incident on the grating. f :
Polarization dependence of the differential conductance when the laser is incident on
the grating. The signal is largest when the laser is in the longitudinal polarization,
indicating the excitation of surface plasmon polaritons. Reprinted with permission
from [334]. ©2017 American Chemical Society.

spot size increased signal by around 10%, the overall useable yield during fabrication

dropped by around 25% due to defects from the proximity effect in the lithography
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process, Fig. 9.5. Compared to direct laser illumination, the differential conductance

of the device measured when the laser was illuminating a grating 8.8 µm from the

constriction as seen in Fig. 9.4 decreased by a factor of 4.5.

Figure 9.5 : Comparison of signal in devices with larger grating areas: a, b: 2D dif-
ferential conductance maps around the grating in a device with 14 rectangular slits
in the electrode design, under transverse and longitudinal polarization, respectively.
c: Polarization dependence of the differential conductance when the laser is incident
on the larger grating. d, e: 2D differential conductance maps around the grating
in a standard bowtie with grating device under the transverse and longitudinal po-
larization, respectively. f : Polarization dependence of the differential conductance
while the laser is incident on the standard grating. Although the signal is around
10% larger in the devices with a larger grating, the yield during fabrication dropped
by 25%. Reprinted with permission from [334]. ©2017 American Chemical Society.

As mentioned in the introduction, plasmon resonance has a large dependence on

the dielectric conditions. Changing the substrate from 2 µm to 200 nm SiO2 on

Si dramatically changes the results. Fig. 9.6 shows the same measurements as that

of Fig. 9.3 but on a substrate with 200 nm SiO2. While the observations around
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the constriction are the same as before, where shining the laser on the constriction

while in the transverse polarization has the largest result, the signal at the grating

completely loses its polarization dependence. In order to detect any signal at the

gratings, the DC bias must be increased to 100 mV, and even so, only the corners

of the grating have any appreciable signal, regardless of the polarization. Various

grating parameters were used to measure signal on 200 nm SiO2, and these results

were consistently seen.

Simulations, conducted by the collaborators in the Dr. Peter Nordlander group,

were able to explain this observation, Fig. 9.7. Fig. 9.7a shows that as the oxide

thickness increases, the energy flux oscillates. Changing the substrate thickness by

around 100 nm can result in the energy flux being a maximum to a minimum, prema-

turely damping the SPP propagation. The oscillations have a period of 272 nm, which

closely matches the half wavelength of the 785 nm free space wavelength laser light

in silica (n=1.45) of 720 nm which indicates a Fabry-Perot resonance.[335] Fig. 9.7b

shows the simulated electric field amplitude of the device with an oxide thickness

that is a maximum in the Fabry-Perot oscillation, 1.53 µm, whereas Fig. 9.7c shows

the simulated electric field amplitude of the device with an oxide thickness that is

a minimum in the Fabry-Perot oscillation, 1.63 µm. The interface of the SiO2/Au

shows the electric fields related to SPP propagation. When the oxide thickness is

a maximum in the Fabry-Perot oscillation, the electric fields associated with SPP

propagation propagate much farther than when the oxide thickness is a minimum.
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Figure 9.6 : Differential conductance maps and polarization dependence of bowties
with gratings on 200 nm SiO2/Si substrates: a, b: 2D differential conductance map
around the constriction under transverse and longitudinal polarization, respectively.
c: Polarization dependence of the differential conductance when the laser is incident
on the nanowire constriction. The observations when scanning around the nanowire
constriction is the same regardless of substrate; the local surface plasmon mode that is
resonant with the incident laser illumination is excited under transverse polarization.
d, e: 2D differential conductance maps around the grating in the electrode design in
the transverse and longitudinal polarization, respectively. Unlike in Fig. 9.4, the signal
at the grating occurs only at the corners of the grating regardless of polarization. f :
Polarization dependence of the differential conductance when the laser is incident on
the grating, showing no notable polarization dependence. Reprinted with permission
from [334]. ©2017 American Chemical Society.
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Figure 9.7 : a: The calculated energy flux propagating through the device as a
function of SiO2 thickness. As the oxide thickness increases, the energy flux oscillates
with a period of 272 nm indicative of a Fabry-Perot cavity. b: The calculated electric
field amplitude in the device with 1.53 µm SiO2, a maximum seen in a indicated by
the blue dashed line. The SPP is seen at the interface of the SiO2/Au interface. c:
The calculated electric field amplitude in the device with 1.63 µm SiO2 thickness,
a minimum seen in a noted by the red dashed line. The electric field damps out
more quickly than seen in b. Reprinted with permission from [334]. ©2017 American
Chemical Society.

9.3.2 The temperature rise of the constriction is decreased by up to a fac-

tor of 60 when comparing remote excitation to direct illumination

of the nanowire

Like Refs. [290] and [292], the temperature rise of the constriction when the laser

is incident on the nanowire can be detected using a bolometric technique using the
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Figure 9.8 : Simulated temperature rise of the nanowire constriction from the mea-
sured differential conductance: a: Comparison of the experimentally measured and
simulated differential conductance of the device as a function of grating distance. b:
The calculated temperature rise of the nanowire constriction due to excitation from
SPPs as a function of grating distance. Reprinted with permission from [334].

slope of the temperature dependence of the device as a first order estimate, Fig. 9.3.

When the laser is incident on the gratings, however, the temperature rise of the con-

striction due to the remote excitation from SPPs should not be estimated using the

bolometric technique as the measurement is less straightforward. While the maximum

temperature rise occurs at the grating, the grating increases absorption within the

electrode design, compared to an intact electrode without the rectangular holes. Illu-

minating the grating additionally excites the propagating SPPs that will additionally

heat the nanowire constriction. In order to determine that the main excitation of the

nanowire is from remote excitation due to SPPs and not due to increased absorption,

theoretical computations were conducted to estimate the temperature rise.

Using COMSOL Multiphysics, the collaborators in the Dr. Nordlander group com-

pared the experimentally measured and theoretically calculated differential conduc-
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tance of the device with the grating under laser illumination as a function of grating

distance, Fig. 9.8a. The simulated geometry matched well with experiment. Using

an exponential fit, the decay length of the SPPs was determined to be 7.7± 0.8 µm,

which agrees with previously published results[209, 218, 227]. Using the same geom-

etry, the total temperature rise of the constriction when the grating was illuminated

was calculated, Fig. 9.8b. Using these calculated values, the experimentally measured

differential conductance due to grating illumination can be converted to the temper-

ature rise in the constriction. Illuminating the gratings closest to the constriction

(immediately after the fan-out electrodes, 5 µm away from the constriction) resulted

in a temperature rise in the constriction that was a factor of 11 smaller compared to

that of direct illumination. Illuminating the farthest gratings, approximately 13 µm

away from the constriction, resulted in a temperature rise in the constriction that

was a factor of 60 smaller compared to that of direct illumination. Despite the fact

that the farthest gratings were nearly a factor of two longer than the decay length

of the SPP as determined in Fig. 9.8a, there was still a clear change in differential

conductance when the gratings were illuminated.

In order to confirm that the temperature rise of the constriction was due to remote

excitation from SPPs as opposed to increased absorption from the grating, Fig. 9.9

shows the calculated temperature rise of the constriction due to only SPP dissipation

was calculated with and without gratings, eliminating both heating from absorption

and heating from the fan-out electrodes. The temperature rise with the presence of

the grating is larger by more than an order of magnitude compared to that with no

gratings, which suggests that the temperature rise is driven by the SPP excitation.

