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ABSTRACT OF THE DISSERTATION 

 

Variable-Temperature Scanning Tunneling Microscopy 

 Studies of Growth and Characterization of  

Hexagonal Boron Nitride and  

Graphene Layers 

 

Pedro Arias 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2019 

Professor Suneel Kodambaka, Chair 

 

 Two-dimensional (2D) materials, such as graphene and hexagonal boron nitride (hBN) 

have attracted attention from both academia and industry owing to their unique atomically thin 

structure and associated properties. The goal of this dissertation is to provide fundamental insights 

of the growth kinetics, surface structure, and thermal stability of hBN and graphene layers grown 

via chemical vapor deposition (CVD) on metal substrates.   

 Scanning tunneling microscopy (STM) was used to investigate the surface structure of 

hexagonal boron nitride (hBN) domains on Pd(111) grown via dissociative chemisorption of 

borazine on Pd(111)/Al2O3(0001) thin films. STM images acquired from the hBN/Pd(111) sample 

reveal moiré patterns with different periodicities λ corresponding to rotational domains of hBN. 

Surface corrugations in each of the moiré patterns were measured from the STM images as a 

function of the STM tunneling parameters.  The corrugation amplitude Δz was found to depend on 
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the tunneling bias and increases with increasing λ. The observed tunneling-parameter dependence 

in z were attributed to the electronic structure of the hBN/Pd(111) system. The domains with the 

largest λ, exhibit a bifurcation behavior in which some domains are nearly flat, and others develop 

“blisters”, i.e., significant hills-and-valley geometric undulations. Hence, unlike any other 

monolayer hBN-on-metal system, hBN/Pd can have either mainly geometric or mainly electronic 

corrugation, depending on the domain orientation. 

 The growth kinetics of hBN monolayers grown via CVD using borazine (B3N3H6) on 

Pd(111) were investigated using in situ variable-temperature STM. STM images were acquired 

during CVD of borazine on Pd(111) as a function of the substrate temperature T, the borazine 

partial pressure P, and time t. The STM images reveal a T and P dependent change in the growth 

mode: at higher P and lower T, (lower P and higher T), hBN nucleation occurs primarily on Pd 

step edges (Pd terraces). Furthermore, the mechanisms promoting growth across the step edges (as 

a carpet across steps) are identified. These results provide new insights into the nucleation and 

growth of hBN monolayers and potentially other 2D materials and related heterostructures on 

metal substrates. 

 The thermal stability of hBN covered Pd(111) thin films was investigated using in situ 

variable-temperature STM. STM images were acquired from bare Pd(111) and hBN covered 

Pd(111) at temperatures between 600 K and 1000 K. It was found that the hBN overlayer enhances 

the stability of the underlying Pd surface by suppressing the surface mobility of adatoms. These 

results provide new, direct insights into the behavior of substrate supported 2D materials at 

elevated temperatures.  

 Finally, in situ VT-STM was used to investigate the growth of graphene using benzene 

(C6H6) on Pd(111). STM images were acquired during and after benzene deposition at 
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temperatures between 300 K and 1100 K. Compared to growth of graphene on Pd(111) using other 

hydrocarbon precursors (e.g. ethylene), benzene enables the growth of graphene at lower T, and at 

significantly lower doses, likely due to an increased probability of forming C6 and/or C6Hx(x<6) 

clusters. These results provide new insights into the mechanisms leading to the growth of graphene 

using benzene on reactive metals with high carbon solubility. 
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CHAPTER 1 Introduction 

Overview  

 Graphene is a two-dimensional (2D) crystalline sheet of sp2-bonded carbon atoms arranged 

in a honeycomb lattice and can be thought of as the building block of other carbon allotropes such 

as fullerenes, carbon nanotubes, and graphite. The discovery of free-standing graphene led to the 

Nobel Prize in Physics in 20101. Since then, vast and fruitful investigations have provided a better 

understanding of the rich physical phenomena and properties associated with graphene. A few of 

its notable properties are high saturation velocity (2 × 107cm•s-1)1, high Youngs Modulus (1 TPa)2,  

and excellent opacity (2.3%) to white light3. Motivated by discovery of free-standing 2D graphene, 

researchers have investigated other 2D materials that exhibit novel properties. Among the 

extensive list of 2D materials, hexagonal boron nitride (hBN) has attracted attention as a dielectric 

for 2D-layered devices4. hBN is isostructural to graphene, with boron and nitrogen atoms forming 

a hexagonal lattice. hBN and graphene are nearly lattice matched (δ ~ 1.6%) with lattice parameters 

a = 0.250 nm and 0.246 nm, respectively. A key difference is that hBN is insulating with a bandgap 

of ~ 5.9 eV, while graphene is a semi-metal. Hence, graphene and hBN are attractive for a variety 

of applications such as high-frequency transistor devices, transparent and flexible conducting 

films, and energy storage devices. Most of these applications are based on the properties of free-

standing layers which have been mechanically exfoliated from bulk crystals. The mechanical 

exfoliation technique has a low yield, typically producing ~ 10 µm flakes of material hence its 

applicability is limited. As such, researchers have turned to bottom-up techniques in order to grow 

2D materials over larger areas.  
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 Among several different approaches available for the growth of this class of materials5-8, 

chemical vapor deposition (CVD) has been the most widely used method. In a typical CVD 

process, a substrate is placed in a reaction chamber and heated to a desired temperature. Next, one 

or more precursor gases (containing C for graphene, or B,N for hBN) are introduced into the 

chamber, which then adsorb and decompose on the substrate surface. From here, the formation of 

the desired 2D material typically proceeds by (1) adatom surface diffusion, their clustering to form 

stable nuclei which then grow and coalesce to form a continuous film, and/or (2) dissolution of 

adatoms into the substrate bulk at high temperature and their precipitation to the substrate surface 

upon cooling, followed by nucleation, and growth.  These processes are largely determined by the 

following deposition variables: substrate composition and crystallnity, substrate reactivity, the 

choice of precursor, the growth temperature, and the growth ambient used. Given that there are 

numerous choices of these variables available to the material grower, it is instructive to obtain a 

fundamental understanding of their influence on the nucleation and growth kinetics and the 

structure of the as-grown layers. Obtaining an understanding of these phenomena provides access 

to the growth of 2D materials with desired thicknesses, crystallinity, composition, and hence, 

physical properties. 

 The aim of my doctoral thesis is to provide fundamental insights into the growth kinetics, 

structure, and stability of substrate supported graphene and hBN layers. To achieve this goal, I 

carried out in situ variable temperature scanning tunneling microscopy experiments to directly 

observe the deposition of graphene and hBN on Pd(111) thin films, and to characterize their 

structure and stability over a range of temperatures. In the following section, I provide a summary 

of my most important results. Chapters 3-6, contain details of my experimental results, analyisis, 

and discuss the implications of my findings. Each chapter contains an introduction section in which 
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I provide the literature background and motivation pertaining to the experiments described in the 

results and discussion sections.  

Brief summary of results 

 In Chapter 3, I present results of an STM investigation of the surface structure of 2D hBN 

domains on Pd(111) grown via CVD. This work has been published in 2D Materials 2018, 5, 

045001. STM images of polydomain hBN monolayers, grown via dissociative chemisorption of 

borazine on Pd(111)/Al2O3(0001) thin films, are acquired as a function of tunneling current and 

bias. The images reveal moiré patterns with four periodicities λ = 0.6 ± 0.05 nm, 1.8 ± 0.14 nm, 

2.7 ± 0.20 nm, and 2.8 ± 0.14 nm, corresponding to different orientations on Pd(111). The apparent 

surface corrugation in STM, z, changes little with tunneling current, exhibits an oscillatory 

dependence on the bias voltage, and increases from z  14 pm for domains with λ = 0.6 nm to z 

 200 pm for λ = 2.8 nm. The observed tunneling-parameter dependence in z is attributed to the 

electronic structure of the hBN/Pd(111) system. Unlike any other monolayer hBN-on-metal 

system, hBN/Pd can have either mainly geometric or mainly electronic corrugation, depending on 

the domain orientation. Furthermore, for the largest periodicities, a bifurcation behavior is 

observed in which some domains are nearly flat, and others develop “blisters”, i.e., significant 

hills-and-valley geometric undulations. Similar behavior may be expected for other substrates for 

which the interaction energy with hBN is intermediate, i.e. neither mostly chemical nor van der 

Waals binding (e.g. metal oxides): for these substrates, a similar approach can help identify 

interlayer interactions and electronic structure modifications. 

 In Chapter 4, I present results from an in situ variable-temperature STM investigation into 

the CVD kinetics of hBN monolayers on Pd(111). In each experiment, STM images were acquired 

during CVD of borazine on Pd(111) at T between 573 K and 673 K and in the presence of hBN 
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precursor borazine (10-7 – 10-6 mbar) for times between 250 s and 2500 s. From the STM images, 

the nucleation and growth of hBN islands on the Pd surfaces was observed. The STM images 

reveal  a T and P dependent change in the growth mode: at higher P and lower T, (lower P and 

higher T), hBN nucleation occurs primarily on Pd step edges (Pd terraces). Interestingly, for lower 

T, higher P, hBN attaches at Pd upsteps and downsteps and proceeds to grow in both uphill and 

downhill directions. These results identify the mechanisms promoting preferential uphill or 

downhill growth across the substrate steps as a carpet.   

 In Chapter 5, I present results from in situ variable-temperature STM investigations, in 

which STM images were acquired during annealing of bare and monolayer hBN-covered Pd(111) 

surfaces. From the STM images, the mechanisms leading to enhanced thermal stability of the Pd 

surface due to the hBN layer were directly observed. The hBN covered Pd adatom and vacancy 

islands are stable at higher temperature, and decay at slower rates compared to the bare Pd surface. 

Interestingly,  the hBN covered vacancy islands decay at significantly slower rates compared to 

adatom islands. These observations are attributed to suppression of adatom mobility as a 

consequence of the hBN overlayer. These results provide new, direct insights into the behavior of 

substrate supported 2D materials at elevated temperatures.   

 In Chapter 6, I show results from in situ variable-temperature (300 K – 873 K) STM 

experiments investigating the growth of graphene layers on Pd(111) via CVD using benzene. At 

room-temperature, benzene adsorbs readily on Pd(111) and forms an ordered 3×3R30° 

superstructure upon annealing at 473 K. At 673 K, exposure to benzene at dosages up to 400 L 

enhances Pd step motion and yields amorphous carbon upon cooling to room-temperature. 

