
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Investigating Diffusion Using Video Scanning Tunneling Microscopy and Deep Learning

Permalink
https://escholarship.org/uc/item/58w2m1sp

Author
Aikawa, Andrew Shunichi

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/58w2m1sp
https://escholarship.org
http://www.cdlib.org/


Investigating Diffusion Using Video Scanning Tunneling Microscopy and Deep Learning

by

Andrew Aikawa

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Physics

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Michael F. Crommie, Chair
Professor Jeffrey Neaton
Professor Felix R. Fischer

Summer 2022



Investigating Diffusion Using Video Scanning Tunneling Microscopy and Deep Learning

Copyright 2022
by

Andrew Aikawa



1

Abstract

Investigating Diffusion Using Video Scanning Tunneling Microscopy and Deep Learning

by

Andrew Aikawa

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Michael F. Crommie, Chair

Diffusion is a ubiquitous phenomenon encompassing a wide range of physical systems from
atomic scale motion to cellular locomotion. Diffusion plays a central role in practical ap-
plications such as electrochemistry, batteries, and thin film growth. The external control of
diffusion properties presents new possibilities for understanding fundamental physical phe-
nomena as well as a basis for next generation technological advances.

The contributions of this thesis include the fabrication, modeling, and characterization of
diffusion on gate-tunable nanodevices. We first derive the fundamental results of diffusion
which form the basis of our experimental analysis. Afterwards, we describe the procedures
for fabrication and algorithms for characterization of diffusion in video scanning tunneling
microscopy (STM). The physical platform upon which most of these results are based on
is a single-layer graphene on hexagonal boron nitride (h-BN) field-effect transistor (FET)
with fluorinated fluorinated tetracyanoquinodimethane (F4TCNQ) adsorbates, which were
chosen due to favorable gate-tunable electronic properties. This device architecture enables
control of diffusion through external temperature control, application of lateral and vertical
electric fields, and substrate engineering. The analysis presented in this work provides rich
sandbox for locally probing diffusion behavior in different system regimes.

In particular, we find that device level control allows us to tune the density of adsorbates on
the device due to the proximity of molecular orbitals to the device Fermi level and the device
classical capacitance. Charged molecules form uniform arrays in response to the gate voltage
to screen the applied field. In addition, we see that gate voltage can directly control diffusion
through the modification of transition state energies as a result of molecule charging.

We show that substrate level control in the form of moiré superlattice engineering can sup-
press diffusion by inducing anomalous subdiffusion in short time scales. Such behavior is
explained using thermal equilibrium statistics for diffusion which show that the introduction
of the moiré superlattice increases the number of unique energy states available to the diffus-
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ing particle. As a result, the size of the state space increases which in turn increases the time
required to visit all available states. For short times, the entirety of the state space is not
visited with high likelihood, a violation of the thermodynamic hypothesis that all accessible
states are equiprobable, a phenomenon known as ergodicity breaking. Despite the challenges
inherent in uncovering this behavior under experimental constraints of data sparsity using
canonical statistical methods, we demonstrate that it is possible to observe this phenomenon
by using deep learning.
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Chapter 1

Introduction

Diffusion plays a central role in fundamental natural phenomena in addition to practical
technologies. This ranges from understanding reaction rates in chemistry(1 ) to cellular mo-
tion(2 ). An understanding of diffusive properties has enabled an understanding of phenom-
ena such as ionic motion in batteries(3 ) as well as growth selectivity in thin film growth(4 ).
Even outside of physical sciences, diffusion has been used in understanding movement of
financial asset prices(5 ) and even to generate fake images of faces(6 ).

For nanoscience, diffusion can be thought of as just one component of the wider goal of
spatial control of individual atoms and molecules. Control over the motion of constituent
matter presents exciting possibilities for new physics such as molecular assemblies and phase
transitions. Oftentimes, especially for physical systems, the only lever to manipulate diffusion
is temperature. It remains an open problem to determine the full range of physical quantities
and properties that control diffusive behavior, but microscopic physical interactions that
manifest diffusion present the possibility for material control. The work of this thesis focuses
on how diffusion properties can be modified using nanomaterial properties and device control.

1.1 Diffusion Theory
Diffusion can be viewed from two perspectives: a stochastic, single particle view or a deter-
ministic ensemble view. In the single particle picture, particles interact with random forces,
which, on average, cause each particle to stray from its original position. In the macroscopic
view, diffusion is characterized over a length scale significantly larger than the size of any
single constituent. In this picture, matter is handled in terms of concentration gradients with
the flow of mass going from high concentration to low concentration. While both pictures
may seem incompatible, they predict the same ensemble behavior due to the law of large
numbers. Over many particles, the behavior of the stochastic model converges with certainty
to that predicted by macroscopic modeling.

Historically, microscopic models have found success in both experimental and compu-
tational condensed matter studies(7 , 8 ) for their simple dependence on a few key physical
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quantities. For crystals, these are just the lattice constant, temperature, diffusion barrier,
and attempt frequency. Microscopic models are attractive for their flexibility to be extended
and to other types of physical interactions since one only needs to consider the forces on a
single particle rather than on how a concentration gradient should behave. These can include
pair-wise interactions, external fields, and substrate effects.

One area of diffusion that has not been so well studied is “anomalous diffusion”. Whereas
“normal” diffusion is characterized by a linear time scaling in the spread of particles, anoma-
lous diffusion exhibits nonlinear dependence. While mathematical models based on proba-
bilistic modeling of particle trapping and correlated motion exist, studies investigating the
physical mechanisms responsible for anomalous diffusion are only recently emerging(9 , 10 )
due to the higher mathematical complexity of anomalous diffusion models and a lack of
universal tools to map physical systems onto these models. This motivates the question of
which physical properties give rise to anomalous diffusion and how can they be simulated
and controlled.

1.2 Diffusion in Experiments
Direct characterization of diffusion from particle motion in videos typically revolves around
identification of the mean squared displacement (MSD), a statistical quantity that measures
the “spread” of particles over space. In order to extract MSDs, particle positions are first
estimated from video frames and then trajectories are constructed by associating successive
detection between consecutive frames(11 ).

The selection of the imaging modality for analyzing diffusion can significantly affect the
viability of this type analysis. Whereas optical and even electron microscopy can capture
up to hundreds of frames per second, raster scan imaging methods such as atomic force
microscopy (AFM) and scanning tunneling microscopy (STM) can typically only capture
quality frames several minutes at a time, although video STM studies have been done with
high temporal resolution to characterize adsorbate diffusion on metals both in solution and
in vacuum.(7 , 12–16 ) It has been demonstrated that it is possible to perform lateral atom
tracking in STM with high temporal resolution(17 ). However, such studies with high frame
rates appear to be limited to room temperature experiments. At low temperature, low
temporal resolution combined with a finite field of view constrains analysis of STM videos
to experiments containing only a few trajectories that are limited both in length and time
span.(18 ) This can hamper the accuracy of canonical statistical methods and values which
require a large number of samples to be accurate. These difficulties are further exacerbated
by the possibility of anomalous modes of diffusion in which the functional form is permitted
to be nonlinear in general, which begs the question of model selection.

Given the desirability for atomic scale resolution for direct observation of molecule and
atomistic diffusion, this motivates the creation of a flexible toolkit for analyzing experimental
diffusion data that can handle sparse trajectory data and different classes of diffusion.
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1.3 Contributions of This Thesis
The goal of this work is to advance the understanding of diffusion and how to control dif-
fusion in the context of nanoscience. This work focuses on the creation of devices through
nanomaterial engineering for facilitating both diffusion manipulation and characterization.
We demonstrate that it is possible through device and substrate level control to artificially
engineer diffusion speeds and to tune between classical and anomalous modes of diffusion.
Further, we show that it is possible to observe these phenomena despite the experimental
constraints of STM imaging through the use of deep learning for model selection.

The technical contributions of this project are the following:

• The design of a tuneable platform for engineering a wide range of diffusion regimes
through the creation of a graphene-hBN silicon-based field-effect transistor (FET).
Gate tuneable adsorbates are used to demonstrate the ability for device level control
to manipulate molecule charge states, adsorbate density, and diffusion rates,

• A physical model to explain the existence of subdiffusion for surface adsorbates which
can be controlled through moire heterostructure engineering.

• A deep learning framework for analyzing experimental diffusion data for diffusion model
selection.

1.4 Thesis Structure
This thesis is structured as follows:

• In chapter 2, I review diffusion theory, highlighting some key results of classical/anomalous
diffusion.

• In chapter 3, I review the experimental techniques and characterization necessary
for graphene field-effect transistor device fabrication and video STM. Gate control
is demonstrated through the imaging of variable density molecule arrays.

• In chapter 4, I share results demonstrating the ability to tune diffusivity through the
use of device level controls. Our experimental results here are corroborated by diffusion
barrier calculations which demonstrate a gate dependent diffusion which switches with
molecular charge state.

• In chapter 5, I present the application of deep learning on the problem of diffusion
model selection. I explain the observation of ergodicity breaking subdiffusion as a
result of substrate level control over moire twist angles. Subdiffusion is explained
using a Markov chain model. Here, we use deep learning to handle the problem of
sample availability in experiment in order to identify anomalous modes of diffusion.
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Chapter 2

Fundamentals of Classical and
Anomalous Diffusion

The diffusion of particles from high concentration to low concentration is the result of the
stochastic motion of single particles induced by thermal coupling with the environment.
Much of what is understood about macroscopic diffusive motion is explained by single-
particle stochastic dynamics. Robert Brown initially observed the diffusion of suspended
pollen in the early 19th century, commenting:

These motions were such as to satisfy me, after frequently repeated observation,
that they arose neither from currents in the fluid, nor from its gradual evapora-
tion, but belonged to the particle itself. -Robert Brown, 1828 (19 )

It was not until the 20th century that Einstein and Smoluchowski successfully created
mathematical models to explain the motion of molecules in probabilistic terms. Their models
connected physical quantities to the microscopic pictures of diffusion and the macroscopic
results of Fick’s second law of diffusion.

Meanwhile, deviations from Brownian motion, collectively referred to as anomalous dif-
fusion, have been observed in systems, including crowded cellular motion(2 ), single atom
diffusion on metals(9 ), and nanoparticle surface diffusion in liquids(10 ). Such anomalous
diffusion models extend the classical Brownian motion to model additional effects such as
particle trapping from defects and correlated particle motion. While the set of all anomalous
diffusion processes contains many different types, this thesis will only focus on one kind, the
subdiffusive continuous time random walk (CTRW), from the perspective of probabilistic,
atomistic modeling.

2.1 Random Walks
The simplest atomistic model of particle diffusion is the 1D discrete unbiased random walk.
To illustrate the physical picture behind the discrete random walk, we imagine a particle
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Figure 2.1: Random Walk Markov Chain

moving in a lattice that is thermally coupled to its environment and driven by thermal forces.
At equilibrium, the particle has no preference to move left or right. A Markov chain, like the
one illustrated in Figure 2.1, can describe this behavior where the state represents the current
position of the particle within the lattice and the allowed transitions are nearest neighbors
with equal probability of moving left or right. Put mathematically, the displacement at a
time, t ∈ Z+, of the particle, Xt, is:

Xt =
t∑

i=1

∆i (2.1)

{∆i} represents the nearest neighbor transition and are characterized by independent, identi-
cally distributed (i.i.d) Rademacher random variables. Having an identical and independent
distribution over the steps assumes that the statistics of motion are stationary over time and
that the particle’s future position is uncorrelated with its past given its present state.