Although the temperature rise of the constriction seen in Fig. 9.9 is almost an order

of magnitude smaller than that seen in Fig. 9.8b, this temperature rise neglects the
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Figure 9.9 : Simulated temperature rise considering only SPP dissipation in the
nanowire: the temperature rise of the nanowire due to only SPP dissipation, neglect-
ing heating effects from direct absorption and from the connecting fan-out electrodes,
with (red points) and without (black points) the grating in the electrode design. The
temperature rise of the constriction is more than an order of two larger when the
gratings are present, indicating that the temperature rise is driven by SPP as op-
posed to a simple absorption increase. Reprinted with permission from [334]. ©2017
American Chemical Society.

effects due to the fan-out electrodes. When the dissipation of the SPPs in the fan-out

electrodes is included, while still excluding the heating from direct absorption, the

calculated temperatures closely match what was detected using the previous model,

Fig. 9.10.
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Figure 9.10 : Simulation of nanowire heating due to SPP dissipation: the tempera-
ture rise of the nanowire constriction is calculated considering the SPP dissipation
the area between the parameter dint and the constriction. dint is measured from the
distance of the grating located 13.4 µm from the constriction. Insets include ex-
amples dint is 0 µm and 5 µm, which is at the grating and 8.4 µm away from the
constriction. When the area of dissipation excludes only the beam (dint = 1.8 µm)
the temperature rise of the constriction is hardly affected. The largest temperature
decrease is detected when the dissipation from the fan-out electrodes is excluded (dint
between 10 and 13.4 µm). The temperature rise considering the dissipation from the
fan-out electrodes to the constriction closely matches what was calculated from the
differential conductance measurement, indicating that the heating of the constriction
is primarily from SPP dissipation. Reprinted with permission from [334]. ©2017
American Chemical Society.
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9.4 Discussion and conclusions: Remote excitation of the

nanowire via SPPs can reduce local temperature rises

by up to a factor of 60

In this chapter, the differential conductance of the device was compared when the

laser was directly illuminating the nanowire constriction to when the laser was il-

luminating a grating in the electrode design. The polarization dependence of the

differential conductance during direct illumination of the nanowire showed a maxi-

mum response when the laser was in the transverse polarization, exciting the local

surface plasmon resonance within the nanowire constriction. When the laser was

shining on the grating, the maximum response occurred when the laser was in the

longitudinal polarization, which indicated that SPPs were launched from the grating

and propagated to the nanowire constriction, heating it up. The efficiency of SPP

excitation was shown to be strongly dependent on the thermal oxide layer, changing

this thickness by 100 nm could almost entirely damp out the signal. To determine the

temperature rise due to the remote excitation of the SPPs, theoretical calculations

of the differential conductance were compared to that of experiment, which were in

close agreement and the temperature rise of the nanowire considering SPP dissipation

and thermal diffusion due to increased absorption at the grating site was considered.

Considering the temperature rise from SPP dissipation alone, neglecting that from

increased absorption at the grating site, indicates that the temperature rise is driven

by the remote excitation of the SPPs. The temperature rise of nanoconstriction due

to remote excitation was a factor of 11 lower for gratings around 5 µm away from the

constriction and a factor of 60 lower for gratings around 13 µm away from the constric-

tion, when compared to that of direct excitation. This indicates that the addition of
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gratings in the electrode design allows significant reduction in the local temperature

of the nanowire due to SPP excitation which can be readily detected using electronic

transport methods, which provides potential for low temperature electronic transport

and optical measurements.
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Chapter 10

Detecting hot electrons in directly and remotely

excited nanogaps via enhanced photovoltages

10.1 Motivation: elucidate tunneling mechanisms in illumi-

nated nanogaps and probe the coupling of surface plas-

mon polaritons to local multipolar modes in nanogaps

using open circuit photovoltages

As mentioned in Ch. 9, gratings were added to the electrode design in the bowtie de-

vices to allow for remote excitation for simultaneous SERS and IETS measurements,

in order to prevent the high local heating from the plasmonic mode in the nanowire un-

der direct illumination that makes single molecule Raman possible. Remotely exciting

the nanowire via SPPs launched from the grating design reduced the local temperature

at the nanowire enough to where IETS spectra would still have well-resolved peaks.

Electromigrating the nanogap for these measurements add additional complications to

the electronic transport measurements not considered in Ref. [334], the addition of the

nanogap requires the consideration of tunneling mechanisms not included in the pre-

vious bolometric measurements, such as photo-assisted tunneling,[81, 210, 336, 337]

internal photoemission,[196, 252–254] rectification[92, 113, 266, 338], and hot electron

current.[257, 258, 261, 262] Conducting open circuit photovoltage (OCPV) measure-

ments can help discern between these different mechanisms and can provide insight on
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how remotely excited SPPs couple to local modes at the nanogap. This chapter will

closely follow three references: Ref. [102] for direct excitation of the nanogap, Ref.

[339] for remote excitation of the nanogap using SPPs, and Ref. [340] for discussion.

10.2 The experiment: comparing open circuit photovoltage

signal of both directly and remotely excited bowtie de-

vices before and after electromigration

Figure 10.1 : a: SEM image of an electromigrated bowtie with grating. b: Schematic
of experimental setup. Reprinted with permission from [339]. ©2019 American
Chemical Society.

The devices studied in this chapter are both standard bowties[102] and bowties

with gratings[339]. Nanogaps were formed in the nanowire constriction via electro-

migration, Fig. 10.1a, following the procedure detailed in Ch. 5.3. Because the gold

thickness of the bowties with gratings is twice as thick as devices previously published
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(Refs. [102, 113, 150, 151, 268, 274]), the electromigration process was slightly dif-

ferent. The NI DAQ could not source enough current to begin the electromigration

process, so the Keithley 2400 SourceMeter was initially used until the device resis-

tance reached around 100 Ω, and then the electromigration procedure was continued

using the NI DAQ until the electrical conduction dropped below the conductance

quanta, 2e2/h = 12.9 kΩ. The experimental setup measuring the OCPV is the same

setup discussed in Ch. 6, with the schematic shown in Fig. 10.1b. The OCPV mea-

surements were measured before and after electromigration for a series of devices with

different grating distances between 5.2 µm and 10.2 µm from the nanowire.

10.3 Results: Enhanced photovoltages due to hot electron

photocurrent in both directly and remotely excited

plasmonically-active nanogaps

10.3.1 Electromigrating the nanowire: open circuit photovoltages in the

nanogap enhanced around a factor of 1000

Scanning a standard bowtie prior to electromigration shows the same results discussed

in Ch. 6, where the largest signal occurs at the interface of the nanowire constriction

and the fan-out electrodes, Fig. 10.2a. This signal occurs because the Seebeck coeffi-

cient changes at the geometric change, resulting in a single metal thermocouple, which

can be explained via the traditional Seebeck effect. A systematic study of the OCPV

signal during the electromigration process was conducted. Because the stability of

the intermediate resistances before gap formation improves at lower temperature, the

measurements in Fig. 10.2 are conducted at 5 K unless specially noted. When the

resistance was increased from the initial 61 Ω to 106 Ω, the OCPV map didn’t change
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Figure 10.2 : Evolution of OCPV maps of nanowire constriction in a standard bowtie
device without Ti adhesion layer during the electromigration process with a substrate
temperature of 5 K. a: Initial scan prior to the eletromigration process. b-d : Subse-
quent scans of the same device, electromigrated to higher resistances. e: Subsequent
scan of the device electromigrated to the same resistance as d. f : Subsequent scan of
device at the same resistance as d, e with a substrate temperature at room temper-
ature. The scale bars are 1 µm. The incident laser illumination is in the transverse
polarization, perpendicular to the length of the nanowire. Reprinted with permission
from [102]. ©2017 American Chemical Society.

very much, Fig. 10.2b. When the resistance increased to 1 kΩ, Fig. 10.2c, the spa-

tial variation remained the same, with the largest signal occurring at the geometric

change, but the signal magnitude was larger near the top electrode because the gap

typically forms near the ground electrode during the electromigration process. This

OCPV magnitude increased by a factor ∼2 during this process.

Electromigrating the device above the conductance quantum will yield a nanoscale
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gap in the nanowire constriction. The OCPV response near the nanogap is signifi-

cantly different than that of the unbroken case, Fig. 10.2d. Now, the OCPV signal

is highly localized to the gap, with the length scale of the signal smaller than the

spot size of the laser and no signal is observed at the geometric changes. The local

OCPV is enhanced by ∼ 20×. Subsequent scans without further electromigration

results in even larger OCPV enhancements, ∼ 1000× larger than the pre-migrated

case, Fig. 10.2e. Typically, subsequent scans had a dominant voltage in the nanogap,

with one polarity dominating in the gap. The OCPV measured in these gaps were

on the order of 10 mV per mW of incident laser power! Warming the device to room

temperature did not change the observed pattern, Fig. 10.2f. The signal once again

was confined to the nanogap.

The evolution of the OCPV signal during the electromigration process was also

observed in the short circuit photocurrent measurements, top and bottom row of

Fig. 10.3 respectively. In both cases, the pre-electromigrated device, Fig. 10.3a,d, have

nearly symmetric spatial distribution of the OCPV and short-circuit photocurrent,

respectively, at the interface of the nanowire and the fan-out electrodes. Once the

electromigration begins but before the creation of the nanogap, the signal becomes

enhanced on the side nearest the nanogap, Fig. 10.3b,e. Once the gap is formed, the

signal becomes highly localized to the gap, Fig. 10.3c,f.

10.3.2 The enhanced open circuit photovoltages in the gap strongly de-

pend on the plasmonic resonances and gap details

The signal in the nanogap is highly sensitive to the laser polarization, Fig. 10.4b.