Annealing this sample at 873 K leads to 10 ~ 30 nm monolayer graphene domains, which change 

little in size or shape with time. Upon cooling, multilayer graphene was observed. At 1100 K, 
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benzene dosages of 225 L result in micrometer-scale bilayer graphene and polydomain monolayer 

graphene. Interestingly, annealing the sample at 1100 K for 1200 s yields single-domain graphene 

monolayer over large (≥ 90 × 90 nm2) areas. These observations, which are in striking contrast 

with graphene growth using benzene at T as low as 373 K on relatively inert Cu, suggest that 

increased catalytic activity of substrates does not necessarily improve the efficiency of graphene 

formation.  
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CHAPTER 2 Experimental Methods 

Sputter deposition of Pd(111)/Al2O3(0001) thin films  

 All of the Pd(111)/Al2O3(0001) thin films used for this thesis research were grown in a 

custom designed dual-chamber UHV deposition system (base pressure 2.0 × 10-10 mbar) equipped 

with a single source dc magnetron (Kurt J. Lesker), a dual source dc magnetron, and various UHV 

leak valves for dosing vapor phase precursors. Details of the sample preparation and film growth 

procedures are presented in References 1, 2. The substrates are 0.5-mm-thick, 2 mm × 10 mm 

rectangular strips of single-side polished Al2O3(0001) cut from 10 × 10 mm2 single-crystals (MTI) 

by mounting the crystals onto glass microscope slides using Crystalbond (Ted Pella, Inc.) and 

machining with a diamond saw to cut to the desired dimensions. Next, the Al2O3(0001) substrates 

were cleaned by sonication sequentially in acetone and isopropanol, each for 15 minutes. The 

substrates are then dried by heating in air for 1 h at 523 K after which they are mounted on a 

heating stage made of pyrolytic boron nitride; the stage is capable of achieving temperatures up to 

1473 K through direct current heating of a 0.13-mm-thick, 10 × 4 mm2, carbon nanotube tape 

placed between the two plates. The substrates are mounted on Mo foil which serves as a 

temperature reference (see below). The sample-heating stage assembly is introduced into the UHV 

deposition system through a load-lock chamber. Prior to sample transfer into the deposition 

chamber, the load-lock chamber is evacuated using a 50 l/s turbomolecular pump until a pressure 

of ~10-8 mbar is achieved (typically 45 minutes). Upon transferring the sample stage to the main 

chamber, the sample is degassed at 1273 K until the chamber pressure is below 6.0 × 10-9 mbar. 

Temperature is measured using an IMPAC IS 8-GS pyrometer positioned outside of the vacuum 

chamber approximately 40 cm from the sample. The orientation of the pyrometer with respect to 

the sample is set to 90°. The temperature measurements are obtained from the center of the bare 



8 

 

Al2O3 substrate (placed on Mo foil) and using Mo emissivity of 0.13 and do not account for plasma 

heating during sputter-deposition. The maximum variation in T across the substrate is ± 100 K. 

Prior to Pd film deposition, the substrate temperature, T, was set to 923 K. At the growth 

temperature of 923 K, the chamber was below 6.0 × 10-9 mbar.  

 The magnetron is equipped with a 50-mm-diameter × 3 mm-thick Pd (99.99% from ACI 

Alloys, Inc.) target. Pd films are grown using a constant target power of 50 W (306-340 V, 

depending on the wear of the Pd target) in 27 mbar Ar (99.999% pure from Airgas) discharge with 

the Ar introduced through an UHV leak valve. The target is located ~30 cm above the substrate 

surface. Prior to deposition, the target is sputter-cleaned using the same deposition parameters for 

2 minutes with the sample rotated out-of-sight from the target. The deposition time is 20 minutes. 

After deposition, the samples are annealed at 923 K in 27 mbar Ar for 10 minutes. After annealing, 

the magnetron is powered off, the Ar gas supply is shut off, the current supplied to the substrate 

heater is ramped down (at a rate of ~0.01 A/s) to 0 A, and the chamber is evacuated while the 

sample is passively cooled to room temperature. This procedure yields single-crystalline Pd(111) 

thin films, 350 nm thick, which low mosaicity.  

Growth of hBN on Pd(111)/Al2O3(0001) 

All of the hBN growth experiments were carried out using borazine vapor supplied through 

an UHV leak valve connected to a either a 280 ml bottle containing up to 50 g of liquid borazine 

(from Gelest, Inc.) (Chapter 4) or a 20 ml UHV compatible domed glass tube (Accu-Glass 

Products, Inc) containing ~5 ml of liquid borazine (Chapters 4 and 5) . Prior to all hBN depositions, 

the borazine was purified via freeze-pump-thaw cycles as described below. First, the borazine was 

frozen (Tm ~ 223 K)3 by submerging the bottle in a  reservoir containing liquid N2. Next, with the 

borazine kept frozen, the bottle was evacuated until the pressure is  10-8 mbar achieved using a 
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50 l/s turbomolecular pump to remove molecular hydrogen and other residual gases present in the 

bottle. Finally, the evacuation process was stopped, and the contents of the bottle were allowed to 

thaw by removing the liquid N2 reservoir. This three-step procedure was repeated three times after 

which the precursor was introduced into the UHV chamber. The precursor composition, as 

measured using a residual gas analyzer in our UHV system, is a mixture of borazine (molecular 

weights between 78 and 80 amu) and molecular hydrogen. 

For the growth of hBN monolayers (Chapter 3), the Pd(111)/Al2O3 samples were heated to 

~923 K and exposed to 48 L (1.3 × 10-7 mbar, 480 s) of the as-purified borazine. (These deposition 

parameters are within the range of those previously used to obtain hBN monolayers on TM 

surfaces.4-9) Following the borazine exposure, the samples were heated in UHV to 1073 K for 600 

s. This approach resulted in polydomain hBN monolayers. The hBN/Pd(111) samples were air-

transferred from the UHV deposition system onto variable-temperature STM (VT-STM) sample 

holders and introduced into a Scienta Omicron UHV VT-STM system with a base pressure of 2 × 

10-10 mbar. Prior to STM characterization, the sample holder assembly was outgassed via radiative 

heating to 773 K and held at that temperature until the VT-STM chamber base pressure is below 

2 × 10-9 mbar. This process typically requires up to 8 h. The hBN/Pd(111) sample is then "flash-

heated" to 1023 K to remove any surface adsorbates by applying direct current to the Pd thin film 

for 3 s followed by switching off the power until the base pressure is below 2 × 10-9 mbar. This 

on-off cycle is typically repeated 10 times.  

For the in situ VT-STM investigations of the growth kinetics of hBN (Chapter 4), a bare 

Pd(111) sample is held at a given T during exposure to borazine and STM image acquisition as 

follows. First, the bare Pd(111)/Al2O3 samples were air-transferred from the UHV deposition 

system onto VT-STM sample holders and introduced into the UHV-STM system. Prior to the 
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growth experiments, the sample holder assembly is outgassed, and the Pd sample is “flash-heated” 

as described above and the samples are passively cooled to room temperature. Next, the sample 

holder assembly is transferred within the UHV chamber onto the STM scanning stage for STM 

analysis. The Pd(111)/Al2O3(0001) samples are heated on the scanning stage to the desired growth 

temperature by applying a direct current to the Pd film (details of the VT-STM procedure are 

provided below). Temperature is measured using an IMPAC IS 8-GS pyrometer positioned outside 

of the vacuum chamber. Prior to image acquisition, the STM tip and sample are allowed to stabilize 

for up to 3600 s. hBN layers were then grown on Pd using borazine vapor supplied through an 

UHV leak valve, and STM images are acquired during the growth process. The relevant details 

(borazine partial pressure, substrate temperature, exposure time) that vary for the individual 

experiments are described in Chapter 4.  

CVD of graphene using benzene on Pd(111)/Al2O3(0001)  

 All the graphene growth experiments (Chapter 6) were carried on Pd(111) thin films sputter 

deposited on Al2O3(0001) following the procedure described in this chapter. CVD of graphene is 

carried out using benzene vapor (C6H6) supplied through a UHV leak valve connected to a 20 ml 

UHV compatible glass tube containing 10 ml of liquid benzene (Sigma-Aldrich) which has a vapor 

pressure of 130 mbar at 300 K.10 Prior to the depositions, the Pd(111)/Al2O3(0001) samples were 

outgassed and flash-heated as described previously (i.e. in the same way as the hBN growth 

kinetics experiments), and the benzene precursor (Tm =  278 K11) was purified following  the 

freeze-pump-thaw cycle described for borazine. This purification process yields a precursor 

composition, measured using a residual gas analyzer in the UHV STM system, containing benzene 

vapor (molecular weights between 76 and 78 amu) and molecular hydrogen. The benzene 

depositions were carried out by heating the Pd(111)/Al2O3(0001) samples to temperatures between 
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300 K and 1100 K and exposing them to benzene pressures between 1.0 × 10-7 and 1.0 × 10-6 mbar. 

The Pd(111)/Al2O3(0001) samples are heated by applying a dc current through the film. 

Temperature is measured using an IMPAC IS 8-GS pyrometer positioned outside of the vacuum 

chamber. For in situ VT-STM growth experiments, where the sample is held at a given T while 

exposing to benzene, the sample and the tip are allowed to stabilize for up to 3600 s prior to STM 

image acquisition. Then, the benzene is introduced into the chamber through a UHV leak valve. 

The relevant details that vary for each experiment are described in Chapter 6.  

In situ variable-temperature scanning tunneling microscopy  

 In situ VT-STM was carried out to investigate the kinetics of hBN layer growth (Chapter 

4), high temperature surface dynamics of Pd(111) covered by a monolayer of hBN (Chapter 5), 

and the growth of graphene layers on Pd(111) via CVD using benzene (Chapter 6). At each T, 

STM images were acquired as a function of annealing time at a constant rate of 35 s/frame. The 

number of images within a sequence varied from 5 up to 60 (typically 25). Typical tunneling 

conditions were tunneling currents, IT = 0.1-7.0 nA, and tunneling bias, VT = 0.05 – 4.0 V (the 

specific tunneling conditions used to acquire the images presented in this work are listed in the 

figure captions). For each temperature, the sample and tip were allowed to stabilize thermally for 

up to 3600 s prior to obtaining the STM images. Pixel resolution in the images varied from 0.075 

× 0.075 nm2 to 2 × 2 nm2.  These tunneling conditions enable sustained scanning continuously for 

several days without crashing the tip into the sample. 

 STM images were processed to extract surface height profiles and to emphasize relevant 

surface features via filtering (FFT, line, polynomial, plane-level) using Gwyddion, an image 

processing software.12 Fourier transform analysis was carried out to measure hBN/Pd(111) and 

Graphene/Pd(111) moiré periods (Chapters 3, 5, and 6) in our STM images using WSxM, an image 
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processing software.13 hBN island areal coverage and island centers of mass (Chapter 4) were 

determined using ImageJ. MATLAB codes (available in the appendix) were developed to extract 

surface corrugation, Δz, (Chapter 3). 