In order to verify experimental results of diffusion, we are interested in expectation values
since these can be empirically estimated by taking sample averages. For the random walk
process, the first and second moments respectively of the displacement vector are (in units
of the lattice constant):

E[Xt] = E

[
t∑

i=1

∆i

]
= 0 (2.2)

E[X2
t ] = E

( t∑
i=1

∆i

)2
 = t (2.3)

The equations 2.2 and 2.3 are key results from diffusion theory which predicts that the
variance of particle position, which measures how far diffusive particles “spread out”, is
proportional to time. This variance over positions in equation 2.3 is known as the mean
squared displacement (MSD). While this derivation was for one dimension, the result remains
the same for any finite number of dimensions. This can be understood by recognizing that
the squared displacement in multiple dimensions is a sum of one-dimensional processes. For
example, in a d-dimensional isotropic random walk, the particle can move along either the
positive or negative direction of any dimension independent of the others. Here i represents
the dimensional index.
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Figure 2.2: Time evolution of a 1D Brownian particle with D = 1. The probability density
can also be interpreted in the sense of a physical density when talking about large numbers
of particles such as concentrations in solution

r2(t) =
d∑

i=1

X2
i (t) (2.4)

E[r2(t)] =
d∑

i=1

E[X2
i (t)] =

d∑
i=1

t = dt (2.5)

2.2 Gaussians in Classical Diffusion
When looking at stochastic quantities such as a diffusive particle’s position, we are often
interested in the probability distribution of values. Distributions over positions provide a
test for identifying random processes from observations.

Classical diffusion follows a Gaussian distribution which can be derived from different
perspectives. Taking the macroscopic perspective, we start from Fick’s second law of diffu-
sion:

∂ψ

∂t
= D∇2

xψ(x, t) (2.6)

with ψ(x, t) as the particle concentration, t as time, x as position, and D is a quantity
known as the diffusion coefficient or diffusion constant and quantifies the proportion between
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particle flux to a concentration gradient. Given a point source initial boundary condition,
using Green’s functions, the solution to this differential equation is in d dimensions:

ψ(x, t) =

(
1

4πDt

)d/2

exp

(
−|x|2

4Dt

)
=

d∏
i=1

(
1

4πDt

)1/2

exp

(
−x2i
4Dt

)
(2.7)

From equation 2.7, we see that the multidimensional concentration reduces to the product of
independent, identically distributed 1D gaussians, N (0, 2Dt), and establishes the connection
between the variance derived using the atomistic random walk model and macroscopic per-
spective of diffusion. It follows from this that the MSD is 2Dtd. While D doesn’t make an
appearance in equation 2.3, this is due to the choice of units to match the lattice dimension
and frequency of hops such that D = 1/2.

We can similarly recover a Gaussian if we consider the atomistic random walk model.
Notice that the equation for displacements (eqn. 2.1) is the sum of i.i.d random variables.
We use the central limit theorem as shown below:

Theorem 1 If (Xn)n∈N is a sequence of i.i.d random variables with common mean µ and
finite variance σ2, then in convergence in distribution∑n

i=1Xi − nµ

σ
√
n

d−−−→
n→∞

N (µ, 1) (2.8)

Using the theorem 1 and µ = 0, σ2 = 2D,n = t, we have for the distribution over displace-
ments.

Xt =
t∑

i=1

∆i
d−−−→

t→∞
N (0, 2Dt) (2.9)

2.3 The Physical Picture of Surface Diffusion
With the key quantity defining diffusion being the diffusion constant, a natural question that
arises when studying diffusive systems is how is the diffusion constant physically determined,
which generally depends on the physical system being considered. For surface diffusion on
metals in particular (20 ), a typical model for diffusion is a particle coupled with a thermal
bath trapped in a periodic potential landscape. In this picture, adsorbates oscillate within a
lattice minimum until receiving a thermal excitation sufficient to overcome the energy barrier
between lattice sites, Ediff , a quantity known as the diffusion barrier. To model the rate an
adsorbate can escape the lattice site, we use Boltzmann statistics:

Γ = ν exp

{
−Ediff

kBT

}
(2.10)

where Γ represents the escape rate, ν is a temperature independent attempt frequency which
roughly corresponds to the oscillation of the particle within the trap and how often it tries to
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Figure 2.3: Adsorption energy landscape for diffusion in one dimension. The vacuum level,
Q, lies far above the diffusion barrier energy, Ediff , shown for a lattice with a spatial
period of a.

overcome the diffusion barrier, and kB and T are the Boltzmann constant and temperature
respectively. Equation 2.10 models the effective hopping rate by just taking the successful
fraction of all attempts made by the particle per unit time. The quantity Γt thus encodes
the total number of hops made by the particle up to time t. It follows from the discussion
of equations 2.3 and 2.7 that by equating the variances of the random walk model with the
solution from Fick’s second law, we can express the MSD and diffusion constant solely in
terms of the physical system parameters.

E[r2t ] = 2Dtd = a2Γt (2.11)

D =
Γa2

2d
(2.12)

2.4 Anomalous Subdiffusion: Continuous Time Random
Walks

While the aforementioned diffusion models, which I will collectively refer to as “classical
diffusion”, have been successfully applied to a wide range of different physical systems, these
models are not general enough to describe all types of physical diffusion. Diffusion processes
where the MSD grows sublinearly with time, so called subdiffusive processes, have been
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Figure 2.4: Probability density function (PDF) for a subdiffusive continuous time random
walk. CTRW with anomalous exponent α = 1/2, drawn for the consecutive times
t = 0.1, 1, 10. The cusp shape of the PDF is distinct(25 )

modeled mathematically (21–23 ) and observed in various physical systems(9 , 24 ). A subset
of these processes are referred to as subdiffusive continuous time random walk (CTRW),
which at a high level aim to model the phenomenon of inhomogeneous diffusion or diffusion
in the presence of particle traps.

Counting Processes and Wait Times

In the previous treatment of diffusion, we looked at the evolution of the particle position in
terms of discrete time. However, since a particle’s position is defined in continuous time, it’s
desirable to have a description of the diffusion process in terms of continuous time. In order
to factor this change into our model, we can incorporate a counting process into our random
walk. A counting process, N(t), is a stochastic process that counts the number of events
that have occurred up to some time t, which in the context of diffusion counts the number
of hops up to time t. With this change, equation 2.1 becomes:

X(t) =

N(t)∑
i=1

∆i (2.13)

If the spatial portion of the diffusion process, {∆i}, is independent from the temporal com-
ponent, N(t), we call this diffusion process separable. For separable diffusion, we use Wald’s
equation to obtain the following result for the MSD similar to equation 2.3.
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E[X2
t ] = E

N(t)∑
i=1

∆i

2 = E[N(t)]E[∆2
i ] (2.14)

Equation 2.14 offers a similar insight as equation 2.11 demonstrating that the lattice
length scale and the hopping rates are simply multiplied together to obtain the mean squared
displacement. However, it generalizes the concept of having equally spaced hops in time to
any counting process in general.

For the case where events occur with some well defined positive rate, say a Poisson
process of rate λ and holding/waiting times {T1, T2, ...}, which we could choose to model
the jumping process of a Brownian particle, the number of hopping events is proportional
to time N(t) = λt. This result is derived from Renewal Theory as,(26 )

lim
t→∞

N(t)

t

a.s.→ 1

E[Ti]
= λ (2.15)

where the limit converges almost surely. While the above equation 2.15 is clearly true, the
above result proves an important property about Brownian motion known as ergodicity.
The left-hand side of the limit is an expression about a single particular realization whereas
the right-hand side is a measure over an ensemble, indicated by the expectation value over
waiting times. This says that we can completely characterize the statistics of a Brownian
process by tracking a single particle for a long time rather than requiring many distinct
samples.

The previous derivation critically relied on the average waiting times having a finite
mean. If we instead consider a wait time distribution with infinite mean(28 ), for example a
distribution with a heavy tail, ψ(t) := ψTi

(t) ∼ 1
tα+1 , defining(29 )

Ψ(t) =

∫ ∞

t

ψ(s)ds (2.16)

which is the probability no hops occur before time t. Letting P (N, t) = P (N(t) = N), It
follows that

P (N(t) = 1) =

∫ ∞

0

ψ(s)Ψ(t− s)ds = (ψ ⊛Ψ)(t) (2.17)

which is a convolution. Doing an N-fold convolution yields P (N, t) = (ψ⊛NΨ)(t). Using a
Laplace transform and integrating by parts gives

P̃ (N, s) = ψ̃(s)NΨ̃(s) = ψ̃(s)N
1− ψ̃(s)

s
(2.18)

We can use this expression to obtain the expected value counts, E[N(t)], but in Laplace
space E[Ñ(s)]:
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Figure 2.5: Mean squared displacements for different types of diffusion (27 ).

E[Ñ(s)] : =
∞∑

N=0

P̃ (N, s)N (2.19)

=
1− ψ̃(s)

s

∞∑
N=0

Nψ̃(s)N (2.20)

=
ψ̃(s)

s(1− ψ̃(s))
(2.21)

For diffusion we’re often interested in the long term behavior where t → ∞, which corre-
sponds to the s→ 0 limit in Laplace space. The Tauberian theorem relates the asymptotics
of a function to its representation in Laplace domain, in particular

s→ 0 ⇐⇒ t→ ∞ (2.22)

ψ̃(s) ∼ 1− Asα ⇐⇒ ψ(t) ∼ 1

t1+α
(0 < α < 0) (2.23)

ψ̃(s) ∼ sβ ⇐⇒ ψ(t) ∼ tβ−1

Γ(β)
(β > 0) (2.24)

If we have a heavy tailed wait time distribution, upon substituting into the counts equation
2.21, the resulting scaling law is,
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E[Ñ(s)] ∼ s−(α+1)/A⇐⇒ E[N(t)] ∼ tα (0 < α < 1) (2.25)

yielding a sublinear mean squared displacement characteristic of subdiffusion.

2.5 Ergodicity
A key assumption underlying much of statistical mechanics is the idea of ergodicity, which
means that at thermal equilibrium, the likelihood of a system being in any given state
depends only on the energy of the state, which is said to follow Boltzmann statistics. A
random process is considered ergodic if the time averaged statistics of a single sample over a
long period of time is identical to that over an ensemble of samples. An important question
to ask for a number of physical systems is whether the system will converge to its Boltzmann
distribution and the speed of convergence.

For diffusion, it is common to use the time averaged mean squared displacement (TAMSD)
to characterize a physical system, defined mathematically as:

δ2(∆, t) =

∫ t−∆

0
[x(t′ +∆)− x(t′)]2dt

t−∆
(2.26)

which just averages over all displacements occurring over a window in time of length ∆ for
a system that has been measured up to time t. From our previous treatment of classical
and anomalous subdiffusive random walks, we saw that the time scaling was only dependent
on the hopping process, scaling as E[N(t)] ∼ tα. Taking a time average of the hopping
process yields a linear scaling law with the window size for ∆ ≪ t, for which the TAMSD
and ensemble averaged mean squared displacement (EMSD) are unequal in the case of a
subdiffusive random walk.

E[δ2(∆, t)] ∼ E[N(t+∆)−N(t)] = E[N(t+∆)]− E[N(t)] (2.27)

∼ t1+α −∆1+α − (t−∆)1+α

(1 + α)(t−∆)
(2.28)

Taking the limit of ∆ ≪ t

E[δ2(∆, t)] ∼ ∆

t1−α
(2.29)

From 2.29 it’s evident that at smaller lag times the linear behavior of the TAMSD can never
match the sublinearity of the EMSD for a subdiffusive CTRW.



CHAPTER 2. FUNDAMENTALS OF CLASSICAL AND ANOMALOUS DIFFUSION13

Figure 2.6: TAMSD Simulations of the subdiffusive CTRW process. TAMSDs for a CTRW
with α = 3/4 and free boundary conditions. Different realizations of the CTRW result in
different estimated diffusion constants. (24 )

2.6 Discussion
This chapter presents atomistic models of both classical and anomalous diffusion. To cre-
ate these models, we argued that steps occur at random times and are uncorrelated. By
permitting different types of hopping processes we found different resulting scaling relations
for the mean squared displacement. This theoretical toolkit provides a generalized frame-
work for understanding the physics of stochastic motion. These models, which rely only on
probabilistic constructions, can be used to describe a wide array of systems.

Diffusion provides a rich theoretical framework for answering fundamental questions
about non-equilibrium behavior through the lens of ergodicity. An important question when
studying non-equilibrium systems is the time scale, if it exists, required to relax to equilib-
rium conditions. (30 ) For a subdiffusive CTRW, we showed that there existed a non-ergodic
phase throughout all time, a result of the aging of a CTRW process (24 , 31 ). However,
for real physical systems, there are many deviations from the CTRW model(32 ), such as
smooth cutoffs in the waiting time distribution due to finite bounds on energy depth of par-
ticle trapping sites, which allow the system to relax to an ergodic state given infinite time,
albeit slowly. By comparing the TAMSD and EMSD of a system, the relaxation times of a
stochastic system can be estimated.