Under high power, the spatial variation of the OCPV changes scan-to-scan. The

signal is highly localized to the gap with length scales on the order of one pixel
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Figure 10.3 : Comparison of top row open circuit photovoltage measurements to
bottom row short circuit current measurements during the electromigration process
at room temperature. The scale bars are 1 µm. The incident laser illumination is in
the transverse polarization, perpendicular to the length of the nanowire. Reprinted
with permission from [102]. ©2017 American Chemical Society.

(∼ 0.3 µm) which is much smaller than the laser spot size. The instability of the

scan-to-scan measurements indicates that the signal is sensitive to the local details of

the nanogap. The strong polarization dependence suggests that the localized OCPV

in the gap is enhanced due to the resonant plasmonic modes in the wire. Devices made

of nickel do not have the transverse plasmon resonance, Fig. 10.5. Although there is

localized OCPV signal in the nanogap after electromigration, the large enhancement

factors of ∼ 1000× seen in the gold nanogaps are not observed in the nickel devices.

Instead, the enhancement in the electromigrated nickel devices is ∼ 10× larger than
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Figure 10.4 : a: OCPV map of an electromigrated device under 1 mW incident
power. The lower power allowed for greater scan-to-scan stability. The scale bar
is 1 µm. The incident laser illumination is in the transverse polarization, perpen-
dicular to the length of the nanowire. b: polarization dependence of the OCPV
in the nanogap. 90 degrees indicates the transverse polarization (perpendicular to
the nanowire). Reprinted with permission from [102]. ©2017 American Chemical
Society.

the pre-electromigrated case. This reduction in the OCPV enhancement within the

gap is also observed in AuPd devices.[102]

10.3.3 The enhanced open circuit photovoltages cannot be described us-

ing traditional photothermoelectric effect arguments

In the devices without the nanogap, the traditional photothermoelectric effect is re-

sponsible for the spatial variation in the OCPV maps. The interface of the fan-out

electrodes and the nanowire acts as an effective thermocouple as the change in geom-

etry changes the local Seebeck coefficient. Heating this interface results in an open

circuit OCPV meant to counteract the diffusion of electrons due to the applied tem-

perature gradient from the incident laser. In the case of the electromigrated devices,

the large enhancements of the OCPV cannot be explained solely using the traditional

photothermoelectric effect, Fig. 10.6a. If one electrode is heated to a higher tem-
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Figure 10.5 : Evolution of OCPV maps during the electromigration process of a Ni
device. The device resistance in each panel was a: 190 Ω, b: 744 Ω, c: 2.9 kΩ, d : 48
kΩ. Reprinted with permission from [102]. ©2017 American Chemical Society.

perature than the other electrode, charge carriers will tunnel through the gap with

an energy-dependent transmission probability. An open circuit voltage will build

up to counteract this tunneling and will be set by the differences in Seebeck coeffi-

cients of the electrode and of the gap. The Seebeck coefficient of tunnel[341–343] and

molecular[257, 344, 345] junctions is on the order of 10 µV/K, which would yield a

significantly smaller response than what is observed. The nanogap likely has a See-

beck coefficient around that of atomic-scale junctions, which is even smaller than that

of tunnel and molecular junctions.[346] Even accounting for potential contaminants
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and adsorbates in the nanogap using exaggerated Seebeck coefficients of 100 µV/K

with a temperature rise of 10 K across the nanogap (with the substrate at room

temperature), the maximum contribution from contamination is around an order of

magnitude smaller than what is observed in plasmonic nanogaps.[102, 347, 348] Al-

though the titanium adhension layer can oxidize which can have large effects on the

Seebeck coefficient[349, 350] and can affect the conductance measurements of the de-

vice, the enhanced OCPV are seen in devices without the Ti adhesion layer, Fig. 10.2,

and therefore cannot be the dominant mechanism for this enhancement.

Ref. [340] discusses some other potential causes of the enhanced OCPV in the

nanogaps. In Ref. [292], it was shown that thermal boundary resistance can result in

high local heating of the nanowire due to the plasmonic resonances within the wire.

Direct illumination of the nanogap can result in high local heating in the electrodes.

Thermal expansion of the electrodes can change the gap size which may affect the

tunneling barrier, Fig. 10.6b. As the interelectrode spacing changes, so too does the

zero-bias conductance. As a consequence, thermal expansion of the electrodes cannot

be responsible for the enhanced OCPV which require no net current at zero bias. The

incident photons can also exchange energy with the tunneling electrons in a process

called photon-assisted transport, Fig. 10.6c. This energy exchange can allow for the

electrons to tunnel through effective tunneling barriers that they otherwise would be

unable to cross.[259, 261, 336, 351, 352] This increase of tunneling occurs in discrete

steps of Vbias = ~ω/e due to the energy exchange with the incident photons.[351] which

can result in transient photocurrent at zero-bias from the zero-bias current.[336] The

photons can instead be absorbed by the metal electrodes, exciting a photoelectron

through the photoelectric effect. If the photoelectron has enough energy to escape

the electrode and has momentum toward the gap, these electrons can tunnel across
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Figure 10.6 : Examples of photo-activated processes in tunnel junctions. a:
Photothermoelectric effect. If one electrode is heated more than the other, the
temperature-dependent Seebeck coefficient and energy distribution of the charge car-
riers will vary between the two electrodes. The energy-dependent transmission prob-
ability, τ(E), sets the magnitude of the effect. b: Thermal expansion. The inter-
electrode separation can change under laser illumination due to a temperature rise,
which changes the effective tunneling barrier. c: Photon-assisted tunneling. An elec-
tron gains energy from a photon as it tunnels across the the gap in conditions where
tunneling is otherwise forbidden. d : Internal photoemission. A photon is absorbed
by the metal electrode which excites a photoelectron with appropriate momentum
directionality and energy to overcome the tunneling barrier to tunnel across the gap.
e: Hot carrier photocurrent. The incident laser illumination excites a non-thermal
distribution of charge carriers. The “hot” carriers with energy ∼ ~ω can tunnel across
the gap prior to relaxation. f : Remote excitation of hot electron from SPPs. SPPs
propagate from a grating to the nanogap, exciting hot electrons which can tunnel
across the gap. Asymmetric hot electron excitation, pictured, can occur when hot
electrons are preferentially excited on the opposite side of the gap as the excited SPP.
Figure adapted from Ref. [340]

the barrier, Fig. 10.6d.

A similar mechanism that likely is the biggest player in the enhanced OCPV is

hot electron photocurrent, Fig. 10.6e. When the local plasmonic modes are excited
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under direct illumination, they can decay non-radiatively resulting in “hot” electron

generation. The energy distribution in this case is non-thermal, and some of the hot

carriers can tunnel across the gap prior to relaxing to thermal equilibrium.[353] Un-

like photoemitted electrons, these “hot” carriers are excited from the local plasmons

resulting in different energy distributions and do not have the same momentum di-

rectionality constraints that the photoemitted electrons have particularly at normal

incidence. These hot electrons must tunnel across the gap before thermally relaxing to

equilibrium which is not the case in photon-assisted tunneling. The OCPV expected

from photon-assisted tunneling are expected to be orders of magnitude smaller than

that of hot electron photocurrent.[261] As we will discuss later, hot electrons can be

remotely excited via SPPs which propagate to the gap couple to the local modes be-

fore decaying nonradiately generating the hot electrons which can then tunnel across

the gap. The OCPV measurements can provide insight on the details of how the SPPs

couple to the local modes, such as asymmetric excitation of hot electrons where the

SPPs more efficiently excite hot carriers on the opposite side of the gap, Fig. 10.6f.

10.3.4 Reasonable estimates of hot electron current yield similar open

circuit photovoltage enhancements

In the previous section, several different photo-mediated tunneling processes were

discussed as possible candidates for causing the large enhancements of the OCPV

in the nanogaps. The OCPV measurements provided a way to eliminate several

candidates as those mechanisms could not result in a zero-bias photocurrent. Other

candidates were eliminated for either being irrelevant or of little significance. The

most likely candidate for contributing the majority of the OCPV enhancement was

hot electron photocurrent. In this particular mechanism, Fig. 10.6e, the electron
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energy distributions vary between the source and the drain. This difference in hot

electron excitation can be due to asymmetric illumination between the electrodes and

differences in local multipolar modes in the gap hybridizing with the dipolar resonance

in the nanowire decaying non-radiatively on either side of the gap. If one side more

efficiently excites “hot” electrons than the other, there will be a net photocurrent of

hot electrons tunneling in one direction across the gap. A photovoltage will therefore

be detected in the open circuit voltage measurement configuration due to the charge

buildup that counteracts this tunneling.

In Ch. 3.2, the Landauer-Buttiker approach was used to describe electronic trans-

port and define the conductance quantum. The Landauer-Buttiker approach can also

be used to describe the hot electron photocurrent in a method that closely follows Ref.