Preparing STM tips from PtIr wire 

 STM images were acquired using commercially available W tips (Scienta Omicron), or 

tips electrochemically etched from 0.25 mm diameter Pt0.8Ir0.2 wire (Nanoscience Instruments) 

using the procedure described in detail in Ref. 14. The etchant solution was made by mixing 16.6 

g of CaCl2 (Sigma-Aldrich) in 100 ml deionized water (from the lab sink) in a glass beaker (120 

ml volume). The solution was stirred using a magnetic stir bar on a magnetic plate until the solution 

was visibly as clear as pure water (typically 5 minutes). A variable AC power source (BK 

Precision) set the AC potential. A circular loop made from 0.5 mm diameter W wire (99.95%, Kurt 

J. Lesker) was used as a counter electrode. A 1 cm long piece of PtIr wire and the W counter 

electrode were connected to the AC power supply leads and submerged ~2 mm deep into the CaCl2 

solution. Next, 35 V AC, 30 V AC, and 28 V AC were applied for 150 s, 50 s, and 250 s, 

respectively. This process results in PtIr tips with radius of curvature ~ 100 nm. To produce sharper 

tips, an Arduino microcontroller was used to apply of 2.5 V AC pulses lasting 0.5 s and repeating 

every 2 s for a total of 5 cycles. The Arduino was connected to a transistor (2N2222) and a relay 

(QUAD-SS-105D) which switched the current flow from the power supply. This process yields 

PtIr tips with radius of curvature below 50  nm.  
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Raman spectroscopy 

 Raman spectroscopy was carried out to assess the thickness of graphene layers deposited 

on Pd(111) via CVD using benzene at various T (Chapter 6). The Raman system is a Horiba 

LABRAM HR Evolution Confocal Microscope system found in Professor Abby Kavner’s 

laboratory in the Earth, Planetary, and Space Sciences Department at UCLA.  All the Raman 

spectra were acquired using a 532 nm (green) laser using 30 mw of power at ambient conditions. 

The spot size, as estimated from the lens specifications (100×, 0.8 N.A.) is 1 µm. Prior to acquiring 

Raman spectra from my graphene/Pd(111) samples, the spectrometer was calibrated using 

reference Si substrate which has a known peak at 520.1 cm-1.15 Each spectrum was acquired over 

a range spanning 1200 – 3000 cm-1 using 30 accumulations of 1 s long acquisitions. The grating 

is 1800 lines/mm and the resolution in the spectra varied from 0.45 cm-1 to 0.34 cm-1. 
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CHAPTER 3 Bifurcation and orientation-dependence of corrugation of 2D hexagonal 

boron nitride on palladium 

Introduction 

The newly established class of two-dimensional (2D) layered materials has enabled a 

variety of novel applications1-4 owing to their unique thickness-dependent properties. Majority of 

these applications are based on the intrinsic properties of free-standing 2D layers and 

heterostructures with weak van der Waals (vdW) interactions (e.g., bilayers of a given 2D layer or 

multiple layers composed of different 2D layered materials). Rotational misorientations within the 

bilayer heterostructures and/or 2D layers supported on lattice-mismatched transition-metal (TM) 

substrates coupled with (strong) interlayer interactions can give rise to interesting properties, such 

as the formation of moiré patterns with spatially-periodic surface corrugations. An attractive aspect 

of these moiré structures is that that they can serve as nanoscale templates for self-organization of 

deposited molecules5, 6 and nanoparticles.7, 8 The template spatial periodicity is dictated by the 

surface structure of the 2D layer.9 For example, superlattices of highly organized clusters form on 

highly corrugated hexagonal boron nitride(hBN)7 or graphene10 moiré patterns, where the cluster-

cluster spacing is the same as the moiré pattern periodicity λ; in contrast, close-packed layers of 

clusters form on the flatter layers.  

The structure of TM-supported 2D layers depends sensitively on the mismatch and strength 

of the interaction between the 2D layer and TM substrate. For example, hBN layers can grow 

commensurately atop strongly interacting substrates such as Ni(111) with relatively small lattice 

mismatch (ε = 
ahBN - aNi(111)

aNi(111)
, ~ 0.4% with the surface lattice constants ahBN = 0.250 nm and aNi(111) = 

0.249 nm) without forming a moiré pattern.11, 12 On surfaces with larger , hBN forms 

incommensurate structures and moiré patterns are observed.13-19 Existing literature12, 18, 20-25 
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indicates that the corrugation of TM-supported 2D layers depends on the nature of substrate-layer 

interactions. Scanning tunneling microscopy (STM) studies have revealed that the hBN layer is 

flat (corrugated) when grown on weakly (strongly) interacting substrates such as Cu(111)16 and 

Pt(111)11 (Rh(111) and Ru(0001)13, 15). Furthermore, the crystallinity, i.e. whether the layer is 

composed of a single or multiple domains of hBN and 2D layers in general, seems to depend not 

only on the nucleation and growth kinetics26 but also on the strength of interactions between the 

2D layer and the substrate surface.27 For hBN layers grown on strongly interacting Rh(111)13 and 

Ru(0001),15 single-domain hBN layers have been observed. In contrast, on weakly interacting 

Cu(111)16, 28 and Pt(111),11 multiple hBN domains are often observed, where each domain has a 

specific orientation  with respect to the substrate. Thus, each orientation may have a different 

interaction strength with the TM27 and hence, -dependent electronic29-31 and/or structural22 

properties. Given that for a 2D/TM or a 2D bilayer system, λ also varies with , knowledge of the 

influence of 2D layer orientation with respect to the underlying surface on surface corrugation is 

essential for the rational design of nanoscale templates with desired periodicity. Several recent 

studies 32-34  have investigated the issue of determining the geometric corrugations that arise from 

vdW interactions at various relative orientations of the monolayer with respect to the substrate. In 

particular,  a multiscale computational approach32 has been used to reveal that vdW interactions in 

several different 2D bilayer systems (hBN-Gr, MoS2-WS2, and MoSe2-WSe2) can trigger 

significant in-plane and out-of-plane deformations of the constituent layers. However, the 

combined effect of misorientation, vdW interactions, and chemical bonding on the structure of 2D 

layers has not been investigated.  

In this chapter, I present a combined scanning tunneling microscopy (STM) and density 

functional theory (DFT) study of the surface structure of rotational domains of hBN/Pd(111). STM 
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images of the hBN layers reveal moiré patterns with different corrugations (hill to valley vertical 

distances measured from line profiles in STM images) z and periodicities λ, corresponding to 

different rotational domains. From the STM measurements of z for the observed hBN domains 

as a function of tunneling current (I) and bias (V), z increases with increasing λ. The values of 

z, however, depend on both I and V, indicative of electronic contributions to z. A recurring issue 

in determining the structure of 2D monatomic layers on a substrate is understanding the 

contributions of the layer geometry and of the electronic effects to the overall corrugation z 

measured in STM. Decoupling these two contributions, while complex, is important for better 

understanding the topography of the moiré structure of the monolayer; recent efforts in this 

direction include using helium atom scattering experiments to measure geometric corrugation,35 

and conformal deposition of Au layers so as to passivate the electronic effects.36 In the case of 

hBN/Pd, the electronic effects are significant, as they can be readily detected through the 

dependence of Δz on I and V. In contrast with electronic corrugation, the geometric contribution 

to Δz should not depend on tunneling conditions and, at least in some cases, can be estimated from 

calculations. Interestingly, z for all the hBN domains on Pd(111) has an oscillatory dependence 

on V. I attribute the observed V- and I-dependences of Δz to the electronic structure of the 

hBN/Pd(111) system. Based on DFT calculations, I infer that for aligned orientations (θ = 0°) the 

corrugation is mainly geometric in nature, while for all other orientations it is mostly electronic. 

This angle-dependent nature of the corrugation is enabled by a delicate balance between the 

chemical bonding and registry at the hBN/Pd interface, which reveals –separately– the presence 

of geometrically and electronically corrugated domains. I expect that a similar approach could be 

used to investigate orientation-dependent interactions in other substrate-supported 2D layers as 

well as in 2D layered vertical heterostructures.37 
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From the STM images,  surface height profiles of the rotational domains in the hBN layer 

were extracted using Gwyddion, a scanning probe microscopy image processing software.38 The 

surface height profiles z(d) reveal periodic variations in height z along the length d of the moiré 

patterns, i.e. the moiré patterns are vertically corrugated with high (peak) and low (valley) regions. 

I developed a MATLAB script to locate the peaks and valleys in the z(d) data and extract the moiré 

periodicities  and corrugation z as follows. For each of the observed moiré patterns, 

measurements of λ as the in-plane peak-to-peak distance, and corrugation amplitude Δz as the 

peak-to-valley height difference (i.e. Δz = zpeak – zvalley) in the surface profiles z(d) were acquired. 

Average values of λ and Δz and associated standard deviations σλ and σΔz are calculated from over 

200 such measurements. Here, σλ and σΔz are reported as the errors in the λ and Δz measurements.  

Results and discussion 

I first present our results from detailed STM characterization of hBN monolayers grown 

on Pd(111). All the experimental details are presented in the Methods section. Figure 3.1A is a 

typical STM image acquired from a Pd(111)/Al2O3(0001) sample. Other representative STM 

images from different Pd(111)/Al2O3(0001) samples are shown in Figure 3.S1. (All the Pd layers 

are sputter deposited, air-transferred into the ultra-high vacuum (UHV) STM chamber, degassed, 

and ‘flash cleaned’ prior to STM characterization following the procedure described in the 

Methods section.) The image shows 2D adatom and vacancy islands on atomically-smooth terraces 

separated by single-atom-height steps. The parallel set of lines visible in the image are 110 slip 

steps that form, as a result of differential thermal expansion and contraction of Pd and Al2O3, 

during cooling of the sample after degassing at elevated temperatures. From the STM images, the 

average step height was measured as 0.229 ± 0.008 nm, which is consistent  with the Pd(111) 

interlayer spacing of 0.224 ±0.001 nm.39 
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Figure 3.1B is a representative STM image of Pd(111) covered by a hBN monolayer 

deposited by pyrolytic cracking of purified borazine (Methods chapter). The image reveals 

ordered, 6-fold symmetric superstructures, which are moiré patterns formed by the superposition 

of the hBN(0001) and Pd(111) lattices. The average step height was measured as  0.225 ± 0.01 nm 

for the hBN covered Pd(111), which is the same, within the measurement uncertainties, as the 

monoatomic step heights on bare Pd(111). These results indicate that the hBN layer is conformal 

with the underlying Pd(111); similar carpet-like growth has also been reported for graphene and 

hBN on other metal surfaces.11, 13-15, 17, 22, 29, 40-42 STM images collected from different areas of the 

sample reveal moiré patterns with spatial periodicities λ = 0.6 ± 0.05 nm, 1.8 ± 0.14 nm, 2.7 ± 0.20 

nm, and 2.8 ± 0.14 nm corresponding to four distinct rotational domains of hBN on Pd(111). 

(Single-domain hBN layers can be grown on Pd(111) by the appropriate choice of deposition 

parameters, see for example, Figure 3.S2.) These λ values are consistent with previously reported 

moiré periodicities of hBN/Pd(111).17 The relative orientations () between the two lattices that 

explain the observed moiré patterns are calculated using the relation,43 λ(θ) = 

aPd(111)ahBN

√aPd(111)
2  + ahBN

2  - 2aPd(111)ahBN cosθ

 and the in-plane lattice parameters for hBN (ahBN = 0.250 nm) and 

Pd(111) (aPd(111) = 0.275 nm). Here,  is defined as the angle between hBN[112̄0] and Pd[11̄0]. 

For  ≈ 24.6°, 6.3°, 1.1°, and 0°, the corresponding λ = 0.6 nm, 1.8 nm, 2.7 nm, and 2.8 nm 

respectively, in good agreement with the experimentally measured λ values. Figure 3.1C shows 

atomic models of the λ = 1.8 nm and 2.7 nm hBN domains as well as their respective orientations 

with respect to Pd(111).  