A challenge that remains when understanding real physical systems is how microscopic
physical properties and interactions manifest into realizations of the models discussed here.
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In chapter 4, we use this framework to identify and characterize gate-tuneable diffusion
quantities. By first identifying the correct diffusion model, we can infer or propose the types
of microscopic physical interactions that give rise to the ensemble macroscopic diffusion
observations. In chapter 5, we explore this problem of model selection, first on a proposed
physical diffusion model and then on real experimental data through deep learning and
statistical tests, which are based on the properties discussed here.
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Chapter 3

Fabrication and Characterization of
Gate Tuneable Molecule Arrays Through
Scanning Tunneling Microscopy

This chapter focuses on methods for creating and characterizing molecules on a gate tuneable
device. Here, we have used scanning tunneling microscopy (STM) to image reversible, gate-
tuneable control of the surface concentration of charged molecules on a graphene field-effect
transistor (FET). We demonstrate precise, all-electrical control over the inter-particle density
of charged F4TCNQ molecular arrays on graphene FETs held in ultra-high vacuum (UHV)
at T = 4K. The resulting tuneable surface arrays enable controlled charge doping and Fermi-
level pinning of the graphene FET, and provide a new method for determining molecular
energy level alignment based on measuring molecular surface concentration. The mechanism
underlying gate-based tuning of molecular arrays is well-described by a simple capacitor-
based model in which molecules each carry one electron of charge and dynamically rearrange
themselves to screen back-gate-induced electric fields and reduce overall electronic energy.
Ionic surface array concentrations are fully determined by the device back-gate voltage,
the device geometric capacitance, and the energy difference between the Dirac point of the
graphene device and the lowest unoccupied molecular orbital (LUMO). Much of the work
here is presented in our published manuscript: F. Liou et. al. “Imaging Reconfigurable
Molecular Concentration on a Graphene Field-Effect Transistor”. (33 )

3.1 Related Work
Ions are an effective tool for modifying the behavior of surfaces and 2D materials.(34–
37 ) For surfaces a common route to control ion behavior is through techniques involving
electrochemical cells and electrolyte solutions.(38–40 ) This has enabled advancements in the
understanding of ionic surface self-assembly,(41 ) surface diffusion,(7 , 42 ) and catalysis.(43 )
For 2D materials ions are employed largely as intercalants and there is great excitement at the
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prospect of using them for superdense energy storage(44 , 45 ) to drive useful phase-change
processes,(46 ) and to create neuromorphic memristive devices.(47 ) At the intersection of
surface science and 2D materials, however, there is less activity focused on controlling ion
motion in single-layer devices at the individual ion level.(48 ) This topic is important since
better control of ionic behavior at device surfaces could enable ions to be positioned into
useful new device-relevant configurations.(49 , 50 ) In some sense the Coulomb field of a
single ion can be thought of as the smallest possible “local gate” (in the parlance of device
physicists),(51 ) and deterministic placement of ions at a device surface thus represents the
ultimate microscopic limit of electrostatic control. For individual ions to be effective elements
in 2D nanodevices, however, there are some practical matters to consider. For example, the
control of ionic mechanical arrangements should occur in the absence of bulky electrolyte
solutions, and precise ionic surface concentration and placement should ideally be responsive
to applied electric fields and currents within the device itself.

3.2 Fabrication of Graphene - Hexagonal Boron Nitride
Field-Effect Transistors with F4TNCQ

Gate tuneable graphene/h-BN FET devices are composed of a conductive channel material
(graphene), dielectric material (h-BN/SiO2), contact material (Au) and the device package
(sample mounting and wire bonding). The content here is based on our published paper:
H.S. Jung et al., “Fabrication of Gate-tuneable Graphene Devices for Scanning Tunneling
Microscopy Studies with Coulomb Impurities”.(52 )

The device consists of (from top to bottom): F4TCNQ adsorbates, graphene, h-BN, SiO2

and bulk silicon. h-BN acts as an insulating thin film with an atomically flat and electrically
uniform substrate for graphene.(53 , 54 ) SiO2 provides a dielectric layer, while bulk silicon
acts as a back-gate.

Single layer graphene is placed on top of a h-BN/SiO2/Si chip via mechanical exfolia-
tion.(55 ) Electrical source and drain contacts were fabricated by depositing 3nm Cr and 10
nm Au through a stencil mask. The silicon substrate was used as the back-gate. The com-
pleted device geometry is illustrated in Figure 3.1. After placing in UHV, the graphene sur-
face was cleaned by high-temperature annealing in vacuum at 400C for 12 hours. F4TCNQ
molecules were deposited onto the device surface while holding it at room temperature by
evaporation from a Knudsen cell.

3.3 Principles of Scanning Tunneling Microscopy and
Spectroscopy

Scanning Tunneling Microscopy enables atomically resolved characterization of topography
and electronic structure of materials through the phenomenon of quantum tunneling. Based
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Figure 3.1: Graphene FET device geometry.

on the design developed by Binning, Rohrer, Gerber and Weibel(56 ). The setup uses a
metal probe connected to a set of piezo motors that operate laterally and vertically. The
probe is brought near (∼1nm) a conductive surface with a finite voltage applied across the
probe and the sample and electrons can flow can tunnel across the vacuum barrier between
the tip and the sample with exponential sensitivity to the tip-sample distance. In constant
current mode, the feedback loop is used to maintain this tunneling current whilst adjusting
the vertical piezo. To create an image, the sample is raster scanned with the probe while
recording the response of the vertical piezo motor.

The theoretical description of quantum tunneling was created by Bardeen, Tersoff, and
Harmann.(57 ) The transition rate of electrons from the tip to the sample can be described
by Fermi’s golden rule:(58 )

Wt→s =
2π

ℏ
|Ms,t|2δ(EF − E) (3.1)

where the tunneling matrix element is Ms,t := ⟨ψs|H ′ |ψt⟩, and the sample and tip states are,
|ψs⟩ and |ψt⟩ respectively, and H ′ is the first order perturbation Hamiltonian describing the
tip-sample junction. The total current can be obtained by summing over the contribution
of sample surface states. Tersoff showed that in the limit of small voltage and temperature,
for a point probe, the current across the junction is:

I ∝s

∑
s

|ψs(r0)|2δ(Es − EF ) (3.2)

where r0 is the position of the point probe, Es is the energy of state ψs, and EF is the Fermi
level. This equation expresses that the current is proportional to the surface local density of
states (LDOS) at the Fermi level. Tersoff shows that

|ψs(r0)|2 ∝ exp{−2κd} (3.3)
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where κ = ℏ−1(2mϕ)1/2 is the minimum inverse decay length for wave fucntions in vacuum,
ϕ is the work function, and d is distance from the tip to the surface. This demonstrates the
exponential sensitivity of the tunneling current to the tip-sample distance. Often, we want
to probe the local electronic structure in STM. When a bias voltage, V , is applied on the
sample, the band structure of the sample is shifted by eV , which shifts energy values of the
Fermi-Dirac distribution and density of states with respect to the Fermi level. This modifies
the current by including the participation of states up to energies of eV . This can be summed
over by integrating over the continuum of tip energies (assuming constant density of states).
At low temperature, the Fermi-Dirac distribution is a unit function from 0 to eV and zero
otherwise.

I(V ) ∝
∫ eV

0

|ψs(r0)|2δ(Es − eV − EF ) (3.4)

We can measure the differential conductance to perform Scanning Tunneling Spectrocopy
by taking the derivative, which yields:

dI

dV
∝s |ψs(r0)|2δ(Es − eV − EF ) = LDOS(EF + eV ) (3.5)

3.4 Gate Tuneable Density of Molecules
We demonstrate reversible nanoscale control over the concentration of ions at the surface
of a graphene field-effect transistor (FET) by applying current and voltage signals to the
FET in the absence of any electrochemical solvents. Reversible control over the surface
concentration of charged F4TCNQ molecules was accomplished by simultaneously applying
a source-drain current and an electrostatic back gate voltage to conventional graphene FET
devices at cryogenic temperature. Under these conditions the primary effect of the source-
drain current is to heat the graphene surface and promote molecular diffusion. When an
electrostatic back-gate is simultaneously applied with the source-drain current, the diffusing
molecules adjust their surface density in response to the gate voltage. Setting the source-
drain current to zero causes the molecules to freeze in place so that their gate-adjusted density
can be measured directly via STM imaging. This “freeze-frame” imaging technique allows us
to directly visualize the effects of molecular motion in response to electrical signals applied
to our devices. We observe that the surface density of charged molecules varies linearly with
applied back-gate voltage, suggesting that the molecules contribute to the screening of the
gate electric field. The graphene Fermi level also appears to be pinned by the F4TCNQ
lowest unoccupied molecular orbital (LUMO) energy level as the gate voltage is changed
during the density manipulation process. This implies that charged molecules on the FET
surface dynamically change their concentration in order to suppress energetically unfavorable
filling of graphene band states. The connection established here between molecular electronic
structure and molecular surface concentration provides a new technique for quantitatively
determining molecular energy levels by simply counting the number of molecules on a surface.
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Figure 3.2: Controlling molecular concentration on a graphene FET. (a) Sketch
representing the F4TCNQ molecular configuration (red balls) in the “as grown” state after
thermal evaporation onto a graphene FET. (b) Application of a back-gate voltage to the
FET while simultaneously flowing a source-drain current through the graphene causes the
molecules to diffuse out onto the graphene surface. (c) When the source-drain current is
turned off the device cools and the molecules freeze in place.
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Our technique for reversibly changing molecular concentration on graphene starts with
the deposition of F4TCNQ molecules onto a clean graphene/h-BN field-effect transistor held
at room temperature in UHV. We then cool our devices down to 4.5K and insert them
into our STM stage without breaking vacuum. At 4.5K the molecules remain stationary
and can be stably imaged by our STM. In order to controllably set the molecular density
to a desired concentration, a set-voltage (VG-set) is applied to the device back-gate while a
source-drain current of Isd ∼ 1.5mA is simultaneously passed through the graphene (i.e.,
a current density of ∼ 40 A/m), as sketched in Figure 3.2 Joule-heating induced by the
source-drain current provides the molecules with enough thermal energy to diffuse on the
surface and establish a new molecular concentration. As long as VG-set is above the threshold
−10V < VG-set (which ensures that the molecules are negatively charged(59–61 )) then a
well-defined molecular surface concentration will be established after allowing enough time
for equilibration (usually 100 seconds). The molecules freeze in place as soon as the source-
drain current is turned off and the new molecular concentration can then be imaged by the
STM.

The results of this protocol can be seen in the different prepared molecular concentrations
shown in Figure 3.3a-f. At a high set-voltage of VG-set = 60 V the resulting molecular density
is correspondingly high (nM = 6 · 1012cm−2) and repulsive interactions between the charged
molecules produce a roughly evenly-spaced molecular distribution (Figure 3.3a). As VG-set

is reduced, the resulting molecular concentration correspondingly reduces (Figure 3.3b-f).
A plot of molecule density vs. VG-set (Figure 3.3g) shows that the molecular concentration
is almost perfectly linear over the gate-voltage range −10V < VG-set < 60V, and remains
nearly zero for VG-set < −10V. The gate-tuneable molecular concentration is observed to
be non-hysteretic, as seen in Figure 3.3g where the forward and backward sweep data lie
almost perfectly on top of each other. The molecular concentration within our STM field of
view is thus precisely and reversibly controlled by tuning the graphene FET electrical device
parameters.