[353]. The photocurrent, Ip, of hot electrons tunneling from the source to the drain

with electronic energy distributions fS(ε) and fD(ε), respectively, can be described

by

I =
2e

h

∫ ∞
−∞

dε[fS(ε)− fD(ε)]τ(ε) (10.1)

Landauer-Buttiker expression of current

where τ(ε) is the energy-dependent transmission function. If the source electrode

is illuminated, the time-dependent electronic energy distribution can be written as

fS(ε, t) = fSeq(ε, t) + fSp(ε, t), where the first term is the equilibrium Fermi-Dirac dis-

tribution and the second term accounts for the non-equilibrium effects from the light

absorption. From this, fS(ε)−fD(ε) = fSeq(ε, t)−fDeq(ε)+fSp(ε, t). fSeq(ε, t)−fDeq(ε)

just shows the difference in the equilibrium temperatures of the source and drain

electrodes and accounts for the standard photothermoelectric effect where fDeq(ε) =
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[eε−µ/kBTe + 1]−1 with electronic temperature Te and chemical potential µ.

More interestingly is the non-equilibrium contribution to the photocurrent induced

by the light absorption, fDp(ε, t). Because timescales of these experiments are much

longer than the thermalization[81], considering the non-equilibrium photocurrent, Ip,

due to steady state, CW illumination of frequency ωI incident on only the source

electrode provides the upper limit of the hot electron photocurrent. Ip is described

by

Ip =
2e

h

ṄI

~ωI
L(ωI)

∫ ∞
−∞

dε
τe(ε)

ρ(ε)

tanh (ε/2kBTe)

1 + e−~ωI/kBTe cosh(ε/kBTe)
τ(ε) (10.2)

non-equilibrium photocurrent from hot carriers under CW illumination

with photons per second per atom ṄI , absorption linewidth L(ωI) that depends on the

specifics of the geometry, composition, and environment of the nanogap, relaxation

time of the non-equilibrium distribution τe(ε), density of states per atom ρ(ε), and

energy-dependent transmission function τ(ε). For a simple tunnel junction with one

conductance channel, τ(ε) = ΓSΓD[(ε− εo)2 + (1/4)(ΓSΓD)2]−1 with resonance energy

εo and resonance widths of the source and drain electrodes, ΓS and ΓD respectively.

If Γ is small compared to ε− εo and εo/kBT >> 1, Ip can be simplified to

Ip ∼
e

~
ṄI

~ωI
L(ωI)

τe(εo)

ρ(εo)

1

1 + 1
2
eεo−~ωI/kBTe

ΓSΓD
ΓS + ΓD

(10.3)

simplified non-equilibrium photocurrent from hot carriers under CW illumination

Considering the OCPV configuration to counteract Ip yields

Ip = −2e2

h
τ(ε = 0)VOCPV (10.4)



160

photovoltage response to non-equilibrium photocurrent

From Equation 10.4, Vp can be estimated. Γ can be estimated via resistance mea-

surements of the nanogap without laser illumination. Typical values are ∼ 0.1 for a

10 MΩ device, with resonance energy εo ∼ 2.7 eV. Considering the 10 mW incident

power (400 kW/cm2) with 1019 atoms per m2 amounts to 4×10−10 W/atom. Consid-

ering 785 nm laser illumination (1.57 eV), ṄI = 1.6×109 photons/atom/second. The

density of states can be estimated using the free elecron model, ρ(ε) ∼ 0.1eV−1.[353]

From COMSOL simulations L(ωI) ∼ 0.05. Conservative estimates of τe ∼ 10−14 s

which gives Ip ∼ 0.5 nA or Vp ∼ 5 mV where Vp = Ip/
dI
dV

where dI
dV

is the zero-bias

conductance of the device. OCPVs of this magnitude were observed in the nanogaps

and have been reported by other groups.[258, 261, 262]

As shown in Fig. 10.5, although the OCPV signal is localized to the gap of a

non-plasmonically resonant device, the signal is significantly smaller than that of a

plasmonically resonant device. This, coupled with the strong polarization dependence

in Fig. 10.4 and the device-to-device variation and temporal fluctuations indicate

that the OCPV are extremely sensitive to the plasmonic details in the gap. The

specific details of the nanogap set the resonant energy and the local effective electronic

temperatures, which exponentially affect Ip. As the atomic-scale details change under

illumination, so too does the plasmonic resonances and therefore the measured Vp.

10.3.5 Remote excitation of hot electrons via surface plasmon polaritons

enhance open circuit photovoltages by a factor of 100

Adding gratings to the electrode design allows for propagating SPPs to be launched

toward the nanogap. As discussed in Ch. 9, the SPPs in devices with an intact

nanowire could be detected using electronic transport measurements. OCPVs could
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provide indication of how the SPPs couple with the local modes in the nanogap. The

OCPV signal of a device with gratings 9.2 µm and 10.2 µm away from the nanowire

constriction was measured before and after electromigration to a resistance of 100

kΩ, Fig. 10.7. Scanning around the nanowire constriction prior to electromigration,

middle panel in Fig. 10.7a, behaved as a single metal thermocouple, as observed in

Ch. 6, where heating the interface of the electrodes and the nanowire has the largest

response due to the geometric nanostructuring. The polarization dependence of the

OCPV near the unbroken nanowire does not have as much polarization dependence

as seen in Ch. 6 because the thickness of the device shifts the local surface plasmon

resonance within the nanowire. Additionally, the polarization data is taken where the

OCPV signal is largest, at the interface of the electrodes and the nanowire, as opposed

to centered on the nanowire itself. However, the transverse polarization still has a

larger response than that of the longitudinal polarization. The sign of the OCPV is

determined by the sign of the local temperature gradient; shining the laser on the

side nearest the ground (oriented at the bottom of Fig. 10.7) results in a negative

voltage.

When the gratings on either side of the constriction are illuminated with lon-

gitudinally polarized light instead, a slight increase in the OCPV is detected. The

magnitude of the signal is approximately two times larger when the laser is incident on

the grating, as opposed to when the laser is present elsewhere on the gold. The small

OCPV signal can be explained because the temperature rise due to SPPs is small, on

the order of 0.3 K, as determined by Ref. [334]. When the gratings are illuminated

with light in the longitudinal polarization, SPPs are excited along the length of the

device. The SPP remotely excites the nanowire constriction and the dissipation of

the SPP in the electrodes and nanowire result in an assymmetric heating profile; the
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Figure 10.7 : a, b: Comparison of OCPV maps at constriction and grating before
and after electromigration to 100 kΩ, respectively. The top row shows the 2D OCPV
map of the top grating and the polarization dependence of the OCPV with the laser
incident on the top grating. The middle row shows the 2D maps and polarization
dependence around the constriction. The bottom row shows the measurements for the
bottom grating. All OCPV maps were measured with the laser under the longitudinal
polarization (perpendicular to the grating, parallel along the length of the device) to
excite the SPP modes. The signal at the junction is enhanced by a factor of 3000
after electromigration, whereas the signal at the gratings is enhanced by a factor of
100. Reprinted with permission from [339]. ©2019 American Chemical Society.

nanowire is heated more on the side of the illuminated grating due to this dissplation.

Therefore, the OCPV detected when the laser illuminates the grating has the same

sign as the OCPV detected at the interface of the same side electrode and nanowire

interface. In other words, illuminating the grating near the ground results in a neg-

ative OCPV signal. The polarization dependence of the OCPV when the grating is

illuminated is much more pronounced than when the constriction is illuminated. The
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maximum signal occurs when the laser is in the longitudinal polarization due to the

excitation of the SPPs, as previously discussed in Ch. 9.