In order to identify the role of electronic structure of hBN/Pd(111) on moiré patterns 

observed in the STM images,44 the effects of V and I on the moiré contrast and corrugation were 
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investigated. Figure 3.2A shows characteristic examples of STM images of a hBN domain with λ 

= 1.8 nm obtained at V = ±500 mV and ±200 mV. These data are part of a series of STM images 

collected sequentially using V values between -1.0 V and +1.0 V with I = 7.0 nA. (Figure 3.S3 

shows similar set of bias-dependent STM images of another hBN domain with λ = 2.7 nm.) The 

STM images reveal V-dependent contrast changes; the moiré spots appear as protrusions 

(depressions) when imaged using V = ±500 mV (±200 mV). Such bias-dependent contrast reversal 

has been reported in STM studies of semiconducting materials.41, 45 Surface height profiles z(d) 

along the same set of moiré spots, such as those indicated by colored lines in the STM images in 

Figure 3.2A, reveal a bias-dependent corrugation: Δz changes from 73 ± 20 pm at V = +500 mV 

to -18 ± 4 pm at V = +200 mV. The observed change in the sign of Δz is consistent with the contrast 

reversal in the STM images. Figure 3.2B shows representative STM images, part of a larger 

measurement sequence shown in Figure 3.S4, of a hBN domain (λ = 2.7 nm) obtained using I 

values between 500 pA and 7.0 nA with V = +50 mV. Δz also varies with I. Surface height profiles 

of the 2.7 nm domain (see the plot associated with the image panel in Figure 3.2B) reveal that 

when I is reduced from 7.0 nA to 500 pA, Δz decreases from 35 ± 1.4 pm to 20 ± 4.4 pm. Clearly, 

Δz values depend on both V and I, although the effect of V is more pronounced than that of I.  

In order to determine the role of hBN domain orientation on its surface corrugation, Δz of 

all the observed moiré patterns with different λ in our sample were measured. Figure 3.3A is an 

STM image (V = +500 mV, I = 7.0 nA) of two hBN domains (with λ = 1.8 nm and 2.7 nm) separated 

by a boundary. The surface height profile (Figure 3.3B) across the boundary reveals that Δz is 

smaller for hBN domains with smaller λ; in this particular measurement, Δz = 73 pm and 96 pm 

for the hBN domains with λ = 1.8 and λ = 2.7 nm, respectively. Representative Δz vs. λ for three 

different V are plotted in Figure 3.4A. Evidently, Δz increases with increasing λ, although the 
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magnitude of Δz and the extent of its variation with λ depend on V: for example, the change in Δz 

with λ is most (least) pronounced at V = -50 mV (-100 mV). Clearly, the hBN/Pd(111) surface 

corrugation depends on λ, and therefore on the relative orientation of hBN domains with respect 

to Pd(111).  

To determine the dependence of Δz on I and V, surface height profiles were obtained for 

the hBN domains using STM images collected over a range of tunneling parameters: 500 pA ≤ I 

≤ 7 nA and -1 V ≤ V ≤ +1 V. Figure 3.4B is a plot of Δz as a function of I with V held constant at 

+50 mV for a hBN domain with λ = 2.7 nm. Δz appears to be independent of I up to about 5 nA, 

above which Δz increases with increasing I from 20 ± 4.4 pm at I ~ 5 nA to 35 ± 1.4 pm at I = 7 

nA. The variation in Δz with I is attributed to a change in tip-sample distance, that decreases 

exponentially with increasing I,46 which in turn can affect the electronic contribution to the 

apparent Δz.47 

Figure 3.4C is a plot of Δz vs V for three rotational domains. For all domains, the data have 

an oscillatory character, with Δz fairly symmetric about 0 V between -500 mV ≤ V ≤ +500 mV: 

Δz increasing from 200 mV ≤ ±V ≤ 500 mV and decreasing from 50 mV ≤ ±V ≤ 200 mV. Previous 

STM studies of the “nanomesh” structure formed by hBN/Rh(111) also report similar dependence 

of Δz on V, where the effect was likely due to differences in the electronic structure of the 

nanomesh “pore” and “wire” regions.7 Corrugations observed in STM can be: (i) mainly electronic 

in nature and the hBN monolayer is (nearly) flat, similar to hBN/Cu(111);16 (ii) short-ranged, and 

no moiré patterns arise, akin to that of commensurate 1 × 1 hBN/Ni(111);12, 28 (iii) primarily 

geometric, similar to the moiré patterns formed by graphene on Ru(0001);48 and, finally, (iv) a 

combination of electronic and geometric effects, with similar contributions from both. Based on 

the long-range periodicities that observed in these experiments and on prior binding energy 
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assessments,49 the commensurate 1 × 1 structures (ii) are ruled out. Figure 3.4C shows significant 

dependences of Δz on V, which rules out case (iii) for the domains with λ = 1.8 nm and 2.7 nm and 

case (i) for the domain with the largest λ = 2.8 nm. Very similar corrugations (Δz ≈ 50 pm) that 

vary little with V for the domains with λ = 1.8 nm and 2.7 nm are observed, even though they have 

very different orientations  ≈ 6.3° and 1.1°, respectively. (Our DFT calculations indicate that the 

domain with λ = 0.6 nm periodicity also does not have any significant geometric corrugation (~ 3 

pm), because its periodicity is too short to accommodate undulations of the hBN sheet.) When the 

spatial periodicity is maximal (λ = 2.8 nm, corresponding to  = 0°) there is a sharp increase in the 

corrugation to Δz ≈ 200 pm at V = ±50 mV, which is not present for any of the other domains at 

any bias voltage. The ~ 150 pm difference between the Δz ~ 200 pm maximum (at V = ±50 mV 

for the 2.8 nm domain) and the ~ 50 pm corrugation for all other domains at the same V is attributed 

to a significant geometric corrugation in the λ = 2.8 nm ( = 0°) domains.43 That is, for all other 

domains (λ = 0.6 nm, 1.8 nm, and 2.7 nm), corrugation is mainly electronic in nature, although a 

small geometric component cannot be fully ruled out.  

To obtain insight into the surface structure of the hBN domains, the surface profiles of hBN 

domains with large and small λ (e.g., 2.8 nm and 0.6 nm) measured using the same tunneling 

parameters are compared. Figure 3.5A shows a set of STM images of the λ = 0.6 nm and 2.8 nm 

hBN domains separated by a boundary, acquired with tunneling conditions that yield the largest 

(left image) and smallest (right image) Δz. Our measurements show that in both cases, the peaks 

are higher, and the valleys are lower for the larger λ = 2.8 nm hBN domain. A similar trend is 

observed for the λ = 1.8 nm and 2.7 nm hBN domains (Figure 3.5B).  

I will now discuss the DFT calculations carried out in order to understand the different 

contributions (geometric vs. electronic) to the measured STM corrugation. I note that these 
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calculations were carried out by Dr. Abdulfattah Abdulslam and Professor Cristian V. Ciobanu at 

the Colorado School of Mines and are provided in this thesis for completeness of the main findings 

of our work. The 2.7 ± 0.20 nm and 2.8 ± 0.14 nm moiré structures have significantly different 

corrugations (Figure 3.4C), despite the fact that their periodicities are the same within the 

experimental uncertainties: this prompted investigation into the possibility that both the 

geometrically flat and geometrically corrugated structures could be encountered in domains with 

very similar orientations around  = 0°. An atomically flat layer can occur under conditions of 

commensurability: for example, at θ = 0°, a 10 × 10 Pd substrate with the lattice constant of aPd =

 0.275 nm is perfectly commensurate with an 11 × 11 hBN monolayer with ahBN = 0.250 nm. This 

is a very likely configuration for the structure observed with the largest moiré periodicity. Due to 

commensurability, a geometrically corrugated structure with this exact commensurate 

configuration would involve straining the B-N bonds to create hills and valleys, which requires 

high energetic penalties and hence does not occur. This assertion was tested using DFT 

calculations for this orientation and periodicity (11 × 11 hBN on 10 × 10 Pd): the perfectly 

commensurate hBN layer with 𝜃 = 0° and λ = 2.75 nm remains flat and settles a distance of 280 

pm from the substrate. The bonding character with the substrate is necessarily mixed: it cannot be 

purely vdW, since that would require a ~320 pm separation from the substrate. The DFT 

calculations for the 2.75 nm structure shows that the layer remains nearly flat, with no noticeable 

geometric corrugation (Figure 3.6). However, the STM simulated image for the 2.75 nm moiré 

structure displays a large scale corrugation pattern (Figure 3.6).  This is consistent with our STM 

measurements that show similar corrugations for structures with periodicities of 0.6, 1.8, 2.7 nm 

in Figure 3.4C: this supports our earlier assertion that the corrugation for these structures is mainly 

electronic in nature.  
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Using DFT calculations, the possibility that a significant geometric corrugation may 

develop for the maximal moiré periodicity λ = 2.8 nm, which is strongly suggested by the 

measurements in Figure 3.4C showing an additional 150 pm corrugation difference between the 

moiré pattern at 𝜃 = 0° and the other hBN domains was tested. DFT calculations require the use 

of periodic boundary conditions for systems where the hBN monolayer is strictly commensurate 

with the Pd substrate within the moiré supercell. This commensurability can be accomplished in 

DFT calculations by straining the substrate or the monolayer, which is an artifact that may directly 

affect the geometric corrugation being assessed computationally. In order to avoid this artifact, the 

hBN/Pd bonding was tested locally by using small 2D molecular flakes (B7N6H9, B6N7H9, and 

B12N12H12) placed in different locations around the Pd substrate and studying the distance at which 

they settle with respect to the substrate. At certain orientations (0° and 30°) and registries above 

the substrate, these molecular flakes simulate various portions of a complete hBN/Pd layer (Figure 

3.7). The flakes were used to effectively probe the strength of the interaction and the height of the 

flake with respect to the substrate. Depending on the location on the substrate, the B7N6H9, B6N7H9 

flakes experience mostly localized geometric corrugations ranging from 8 pm to 56 pm and can 

“settle” such that the minimum distance to the substrate ranges from 214 pm to 257 pm (Table S.I. 

in the SI of  Ref. 50). There is no doubt that the distance of 214 pm is indicative of strong chemical 

bonding similar to that one encountered for hBN on Ni.12, 49 On the other hand, the larger flakes 

(B12N12H12) experience bowing even though they are only about 1 nm wide (Table S.II. in SI of 

Ref. 50). The bowing corresponds to a geometric corrugation of 90 pm achieved between its center 

(295 pm away from the substrate) and periphery (205 pm away): this value can be viewed as an 

estimate of the actual geometric corrugation of the  = 2.8 nm structure, in which most of the local 
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interfacial configurations probed using our small flakes are present; this geometric corrugation 

was estimated from Figure 3.4C at 150 pm.  