The molecular concentration across the entire FET surface, however, cannot be com-
pletely uniform since the molecules have to “go somewhere” when their concentration is
reduced and “come back from somewhere” when their concentration is increased, and this
“somewhere” cannot have the same density as the STM field of view seen in Figure 3.3.
However, the simple process described above for setting the molecular surface concentra-
tion is surprisingly robust and can be observed over a majority of the surface area that
we have scanned (∼ 80%) on multiple devices. A fraction of the device surface is defec-
tive/contaminated (∼ 20%) (and therefore unusable for this purpose) since the devices are
fabricated under ambient conditions before being placed in our UHV chamber for mea-
surement. We hypothesize that defective regions of the surface act as reservoirs that store
F4TCNQ molecules in a compact, condensed phase. F4TCNQ molecules must flow in and
out of these condensation regions (due to electrostatic potential inhomogeneities) to enable
the tight concentration control that we observe on the majority of the surface. A definitive
test of this “reservoir hypothesis” is difficult since mapping the entire surface of a graphene
FET at the atomic scale is currently not possible (and defective regions are difficult to im-
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Figure 3.3: Tuning molecular concentration by using FET gate voltage. (a)-(f) STM
topographs of the same area on the surface of a graphene field-effect transistor after tuning
the molecular density with different values of gate voltage over the range
−12V < VG-set < 60V. (g) Measured molecular concentration as a function of gate
set-voltage, VG-set. No hysteresis is observed for forward and backward sweeps. The
predicted molecular density from a simple capacitor-model is plotted as a dashed line.
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age), but we do note that a condensed phase of F4TCNQ molecules has been observed on
F4TCNQ-decorated graphene FETs in the past.(62 )

In order to understand the microscopic mechanism that underlies the gate-tunability
of molecular surface concentration, we must understand how charge readjusts itself in a
graphene device decorated by mobile, charge-tuneable molecules as we tune the gate voltage.
Here the molecule-decorated graphene forms one side of a capacitor while the back-gate
electrode forms the other, and so the total charge that flows to the molecule/graphene
system can be determined straightforwardly from the device capacitance and applied gate-
voltage (QT = −VG-setCT ). It is important to understand where this charge ends up in
the device since it has two places to go. On the one hand it can occupy Dirac fermion
band states while on the other it can occupy the LUMO states of the adsorbed molecules.
In order to untangle where the charge goes, we performed STM spectroscopy directly on
adsorbed F4TCNQ molecules as well as on bare graphene patches for different applied gate-
voltages and molecular concentrations. This enabled us to track the energetic alignment of
the F4TCNQ LUMO energy (EL) and the graphene Dirac point energy (ED) with respect
to the graphene chemical potential (i.e., the Fermi level, EF ) for different gate voltages, thus
providing snapshots of how charge in the device is distributed under different conditions.

We start with the negative gate-voltage regime, VG < −15V, since this is the most
straightforward regime to understand from an electronic viewpoint. The electronic config-
uration of the molecule/graphene system in this regime is qualitatively represented by the
sketch in the inset to Figure 3.4c. Here the graphene is p-doped since EF lies below ED.
The molecular LUMO level, EL, lies below ED but remains unfilled by electrons since it is
still higher than EF . Experimental evidence for this type of electronic behavior is seen in
the top dI/dV spectra of Figure 3.4a and 3.4b (all dI/dV spectra shown here were acquired
with molecules in the “frozen” state with the source-drain current set to zero). The top curve
in Figure 3.4a shows a dI/dV spectrum measured with the STM tip held above the center
of an F4TCNQ molecule for a gate-voltage of VG = −60V and a fixed molecular density of
nM = 0.8 · 1012cm−2. The F4TCNQ LUMO level is resolved as a peak at VS ≈ 0.2V above
the Fermi energy (EF is always at VS = 0). The precise energy position of the LUMO is
determined following the protocol of ref. (59 ) which takes into account known vibrational
effects.(59 , 63 ) The top curve in Figure 3.4b shows a corresponding “off-molecule” dI/dV
spectrum taken with the STM tip held over a bare patch of graphene 100 Angstroms away
from nearby F4TCNQ molecules for the same gate-voltage and molecular concentration. A
depression in dI/dV over the range −60mV < Vs < 60mV can be seen here that is known
to occur due to phonon inelastic tunneling effects,(64 ) and another depression is seen at
Vs ≈ 0.35V that is known to mark the location of the Dirac point (ED).(54 , 64 ) ED (from
Figure 3.4b) is observed to lie above EL (from Figure 3.4a) by ∝ 150mV at this gate voltage
and both quantities shift downward in energy together as the gate voltage is increased from
VG = −60V to −10V (Figure 3.4c). Such behavior is expected as EF moves upward in the
band structure shown in the inset to Figure 3.4c.

When VG is raised above VG = −10V, however, the device enters a different electronic
regime. This can be seen even without STM spectroscopy since the gate-dependent molecular
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Figure 3.4: STM spectroscopy of F4TCNQ-coated graphene field-effect transistor (FET).
(a) dI/dV spectra measured while holding the STM tip directly above an F4TCNQ
molecule for a molecular concentration of 0.8 · 1012 cm−2 at the surface of a graphene FET
(−60V < VG < −10V). Energy location of lowest unoccupied molecular orbital (EL) is
marked. Inset shows a representative image of the surface at this molecular concentration.
(b) dI/dV spectra measured while holding the STM tip over bare patches of graphene
∼ 100 Angstroms away from nearby F4TCNQ molecules for the same surface conditions
measured in (a) (−60V < VG < 60V, nM = 0.8 · 1012 cm−2). Graphene Dirac point energy
(ED) is marked. Inset shows a simplified representation of the electronic structure of
F4TCNQ molecules on graphene for large negative gate voltages (EF = Fermi energy).
Spectroscopy parameters: Isetpoint = 50 pA, wiggle-voltage amplitude = 15 mV,
frequency = 401Hz. (c) Gate-voltage dependent values of the molecular LUMO energy
(EL) shown for molecular density nM = 0.8 · 1012cm−2.
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concentration data of Figure 3.3g shows the concentration rising dramatically (from near
zero) for VG > −10V. The rise in molecular concentration shown in Figure 3.3g occurs at
the same gate voltage where the F4TCNQ LUMO begins to fall beneath EF and change
from being empty to being filled (Figure 3.4a). Unfortunately we cannot show any “on-
molecule” spectroscopy data for VG > −10V because negatively charged molecules (i.e.,
those with a filled LUMO) tend to become unstable during scanning tunneling spectroscopy
(STS) measurement. The off-molecule spectroscopy, however, is robust at all gate voltages,
as shown in Figure 3.4b. Here the Dirac point is seen to continuously fall in energy as the
gate voltage increases above VG = −10V, causing the graphene to transition from being
hole-doped (ED > EF ) to being electron-doped (ED < EF ) at VG ≈ 20V for this molecular
density (nM = 0.8 · 1012cm−2).

3.5 Discussion
Close inspection of the gate-dependence of ED for different fixed molecular densities reveals
evidence of Fermi-level pinning in our device induced by the distributed F4TCNQ LUMO
levels (Figure 3.5). This phenomenon is useful to understand because it provides information
on how device charge distributes itself on the surface at EF . We measured Fermi-level pinning
as a function of molecular concentration by first setting the concentration to the desired value
(as shown in Figure 3.5a) and then measuring the gate-voltage dependence of ED (Figure
3.5b) from off-molecule dI/dV spectra using the procedure described for Figure 3.4b. In the
absence of any molecules on the graphene surface ED moves smoothly down in energy with
increasing VG according to the expression(64 ):

ED(VG) = −sgn(VG)ℏvF
√
πC|VG − V0| (3.6)

where C is the unit area capacitance of the device and V0 reflects background doping. By
fitting Eq. 3.6 to the gate-dependent Dirac point energy of our device before depositing
molecules we are able to extract the capacitance between the graphene and the back-gate
electrode: C = 7.8 · 1010cm−2V −1.

For nonzero molecular concentrations, however, the ED vs. VG curve deviates from Eq.
3.6 and forms a “pinning” plateau at ≈ 140meV above EF , with the width of the plateau
increasing with increased molecular surface density (Figure 3.5b). It is useful to note that
the start of the plateau (for increasing VG) coincides with the gate voltage value where
the molecular LUMO begins descending below EF (Figure 3.4a), allowing the plateau to
be associated with the charging of F4TCNQ molecules. The value of ED at the plateau
(≈ 140meV above EF ) is nearly equal to the energy difference observed between ED and EL

in Figure 3.4c, strongly suggesting that the plateau in ED arises due to pinning of EF by
the molecular LUMO level. This interpretation is quantitatively supported by the increased
width of the pinned region as molecular concentration is increased (i.e., since higher molecular
concentrations can store higher concentrations of charge). For example, the ED plateau at
a fixed molecular concentration of 4.3 · 1012cm−2 has a width of ∆VG = 50 ± 5V which
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Figure 3.5: Fermi level pinning of F4TCNQ-doped graphene field-effect transistor (FET).
(a) STM images of graphene FET surface decorated with different molecular densities for
measurement of molecule-induced Fermi-level pinning shown in (b). (b) Gate-voltage
dependence of Dirac point energy (ED) measured via STS on graphene FET surface for the
different molecular densities shown in (a). A density-dependent plateau in ED indicates
Fermi level pinning. Red dashed line shows fit of Eq. 3.6 to data for zero molecular density
(nM = 0).
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corresponds to an increase in surface charge density by an amount
∆σ = (3.9± 0.4) · 1012e−/cm2 which nicely matches the molecular concentration (charge is
calculated using the capacitance value acquired via Eq. 3.6).

The Fermi level pinning described here for the static molecular configurations of Figure
3.5a is intimately related to the dynamic molecular reconfigurations that are at the heart of
gate-tuneable molecular concentration, the main phenomenon that we are trying to under-
stand. When the graphene Fermi level is securely pinned by molecular LUMO states, new
electrons added to the device (e.g., by an increase in VG) do not cause the Fermi level to
rise in energy since the LUMO levels absorb charge added to the graphene at EF . On the
other hand, if there are not enough molecules on the surface to pin the Fermi level, then
increasing the gate voltage will cause electrons to occupy graphene band states at higher
energies above EL. This is the origin (from an energetic perspective) of the force that drives
the molecules to move on the surface and to dynamically change the molecular concentra-
tion when VG is modified under “diffusive conditions” (i.e., when lateral source-drain current
flows through the device). Under these conditions as gate-voltage is increased the molecular
concentration must also increase to maintain Fermi level pinning (the overall lowest energy
state) by enabling charge to flow into lower-energy LUMO levels rather than higher-energy
Dirac band states.

These concepts allow us to quantitatively predict the concentration of molecules expected
on the graphene surface for a given gate voltage. We start with the condition that the
lowest-energy electronic configuration under diffusive conditions (and when −10V < VG)
occurs when the Fermi energy is pinned at EL. For a given gate voltage (VG-set) the total
charge density on the molecule-decorated FET surface (σT = −CVG-set) will then divide itself
between charge carried by the molecules (σM) and charge carried by the graphene Dirac band
(σG):

− CVG-set = σM + σG (3.7)

If each charged molecule contains one electron in its LUMO state then the total molecular
charge is σM = −nM where nM is the surface density of molecules and σM has units of |e|.
Eq. 3.7 then leads to the following expression for nM :

nM = CVG-set + σG (3.8)

Because EF is pinned at EL by the molecular coverage, σG, can be found by integrating the
charge density in the graphene band from the Dirac point to EL, resulting in the following
well-known expression:(65 )

σG =
|ED − EL|2

πℏ2ν2F
(3.9)

Combining Eqs. 3.7 and 3.9 leads to the final expression for molecular density as a function
of VG-set:
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nM = CVG-set +
|ED − EL|2

πℏ2ν2F
(3.10)

Using our known device parameters of C = 7.8 · 1010cm−2V−1 and VF = 1.1 · 106m/s, we are
able to fit Eq. 3.10 to the nM vs. VG-set data shown in Figure 3.3g by using |ED − EL| as
a fitting parameter. As shown by the dashed line in Figure 3.3g, Eq. 3.10 fits the data well
for a value of |ED − EL| = 142± 23meV.