Electromigrating the device above the conductance quantum will yield a nanoscale

gap in the nanowire constriction. Fig. 10.7b shows the OCPV response near the

nanogap and gratings after electromigrating to 100 kΩ. The OCPV response near

the nanogap is significantly different than that of the unbroken case. Now, the OCPV

signal is highly localized to the gap, with the length scale of the signal smaller than

the spot size of the laser. Additionally, only one sign of the OCPV is detected. The

signal at the nanogap is 3000 times larger after than prior to electromigration. As

discussed in Sec. 10.3.3, this signal cannot be attributed entirely on the thermoelectric

effect; the Seebeck coefficient of tunnel[341] and molecular[257, 344, 345] junctions is

on the order of 10 µV/K, which would yield a significantly smaller response than what

is observed. The nanogap likely has a Seebeck coefficient around that of atomic-scale

junctions, which is even smaller than that of tunnel and molecular junctions.[346]

Additionally, as the laser spot size is 1.8 µm in diameter, significantly larger than the

nanogap, the temperature distribution across the gap should be fairly uniform. Both

of these considerations make it clear that the OCPV enhancement cannot be explained

using the traditional thermoelectric effect. Instead, as discussed in Sec. 10.3.3, the en-

hancement of the OCPV is likely the response to counteract the hot electrons, excited

by the resonant plasmonic modes in the nanogap, tunneling across the gap.[102, 353]

The single polarity of OCPV at the nanogap, therefore, indicates that the specific

details of the nanogap (and therefore the local plasmonic modes) make hot electron

generation more preferable on one side than the other, resulting in a net current from

one side to the other.[255, 256, 354, 355] To support that the signal is from hot electron

tunneling, with one side preferentially generating more hot electrons with momentum
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suitable for tunneling due to the atomic details of the nanogap as opposed to some

vastly different transmission probability between the electrodes, Fig. 10.8 shows that

although the hot electron tunneling may be asymmetric, the differential conductance

measurements are symmetric indicating that the source-drain transmission probabili-

ties are nearly identical. The symmetry in the differential conductance measurements

and lack of correlation between the electronic transport measurements to the OCPVs

additionally eliminate optical rectification[92, 113, 266, 338, 340] as the dominant

mechanism.

Figure 10.8 : Differential conductance of a device with a nanogap: The symmetry
about 0 V indicates that the transmission probabilities between the source and drain
are identical, and not the culprit for the asymmetric hot electron tunneling across the
gap. Reprinted with permission from [339]. ©2019 American Chemical Society.

The polarization dependence of the OCPV when the laser is incident on the gap

provides some additional information. First the dominant polarization varies device-

to-device. As seen in the middle row of Fig. 10.7b, the OCPVs show maximum
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signal when the laser is in the longitudinal polarization, the ”lightning rod” mode.

Fig. 10.4 shows the OCPVs having maximum signal in the transverse polarization.

This strong, but varying, polarization dependence indicates that the OCPVs are a

result of the incident laser coupling with the local plasmonic modes, specific to the

details of the nanowire geometry and atomic-scale details of the gap. Fig. 10.9 shows

a scatter plot indicating the ratios of the OCPV as a function of electromigrated

resistances, indicating that the details of the gap leading to multipolar plasmonic

modes play an important role in the hot electron generation, which then tunnel across

the gap. Under laser illumination, the atomic-scale details of the nanogap can change

with time. When this happens, the multipolar plasmonic modes, and therefore the

enhancement of the OCPVs, change as well. The polarization dependence of the

OCPV of the gap shows instability, Fig. 10.7b, providing further evidence that the

plasmonic coupling plays the dominant role in OCPV enhancement.

When the laser is incident on the gratings after electromigration, the signal at

the gratings is additionally enhanced, top and bottom panels of Fig. 10.7b. The

polarization dependence shows strong response when the laser is in the longitudinal

polarization, indicating that the signal is primarily a response of remote SPP excita-

tion. When the laser is incident on the grating in the longitudinal polarization, clear

response is shown as seen in the maps of Fig. 10.7b. The signal at the gratings is

enhanced by around 100 times after electromigration, compared to the signal before

electromigration. As evidenced in the intact case, and in Ch. 9, the temperature

rise from the SPPs cannot be responsible for the temperature rise alone. Although

heating from SPPs can result in thermal expansion near the gap, changing the ge-

ometric details of the gap, the zero-bias differential conductance would be nonzero

in this scenario, which cannot produce a zero-bias OCPV. Instead, the SPPs can
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Figure 10.9 : Ratios of the OCPV detected at the nanogap after and before electromi-
gration as a function of electromigrated resistance. The red data shows devices with
maximum signal under longitudinal polarization whereas the blue data shows devices
with maximum signal under transverse polarization. Reprinted with permission from
[339]. ©2019 American Chemical Society.

hybridize with the local modes in the nanogap and the resonant local dipole mode in

the wire which can decay radiatively, emitting a photon, or non-radiatively to excite

hot electrons. The excited hot electrons with the correct directionality of momentum

can then tunnel across the gap, resulting in an OCPV to counteract the hot electron

current.

10.3.6 Asymmetric hot electron excitation via surface plasmon polaritons

detected

The OCPV measurements can provide details about how the SPP couples with the

local modes of the nanogap. In Fig. 10.10a, a device has an anomalously close bonding

pad near the bottom grating. When the nanowire is intact, left, the top grating has
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the same OCPV polarity as the same side of the nanowire constriction as observed in

Fig. 10.7, which demonstrates that the SPP most efficiently couples with and locally

heats that side of the nanowire constriction.[334] The bottom grating, however, has

the opposite polarity of signal compared to the same size of the nanowire constric-

tion. This time, the excited SPPs more efficiently couple with and heat the contact

pad/device interface compared to the nanowire constriction. After electromigration,

right, the bottom grating’s signal polarity changes. This time, the polarity matches

that of the nanowire constriction indicating that the excitation of hot electrons that

tunnel across the gap has a much larger contribution to the OCPV than the heating

of the contact pad-device interface. The polarity of the top grating does not change,

the SPPs couple to the local modes in the nanogap and excite hot electrons that

tunnel across the gap, albeit in the opposite direction than the preferential direction

of direct gap illumination.

Fig. 10.10b shows a different scenario. Like in Fig. 10.10a, a contact pad is anoma-

lously close, this time near the top grating which is readily apparent in the case of the

intact wire, left. This time, the SPPs excited via illumination on the top grating more

efficiently couples with the contact pad than with the nanowire constriction whereas

those excited via illumination of the bottom grating couple with and locally heat the

nanowire. After electromigration, right, the signal at both gratings have the same

polarity as the OCPV at the nanogap! This means regardless of which direction the

SPPs excite the nanogap, the hot electron current flows in a single direction. In this

case, direct illumination of the nanogap results in preferential hot electron current

toward the bottom electrode. Illuminating the top grating excites hot electrons on

the same side of the nanogap, with the largest contribution to the OCPV coming

from the coupling with the local modes in the nanogap than with the bonding pad as
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Figure 10.10 : Asymmetryic hot electron generation from surface plasmon polaritons.
a: left : OCPV maps of a device prior to electromigration with an anomalously close
bonding pad on the bottom. The top grating has an OCPV whose polarity matches
that of the same side of the nanowire-electrode interface, indicating efficient heating
of the nanowire. The bottom grating more efficiently heats the bonding pad below it
than the nanowire constriction resulting in the opposite polarity of OCPV compared
to that of the nanowire-electrode interface. right : OCPV maps of the same device
after electromigration. The bottom grating this time has a negative OCPV signal
which indicates that OCPV contribution of the SPPs exciting hot electrons in the
gap exceeds that of the SPPs heating the bonding pad. b: OCPV of a device prior
to electromigration with a close bonding pad on the top. The bottom grating has
OCPV polarity as the nanowire constriction, but the top grating better couples with
the bonding pad instead of the nanowire constriction. right : After electromigration,
both gratings have the same polarity of OCPV as the nanogap, indicating asymmetric
hot electron excitation. The incident polarization in all of these figures is in the
longitudinal polarization. Reprinted with permission from [339]. ©2019 American
Chemical Society.

in the pre-electromigrated case, which tunnel across toward to the bottom electrode

which has been observed in Fig. 10.7 and Fig. 10.10a. Illuminating the bottom grat-

ing more efficiently excites hot electrons on the opposite side of the nanogap counter



169

to the thermal gradient, as depicted in Fig. 10.6f. This surprising result indicates

that the hot electron generation is from the decay of the hybridization of the SPPs

with the local modes in the gap as opposed to simply the decay due to the SPPs

themselves!

Figure 10.11 : Log-log scatter plot comparing the OCPV signal at the grating before
and after electromigration. Quadrants I and III show gratings whose OCPV polarities
remained unchanged before and after electromigration, whereas Quadrants II and IV
show gratings whose OCPV change after electromigration. Reprinted with permission
from [339]. ©2019 American Chemical Society.

To demonstrate the frequency of the OCPV at the gratings changing polarity after

electromigration, a log-log scatter plot of the OCPV of all 42 gratings measured after

vs. before electromigration is seen in Fig. 10.11. Quadrants I and III show the 32

gratings that did not change polarity after electromigration. In these quadrants, the

gratings more efficiently heated the nanowire constriction prior to electromigration

and also excited hot electrons on the same side of nanogap as the SPP. Quadrants II
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and IV, however, show the 10 gratings whose OCPV polarities changed after electro-

migration. Gratings in these quadrants either more efficiently excited the bonding

pad than the nanowire prior to electromigration but then coupled more efficiently

with the local modes in the nanogap exciting hot electrons on the same side as the

excited SPP that tunnel across the gap or gratings that asymmetrically excite hot

electrons on the opposite side of the gap after electromigration. Fig. 10.11 also shows

the large variation of device-to-device OCPV measurements. This variation is due to

the exponential dependence of the resonant energy and effective temperatures of the

non-thermal carriers in Equation 10.3 and the specifics how the SPPs can couple to

the local modes of the nanogap which vary due to the atomic-scale details of the gap.