 The strength of the chemical bond between hBN and Pd may be influenced by the 

orientation 𝜃  between BN clusters and the Pd surface – similar to the case of graphene/Pd(111).27 

Given the above DFT results from the molecular “probes”, we hypothesize that axial strain in the 

bonds can be avoided for (incommensurate) hBN layers that have in excess of 11 × 11 hBN unit 

cells within the maximal moiré structure of ~2.8 nm. In this case, axial strain is traded for bending 

strains, which are significantly lower and can lead to the formation of. periodic hill-and-valley 

undulations, i.e. geometric corrugations.  These undulations can be sustained (pinned from their 

periphery) if the binding energy for the regions closest to the substrate is sufficiently strong. The 

following describes a simple model of the energetic competition between the flat and corrugated 

configurations of the hBN monolayer on the substrate, with the goal of assessing the possibility of 

forming a corrugated layer. Within a moiré period, the interface energy per area is calculated 

starting from three (positive) binding energies: (i) Ech, an average (per area) corresponding to 

regions of the moiré structure that are chemically bonded to the substrate (interlayer distance ~ 

230 pm)49, (ii) EvdW, corresponding to regions that are vdW bonded (interlayer distance ~ 320 pm), 

and (iii) Ef  corresponding to an atomically flat monolayer situated at an intermediate distance, 

e.g., 280 pm. While Ech and EvdW are local averages for their corresponding regions (close or far 

from the substrate, respectively), Ef  = Ef (θ) is an average over the entire (periodic) area, which is 

an increasing function of  based on graphene/Pd results.27 With the derivation in the SI of Ref. 

50, the interfacial energy per unit area γ
b
 of the corrugated configuration includes contributions 

from the chemically bonded regions, vdW regions, and bending, and can be expressed as a function 

of  through: 
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 γ
b
 = -Ech + 

8πh√M(Ech-EvdW)

√3
(

1

aPd(111)
2 +

1

ahBN
2 -

2 cos θ

aPd(111) ahBN

),    (1) 

where h is the geometric height of the sheet (refer to Figure 3.S5) and M is its bending modulus. 

Because of the negative cosine dependence, the function γ
b
 increases with  for all relevant angles 

(0° ≤ θ ≤ 30
o
). For a (nearly) flat sheet that is vdW bonded to the substrate, the interfacial energy 

is γ
f
 = -Ef (θ), which is a monotonically decreasing function of  since Ef (θ) is increasing.27 

Physical arguments for the energetic competition between the flat and geometrically 

corrugated moiré structures of the same periodicity can now be made. The comparison of 

interfacial energies for the flat and corrugated configurations is illustrated in Figure 3.7D. The 

relationship between the binding energies is necessarily Ech > Ef (θ = 0°) > EvdW, based on the 

corresponding distances with respect to the substrate. This inequality is not changed by the addition 

of the constant terms proportional to √M  in Eq. (1) (refer to SI of Ref. 50), and thus leads to the 

interface energy curves γ
b and γ

f
 with the relative positions shown in Figure 3.7D. At θ = 0°, Ech > 

Ef  requires that γ
b
 <  γ

f
, which shows that the corrugated configuration is favorable at least at 

θ = 0°. However, given that γ
b
 decreases with θ while γ

f
 increases, the two curves necessarily 

intersect (Figure 3.7D), and the flat configuration becomes more stable at a nonzero angle θc. 

Based on our experiments which show both corrugated and flat configurations at similar 

periodicities (2.7-2.8 nm), the intersection must occur at a small angle θc ≈ 1°. While dealing with 

a similar problem, our work differs from recent studies32-34 in that it provides a model for the 

interface energy for the case when a part of the hBN monolayer is vdW-bonded to the substrate 

(the hill region in the moiré supercell), while other parts are chemically bonded (the valleys on the 

hBN monolayer). Our phenomenological model arises from the optimization of interface energy 

with respect to the radius of the vdW-bonded region (details in the SI Ref. 50): as such, our model 
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makes several simplifying assumptions, but can claim qualitative agreement with experimental 

observations in that it leads to a critical angle below which the hBN monolayer is geometrically 

corrugated and above which the hBN monolayer is practically flat (Fig. 3.7D).  

Conclusion 

In conclusion, STM and DFT were used to assess the geometric and electronic 

contributions to the apparent surface corrugation of polydomain hBN monolayers grown on 

Pd(111). For most hBN domains on Pd, the apparent corrugation is electronic in nature. For 

domains of maximal or near maximal periodicity, geometric corrugations can form on hBN via 

the interplay of chemical binding, vdW binding, and bending within the moiré period: a general 

model for this behavior and the associated interface energy of the corrugated configuration was 

provided. The existence of both flat and corrugated domains on supported 2D hBN is atypical, and 

in the case of hBN/Pd it is enabled by the intermediate binding energy per unit area, i.e. between 

strong (akin to Ni or Ru) and weak (akin to Cu or Pt). Similar bifurcation behavior is expected to 

occur on hBN when supported by other substrates with intermediate interactions, not necessarily 

metallic ones (for example, metal oxides). This behavior can lead to significant degree of control 

of templated self-organization of large molecules or nanoparticles on hBN, as they could form 

either sparse patterns or compact agglomerations on the same hBN monolayer depending on 

whether the structure is corrugated or flat. 
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Figures 

 

Figure 3.1: Typical scanning tunneling microscopy (STM) images acquired at room temperature 

from (A) a Pd(111)/Al2O3(0001) thin film and (B) after deposition of hBN monolayer on Pd(111). 

(A) STM image size is 300 × 300 nm2; tunneling bias V = +900 mV and tunneling current I = 1.0 

nA. The image shows two-dimensional Pd(111) adatom and vacancy islands on atomically-smooth 

terraces separated by monoatomic height steps. (B) STM image size is 120 × 120 nm2; V = -50 

mV and I = 6.0 nA. Moiré patterns with different periodicities λ resulting from domains within the 

hBN layer oriented at different angles  with respect to Pd(111) are visible across the terraces. 

Dashed lines outline the domain boundaries. (C) Atomic models of hBN domains with λ = 1.8 nm 

(top) and 2.7 nm (bottom) obtained by superposition of hBN lattice (grey and red spheres) on 

Pd(111) lattice (white spheres) such that hBN[112̄0] is oriented at θ = 6.3° (top) and 1.1° (bottom) 

with respect to Pd[11̄0]. Top and bottom models correspond to domains bounded by blue and 

yellow dashed lines in B, respectively.  
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Figure 3.2: (A) A series of STM images (5 × 10 nm2) of a hBN domain (λ = 1.8 nm) on Pd(111) 

obtained at V values of ±500 mV and ±200 mV with I = 7.0 nA. The images reveal variations in 

moiré pattern contrast. (B) A sequence of STM images (5 × 10 nm2) acquired from another hBN 

domain (λ = 2.7 nm) at I values between 500 pA and 7.0 nA with V = +50 mV. The images show 

a gradual change in resolution. Associated plots are surface height profiles z(d) along the 

corresponding color-coded lines drawn along the hBN domains in the STM images. Note the 

variations in z with V and I.  
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Figure 3.3: (A) Characteristic STM image (30 × 30 nm2, V = +500 mV and I = 7.0 nA) obtained 

from the same hBN/Pd(111) sample as in Figure 3.1B. The image shows two rotational domains 

of hBN with λ = 1.8 ± 0.14 nm and 2.7 ± 0.21 nm next to each other. (B) Surface height profiles 

z(d) along the corresponding color-coded lines shown in the STM image. Evidently, the surface 

corrugation amplitude Δz (= zpeak - zvalley) is larger in the λ = 2.7 nm (Δz = 96 pm) than in the λ = 

1.8 nm domain (Δz = 73 pm). 
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Figure 3.4: Plots of: (A) Δz vs. λ data extracted from STM images obtained at V = -50 mV (red), 

-100 mV (blue), and +500 mV (green) with I = 7.0 nA; (B) Δz vs I for λ = 2.7 nm with V = +50 

mV; and (C) Δz vs. V, with I = 7.0 nA for the λ = 1.8 nm (green), 2.7 nm (blue), and 2.8 nm 

(orange) hBN domains.  
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Figure 3.5: Representative STM images (15 × 15 nm2) and associated z(d) profiles of two hBN 

domains with λ (A) = 0.6 nm and 2.8 nm and (B) = 1.8 nm and 2.7 nm. The images in A are 

acquired using V = -50 mV (left) and +800 mV (right) and those in B with V = -500 mV (left) and 

-900 mV (right). I = 7.0 nA for all the images. This particular set of tunneling parameters are 

chosen such that Δz of each domain is maximum and minimum in left and right images, 

respectively.  
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Figure 3.6: Top and side views of simulated STM image of a supercell with 11 × 11 hBN on 10 

× 10 Pd(111). The top view shows the simulated STM image (sharp white dots are the N atoms 

beneath) with obvious large-scale moiré pattern (color gradient) and the side image shows the 

relaxed atomic structure without any noticeable geometric corrugation of the hBN monolayer.  
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Figure 3.7: (A) Structure of the hBN/Pd(111) with maximal periodicity, obtained from flat layers 

with lattice constants ahBN = 0.250 nm and aPd(111) = 0.275 nm. Small flakes (B) B7N6H9 (top) and 

B6N7H9 (bottom) and (C) B12N12H12 employed to determine the adsorption tendencies for different 

portions (highlighted) of the moiré structure. The circular region is van der Waals (vdW) bonded 

to the substrate, while the triangular region represents the strongest bonded core of the remaining 

chemically-bonded area in the unit cell. (D) Schematic plots of (negative) interfacial energies per 

unit areas γ
f
 and γ

b
 of flat and corrugated hBN/Pd(111) moiré surfaces, respectively of same  as 

a function of misorientation angle . There exists a critical angle c below (past) which the 

corrugated (flat) configuration is more energetically favorable.  
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Figure 3.S1: Representative scanning tunneling microscopy (STM) images acquired with 

tunneling bias V = +900 mV and current I = 1.0 nA from three different Pd(111)/Al2O3 samples, 

all sputter-deposited and prepared for ultra-high vacuum (UHV) STM following the procedure 

described in Methods section. Image sizes are (A) 900 × 900 nm2, (B) 450 × 450 nm2, and (C) 450 

× 450 nm2.  
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Figure 3.S2: Room-temperature STM images (A) 200 × 200 nm2, (B) 80 × 80 nm2, and (C) 20 × 

20 nm2 acquired from single-domain hBN-covered Pd(111)/Al2O3(0001) sample using V = +600 

mV and I = 1.0 nA. The domain periodicity λ = 3.0 ± 0.14 nm, surface corrugation Δz at this V and 

I is 69 ± 23 pm, and hBN-covered Pd step height = 0.224 ± 0.006 nm.  
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Figure 3.S3: (A-H) Series of STM images (9 × 9 nm2) of a hBN domain (λ = 2.7 nm) on Pd(111) 

obtained using V as specified in the images with I = 7.0 nA.  
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Figure 3.S4: (A-H) Series of STM images (9 × 9 nm2) of a hBN domain (λ = 2.7 nm) on Pd(111) 

acquired using V = +50 mV with I values as shown in the images.  
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Figure 3.S5: Schematic of a surface unit cell of hBN/Pd with a blistered configuration. The blister 

is approximated as a spherical calotte of height h and base radius R. 
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CHAPTER 4 Growth kinetics of two-dimensional hexagonal boron nitride layers on 

Pd(111) 

Introduction 

Chemical vapor deposition (CVD) of thin films involves a complex interplay of chemical 

reaction pathways and mass transport mechanisms 1, which influence the growth morphology, 

crystallinity, and composition. Classical thin film growth models 2-4 can help predict and explain 

experimentally observed layer-by-layer, Volmer-Weber 5, or Stranski-Krastanov 6 growth modes 

based on the material-specific energetics (such as surface and interface energies, barriers for 

nucleation, diffusion, etc.) and the deposition parameters (e.g., temperature and flux). Compared 

to the growth kinetics of conventional three-dimensional (3D) solid thin films, where the bonding 

at the film-substrate interface is comparable to the bonding within the film, mechanisms operating 

during the synthesis of the newly established class of van der Waals (vdW) layered materials with 

strong intralayer and weak inter-layer bonds can be quite different. Studies have shown that the 

anisotropic bonding intrinsic to these materials can give rise to unconventional growth modes: 

formation of dome-shaped 2D islands 7 that bow due to relatively stronger bonding of its edges to 

the underlying substrate, or the 'carpet-like' growth in which the individual layers of vdW material 

grow continuously and conformally across the substrate steps 8, 9.   