We can check the validity of this theoretical framework by comparing the value of |ED −
EL| obtained from our molecular concentration measurements described above with the
value obtained using the STS measurements shown in Figures 3.4 and 3.5. STS enables us
to obtain ED − EL in two ways: first by extracting EL and ED directly from our dI/dV
spectra (Figure 3.4) and subtracting them, and second by determining the ED energy plateau
caused by Fermi level pinning (Figure 3.5). From Figure 3.4 we see that for VG = −30V our
on-molecule dI/dV spectrum yields EL = 165meV while our off-molecule spectrum yields
ED = 305meV. This results in a value of ED−EL = 140±20meV which agrees well with the
value of |ED − EL| = 142 ± 23meV obtained from the concentration-based analysis above.
The average |ED − EL| value determined from STS over the entire gate-voltage range of
−60V < VG < −10V for this concentration is 143 ± 9meV, in agreement with the value
obtained from the concentration analysis. The Fermi-level pinning data of Figure 3.5 also
reveals a Dirac point plateau at ED − EF = 140 ± 5meV. Since EF is pinned at EL under
these conditions, this reflects a value of ED − EL = 140 ± 5meV, again in agreement with
the value obtained above from the concentration analysis of Eq. 3.10.

One consequence of this analysis is confirmation that each F4TCNQ molecule involved
in graphene Fermi-level pinning carries a single electron of charge. Even at VG = 0 electrons
transfer from the Dirac bands above EL into molecular frontier orbitals at EL in order to
minimize the total electronic energy of the device (i.e., leading to nM = |ED −EL|2/(πℏ2ν2F )
at VG-set = 0 from Eq. 3.10). Another consequence is that measuring molecular concentration
on a graphene FET by this technique provides a new method for quantitatively determining
the energy alignment of molecular frontier orbitals with respect to the graphene Dirac point
(i.e., ED − EL). This method is potentially valuable for determining the energy alignment
of highly mobile adsorbates since it is difficult to prevent such adsorbates from moving inop-
portunely while under an STM tip during the bias sweeps required for STS. In our previous
work, for example, we found it necessary to anchor F4TCNQ molecules to secondary im-
mobile molecular structures in order to probe their LUMO levels in the charged state via
STS.(59 ) Such co-adsorption, however, can alter local dielectric environments and influence
molecular orbital energies.(66 , 67 ) Our new technique of measuring gate-dependent molec-
ular concentration allows one to bypass this problem and to access molecular energy-level
information through a completely different channel.

In conclusion, we have demonstrated that molecular concentration at the surface of a
graphene FET can be reversibly manipulated via a back-gate voltage applied simultaneously
with the “thermal lubricant” of source-drain current. The equilibrium molecular density is
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precisely determined by the capacitance between the back-gate electrode and the graphene,
in combination with the energy difference between the Dirac point and the molecular LUMO
level. The driving force behind this dynamic mechanical reconfiguration of molecular concen-
tration is the energetic favorability of molecular Fermi-level pinning over the charge-filling
of graphene Dirac bands. The energy alignment of adsorbed molecular LUMO levels ob-
tained from a concentration-based analysis using these concepts compares well with values
determined from direct spectroscopic probes such as STS. Using this procedure, we can thus
prepare systems of tuneable density, which should give rise to qualitatively different diffusive
behaviors.
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Chapter 4

Gate Tunable Diffusivity

In this chapter we demonstrate gate tunability of a molecular diffusion barrier. We first
discuss the procedures and analysis for characterizing diffusion in a low temperature STM
experiment which involves creating videos from a series of STM images. Videos are acquired
by repeatedly heating the sample to drive diffusion and then quenching the sample to liquid
helium temperature in order to take an STM “snapshot” of the surface. Videos are pro-
cessed using classical computer vision techniques in order to detect and link particles across
video frames. This enables analysis of trajectories by measuring MSDs to extract diffusion
constants/barriers. Our work highlights a new avenue for enhancing diffusion on a device
outside of more common temperature control by using a backgate electric field to directly
change the diffusion barrier.

4.1 Related Work
In-situ microscopic characterization of adsorbates on metal surfaces has been performed in
ultra-high vacuum settings(68 , 69 ) through STM(12–16 , 18 ) and in solution(7 ) via individ-
ual adatom tracking. Previously, diffusion barrier tunability through an externally applied
electric field has been demonstrated via tunability of adsorbate-substrate interaction due to
changes in the adsorbate dipole moment (7 ), as well as through tunability of adsorbate-
adsorbate interaction.(18 ) However, as of yet, control of diffusion in the context of a device
has yet to be achieved.

4.2 Methods

Low Temperature Video STM

Low temperature STM is performed at liquid helium temperature (∼ 4K), which is much
lower than the required temperature to observe diffusive motion for most adsorbates. Dif-
fusion for our molecule of interest, F4TCNQ, is observable around 20K. However, at this
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Figure 4.1: Control loop for video STM of diffusion

temperature, the low frame rate of conventional low temperature STM makes it impossible
to directly video capture diffusion in STM while the system is held at 20K. In order to study
the time evolution of diffusion, we adopted a “clay-mation” method of video imaging in which
the system is driven at high temperatures (≈ 20K) for a short amount of time (≈ 10s) and
then cooled to liquid helium temperature for imaging. This process, portrayed in Figure 4.1,
is repeated many times in order acquire successive video frames.

Computer Vision Techniques for Particle Tracking

Particle tracking can be roughly divided into two tasks: detection and linking. Detection
is the task of finding particle centers from raw images and linking is making associations
between particle detections of successive frames. The techniques described henceforth are
described in deeper detail in work by Crocker and Grier and are implemented in TrackPy.(11 ,
70 )

Detection can be done using a technique known as template matching. In template
matching, for some image, Iij, we want to find the locations of a smaller image, which we
call the template, Tij, within Iij. Given both the image and template, the location of a
match can be found by using a sliding window between the image and the template and
optimizing an appropriate similarity measure, either minimization of the sum of absolute
differences or maximization of normalized cross correlation. Cross correlation methods are
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Figure 4.2: Particle detection using Gaussian templates and cross correlation. A Gaussian
template is convolved with the original source image in order to detect particle centroids.
Gaussian convolution is the same as applying a low pass filter. After filtering, local
maxima are thresholded before being accepted as a particle detection.

often favored for their speed due to the possibility of performing the calculation using fast
Fourier transform/convolution methods over spatial domain methods, even though spatial
methods have techniques such as image pyramids to accelerate the worst case run time of
image registration.(71 , 72 ) For the template, a discrete Gaussian kernel of similar width as
our particle is chosen as the template. Despite F4TCNQ having a non-zero eccentricity, we
find that the choice of an isotropic Gaussian template doesn’t adversely affect the quality of
detection as shown in Figure 4.2

For linking, the associations between particle detections of successive frames need to
be made. If we assume a Gaussian prior on the motion of particles, which is the same
as treating the particles as obeying Brownian dynamics, the maximum likelihood particle
association roughly corresponds to linking detections that are spatially close to each other.
More rigorously, we say the probability density of some displacement xi − xj occurring is:

f(xi,xj) =
1

σ
√
2π

exp

(
1

2

|xi − xj|2

σ2

)
(4.1)

The maximum likelihood association is the optimal solution to following optimization prob-
lem.

max
{xi},{x′

j}
=
∏
ij

f(x′
i,xj) (4.2)

where {xj} is the list of detected particle positions in one frame, and {xi} is the list of
proposed particle associations from detected particles in the following frame. The problem
reduces to that of finding the optimal permutation of candidate labels, which naively has
combinatorial runtime complexity. In practice, not all particles are likely candidates, so it is
common practice to filter candidates by some maximum allowed distance from some starting
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Figure 4.3: Particle Tracking. Example sample tracks generated using Gaussian template
matching and Brownian motion priors.

position before considering a successive candidate. While this optimization framework is
theoretically based on a Gaussian prior, we find that this technique works well for other
types of unbiased random walks that we have observed experimentally, including the CTRW.
An example result from tracking is shown in Figure 4.3.

We found that the orientation of the molecule was highly correlated with the diffusive
behavior of the system. F4TCNQ prefers to adsorb onto graphene such that the molecule will
sit on top of and align to the graphene carbon-carbon bridge site as depicted in Figure 4.4. As
a result, there are three allowed F4TCNQ adsorption orientations corresponding to the 3-fold
triangular rotational symmetry, each orientation being 120 degrees apart. To determine the
orientation of the particle in a given frame, we use a technique known as image moments.(73 )
Image moments fit a multivariate Gaussian kernel to a detected particle instance. It does
this by calculating the covariance matrix, Σ, of the particle image intensity, f(x, y), that is:
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Figure 4.4: F4TCNQ adsorbed on graphene. The preferred F4TCNQ adsorption geometry
is such that the center of the molecule is aligned on top of the graphene C-C bond.

µpq =
∑
x

∑
y

(x− x)p(y − y)qf(x, y) (4.3)

µ′
20 = µ20/µ00 (4.4)
µ′
02 = µ02/µ00 (4.5)
µ′
11 = µ11/µ00 (4.6)

Σ =

[
µ′
20 µ′

11

µ′
11 µ′

02

]
(4.7)

The eigenvectors of the covariance matrix correspond to the major and minor axis of the
particle. The angle of the major axis, Θ, is then given by:

Θ =
1

2
arctan

(
2µ′

11

µ′
20 − µ′

02

)
(4.8)
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Figure 4.5: Orientation Estimates of F4TCNQ. Estimation of the F4TCNQ major axis via
image moments.(73 )

We demonstrate this capability in Figure 4.5. Although there is some estimation error
in the exact orientation of the molecule due to the finite resolution of the STM, we are only
interested in which of the 3 orientations any particular molecule belongs to, so we can bin
molecule orientations using any 3 triangularly symmetric bins.

4.3 Results
To study the effect of the gate voltage on the diffusion barrier, we collected a series of
STM videos of diffusion at varying gate voltages and temperatures. For a given video taken
at a fixed temperature and gate voltage, the diffusion constant is extracted by calculating
the mean squared displacement through ensemble and time averaging from the measured
trajectories obtained via the detection and linking algorithms described in Methods. For a
single gate voltage, we repeat this process for different temperatures in order to obtain a
functional dependence between the diffusion constant and the temperature. A representative
example of one such experiment is shown in Figure 4.6.
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Figure 4.6: Experimental diffusion constants vs. temperature.

Using the physical model of surface diffusion proposed in equations 2.11 and 2.10, we can
recover the diffusion barrier, Ediff, of the system through an Arrhenius plot. This yields the
diffusion barrier for a single gate voltage. We repeated this for differing gate voltages, the
result of which is shown in Figure 4.7.

Analysis of the gate dependence of the diffusion barrier reveals a regime change beginning
at VG = −20 V, which is near the charge transition point of the molecule as shown in (59 ) and
Chapter 3. In the uncharged regime, VG < −20, the diffusion has a sharp gate dependence
whereas in the charged regime, there is little charge dependence and the molecule is more
mobile in comparison.

Experimentally it was found that the charged and uncharged states of the molecule
qualitatively diffuse differently. This is shown in Figure 4.8. Scatter plots of displacements
for both charged and uncharged molecules are shown and differentiated by whether the
molecule was observed to have rotated or not during diffusion. The scatter plots demonstrate
that for the charged molecule the preferred diffusion pathway is purely translational whereas
for the uncharged molecule the diffusion pathway also includes rotational modes of motion.
This experimental finding is corroborated by constrained density functional theory (DFT)
calculations performed by Zachary Goodwin and Johannes Lischner shown in Figures 4.9,
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Figure 4.7: Experimental diffusion barrier vs. gate voltage. Gate dependence of F4TCNQ
diffusion barrier. Diffusion barrier experiments reveal a regime change corresponding to
charged and uncharged molecular states which lead to very different gate responses. In the
uncharged case, molecule diffusion has a sharp gate dependence whereas the charged case
shows very little gate dependence.