10.4 Discussion and conclusion: open circuit photovoltages

provide a wealth of information about plasmonically-

active nanoscale devices

In the case of the gold bowtie devices with an intact wire, the OCPV signal observed

at both the nanowire and the gratings is due to the traditional thermoelectric effect.

Heating either the geometric change at the nanowire or the grating results in asym-

metric temperature gradient across the gap. The change of Seebeck coefficient at

the geometric change results in a single metal thermocouple with an OCPV due to

the applied temperature gradient. Once a nanogap is formed in the nanowire due to

electromigration, the dominant mechanism is no longer the traditional thermoelec-

tric effect. Instead, when the nanowire is directly illuminated, the OCPV is largely

enhanced by ∼ 1000× with the observed enhancements due to direct illumination

shown in a histogram in Fig. 10.12. Although many different tunneling mechanisms
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can occur in an illuminated tunnel junction, the dominant contribution of the OCPV

enhancement is likely due to charge distributions working to counteract hot electron

photocurrent excited due to the plasmonic modes in the nanogap.

Figure 10.12 : Histogram of the ratio of OCPV observed in the nanogap before
and after electromigration. The OCPV is largely enhanced in the nanogap after
electromigration. Reprinted with permission from [339]. ©2019 American Chemical
Society.

Illuminating gratings instead allows for the excitation of SPPs which then propa-

gate to the nanogap and hybridize with the local modes in the nanogap. The OCPV

measurements provide insight on how the SPPs couple with the local modes of the

nanogap, with asymmetric hot electron generation detected in 3 out of 21 devices. The

OCPV signal at the grating is enhanced after electromigration, ∼ 100× larger prior

to electromigration, Fig. 10.13. Although the enhancement is much smaller than that

of direct illumination, this OCPV enhancement at the gratings demonstrates that

the SPPs efficiently couple with the local modes in the nanogap which excite hot

electrons with appropriate momentum to tunnel across the gap.[255, 256, 354, 355]



172

The asymmetric generation of hot electrons also indicates that this enhancement is

due to the hybridization of the SPP and local gap modes.

Figure 10.13 : Histogram of the ratio of OCPV observed in the grating before and
after electromigration. The OCPV is enhanced in the grating after electromigration
though to a lesser extent than that of direct illumination of the gap. The OCPV can
also change polarity after electromigration. Reprinted with permission from [339].
©2019 American Chemical Society.

These studies show that open circuit photovoltages are not only a way to probe

intrinsic variations such as strain or impurities or local changes in geometry within

nanoscale devices but also an excellent way to elucidate the tunneling mechanisms

occurring in nanoscale, plasmonically-active tunnel junctions. These photovoltages

are sensitive to the plasmonic resonances within the gap, the resonant energy in the

gap, and the effective electronic temperature. The same techniques allow for detection

of remote hot carrier excitation from surface plasmon polaritons and provides details

on the coupling of the propagating SPPs to the local multipolar modes in the nanogap

and dipolar mode within the nanowire.
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Chapter 11

Conclusions

In this thesis, the photothermoelectric effect and electronic transport measurements

were used to characterize gold nanoscale devices under laser illumination. Nanos-

tructuring devices can allow for single metal thermocouples, which can allow for

wavelength-specific photodetection when the device is structured with plasmonically

resonant structures. Although the photothermoelectric effect can be used to deter-

mine the location of geometric changes in a nanoscale device, the results in this

thesis show that this measurement is sensitive to more subtle changes, such as strain

and platinum impurities, that can be challenging to detect using other electronic

transport or conventional imaging techniques. The photovoltage measurements addi-

tionally provide insight on the specific details within a plasmonically-active nanogap;

enhanced photovoltages, highly localized within a nanogap from electromigration,

can indicate which side of a nanogap more efficiently generates non-thermal “hot”

electrons which tunnel across the gap when under laser illumination of a specific po-

larization. Remote excitation of hot electrons via surface plasmon polaritons, which

propagate from a grating in the electrode design to the nanogap, is also detected using

photovoltage measurements. The plasmonic resonances within the nanowire, which

allow for the hot electron generation and the single-molecule sensitivity for Raman

spectroscopy, and high thermal boundary resistance, can result in high local heat-

ing of the nanowire when under direct illumination at low substrate temperatures,

making it impossible to take true low temperature optical measurements. Electronic
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transport measurements allow for an estimation of this temperature rise, and addi-

tionally, provide evidence that remotely exciting the nanowire using surface plasmon

polaritons can sufficiently reduce that temperature rise while still coupling to the

local modes within the gap. The photovoltage measurements provide details of how

the surface plasmon polaritons specifically couple to the local modes in the nanogap,

particularly in the case of asymmetric hot electron generation.

11.1 Possible future directions

11.1.1 Photothermoelectric effect

Current work is underway looking at the effect of surface modification on the pho-

tothermoelectric effect, using self-assembled monolayers to shift the work function of

the gold. Simplifying the underlying nanostructure to a single crystalline device can

reduce the background photovoltage signal due to the strain profile in the polycrys-

talline wire. Additionally, work is currently being conducted to use nanostructuring of

devices to create wavelength-sensitive photodetectors. Extending this work to include

waveguides on substrates of varying oxide thicknesses can allow for better-resolved

wavelength detection; the excitation of surface plasmon polaritons is highly sensi-

tive to the dielectric environment as well the specifics of the particular wavelength

coupling into the particular geometry of the gratings.

As seen in the contact design of the single- and bi-crystal devices, the phothother-

moelectric voltages can be used to map out surface features of thin films. This photo-

voltage mapping could be extended to include more complicated geometries; adding

the photovoltages detected under two perpendicular polarizations may provide full

details of the film’s surface!
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Polycrystalline gold nanowires have surprising spatial variation in detected photo-

voltages; likely due to the specifics of the variation in strain of the film. The specific

details of metal deposition during electron beam evaporation affects the strain profiles

in thin films, which has been studied extensively in noble metals.[66, 67] A thorough

study of photovoltage signal due to deposition conditions, including rates, tempera-

tures, thickness, and vacuum levels, could be conducted for various metals. These

effects from strain could become significantly more pronounced in materials with

large ZT values. Graphene nanoribbons with optimized patterns show promise of

high ZT values[356, 357]. Studies of strain engineering graphene devices have shown

that graphene can withstand elastic strains on the order of 20%[64], which can sig-

nificantly change the thermal conductivity[65] and the band gap[358, 359], therefore

affecting the ZT value. Extending the photovoltage measurements to strain engi-

neered graphene nanoribbons can provide ways to tune the thermoelectric response.

Enhanced photovoltages are detected in electromigrated nanowires which can be

attributed to the hot electrons, generated from the plasmonic resonances sensitive

to the specific atomic details of the gap, which then tunnel across the nanogap.

Mechanically controllable break junctions can allow for a systemic study of well-

defined gaps[114]. Asymmetric hot electron generation in these junctions has been

detected[360]. A comprehensive study of the photovoltage signal as a function of gap

size in a mechanical break junction can provide insight on the specific details of hot

electron generation in these systems.

11.1.2 Remote excitation of nanpgap systems

Understanding how electronic and vibration states exchange energy in single molecule

junctions through simultaneous electronic transport and optical measurements is a



176

challenging but important task to understanding heat flow in nanoelectronics. The

gold bowtie devices allow for both optical and electronic transport measurements to

be conducted, however the local heating due to plasmonic resonances and thermal

boundary resistance make detecting these interactions at low temperatures challeng-

ing to detect. Remotely exciting the nanogap using surface plasmon polaritons from

gratings in the electrode design reduces the temperature rise of the gap by up to a

factor of 60 while still having clear electronically detectable signal. The photovoltages

detected at the grating after electromigration is enhanced by a factor of 100, compared

to that before electromigration. As such, this remote excitation technique appears

to be a promising path forward for true, low temperature simultaneous optical and

electronic transport measurements.

Using the remote excitation route has some challenges that must be overcome.

First, the light emitted at the nanogap from remote excitation cannot be detected

using confocal microscopy, where a spatial filter in the form of a pinhole is placed to

eliminate out-of-focus light. This technique is frequently used to increase resolution

and contrast in imaging.[361] Additionally, the light detected at the nanogap will be

less intense than what is detected at the grating. Furthermore, rough edges at the

grating can provide SERS enhancement of molecules or contamination at the grating.