In 2D layers, domain boundaries (2D analog of grain boundaries in a 3D crystal) can influence 

the properties 10, 11 and hence it is desirable to prepare layers preferably with a single-domain. 

Among the wide variety of vdW solids, growth-related aspects are probably relatively well studied 

for graphene and hBN, most commonly grown via CVD on metal substrates. Previous studies have 

shown that the quality of 2D layers depends on the substrate surface structure and composition and 

the deposition parameters 12-18, presumably due to differences in growth modes 19-21. Our recent 
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experiments revealed an unexpected result: during CVD of hBN monolayers on Pd(111), higher 

borazine flux promotes single-domain hBN growth over larger areas, while lower flux leads to 

multiple domains [see Fig. 4.1 and also Ref. 17, Fig. S2(b)]. Remarkably, single-domain layers of 

graphene and hBN have grown via CVD on metals using seemingly contrasting growth conditions 

– high-temperature (> 1000 K) CVD 12 and two-step approach involving room-temperature 

adsorption 22-25. Clearly, a better understanding of the role of deposition parameters is needed for 

the growth of high-quality 2D layered materials. 

Here, we present in situ variable-temperature scanning tunneling microscopy (VT-STM) 

studies of the CVD kinetics of hBN monolayer using borazine on Pd(111). All the VT-STM 

experiments are carried in an ultra-high vacuum (UHV, base pressure ~2 × 10-10 mbar) VT-STM 

system (Scienta-Omicron) using Pd(111)/Al2O3(0001) thin films 26. Prior to hBN deposition, the 

borazine (from Gelest, Inc.) is purified via the freeze-pump-thaw cycles. The hBN layers are then 

grown while scanning the sample on the STM stage at the desired temperature T. All the STM 

images presented here are acquired in the constant current mode using a Pt0.8Ir0.2 tip. All the details 

of the experimental procedure are presented in Chapter 2. 

Results and discussion 

 Figures 4.2A-D are representative VT-STM images acquired from four different Pd(111) 

samples at two different temperatures, 573 K and 673 K, during CVD of hBN using borazine 

pressures p of  10-7 mbar and 10-6 mbar. At higher T (> 673 K) and/or p (> 10-6 mbar), either the 

hBN deposition rates are too fast to follow or the dynamical changes occurring on Pd surface 

prevent stable imaging. The times t at which each of the images are obtained are shown in the 

figure panels. In all of our experiments, we obtain 0.18 ~ 0.21 nm high islands (brighter contrast 

features in Figs. 4.2A-D) on atomically-smooth Pd(111) terraces and/or at monoatomic height 
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steps. Based on the island height measurements and prior literature,24 we identify them as 

monolayer hBN. We find that the hBN island morphologies depend on the p and T, with more 

compact shapes obtained during deposition at higher T and lower p (see Fig. 4.1D). The 

observation of compact shapes is indicative of enhanced mobilities of depositing species along 

hBN island step-edges and is expected at higher T and lower deposition rates.  

 From the STM images, we measure island densities and fractional areal coverages f 

(defined as the total area of all the deposited hBN per unit area of the substrate surface) of hBN as 

a function of the deposition time t. Fig. 4.2E shows plots of f vs. t data for the depositions in Figs. 

4.2A-D. In each of the curves,  f = 0 and 1 correspond to bare Pd and one complete monolayer of 

hBN, respectively. At all T ≥ 573 K and p  ≥ 10-7 mbar, we observe non-zero coverages (f  > 0) at 

all t > 0 indicating that hBN nucleation time is much shorter than the STM image acquisition times. 

We find that the time taken to achieve complete monolayer coverage, i.e. f = 1, progressively 

decreases with increasing p and/or T from ~2415 s at the lower T (= 573 K) and p (= 10-7 mbar) to 

~210 s at T = 673 K and p = 10-6 mbar. Based on the measurements of individual island growth 

rates (Fig. 4.S1), we suggest that CVD of hBN using borazine is a thermally-activated process 

occurring in the flux-limited regime over the range of deposition conditions used in our 

experiments.  

 In situ STM observations reveal unexpected temperature- and flux- dependent changes in 

the hBN growth mode. The upper and lower panels in Fig. 4.3 are time-lapsed VT-STM images 

acquired during hBN deposition at higher p with lower T and at higher T with lower p, respectively. 

(These images are part of the same measurement sequences as in Figs. 4.2A and 2D, respectively.) 

We observe preferential deposition of hBN at the Pd step edges at higher p (Fig. 4.3, upper panel) 

and hBN islands on terraces at higher T and with lower growth rate (Fig. 4.3, lower panel). Clearly, 
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island growth is favored at lower deposition rates. This is contrary to what is typically expected 

and observed during heteroepitaxial growth of 3D materials – the propensity for the formation of 

islands on terraces as opposed to nucleation and growth along step edges increases with increasing 

rate of deposition compared to surface diffusivity. Furthermore, the STM images in Fig. 4.3 (upper 

panel) reveal an unusual phenomenon – attachment at the upsteps and downsteps and growth 

across the steps in uphill and downhill directions. While the attachment at downsteps is expected 

and observed during vapor phase growth of 3D materials, accumulation of material in the vicinity 

of upsteps is not common. 

 To gain better insight into this phenomenon, we measured the as-deposited island heights 

and their areal coverages as a function of deposition parameters. Fig. 4.3E shows representative 

height profiles measured across the lines shown in Fig. 4.3 upper and lower panels. This data is 

typical of a total of 20 hBN islands in Fig. 4.3, deposited at different p and T. For the hBN deposited 

at the upsteps and downsteps (as in Fig. 4.3, upper panel), we find that the Pd-hBN interlayer 

spacing is 0.18 ± 0.01 nm, ~0.04 nm less than that of Pd-Pd step heights (0.22 ± 0.01 nm) measured 

from the same STM image, i.e., under identical tunneling conditions and same p, T, and t. Since 

the interlayer spacing is a measure of interaction strength,17 these results indicate that the hBN 

layers are bound relatively strongly to the Pd surface compared to hBN on hBN.)For the hBN 

islands on the terraces and at the ascending steps (as in Fig. 4.3, lower panel), we measure Pd-hBN 

interlayer distance of 0.21 ± 0.01 nm, ~0.03 nm less than the bare Pd-Pd step heights (0.24 ± 0.01 

nm) measured under identical imaging conditions. The hBN island heights are, within the 

measurement uncertainties, the same irrespective of their location on the Pd surface and the 

deposition conditions. We note that the heights of hBN-covered Pd steps are the same as the bare 
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Pd step heights, which indicates that the hBN layer growing across the steps conforms to the 

underlying Pd.  

 In our experiments, we observe this "uphill" growth at higher borazine flux (see also Figs. 

4.2B and 4.2C) but not at higher T and lower p (Fig. 4.3, lower panel). Fig. 4.3D is a plot of areal 

fractions fuphill(t) of hBN deposited at the upsteps, measured with respect to the total amount 

deposited across the step edges. In this plot, fuphill = 0 and 1 correspond to 100% deposition at the 

ascending and descending step-edges, respectively. Furthermore, whenever there is growth across 

the steps, we find that fuphill increases initially with increasing t and remains constant at later times. 

That is, the deposition begins at the downsteps steps followed by the growth across the steps at 

near-equal rates (see also Fig. 4.S2). From the time-dependent changes in the areal fraction fstep(t) 

of the hBN deposited at the step edges (Fig. 4.3C), we find that at higher p, majority of hBN is 

accumulated at the steps (red circles). At higher T, where terrace islands appear, fstep(t) is ~0.5 

(blue triangles) indicating that hBN-covered steps grow at nearly the same rate as the islands on 

terraces.  

 In order to explain the observed T- and p-dependent differences in hBN growth modes, we 

propose a model, schematically illustrated in Fig. 4.4. We suggest that the dissociative 

chemisorption of borazine, a thermally-activated process, occurs in the decreasing order of 

preference at the ascending Pd steps (with respect to a given terrace), at active sites along hBN-

covered steps and island edges, and on bare Pd terraces. This is reasonable since steps are known 

to be catalytically more active than atomically-smooth terraces and consistent with our results. We 

illustrate this point using a hypothetical plot of temperature-dependent rates of dissociative 

chemisorption at a constant borazine pressure p in Fig. 4.4. For clarity, we have exaggerated the 

difference in the rates at steps vs. terraces. At lower T, hBN forms preferentially at step edges. The 
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rate of hBN deposition on terraces increases with increasing T and at some high T, the rates of 

deposition on steps and terraces are likely to be nearly the same. (Increasing the T further could 

lower the deposition rates due to desorption of hBN, evaporation of the substrate material, bulk 

dissolution, or other process.) With increasing p, we expect the deposition rates to increase with 

qualitatively similar T-dependent behavior, i.e. a vertical shift in the curves in Fig. 4.4 plot. (We 

note that bulk diffusion and dissolution of borazine and/or hBN has no influence on the presented 

model.) In all our experiments, irrespective of T, we observe deposition at the Pd step edges during 

early stages of growth. At lower T, we observe preferential growth at hBN steps and since island 

nucleation on bare Pd terraces is suppressed compared to hBN deposition at the Pd steps, hBN 

layer grows uphill across the steps (see Fig. 4.3 upper panel and the top schematic in Fig. 4.4). At 

higher T and lower p, the rate of borazine decomposition on bare Pd terraces increases leading to 

higher supersaturation of the depositing species and favors the formation of islands on terraces. 

Since dissociative chemisorption of borazine is favored at the hBN island steps compared to the 

Pd down-steps, the hBN islands grow preferentially across the terrace and lead to downhill growth 

(see Fig. 4.3 lower panel and the center schematic in Fig. 4.4). Finally, at higher T and higher p, 

we expect the growth to proceed via growth at up-steps and island formation leading to uphill and 

downhill growth. We note that deposition at lower T and higher p is likely to result in larger 

domains growing across the terraces because island nucleation is suppressed. This is consistent 

with our observations in Fig. 4.1, which shows that deposition at higher p favors larger domains 

while lower p yields polydomain layer. 