4.10, 4.11. Diffusion pathways are shown in figures 4.9 and 4.10, with the highest energy of
a given pathway being the diffusion barrier. Qualitatively, the energies for the high energy
reaction coordinates correspond to configurations where some of the atoms of the F4TCNQ lie
directly over atoms in the graphene lattice. The energies of these pathways were calculated
for different levels of graphene doping and are shown in 4.11. Estimated energy barriers
reveal that between the charged and uncharged configurations different diffusion modes are
preferred. For the charged molecule, the purely translational diffusion mode is the lowest
energy pathway with very little gate dependence, whereas for the neutral molecule the lowest
energy diffusion pathway is a 60 degree rotation plus translation which yields a stronger gate
dependence. These results demonstrate that gate tunable diffusivity is possible by accessing
the different charge states of a molecule.
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Figure 4.8: Displacement scatterplots for charged and uncharged molecules. Scatter plots
show that charged and uncharged molecules use qualitatively different diffusion pathways.
Charged molecules are observed to prefer purely translational modes of diffusion (shown in
blue) whereas uncharged molecules have access to a rotational pathway (shown in orange).



CHAPTER 4. GATE TUNABLE DIFFUSIVITY 38

Figure 4.9: Translational diffusion pathway. Calculations done by Z. Goodwin and J.
Lischner

Figure 4.10: Rotational diffusion pathway. Calculations done by Z. Goodwin and J.
Lischner.
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Figure 4.11: Ab initio diffusion barrier estimates. Scatter plots show that charged and
uncharged molecules use qualitatively different diffusion pathways. Charged molecules are
observed to prefer purely translational modes of diffusion whereas the uncharged molecule
has access to a rotational motion pathway. Moreover, the translational mode of motion in
the charged case possesses little gate dependence in contrast to the uncharged case, where
the lowest energy diffusion mode (60 degree rotation and translation) has a significant gate
dependence. Calculations done by Z. Goodwin and J. Lischner.
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Chapter 5

Tunable Ergodicity of Molecular
Adsorbates on Moiré Surfaces with
Substrate Energy Landscape Engineering

Ergodicity, the property that any single realization of a physical system given enough time
will relax to its ensemble average configuration, is a key assumption in equilibrium statistical
mechanics. The amount of time required to reach the ergodic configuration is different for
various systems. Here we consider molecular surface diffusion on a moiré superlattice where
we find using Monte Carlo simulation that the relaxation time of diffusion is comparable to
the observation time scale and that ergodicity is not necessarily held in this time scale. We
tested ergodicity experimentally, choosing a model system of organic single molecule adsor-
bates diffusing over a graphene/h-BN moiré superlattice. We find that the structure of the
moiré substrate induces a weak ergodicity breaking in the surface diffusion of adsorbates,
particularly at low temperatures and large superlattice wavelengths, allowing us to tune
the ergodicity by engineering the moiré surface. Using video scanning tunneling microscopy
(STM) experiments on a gated graphene device, we demonstrate that increasing the temper-
ature or decreasing the superlattice wavelength changes the stochastic motion of adsorbates
from a moiré superlattice-mediated anomalous subdiffusive continuous time random walk
towards the Brownian limit.

5.1 Related Work
Traversing an energy landscape composed of many microstates over a long period of time
to relax to an equilibrium condition is key to the stability of disordered systems, which
include phenomena such as spin/thermal glass relaxation(74–76 ), motion of laser cooled
atoms(77 ), soft particle jamming transitions(78 , 79 ), and simulated annealing(80 ). The er-
godic hypothesis posits that at equilibrium, accessing all microstates on an energy landscape
are equiprobable. However, for a heterogeneous system, where there are a large number of
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unique microstates on the landscape, in a short period of time only a fraction of available mi-
crostates are sampled.(24 , 81 ) This behavior can be modeled by the subdiffusive continuous
time random walk (CTRW), a random walk process which permits the time interval between
successive jumps to follow a heavy tailed distribution meant to capture the behavior of state
variables trapped in metastable local minima state of varying depth.(82–84 ) Long trapping
times cause state sampling to slow over time, a phenomenon known as aging, which results
in time averaged quantities being random rather than converging to a single finite value.(23 ,
24 ) For such a system, even at equilibrium, the timescale required to access the range of
microstates can be extremely large and weak ergodicity breaking may emerge on the ob-
servation timescales.(30 ) This stands in stark contrast with the classical model of diffusion,
Brownian motion, where the random walk process takes uncorrelated steps in space and time.
Whereas the CTRW is a non-ergodic process due to the heavy-tailed time intervals between
the jumps, Brownian motion is a random walk with a finite expected time between jumps,
resulting in ergodic behavior. While previous work has demonstrated access to both ergodic
and non-ergodic regimes of physical systems through access of different timescales(85 ), as of
yet, system control in order to directly control the timescales of these regimes has not been
reported. Here we demonstrate an example of artificially-induced ergodicity breaking for fi-
nite observation timescales with particles sampling an engineered energy landscape through
a thermal diffusion process at the molecular length scale.

5.2 Results
A heterogeneous energy landscape for particle diffusion is created by a moiré superlattice
of two-dimensional heterostructures. Moiré surfaces form by vertically stacking two slightly
different periodic sheets. In two-dimensional heterostructures, moiré superlattices can form
by overlaying two sheets of two-dimensional materials with different periodicity or orienta-
tion. Thermalized molecular surface adsorbates can diffuse over this engineered superlattice
energy surface (Figure 5.1a). The diffusion behavior of adsorbates over the two-dimensional
moiré superlattice can be tuned by controlling the temperature, T , and the moiré periodicity,
p, of the superlattice. Here, the superlattice potential is constructed by vertically stacking
two layers of two-dimensional materials such as graphene and hexagonal boron nitride (h-
BN). The superlattice energy potential surface of a graphene/h-BN stack is calculated by
ab initio methods on AA and AB sites, see Methods for the details. We then extended the
potential between AA and AB sites by a quadratic function following the previous literature.
Hence, the peak potential value was kept constant while only tuning the moiré periodicity in
the simulation. Meanwhile, the graphene lattice creates metastable adsorption sites on the
surface at a much smaller spatial wavelength (e.g. 2.46 Angstroms). The moiré superlattice
energy induces energy heterogeneity amongst the graphene lattice sites because of the spatial
dependence of the superlattice energy.

We simulated the diffusion of molecular surface adsorbates on the two-dimensional moiré
superlattice using a Markov chain model in a Monte Carlo simulation – see Methods for
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Figure 5.1: Moiré energy surface and sample trajectories. (a) Schematic showing a moiré
superlattice energy landscape with an example of molecular adsorbate diffusive motion.
(b-c) Example spatiotemporal trajectories simulated at T = 22 K for (b) p = 4 nm, and (c)
p = 16nm.

details of simulation. The adsorbates were allowed to thermally diffuse by hopping between
nearest-neighbor graphene lattice sites, while the moiré superlattice energy landscape influ-
ences the trapping of the adsorbates at each site. Figure 5.1b-c show example spatiotemporal
trajectories simulated at T = 22 K for moiré periodicities of p = 4 nm and p = 16 nm, where
distinct diffusive behaviors are observed over a long period of observation time of t = 1000s.
For a small moiré periodicity of p = 4 nm, the motion of the adsorbates resembles uncor-
related normal diffusion (Figure 5.1b), whereas for large moiré periodicity of p = 16 nm
the motion is punctuated by trapping events in the potential wells over the moiré substrate
(Figure 5.1c). At such long observation timescales, it is easy to distinguish different diffusion
patterns for small and large values of moiré periodicity in Figure 5.1b-c.

To identify the mechanism of diffusion from simulated trajectories of different temper-
atures and periodicities, we developed a workflow that uses canonical statistical tests in
combination with a temporal convolutional deep neural network algorithm – see Methods
section.(86 ) Convolution deep neural networks allow us to analyze the diffusion behavior
for single particle trajectories with a limited number of diffusion steps, which is often the
case in experiments(87 ). The network analyzes the trajectory at different time resolutions
through convolutional layers of varying sizes and dilations, taking cue from the p-variation
statistical method.(88 ) The network is trained on tens of thousands of simulated trajectories
with ground truth diffusive behavior based on methods published in the previous literature.
Given any input trajectory, the network classifies the underlying behavior by outputting a
vector that contains the probability values for relevant classes of diffusion (e.g. Brownian,
continuous time random walk (CTRW), etc). Through this neural network, we classify the
diffusion as either Brownian or CTRW. Figure 5.2a shows the probability of Brownian and
CTRW classes as outputted by the neural network for 1000 trajectories simulated for 300
frames at 1.5 frames per second for various values of moiré periodicity and temperatures.



CHAPTER 5. TUNABLE ERGODICITY OF MOLECULAR ADSORBATES ON
MOIRÉ SURFACES WITH SUBSTRATE ENERGY LANDSCAPE ENGINEERING 43

Figure 5.2: Machine learning analysis of simulated trajectories. (a) Diffusion mode
probabilities for variable temperature and moiré size for simulated trajectories as outputted
by the neural network. Error bars represent the standard deviation of the estimated
probabilities which are larger within the transition region. Figures (b)-(c) show the
universal manifold approximation and projection (UMAP) representation for each
trajectory with (b) showing temperature and (c) showing the diffusion class.

The probability values show that on finite time scales the system smoothly transitions from
CTRW to the Brownian limit with increasing temperature. Larger moiré periodicity has the
effect of increasing the required temperature to reach the Brownian limit.

Using a universal manifold approximation and projection (UMAP) in Figure 5.2b-c, we
visualized the latent space embedding of trajectories analyzed in Figure 5.2a for a moiré
superlattice with p = 16nm at the transition temperature region of 22K to 24K. Figure 5.2c
shows the predicted classes of diffusion for different trajectories in latent space where the
Brownian and CTRW predictions formed visible clusters, but with partial overlapping. The
Brownian cluster corresponds well with the trajectories obtained at T = 24K, while the
CTRW cluster corresponds to trajectories at T = 22K. The trajectories at the intermediate
temperature of T = 23K lie in the intermediary region between the 22K and 24K regions in
Figure 5.2b, where the CTRW and Brownian regions clusters overlap in Figure 5.2c. This
confirms that the crossover in diffusive behavior at this temperature for p = 16nm is in
agreement with the neural network classification result in Figure 5.2a.

To better understand the transition from CTRW to Brownian behavior, we also performed
canonical statistical tests on the simulated trajectories. The ensemble averaged mean squared
displacement (EMSD) is defined as < (x(t) − x(0))2 > (< . > denotes ensemble average
over many trajectories) and is shown in Figure 5.3a for a range of moiré periodicities from
p =4 to 16 nm at T = 20 K. Linear fits of the EMSDs in log-log scale yield diffusion
exponents starting at approximately 1 for p = 4 nm and decreasing down to 0.6 as the moiré
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Figure 5.3: Statistics of simulated trajectories. (a) Ensemble averaged mean squared
displacements (EMSD) vs. time for trajectories collected at T=20 K and p =4 to 16 nm.
(b) Probability distribution of displacements over the time window of ∆t = 5s. The dashed
line indicates an exponential probability distribution. (c) Ergodicity breaking parameter
(EBP) as a function of observation time. (d) Probability distribution of waiting times, τ .
The dashed lines indicate the critical timescale where the decay of the distribution becomes
faster than τ−2.
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periodicity increases to 16 nm, suggesting that anomalous subdiffusion occurs for larger
moiré periodicities. We further see evidence of this anomaly by analyzing the probability
distribution of displacements over a time window of 5s, shown in Figure 5.3b for the same
temperature of T = 20K. For a normal Brownian motion the displacement distribution
follows a zero mean Gaussian distribution as a result of its finite average time between
hops and the central limit theorem. The displacement probability distributions, shown in
Figure 5.3b, however, shows increasing non-gaussianity with increasing moiré size as seen
from the non-negative curvature of the distribution in semi-log scale. The cusp at the origin
of the distribution is consistent with the punctuated trapping events observed in the sample
trajectory in Figure 5.1c. Whereas a Gaussian would be concave on a semi-log scale, the
displacements for p = 4 nm appear to have almost no curvature, with the curvature strictly
positively increasing with growing moiré periodicity as evidenced by the enhanced decay of
the slope along the tails.