One potential way to mitigate these issues is to take Raman spatial maps before and

after electromigration and subtracting the two images. The SERS enhancement at

the grating should be unaffected by the electromigration process, whereas the signal

enhancement at the nanogap should only appear after electromigration. Conducting

Raman measurements of clean junctions, looking for an increase of low wavenumber

Raman signal can reduce the complications of signal at the grating; although there is

no molecular junction in this case for electronic transport measurements, this could
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provide a way to determine whether the light emitted at the nanogap is at detectable

levels.
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Appendix A

Experimental methods and software

A.1 Cryostation and device naming convention

Around 2015, the cryostation changed from a small optical cryostat to the Montana

Instruments closed cycle cryostation with an optical window. In all cases, the mea-

surements were taken under high vacuum with an Edwards T-Station 75 turbo pump.

The major difference is that the older cryostat was cooled with an open flow and did

not have the temperature control and stability of the Montana Instruments cryosta-

tion. The chip carrier of the two systems were different, also, with the Montana

Instruments cryostation having a LCC 28 (leadless chip carrier) specially made by

Montana Instruments whereas the older cryostat used a CERDIP (CERamic Dual

In-line Package) carrier with 16 total pins. By the way, the ground pin of the chip

carrier for the old cryostat should be bent slightly before insertion as the connection

to the cryostation is usually faulty there. I am the last student who used the older

cryostat for the “main setup” measurements. The easiest way to tell if a data set

was taken with which cryostat is by the nomenclature of the device. Each chip had

a common ground with two columns of bonding pads. The older chips had 7 in each

column (totaling 14 devices), whereas the newer chips had 12 in each (24 total de-

vices). I referred to individual devices in a numbering convention that first referred

to the column (1 or 2), then a dash, and then the particular row of the device (1

through 7 or 12 depending on the carrier). For example, column 1, row 3 would be
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device 1-3. Therefore, any number after the dash that was greater than 7 indicates

that the entire chip therefore was measured on the Montana Instruments cryostation.

The wiring diagram for the Montana Instruments LCC 28 is seen below in Figure

A.1.

Figure A.1 : Montana Instruments LCC 28 wiring diagram: The squares indicate the
bonding pads that surround the common ground, pad 4 highlighed in black. Bonding
pad 18 is used for gating while pads 4 and 24 are grounded and are normally skipped
during wire bonding. The numbers hand-written in black ink that surround the chip
indicate the nomenclature of the device row number. The top half of the devices
refer to Column 1 and the bottom half refer to Column 2 in the naming convention
described in Section A.1 and correspond to the “break out” coax cable box for wiring.

The low working distance optical window for the Montana Instruments cryostation

frequently leaks, resulting in a slow leak in the vacuum. While Montana Instruments

has instructions on how to fix this with epoxy, I found that cleanly fixing this window

is challenging. I instead began repairing the window using VacSeal High Vacuum

Leak Sealant which was just as effective but also is removable and easier to apply.
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A.2 Wire bonding considerations

Although the majority of this work uses 2 µm SiO2, devices with 200 nm thick oxide

should be bonded with care using the K&S 4526 wire bonder. The “force” setting

should not exceed 2/10 to prevent “piercing through” the oxide layer, resulting in

stray electronic signal.

The samples on the LCC 28 chip carriers that will be measured at room temper-

ature (and thus not needing the copper piece underneath) can be wire bonded using

standard tip height. The chips that need to be measured at low temperature will

need to have a buffer piece of copper between the device and the chip carrier. This

copper piece results in the chip to be too high for the back of the wire bonding tip.

The tip should be lowered slightly to allow for proper bonding.

Finally, the tips that I have found to be the best are DeWeyl Tool Company’s

MASOD-1/16/-750-45-CG-2520-M. The lead time for these can be quite long (>4

weeks)!

A.3 Experimental software

The experimental code can be seen in Refs. [362] and [363] for the main experiment

and the photodetection experiment, respectively. The code is written using the Ana-

conda distribution of Python 3 and uses an Anaconda environment. Here, I will detail

the different packages within the optics distribution. In order for the Raman system

to run, the system must be ran using 32 bit (more on this later). If the Raman system

is not going to be used, either 32 or 64 bit is compatible.

Although this uses Python, the DAQ controller REQUIRES National Instruments’

LabVIEW to be installed. The Thorlabs TDC001 and KDC101 polarizer controllers
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REQUIRE Thorlabs Kinesis installes. Finally, the Raman spectrometer REQUIRES

Horiba Jobin Yvon SynerJY software, the software developer key (SDK), and the

physical key (USB with green light).

Other libraries required include: pyDAQmx[364], PyVISA (visa)[365], PM100[366],

pyUSB[367][368], and pythonnet (clr)[369].

A.3.1 Graphical User Interface (GUI)

The graphical user interface (GUI) package consists of the GUIs used for the ex-

periment built using tkinter package (“Tk interface”) which is the standard GUI for

Python. This may not translate well using a different operating system than Win-

dows. This package consists of four different py files:

1. base gui: Tk “widgets” to easily create GUI for different equipment

2. daq break gui: GUI for only using DAQ for electromigration

3. k2400 gui: GUI for only using the Keithley K2400 for electromigration

4. main lockin gui: Full software suite

You likely will only use the main lockin GUI.

Upon start up, the main lockin GUI identifies which equipment is connected to the

system. Only measurements that have all required equipment show up. Peripheral

equipment (polarizer controller, power meter, etc.) will not interrupt measurements.

The main GUI for the photodetection computer is seen in Fig. A.2. In this case, the

stepper motor is not connected, so the map scan measurements are disabled.

Clicking on one of the measurements will have another GUI pop up to ask for

the relevant information for the measurement. Fig. A.3 shows the GUI for the
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Figure A.2 : Main lockin GUI: Displays the different instruments that the system
can run. Measurements that require a particular instrument will be disabled if that
equipment is not identified.

thermovoltage vs. time information. Use the browse button to show where you

want the files to be saved. The file name of each scan typically has this structure:

device measurement type polarization scan, where device is the string you input into

the GUI, measurement type is a descriptor (in this case, it would be ’time scan’),

polarization is the polarization of the incident beam read by the polarizer controller

(omitted if not connected), and scan is the integer in the “scan” box in the GUI.

This number auto-enumerates and files do not overwrite, so you likely don’t need to

change this number unless you need to skip a value for some reason. Once you press

“run”, the measurement will start. This will pop up as a Matplotlib canvas which will

dynamically plot data in a window. Do not click in this window during measurement,

or you will lose access to seeing the real-time data plotting. After the measurement
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is complete, a screenshot of this window will additionally be saved under the save file

name in jpeg format. After measurement, some of these windows remain dynamically

active. Clicking on individual pixels of a map scan, for instance, will move the laser

beam to that location.

Figure A.3 : Measurement GUI example. Fill in the blanks and select run when
ready.

I tried my best to make sure that things can quit gracefully without hanging

indefinitely. Clicking “abort” or “quit” instead of the red X will ensure that this

happens.
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A.3.2 Hardware control

The hardware control package controls the communication between the computer and

the hardware. I will go through each one here. Note: you should only need to

change things in the hardware addresses and constants file! This is where

all the IP addresses, ports, scaling factors, etc. are handled.

As much as I could help it, I had the computer communicate as simply as possible.

This means bypassing proprietary software and sending direct USB/GPIB/ethernet

commands. These are all context managed,[370] so that canceling actions results in

proper shut down procedures instead of “hanging” - shutting down and starting up

can take about 30 seconds.

1. hardware addresses and constants: This is the only file you should need

to edit. This is where all the IP addresses, port locations, serial numbers,m

etc. are located. This is also where the scaling factor for the power meter is

fed into (total power on the sample divided by the power read from the beam

sampler)

2. daq: controls the NI DAQ. This requires PyDAQmx which requires Lab-

VIEW to be installed

3. annenuator wheel: controls the circular ND filter that is rotated using the NI

DAQ. This requires PyDAQmx to be installed to control the NI DAQ

4. keithley k2400: Controls the Keithley source meter. Uses PyVISA (visa) over

GPIB.

5. npc3sg: Controls the NPC3SG piezo controller. The USB communication of

this device is very poor - XONXOFF handshakes randomly fail which result
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in hanging (but ignoring the handshakes also results in errors). The native

LabVIEW software doesn’t work, either. This is actually controlled using the

NI DAQ using analog output voltages, and the positions are read in using input

voltages.

6. pm100d: Controls the Thorlabs PM100D power meter. This requires the correct

serial number of the detector and the power factor (ratio of total power to the

power read at the beam sampler) to get correct readings. By the way, this uses

the library ThorlabsPM100 - I couldn’t get around it.