Conclusion 

 In conclusion, we have investigated the chemical vapor deposition kinetics of hBN on 

Pd(111). From the in situ STM images acquired during deposition as a function of precursor 
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pressure and deposition temperature, we find that increasing deposition flux and lowering 

temperature promote hBN growth at the step edges while reducing the flux and increasing the 

temperature result in island formation on terraces. We attribute this unconventional growth kinetics 

to the presence of a nucleation barrier for the deposition of hBN on terraces. As a consequence of 

the observed unusual flux and temperature dependences, we find that hBN prefers to grow uphill 

(downhill) across the steps at lower (higher) temperatures.  

 We finally comment on the generality of the observed temperature and pressure dependent 

changes in the growth mode of 2D layers. Given that the carpet-like growth across the substrate 

steps is intrinsic to 2D layered materials, whether the material grows uphill or downhill depends 

on its relative rates of nucleation on terraces vs. at the steps; and the exact temperature and 

precursor pressure dependences will depend on the substrate reactivity and the precursor 

chemistry. For example, graphene and hBN layers are shown to grow preferentially downhill on 

Ru(0001)19,20 ; in contrast, downhill and uphill growth is observed for graphene on Pt(111)21 and 

hBN on Ru(0001) in presence of H2.
20 We therefore expect that our results help not only 

understand the 2D layer growth mechanisms but are likely to help develop recipes to grow higher-

quality layers. 
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Figures 

 

Figure 4.1: Deposition parameter dependent changes in the hBN domain density. The image panel 

shows STM images aquired from two different Pd(111) surfaces after hBN growth via pyrolitic 

decomposition of borazine at T = 923 K with borazine pressure p = (A) 10-6 mbar (300 s), and (B) 

10-7 mbar (480 s). (A) For the deposition at higher p, a single moiré pattern (λ = 2.7 nm) is visible 

covering the Pd terraces. The moiré orientation is preserved across the steps, indicative of a single 

hBN domain at least 120 × 120 nm2 in size. (B) For the deposition carried out at lower p, several 

moiré domains are visible in the STM images (λ = 1.8 – 2.7 nm), indicative of rotational domains 

within the hBN layer. STM parameters: (A) VT = 0.10 V, IT = 3.0 nA. (B) 60 × 60 nm2, VT = 0.05 

V, IT = 7.0 nA. 
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Figure 4.2: (A-D) Representative STM images acquired in situ during CVD of hBN using 

borazine on Pd(111) at two different temperatures T = 573 K and 673 K and pressures p = 10-7 

mbar and 10-6 mbar and deposition times t indicated in the image panels. The coverage of hBN is 

~0.4 ML. (A) T = 573 K, p = 10-6 mbar, t = 105 s (B) T = 673 K, p = 10-6 mbar, t = 35 s (C) T = 

573 K, p = 10-7 mbar, t = 1015 s, and (D) T = 673 K,  p = 10-7 mbar, t = 245 s. (E) Fractional areal 

coverages f of hBN (total area of deposited hBN per unit area of the subtrate Pd) as a function of 

the deposition conditions. The data are plotted as log(f) vs log(t) to more clearly show the time-

dependent areal coverage rates. STM parameters: (A) 400 × 400 nm2, VT = 1.0 V, IT = 0.5 nA (B) 

250 × 250 nm2,  VT = 1.3 V, IT = 0.8 nA (C) 400 × 400 nm2,  VT = 2.9 V, IT = 1.0 nA (D) 400 × 

400 nm2, VT = 0.8 V, IT = 0.6 nA. 
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Figure 4.3: Deposition rate and T dependent attachment and growth modes of hBN on the Pd(111) 

surface. (A) A Series of images acquired during hBN growth at higher deposition rate and lower 

temperature, showing hBN attachment primarily at Pd step edges, with relatively few islands on 

the terraces. (B) STM images acquired during hBN growth at lower deposition rate and higher T. 

Islands are visible on primarily on terraces and relatively fewer on step edges. The lines in the 

images correspond to surface height profiles in E. (C) Fractional coverage of hBN attached to Pd 

step edges (measured with respect to the total areal coverage of hBN), fstep as a function of t. Red 

circles and blue triangles correspond to the experiments in A and B, respectively. For the 

experiment carried out at lower deposition rate and higher T (B in this panel), island growth is 

favored. (D) Fractional coverage of hBN on upteps, fuphill, relative to the total amount deposited 

across the step edges. Red circles and blue triangles correspond to the experiments in A and B, 
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respectively. For the experiment carried out at higher deposition rate and lower T (A in this panel), 

the hBN at the step edges grows into the upsteps and downsteps. (E) Representative surface height 

profiles, such as those indicated by red and blue numbered lines in A and B, acquired from hBN 

islands. STM parameters: (A) 800 × 800 nm2, VT = 1.0 V, IT = 0.5 nA. (B) 800 × 800 nm2, VT = 

0.8 V, IT = 0.6 nA. 
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Figure 4.4: (A) Hypothetical Arrhenius plot of rates of hBN deposition via dissociative 

chemisorption at steps and terraces on a metal surface as a function of 1/T. (B) Schematic of the 

hBN growth modes at different deposition conditions.  
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Figure 4.S1: Areal growth rate of hBN islands as a function of the deposition conditions T, and P, 

and t. (A-D) Representative STM images acquired in situ during CVD of hBN using borazine on 

Pd(111) at two different temperatures T = 573 K and 673 K and pressures p = 10-7 mbar and 10-6 

mbar (these are part of the same image sequences shown in Figs. 4.2). (E and F) Plots of island 

area A vs t for the experiments shown in A-D. For each experiment, A is an average area of at least 

6 islands as shown in the image panels A-D. In each case, we find that A increases linearly with t, 

corresponding to flux-limited growth kinetics.  
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CHAPTER 5 In situ STM investigations on the thermal stability of hBN covered Pd(111) 

surfaces 

Introduction 

 The newly established class of two-dimensional (2D) materials have gained considerable 

attention owing to their unique atomically thin structure. These materials encompass a wide range 

of compositions which enables access to the entire range of electronic properties including metallic 

(e.g. graphene1, 2), semiconducting (e.g. MoS2
3), and insulating (e.g. hexagonal boron nitride, or 

hBN4).  As such, most investigations of 2D layers have focused on characterizing their electronic 

properties.1, 5, 6 Other studies have also shown that they exhibit interesting physical properties: 

excellent mechanical strength,7, 8thermal conductivity,9, 10 and efficient impermeability even for 

He.11 In addition, 2D layers are known to improve the corrosion resistance12, 13 and oxidation 

resistance14, 15 of underlying metallic substrates.  

 Studies have shown that Gr and hBN layers can be etched at high temperatures (T) using 

H2
16 and O2,

17; however, relatively little is known concerning the thermal stability of 2D layers on 

metals and the underlying metal surfaces. Recently, there is renewed interest in vdW epitaxy18 for 

the growth of 2D layer heterostructures,19 more recently coined 'remote epitaxy', 20, 21 and 2D-layer 

promoted crystal growth22 all of which rely on the growth of materials on top of 2D layers 

supported on substrates. Typically, these growth processes are carried out at high-T and therefore 

stability of both the 2D layer and the underlying substrate are critical. For those materials that are 

soluble in the supporting substrates (e.g., graphene in transition-metals,23 BN in Fe24) increasing 

the T can affect the stability of the 2D layer and influence the subsequent processing.  

 In this chapter, I present results from an in situ variable-temperature scanning tunneling 

microscopy (VT-STM), investigation on the thermal stability of hBN covered Pd(111) surface at 
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T between 600 K and 1000 K. We show that hBN (monolayer) covered Pd(111) is relatively more 

stable than bare Pd(111) surface. At T = 1000 K, we find that hBN-covered [211] steps fluctuate 

more than [110] steps. Furthermore, we observe the presence of hBN covered Pd vacancy islands, 

whose size changes little, and area remains relatively constant on time scales of 103 s. Surprisingly, 

the hBN covered vacancy islands are relatively more stable than hBN covered adatom islands, 

which decay at significantly faster rates. In contrast, for bare Pd(111) surface, adatom and vacancy 

islands decay at similar rates. Interestingly, bare Pd(111) islands decay at faster rates than hBN 

covered islands. We speculate that the hBN overlayer improves the Pd(111) surface stability by 

suppressing surface adatom mobility and hence inhibiting the decay of the underlying Pd adatom 

and vacancy islands.   

Results and discussion 

 Figures 5.1A-E are STM images acquired from the same hBN/Pd(111) sample at T = 1000 

K. We note that this T corresponds to more than half the melting temperature of Pd (Tm = 1828 

K25), and roughly one third the melting temperature of BN (Tm = 2967 K25). The images show 

monoatomic height Pd steps separating terraces which are covered by a moiré pattern with 

periodicity 2.7 ± 0.15 nm. Sequential STM images reveal that the moiré pattern and hence the 

epitaxial relationship between hBN and Pd(111) remains intact at 1000 K. Furthermore, we 

observe a difference in the orientation of the moiré patterns with respect to the Pd step edges: in 

A-C, the moiré features are parallel to the step edge whereas in D-F, they are rotated by 30°. To 

assess the epitaxial relationship between hBN and Pd which explains the observed moiré pattern 

periodicity and orientation, we used the in plane lattice constants of Pd(111) and hBN to calculate 

the rotational alignment θ between the Pd and hBN lattices.26 We find that a moiré pattern with λ 

= 2.75 nm may be formed when θ = 0° between the [110]Pd and [1120]hBN (high atomic density) 



66 

 

directions. Based on this analysis, we find that the step in Figures 5.1A-C is aligned along [110]Pd 

and the step in Figures 5.1D-F is aligned along [211]Pd. Interestingly, the [110]Pd step is relatively 

sharp and straight; the sequential images (Figs. 5.1A-C) do not show significant changes in the 

shape of the step edge. In contrast, the [211]Pd-type step edge is “frizzled,” and the edge features 

change with time. Such features are due to step fluctuations in which the step position fluctuates 

due to thermally activated detachment and attachment of adatoms at the step edges on time scales 

shorter than the STM line scans.27 Evidently, the [211]Pd-type step edge exhibits fluctuations and 

the  [110]Pd-type step edge exhibits significantly less at 1000 K. This observation may be 

understood by comparing the linear density along the corresponding crystallographic directions: 

the  [110]Pd direction is close-packed and hence stable compared to the [211]Pd direction for face 

centered cubic metals such as Pd. 

 Aside from the step fluctuations, we also observe ~10 nm wide vacancy islands covered 

by an hBN overlayer as shown in Figures 5.2A-D. Figure 5.2A shows two such hBN covered Pd 

vacancy islands attached to a Pd step edge. From surface height profiles (such as the one indicated 

by a white line in Figure 5.2B)  we measure a step height of 0.23 ± 0.02 nm, indicating that the 

hBN layer is conformal with the underlying Pd, however the hBN layer is suspended across the 

underlying vacancy island. This is illustrated in the schematic in Figure 5.2B. At a later time 

(Figure 5.2C), the Pd step edge recedes away and detaches from the vacancy island. After the 

detachment, we measure a vacancy island depth of 0.21 ± 0.01 nm which is the same (within 

measurement error) as the hBN covered Pd(111) interlayer spacing. Hence, the once suspended 

hBN overlayer conformed to the underlying Pd vacancy island after the Pd step detached from it. 