Since ergodicity is broken in the situation of the subdiffusive CTRW(24 ), we investigate
the degree of ergodicity breaking by calculating the ergodicity breaking parameter (EBP),
defined as

EBP(t,∆) =
< x2(t,∆)2 > − < x2(t, δ) >2

< x2(t,∆) >2
(5.1)

a dimensionless quantity which estimates the variance of single particle time averaged-MSDs
(TAMSD) relative to the EMSD as ∆/t→ 0, where the TAMSD is defined as:

x2(t,∆) =
1

t−∆

∫ t−∆

0

[x(t′ +∆)− x(t′)]dt′ (5.2)

Here ∆ is the time delay window and t is the total observation time.(89 ) Figure 5.3c plots
the EBP for different moiré periodicities at a fixed temperature of T = 20K as a function
of the observation time t, which we increased up to 100 seconds while fixing the frame
rate at 1.5 frames per second. The plot shows that the system slowly and asymptotically
approaches 0, suggesting that given infinite time the system would become ergodic. Larger
moiré periodicity induces larger ergodicity breaking. For reference, for Brownian motion in
the limit where the time between steps is much smaller than the total observation time,
the ergodicity breaking parameter should be 4/3 of the ratio between the spacing between
steps and the total observation time. For 16 nm periodicity, the EBP is roughly 2 after
100 seconds, over two orders of magnitude larger than the expected value, 9 · 10−3, for ideal
Brownian motion.

The origin of the ergodicity breaking is related to the probability distribution of the
waiting time sampling over the moiré superlattice energy landscape. In Figure 3d, we see
the probability distribution of waiting times, τ , that the adsorbate spends between hops
at each moiré superlattice site. The waiting time probability distribution is characterized
by two regimes separated by a relaxation time, defined as the critical waiting time where
the decay of the distribution becomes faster than 1/τ 2, which in log-log corresponds to
where the slope is consistent with a heavy tailed distribution (relaxation time is shown with
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Figure 5.4: Moiré experimental system. (a) Moiré G/h-BN FET with adsorbates. (b) STM
topography of F4TCNQ on a p = 3.8 nm G/h-BN moiré device.

a dashed line in Figure 5.3d). In the CTRW model, the subdiffusivity occurs when the
waiting time distribution decays slower than 1/τ 2 (i.e., τ−α, where |α| < 2), resulting in an
undefined mean waiting time.(89 ) When observation (sampling) time is below the relaxation
time, the probability distribution of waiting times shows a slope consistent with the heavy
tail distribution of the subdiffusive CTRW behavior. From Figure 5.3d, we see that the
relaxation time increases as the moiré periodicity is increased, suggesting that subdiffusion
and ergodicity breaking persist longer for larger moiré periodicity. This is consistent with
the trend of the EBP being greater for larger moiré periodicities as well as the anomalies
present in the displacement distribution and EMSDs in Figure 5.3a-c.

To verify the predictions from our Monte Carlo simulations, we realized this system in
experiment by imaging diffusion of organic F4TCNQ adsorbates over a graphene/h-BN moiré
superlattice with a moiré periodicity of p = 3.8 nm using gate-tuned STM under ultra-high
vacuum (Figure 5.4a). In this setup adsorbates are thermalized through resistive heating
of the substrate via a source-drain current at three temperatures of T = 21K, 23K, and
25 K. We collected over 10 trajectories that are each 30 frames long. Figure 5.4b shows a
representative frame collected for a moiré surface with p = 3.8 nm at T = 23 K. Figure 5.5
shows a scatter plot of the spatiotemporal trajectories collected at different temperatures,
where the circles indicate the mean diffusion length after 30 frames. We estimated the
average likelihood of each diffusion class as predicted by the convolutional neural network
at each of the three temperatures for a moiré periodicity of p = 3.8 nm. The results show
that we recover the trend of approaching the Brownian limit with increasing temperature.
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Figure 5.5: Neural analysis of experimental trajectories. Diffusion trajectories for variable
temperatures 21K, 23K, and 25K. Circles indicate diffusion length after 30 frames (450
seconds). Diffusion mode average likelihoods for 3.8 nm moiré size and temperatures 21K,
23K, and 25K estimated using deep learning.
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5.3 Discussion
To investigate why a CTRW process with a weak ergodicity breaking may arise in this
system, we first need to understand the effect of the moiré potential on the waiting times.
In the absence of a moiré potential energy surface, every adsorption site is identical from
the perspective of the diffusing adsorbate. We can obtain this same behavior with the
moiré potential in the high temperature limit. In this setting, we can describe the trapping
times everywhere by a single trapping rate, as is the case for Brownian motion. As we cool
the system, the corrugation of the potential energy surface induces greater variation in the
trapping times of each adsorption site, breaking the adsorption site energy degeneracy. As
a result, the waiting time probability distribution becomes a mixture of sites of different
rates. To achieve ergodicity in this case, the system should be given enough time so that any
single adsorbate visits all microstates. The excess value of the ergodicity breaking parameter,
particularly in the case of larger moiré periodicity, suggests that the observation timescales
considered here are insufficient for each adsorbate to explore the entire microstate space.
Because of the adsorption site energy variation induced by the moiré, increasing the moiré
periodicity increases the number of unique energy microstates and in turn raises the time
required to explore the entire state space. The increased relaxation time from increasing the
moiré periodicity is a direct observation of this consequence, which suggests that the CTRW
behavior and consequently ergodicity breaking persist for greater timescales. Therefore, the
relaxation time of diffusion becomes significant relative to the observation time and ergodicity
is not held.

We note that even for small moiré periodicities, where the diffusion behavior is charac-
terized as Brownian, the diffusion is still not Gaussian. At all moiré periodicity values tested
in simulation, the probability distribution of displacements in Figure 5.3b remains non-
Gaussian. At large moiré periodicities, the subiffusive slope of EMSD and non-gaussianity of
the distribution of displacements indicate the diffusion is categorically a subdiffusive CTRW,
in agreement with the neural network classification. Even at the lowest periodicity value of
p = 4 nm, the probability distribution of displacement is best described by an exponential
fit (dashed line in Figure 5.3b). This type of diffusion has been previously reported in the
literature as Brownian yet non-Gaussian and has been observed in heterogeneous systems
with slowly varying fluctuations including glassy supercooled liquids.(85 , 90–92 ) A pro-
posed model for why displacements should follow an exponential distribution rather than a
Gaussian is because the system is described a mixture of Gaussians of different widths.(91 )
Within our system, the width of a single Gaussian component corresponds to the escape rate
at a given graphene lattice point. High energy regions on the moiré superlattice correspond
to faster moving areas and consequently wider Gaussian components, and likewise for lower
energy regions for narrower components. The initial algebraic decay of the waiting time
distribution is consistent with a broad distribution over energy values and by extension the
widths of these Gaussian components. These components become mixed as the particle visits
different areas of the moiré superlattice and different trajectories are aggregated, with the
degree of mixing reflected by the EBP decay over time. Previous work has shown that even
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across subdiffusive, crossover, and Brownian regimes in time, the exponential displacement
distribution persists. Similarly, we see that across all moiré periodicities, even when the
duration of the subdiffusive regime changes, the exponential behavior in the tails of the dis-
placement distribution is apparent.(91 ) Therefore, we can conclude that when we decrease
the moiré periodicity in our system, the non-ergodicity disappears but the non-Gaussianity
of the displacement probability distribution remains as a result of the microstate energy
heterogeneity.

In summary, we studied the effect of engineering the energy surface of moiré superlattice
substrates on surface diffusion of adsorbates at the molecular scale by tuning the twist angle
of a moiré using gate-tuned STM and Monte Carlo simulations. Using canonical statistical
tests as well as a temporal convolutional deep neural network algorithm, we characterized
the underlying diffusion mechanism of spatiotemporal trajectories obtained under various
conditions of moiré periodicity and temperature. Our results show that the spatial hetero-
geneity of the moiré superlattice energy surface induces weak ergodicity breaking in diffusion,
which manifests as a continuous time random walk of the molecular surface adsorbates at
low temperatures that can persist at time scales comparable to the total observation time,
by breaking the microstate energy degeneracy of graphene lattice adsorption sites. Upon
increasing the temperature, the diffusion mechanism crosses over toward the Brownian limit
where the system approaches ergodic behavior with the ensemble average and the time av-
erage converging to the same value in the long time limit due to reduced variation between
microstates at high temperature. The analysis presented in this work shows that larger moiré
periodicities possessed greater ergodicity breaking due to broader energy variation across a
higher number of unique microstates. While our simulations and experiments were done with
one physical system in mind, we believe our central finding to be general, that broad spatial
energy variation of microstates is a sufficient condition for significant ergodicity breaking.
This would suggest that in other physical systems, ergodicity can be tuned through spatial
control of energy heterogeneity. Our findings show that engineering the energy surface of
the moiré substrate has profound implications in tuning the stochastic motion of molecular
surface adsorbates with relevance to bottom-up assembly of nanoscale devices.

5.4 Methods

Simulating Graphene Lattice Random Walks in a Moiré Potential

While there are many different graphene surface binding sites, metastable adsorption sites
always correspond to high symmetry positions. For idealized point particles, this can cor-
respond to vacancies within the honeycomb lattice whereas for molecules, such F4TCNQ
which has previously been studied on graphene, occupation of the bridge site between atoms
is energetically preferred. These differences can only change the lattice geometry up to a
constant scale factor, and all within the same order as the graphene lattice. For simplicity
we chose the lattice geometry of allowed adsorption sites to be the same as the graphene lat-
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tice. For the moiré potential, we model it using a scalar field overlay with triangular lattice
symmetry matching that of the graphene/hBN moiré.(93 , 94 ) This is a periodic function as
follows:

u(x, y) = δ[3−
∑
g

cos (g · r)] (5.3)∑
g

cos (g · r) = 2 cos θx cos θy + cos 2θy (5.4)

θx =
2πx

a
(5.5)

θy =
2πy

a
√
3

(5.6)

(5.7)

Here δ is the moiré potential energy amplitude, g are hexagonal reciprocal lattice vectors, r
is a position (x, y) in real space, and a is the moiré superlattice constant. Density functional
calculations predict that for F4TCNQ molecules on graphene the difference in adsorption
energy from AA to AB moiré stacking is 39.8 meV, which we use for setting the moiré poten-
tial energy amplitude. We model the motion of the particle using a continuous time Markov
chain where the transition rate out of a given state follows the Boltzmann statistics based
on the location of the state.(95 ) In thermal equilibrium, at any given time, the likelihood,
Pi, of finding an adsorbate in a given graphene lattice site, i, depends on the energy of the
site, u(xi, yi), through the Boltzmann distribution, where kB is the Boltzman constant and
T is the temperature.

Pi ∼ exp{−u(xi, yi)/kBT} (5.8)

The rate of escape from this lattice site is inversely proportional to probability at that site,
Pi, defined as the rate parameter, wi,

1/wi ∼ exp{−u(xi, yi)/kBT} (5.9)

The time between nearest neighbor jumps, τ , are sampled using an exponential distribution,
which maintains the memorylessness property and independence of jumps akin to a Poisson
process. It’s probability density, f(τ |wi), is thus:

f(τ |wi) = wi exp{−wiτ} (5.10)

Temporal Convolutional Neural Network

To analyze the mechanism of diffusion from our simulated and experimental trajectories, we
trained temporal convolutional neural networks to classify trajectories as either Brownian,
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CTRW, or other. For the results shown in Figure 5.2, we used supervised learning to train our
neural network on 10,000 labeled trajectories of 300 frames, simulated using ideal stochastic
processes. However, due to the lower bound (frame rate) and upper bound (total observation
time) in experimental trajectories from STM, typical contiguous trajectories contain much
fewer frames compared to the simulated ones. As a result, we trained a second neural network
model configured for trajectories of 30 frames instead of 300 to handle experimental data,
the output of which is shown in Figure 5.5.

Recent progress has shown the ability for neural networks to correctly identify different
modes of diffusion.(96 , 97 ) For our work, we took a cue from a convolutional neural network
architecture inspired by canonical p-variation tests.(10 , 88 ) This architecture uses convo-
lutional blocks of varying filter sizes consisting of three repetitions of convolutional layers
followed by rectified linear units, batch normalization and, at the end, a global pooling layer
in order to capture the structure of the trajectory at different time scales. Each convolutional
layer contains 32 filters. The convolutional blocks are then concatenated into a single vector
prior to a series of fully connected layers. The output layer of the network is a softmax in
order to produce class probabilities for each diffusion mode. Our original network used to
analyze our simulated data from Monte Carlo simulation is unmodified from the previously
published work. However, for video STM, capturing a single frame is very expensive with
one frame requiring over 10 minutes. This limited the total size of our videos to 200 frames.
In addition, low temporal resolution means that particles often stay in the field of view
for much fewer frames. Therefore, we modified the original neural network architecture to
perform well with only 30 frame trajectories instead of 300 frames. The key changes to the
architecture from the original version were smaller filter sizes and dilations so as not to over
downsample a trajectory as it passes through the network, global average pooling instead
of max pooling, one additional convolutional block, and an increased width in the first fully
connected layer. The details of this architecture are shown in Table 5.1.