7. sr7270: Controls the SR7270 lock in amplifiers. This uses pyUSB and simply

uses the USB commands to control the lock in.

8. polarizercontroller: This controls the polarizer controller. This requires Thor-

labs Kinesis to be installed and requires the DOTNET (x64) DLLs added to

the PATH. To do this, you must use pythonnet (clr). You will frequently need

to HOME the polarizer controller - the KDC101 has a known issue to slip and

have a large offset between the read and actual polarization angle. This soft-

ware tries its best to account for this slippage. Thorlabs knows of this issue.

The TDC001 seems to behave much better with this regard.

9. topica ibeam smart: USE THIS INSTEAD OF THE PROPRIETARY

SYSTEM. This controls the Topica laser. Actually using this instead of the

proprietary software is better because it sets everything to directly to the rec-

ommended specs with correct timing. It also shuts down the laser property and

puts it into standby mode. Also, every hour, it sends a status check to the

laser log path, set in the hardware address and constants file. This is controlled

directly via COM control.
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10. ccd controller: IN BETA. This controls the SynerJY CCD controller for the

Raman spectrometer. This requires pythonnet (clr) and for the SynerJY DLLs

to be added to PATH (you actually need the SynderJY software installed).

Horiba’s software for 64 bit computers basically uses a COM interface to use 32

bit DLLs on a 64 bit server - very, very slow and causes intermittent hanging.

Both the CCD and mono controllers is why this system uses 32 bit software.

By the way - that green glowing SynerJY USB stick must be connected to the

computer to use the hardware - it’s the authentication key. One more thing -

for this software to work (or even the LabVIEW software), you need a “SDK”

key authorized on Horiba’s side. I got this by telling customer service that I

couldn’t connect via LabVIEW.

11. mono controller: Controls the mono controller for the Raman spectrometer.

The same caveats discussed in ccd controller apply.

A.3.3 Measurements

In order to make creating new measurement software as easy as possible, I created

base measurements under the measurements package. ALL measurements result in

a CSV file with headers that give information about the systematics (laser intensity,

polarization, notes, etc.). The final line of this header has “end of header” for easy

parsing. Then, an additional header gives the title and units of each column. These

labels are the same between measurements for easy data processing.

1. base measurement: the foundation for all lockin measurements

2. base intensity: base measurement for measuring some value as a function of

incident laser position, controlled using the attenuator wheel
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3. base map: base measurement for measureing some value as a function of laser

position, creating a 2D map. Clicking on a pixel after the scan is complete

moves the laser to that position. Note: the map is reflected compared to what

you see on the camera because of the way matplotlib defines the origin - clicking

on the pixel does put it in the corresponding position according to the map.

4. base polarization: base measurement for measuring some value as a function of

incident laser polarization, rotated using the waveplate

5. base time: base measurement for measuring some value as a function of time

These are extended for “heating” measurements (applying a DC bias and mea-

suring the current) in the heating measurements package or the thermovoltage mea-

surements in the thermovoltage measurements package. The thermovoltage measure-

ments with DC in the name correspond to a DC measurement using the DAQ for a

very broken gap.

The current vs. voltage measurements are seen in current vs voltage package.

The current vs voltage vs gate allows for a “waterfall” plot to show a color map of

the IV curves at different gates. The current vs voltage file simply creates a scatter

plot of the current as the voltage ramps.

The electromigration package allows for the K2400 and DAQ electromigration

using k2400 break and daq break, respectively.

A.3.4 Raman

This is in beta and is unstable. Clicking the Raman tab will load the spectrometer

for measurements and launch the Raman GUI. Many of these show scatter plots of

the integrated signal between two points of the total spectrum (e.g. highlights one
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peak). Clicking on a point of the scatter plot shows the entire spectrum at that point.

These plots can be replotted for another peak after acquisition.

1. raman gui: The main GUI for the Raman measurements

2. raman intensity: Looks at Raman signal as a function of incident laser intensity

as a scatter plot integrated between two points. Clicking on a point on the

scatter plot shows the entire Raman scan at that point

3. raman map: Plots a designated Raman peak as a function of laser position.

Clicking a pixel moves the laser to the corresponding position and shows the

total Raman signal at that location. The map can be replotted using a different

start/stop position for the peak!

4. raman outgoing polarization: Shows at the Raman signal of a peak as a polar-

izer is rotated in the scattered beam path. Clicking a point on the scatter plot

shows the entire spectrum at that point

5. raman polarization: Shows at the Raman signal of a peak as a function of

incident laser position. Clicking a point on the scatter plot shows the entire

spectrum at that point

6. raman time: Shows the Raman signal of a peak as a function of time

7. raman voltage waterfall: Shows the entire Raman spectrum as a function of

applied bias in a color map. Clicking a point shows the line plot of the entire

spectrum at that point.

8. single spectrum: Shows the entire spectrum at a single point

9. unit conversions: Converts units for the Raman measurement
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10. raman iets: Takes Raman spectra at the same time as current-voltage curves

A.3.5 Plots

The packages thermovoltage plot and heating plot are the “widgets” to dynamically

plot the values during the measurements described above

A.3.6 Miscellaneous

The misc utility package has more helper “widgets”.

1. conversions: completes conversions for measurements, such as converting the

signal of the lock in amplifier from a sine wave to a square wave

2. curve fit equations: has functions of the different curves used for fits

3. parser tool: contains tools to parse out bad strings in USB communication

4. scanner: determines the locations to scan for map measurements

5. : tkinter utilities: small “widgets” for the main GUIs.
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J. Saint-Martin, and P. Dollfus, “Enhanced thermoelectric properties
in graphene nanoribbons by resonant tunneling of electrons,” Physical
Review B, vol. 83, no. 23, p. 235426, Jun. 2011. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevB.83.235426

[358] M. Topsakal, V. M. K. Bagci, and S. Ciraci, “Current-voltage
$(I\text{\ensuremath{-}}V)$ characteristics of armchair graphene nanorib-
bons under uniaxial strain,” Physical Review B, vol. 81, no. 20, p. 205437,
May 2010. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRevB.81.
205437

[359] Y. Li, X. Jiang, Z. Liu, and Z. Liu, “Strain effects in graphene
and graphene nanoribbons: The underlying mechanism,” Nano Research,
vol. 3, no. 8, pp. 545–556, Aug. 2010. [Online]. Available: https:
//doi.org/10.1007/s12274-010-0015-7

https://link.aps.org/doi/10.1103/PhysRev.129.647
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2818.2008.01920.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2818.2008.01920.x
https://aip.scitation.org/doi/full/10.1063/1.4802000
https://aip.scitation.org/doi/full/10.1063/1.4802000
https://www.nature.com/articles/srep12140
https://www.nature.com/articles/srep12140
https://pubs.rsc.org/en/content/articlelanding/2019/fd/c8fd00200b
https://pubs.rsc.org/en/content/articlelanding/2019/fd/c8fd00200b
https://aip.scitation.org/doi/full/10.1063/1.3689780
https://link.aps.org/doi/10.1103/PhysRevB.83.235426
https://link.aps.org/doi/10.1103/PhysRevB.81.205437
https://link.aps.org/doi/10.1103/PhysRevB.81.205437
https://doi.org/10.1007/s12274-010-0015-7
https://doi.org/10.1007/s12274-010-0015-7


230

[360] M. Tsutsui, T. Kawai, and M. Taniguchi, “Unsymmetrical hot electron heating
in quasi-ballistic nanocontacts,” Scientific Reports, vol. 2, p. 217, Jan. 2012.
[Online]. Available: https://www.nature.com/articles/srep00217

[361] “What is confocal Raman microscopy? - HORIBA.” [Online]. Available:
https://www.horiba.com/us/en/scientific/products/raman-spectroscopy/
raman-academy/raman-faqs/what-is-confocal-raman-microscopy/

[362] natelsonoptics, “natelsonoptics/opticsexperiment: Optics experiment code,”
Jan. 2020. [Online]. Available: https://zenodo.org/record/3599781#
.XhPRw0dKibg

[363] ——, “natelsonoptics/Ruoyu optics: Optics experiment code for Ruoyu’s
computer,” Jan. 2020. [Online]. Available: https://zenodo.org/record/
3599783#.XhPRvUdKibg

[364] “Welcome to PyDAQmx’s documentation! — PyDAQmx 1.0.0 documenta-
tion.” [Online]. Available: https://pythonhosted.org/PyDAQmx/

[365] “PyVISA: Control your instruments with Python — PyVISA 1.11.0.dev0
documentation.” [Online]. Available: https://pyvisa.readthedocs.io/en/latest/
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