For training we used gradient-based supervised learning. Here labeled trajectories are
generated corresponding to either Brownian, subdiffusive continuous time random walk, or
subdiffusive fractional Brownian motion.(98 ) Following previous literature, we labeled in-
stances of subdiffusive continuous time random walk and fractional brownian motion with
diffusivity exponents greater than 0.9 as Brownian, since above this threshold, for only a
few frames, these processes are virtually indistinguishable from Brownian motion. Training
instances are batched together with 32 instances per batch. We trained the network once
over 160,000 unique simulated trajectories with ground truth mode of diffusion by back-
propagating the derivative of a categorical cross-entropy loss function, which measures the
Kullback-Leibler divergence between the distributions of the probability values in true class
probabilities vs. the classified probabilities by the network, with respect to the weights of
the network using a stochastic gradient descent algorithm.(99 , 100 ) For our optimizer, we
used an Adam optimizer with an initial learning rate of 1e-5. (101 )

After the training ended, we validate the accuracy of our models on a new set of 3,200
labeled, simulated trajectories that are not seen during the training stage. The 300-frame
model achieved a validation accuracy of 90% in agreement with reported accuracies for this
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Name, Layer # of Neurons Filter sizes Dilations
x1, Convolutional Block N/A 3, 3, 3 1, 2, 2
x2, Convolutional Block N/A 4, 3, 3 1, 2, 2
x3, Convolutional Block N/A 5, 3, 3 1, 2, 2
x4, Convolutional Block N/A 8, 3, 3 1, 2, 2
x5, Convolutional Block N/A 6, 3, 3 1, 2, 1
x6, Convolutional Block N/A 8, 3, 3 1, 2, 1
x7, Convolutional Block N/A 7, 3, 3 1, 1, 1
xstack, Concat({xi}) N/A N/A N/A
fc1, Fully Connected 2048 N/A N/A
fc2, Fully Connected 512 N/A N/A
out, Fully Connected 3 N/A N/A

Softmax N/A N/A N/A

Table 5.1: Motion classification neural network architecture.

architecture.(10 ) The 30-frame model achieves a validation accuracy of 84%.
During inference, for a two-dimensional trajectory (x,y) each coordinate was treated

independently and was preprocessed to calculate the discrete difference time series from the
original positions of the trajectory, ∆x. This time series was then shifted to have zero mean
and unit variance before finally being passed in as input to the neural network.

Universal Manifold Approximation and Projection (UMAP)
Representation

Universal Manifold Approximation and Projection (UMAP) is a dimensionality reduction
algorithm that uses manifold learning based on manifold theory and topological data analy-
sis in order to preserve local structure and distances. This results in clusters of similar data
points as well as global structure between dissimilar clusters within the learned lower dimen-
sional space.(102 ) In order to generate a two-dimensional UMAP representation, trajectories
are fed into our neural network model. Outputs from the last layer preceding the softmax
classification layer represent latent features extracted by the network from the trajectory.
These features, which form a high dimensional vector, are input into the UMAP algorithm.
After the UMAP algorithm fits a latent space manifold, a two-dimensional representation of
each trajectory is given, the result of which is shown in Figure 5.2b-c and color coded based
on the temperature and the mechanism of diffusion.
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Experimental System

We created graphene/h-BN field effect transistor devices on Si/SiO2 through mechanical
exfoliation. Source/drain contacts were made using a stencil mask and e-beam evaporation.
After placement into ultra-high vacuum (UHV), the device is annealed for 12 hours at 400C.

STM images are acquired under UHV and low temperature conditions (T = 4.5K) us-
ing a commercial Omicron LT STM with Pt/Ir probes. Images are acquired in constant
current mode. STM tips are conditioned and calibrated on Au(111) before imaging on the
graphene/h-BN device.(103 ) To analyze topography data for diffusion, STM images are min-
max scaled in order to be analyzed for particle detection and trajectory linking using the
TrackPy package in Python.(11 , 70 )

To create STM videos for analyzing diffusion, the device is driven with a source-drain
current for 15 seconds to heat up the graphene through resistive heating. Afterwards, the
system is allowed to cool back down to T = 4.5 K for STM imaging. This process is
repeated 200 times to collect 200 frames. A negative gate voltage of -20V is applied to ensure
that the molecule remains neutral during the diffusion process. While it’s not possible to
measure the temperature on the graphene directly during resistive heating, we calibrated
the temperature using a series of experiments using indirect heating by warming the entire
device for 1 minute, during which we could measure the temperature. We do this 5 times
in succession to drive diffusion for a total of 5 minutes. To match a particular source-drain
current to a temperature, MSDs collected after 5 minutes of diffusion were compared between
the resistive and indirect heating methods and matched based on similarity.
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Appendix A

Focused Ion Beam Probe Sharpening for
Local Probe Microscopy

Achieving atomic resolution in local probe microscopy critically relies on the radius of curva-
ture of the probe. Tersoff showed theoretically that a larger of radius of curvature effectively
averages the local density of states over a larger area, reducing pointwise resolution.(57 )
Typically, the probe is conditioned in situ on a metal surface by repetitively poking the sur-
face with the probe until the probe has an atomically sharp apex.(104 , 105 ) However, long
periods of operation can render probes unusable even after repeated rounds of tip condition-
ing, possibly due to contamination during scanning or a perturbation of the tip geometry.
It is then necessary to use more perturbative methods to resharpen the probe.

Focused ion beam (FIB) milling has been successful for creating and reconditioning probes
without requiring the use of wet chemistry.(106–108 ) We can make AFM/STM probes using
∼ 1mm Tungsten wire. We use a wire cutter to make the probes which leave the probe
macroscopically sharp, but microscopically blunt. An example of how sharp an untreated
wire at this stage is shown in Figure A.1. In order to sharpen the probe, we first align the
probe such that it is collinear with the with focused ion beam column. The reason for this
is we have found that the patterning selectivity seems to be proportional to the patterning
cross section. This means that patterning is maximized when the surface normal faces the
beam direction and minimized when it is nearly perpendicular. The consequence of this
is that by aligning the beam with the probe, local maxima of the uncut probe are further
sharpened, their aspect ratios narrowed, while blunt portions of the probe are more quickly
milled. For milling we use the following parameters.

1. Beam energy = 30kV

2. Beam current = 65nA

3. Milling depth = 1 micron

4. Dwell time = 1 microsecond
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Figure A.1: Untreated tungsten probe. Scanning electron microscope images of tungsten
wire probe prior to treatment. Analysis of the highest apex shows that the radius of
curvature for the probe is on the order of ∼ 100nm.
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Figure A.2: FIB treated probe. Scanning electron microscope images of tungsten wire
probe after FIB treatment showing a radius of curvature < 10nm.

The result of this milling procedure on the probes shown in Figure A.1 are shown in
Figure A.2
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Appendix B

Density Functional Theory for Modeling
Diffusion

B.1 Density Functional Theory Principles
Density functional theory (DFT) is a modeling method for estimating the electronic structure
of materials. The modeling framework rests on two fundamental theorems from Kohn and
Hohenberg and the Kohn Sham equations which prove that the ground state energy of a
many body system is a unique functional of the electron density and that the minimal energy
functional corresponds to the ground state solution to the Schrodinger equation.(109–111 )
The electron density of a system is collectively defined in terms of single-electron wave
functions ψi(r), where the electron density is then.

n(r) = 2
∑
i

ψ∗
i (r)ψi(r) (B.1)

The energy functional of a system is written as:

E[{ψi}] = Eknown[{ψi}] + EXC [{ψi}] (B.2)

where Eknown[{ψi}] includes electron kinetic energies and Coulomb interactions between elec-
trons and nuclei, which mathematically is:

Eknown[{ψi}] =
h2

m

∑
i

∫
ψ∗
i∇2ψid

3r +

∫
V (r)n(r)d3r +

e2

2

∫ ∫
n(r)n(r′)

r− r′
d3rd3r′ + Eion

(B.3)
while EXC [{ψi}] encompasses all terms which cannot be written down analytically and is
called the exchange-correlation energy. Consequently, the exact ground state energy func-
tional is almost never found in practice and instead the variational principle is used to
estimate the ground state energy while the exchange-correlation energy must be approxi-
mated. Kohn and Sham showed that solving for the ground state energy reduced to solving
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the Kohn-Sham equation, which is in terms of a single particle wavefunction instead of all
of the particle wavefunctions:[

h2

2m
∇2 + V (r) + VH(r) + VXC(r)

]
ψi(r) = ϵiψi(r) (B.4)

where the electron-electron Coulomb repulsion is given by the Hartree potential, VH(r):

VH(r) = e2
∫

n(r′)

r− r′
d3r′ (B.5)

and the exchange-correlation contributions are defined in terms of a functional derivative:

VXC(r) =
δEXC(r)

δn(r)
(B.6)

For crystalline systems, typically a plane wave basis is chosen for the trial wavefunctions
since solutions must obey periodic boundary conditions. Since the Hartree potential requires
knowing the electron density, the quantity of interest, this equation is frequently solved self-
consistently in an iterative fashion, typically using the following algorithm.

1. Start with a trial electron density n(r)

2. Solve Kohn-Sham equations using n(r) to find ψi(r)

3. Calculate density from Kohn-Sham single particle solutions nKS(r) = 2ψ∗
i (r)ψi(r)

4. Compare nKS(r) with n(r). If they are different, update n(r)

B.2 Modeling Diffusion Processes
It is possible through DFT to calculate rates of dynamical processes such as diffusion or
chemical reactions. One approach of such a calculation is finding the energy surface of
an adsorbate on a substrate. To calculate such an energy surface, one might place fix
the adsorbate somewhere in (x, y) (which is parallel to the substrate) while allowing the
z coordinate of the adsorbate to be optimized along with all of the substrate atoms. An
example energy contour for Ag adsorption on Cu(100) is shown in Figure B.1

Motion is typically dominated by the lowest energy pathway between local minima which
generally pass through the high symmetry, low energy saddle points in the energy surface
which are called transition states. Transition state theory posits that the transition rate
from local minimum states (A→ B) is given by:

kA→B = ν exp

(
ET − EA

kBT

)
(B.7)
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Figure B.1: Energy surface for Ag on Cu(100)(111 )

where kA→B is the transition rate, ν is the attempt frequency corresponding to the oscillation
frequency of the adsorbate within the local minima, ET and EA are the transition and A
state energies respectively. Harmonic transition state theory models the attempt frequency
via the following:(112 , 113 )

ν =

∏3N
i νAi∏3N−1

i νTi
(B.8)

where νAi and νTi are the vibrational frequencies of A and the transition state respectively.
Calculating the vibration frequency at a location can be as simple as doing a modeling the
adsorbate as a simple harmonic oscillator in the neighborhood of any stationary point and
taking numerical second derivative with respect to the position of the adsorbate using a finite
difference method.(111 ) For example, in one dimension, for a single coordinate centered at
0:

ω2 =
d2E

dx2
≈ E(∆x)− 2E(0) + E(−∆x)

∆x2
(B.9)

For more than 1 dimension, the Hessian would have to be estimated and diagonalized
in order to compute all the normal modes and frequencies for the states of interest. There
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remains the issue of actually determining the transition states and reaction coordinates.
One widely used technique is called nudged elastic band.(114 ) The exact description of this
method is omitted, but at a high level, the technique uses some initial proposal for the
pathway between two energy minima and iteratively minimizes energy of the path by using
a force projection scheme such that forces from the potential energy act perpendicular to
the path and spring forces work parallel to the path.
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