The image in Figure 5.2D again shows both hBN covered vacancy islands, however the topmost 
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island remains attached to the step edge (as in Figure 5.2A) and therefore the hBN layer remains 

suspended over the underlying vacancy island.   

 We find that the hBN covered Pd vacancy islands are relatively more stable compared to 

the ([211]Pd) Pd step edges. For example, no edge fluctuations are observed along the vacancy 

island edge, however the island shape changes with time. Figures 5.3A-C are part of a series of 

STM images acquired from the same sample as in Figure 5.1, showing the evolution of the shape 

of an hBN covered Pd vacancy island on a terrace at T = 1000 K. For example, the black arrow in 

Figure 5.3A points to a lobed edge. Within 2000 s of observation, the lobed edges become straight 

(Figure 5.3B); after 6000 s, the vacancy island acquires a hexagonal shape (Figure 5.2C). 

Interestingly, the temporal evolution of hBN covered adatom islands is significantly different. 

Figures 5.3D-F are STM images acquired from the same hBN covered Pd(111) sample as Figures 

5.3A-C at T = 830 K (higher magnification images showing moiré patterns on the Pd islands are 

available in Figure 5.S1). The images show a stepped surface structure, as well as hBN covered 

Pd islands on the terraces (highlighted by black dashed circles in the STM images). For these hBN 

covered Pd islands, we measure heights of 0.24 ± 0.01 which agree, within experimental error, 

with our measurements of hBN covered Pd step heights. Hence, the islands are 2D and the hBN 

overlayer is conformal to them similar to a carpet over a mound. Time-lapsed images (e.g. Figures 

5.3D-F) reveal that the adatom islands decay with time, and the decay rate depends on the local 

environment. For example, the two adatom islands are of the same size at t0; within 980 s, the left-

most island has decreased in size but remains on the surface, while the right-most island has 

disappeared. Plots of normalized area, A/A0 versus t for the hBN covered vacancy island (Figures 

5.3A-C) and adatom islands (Figures 5.3D-F) are shown in Figure 5.3G. Here, A0 is the area of a 
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given island as measured upon initial observation (i.e. at t = 0).  Clearly, the hBN covered adatom 

island areas decay in time, while the hBN covered vacancy island areas remain relatively constant.  

 In order to understand our observations for hBN covered Pd(111), we investigated the 

decay behavior of bare Pd(111) adatom and vacancy islands. Figures 5.3H-J are STM images 

acquired from a bare Pd(111) sample (i.e. with no hBN overlayer deposited) acquired at 600 K. 

We note that at higher T the Pd surface morphological changes occur too fast to measure the island 

decay. In the STM images, 3 adatom islands are outlined in red, and 3 vacancy islands are 

highlighted in blue. The time-lapsed images show that adatom islands decay, and vacancy islands 

become filled, leading to a decrease in their respective areas. We find that the bare Pd adatom and 

vacancy islands decay at similar rates as shown in the plots of A/A0 versus t in Figure 5.3K. This 

is in stark contrast to the case of hBN covered Pd, in which the vacancy island areas remained 

relatively constant while the adatom island areas decreased with time.  

 At elevated T, Islands may decay via (i) thermal evaporation, (ii) transport of adatoms 

to/from the bulk,28, 29 or (iii) surface-mediated processes akin to ripening,30  in which surface 

features with lower curvature (e.g. step edges or large islands) grow at the expense of features with 

higher curvature. In all our experiments, T = 1000 K or lower were used; at these T, the vapor 

pressure of Pd is in the 10-11 mbar range31 or lower. We note that the presence of an hBN layer 

evidently decreases the rate of island decay, hence the hBN overlayer does not promote 

evaporation of Pd. Based on these observations, we rule out case (i). Adatom transport to/from the 

bulk is independent of the surrounding (surface) environment, therefore adatom/vacancy islands 

would decay at similar rates. In our experiments, we find different decay rates at the same T for 

islands of similar size (see for example, the hBN covered Pd adatom islands in Figure 5.2D-F). 

We attribute this observation to differences in the interactions between a given island and its 
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surroundings on the Pd surface. Based on these observations, we speculate that the islands decay 

via surface mediated process (case (iii)) although we cannot fully rule out a contribution from 

bulk-mediated transport (case (ii)). The surface-mediated areal decay of adatom islands, which is 

a thermally activated process, has associated energetic barriers Ea = Ef + ES + ED, where Ef, ES, 

and ED are the adatom formation, surface diffusion, and attachment/detachment barriers, 

respectively. These values may be experimentally determined by measuring the island decay rates, 

dA/dt as a function of T.30, 32 While we cannot quantitatively determine each of the energetic 

barriers associated with island decay using our data set, we suggest (qualitatively) that the hBN 

overlayer suppresses Pd adatom island decay by increasing Ea hence hBN covered Pd adatom 

islands decay at slower rates compared to bare Pd. For the case of vacancy island decay, Ea must 

be also be surmounted; in addition, an additional barrier associated with interlayer mass transport 

known as the Ehrlich Shwoebel barrier,33, 34 EES, must be surmounted. In our experiments, we find 

that hBN covered vacancy islands decay significantly slower than adatom islands (Fig. 5.3G). This 

behavior is not observed for bare Pd, where adatom and vacancy islands decay at similar rates. We 

attribute these observations to a significant increase in EES due to the hBN overlayer.  

Conclusion 

 In conclusion, we have investigated the thermal stability of Pd(111) surface covered by a 

monolayer of hBN. In comparison to bare Pd(111) surfaces, the hBN covered Pd surface is 

relatively more stable at higher T. STM images acquired from hBN/Pd(111) at 1000 K reveal the 

presence of a moiré pattern, indicating that the epitaxial relationship of hBN and Pd(111) remains 

intact at elevated T. We find that compared to bare Pd, hBN covered Pd adatom and vacancy 

islands are stable up to a higher T and decay at  slower rates due to the presence of a hBN overlayer. 

Interestingly, the hBN covered Pd vacancy islands are relatively stable compared to the adatom 
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islands which decay at faster rates. We suggest that the enhanced thermal stability of the underlying 

Pd surface results from suppressed adatom mobility due to the hBN overlayer. Our results indicate 

that the interactions between vdW layered materials and metallic substrates, which are generally 

considered to be relatively weak, are strong enough to improve the stability of the underlying 

substrate.  
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Figures 

 

Figure 5.1: High T (1000 K) STM images acquired from the same hBN/Pd(111) sample. Each 

panel (top and bottom) shows different thermally activated step fluctuation behavior. (A-C) 

Sequential STM images (60 × 60 nm2 VT = -1.8 V, IT = 3.2 nA) showing a moiré pattern (λ = 2.7 

nm) parallel to the [110]Pd step edge. Sequential images show that the [110]Pd step edge remains 

relatively straight and no fluctuations are observed. (D-F) Sequential STM images (60 × 60 nm2, 

VT = -1.0 V, IT = 7.0 nA) showing a “frizzled” Pd step edge and moiré pattern (λ = 2.7 nm) oriented 

30° with respect to each other; the Pd step edge is [211]Pd-type. Sequential images show differences 

in the step edge morphology, due to thermal fluctuations. 
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Figure 5.2: In situ VT-STM images (60 × 60 nm2, VT = 2.0 V, IT = 7.0 nA.), part of a larger series 

of a hBN/Pd(111) sample acquired at 1000 K showing the detachment of an hBN covered vacancy 

island from a Pd step edge. (A) The image shows two 10 nm wide hBN covered Pd vacancy islands 

attached to the Pd step edge. (B) The surface height profile (indicated by a white line in the STM 

image) reveals the hBN covered Pd step height is consistent with the bare Pd interlayer spacing, 

indicative of an hBN layer covering the Pd surface as a carpet on a step. Over the Pd vacancy 

island, the hBN layer is suspended as shown in the schematic in the line profile plot. (C) At a later 

time, the Pd step recedes and detaches from the vacancy island. The associated line profile 

(indicated by a white line in the STM image) reveals that the hBN layer now lies below the left-

most terrace, indicating that it conformed to the underlying vacancy island edges. (D) The image 

again shows both hBN covered vacancy islands, however the topmost island remains attached to 

the Pd step edge and hence the hBN layer remains suspended over the underlying Pd vacancy 

island. 
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Figure 5.3: (A-C) Series of in situ VT-STM images (30 × 30 nm2, VT = 0.1 V, IT = 7.0 nA) of the 

same hBN/Pd(111) sample in Figures 5.1 and 5.2 acquired at T = 1000 K. The images show the 

evolution of the shape of an hBN covered Pd vacancy island. (D-F) Part of a larger series of in situ 

VT-STM images (300 × 150 nm2, VT = 2.0 V, IT = 3.0 nA) of the same hBN/Pd(111) sample in A-

C acquired at T = 830 K. The images show the gradual decay of two hBN covered Pd adatom 

islands (highlighted by black dashed circles in the STM images). (G) Plots of normalized area, 

A/A0, vs t for the hBN covered vacancy island in A-C (open green squares) and the two hBN 

covered adatom islands in D-F (solid black squares). (H-J) In situ VT-STM images (300 × 300 

nm2, VT = 1.5 V, IT = 1.1 nA) of a bare Pd(111) sample acquired at 600 K. Adatom and vacancy 

islands are highlighted by red and blue outlines, respectively. (K) Plots of A/A0 vs t for the adatom 

(solid red squares) and vacancy islands (open blue squares) shown in H-J. The lines only serve as 

guides to the eye. 
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Figure 5.S1: Additional snapshots of an hBN covered Pd adatom island (see Figs. 5.3D-F) from 

a series of STM images (90 × 90 nm2, VT = 2.0 V, IT = 3.0 nA) acquired T = 830 K. (A) The image 

shows a 2D Pd adatom island on a terrace. A moiré pattern, caused by the superposition of the 

hBN and Pd(111) lattices, is visibly continuous on th)e island surface and the terrace, indicating 

that the hBN layer is conformal to the underlying Pd. (B with increased annealing time, the island 

area decreases due to detachment of Pd atoms, however the moiré pattern remains intact. (C) When 

the island dissociates completely, the moiré pattern is seen in the region previously occupied by 

the island, indicating that the hBN overlayer conformed to the underlying Pd surface structure.  

 

 

 

 

 

 

 

 

 

 

 



75 

 

References 

1. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; 

 Grigorieva, I. V.; Firsov, A. A. Science 2004, 306, (5696), 666-669. 

2. Britnell, L.; Gorbachev, R. V.; Jalil, R.; Belle, B. D.; Schedin, F.; Mishchenko, A.; 

 Georgiou, T.; Katsnelson, M. I.; Eaves, L.; Morozov, S. V.; Peres, N. M. R.; Leist, J.; 

 Geim, A. K.; Novoselov, K. S.; Ponomarenko, L. A. Science 2012, 335, (6071), 947-950. 

3. Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.-Y.; Galli, G.; Wang, F. 

 Nano Letters 2010, 10, (4), 1271-1275. 

4. Watanabe, K.; Taniguchi, T.; Kanda, H. Nature Materials 2004, 3, (6), 404-409. 

5. Dean, C. R.; Young, A. F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; 

 Taniguchi, T.; Kim, P.; Shepard, K. L.; Hone, J. Nature Nanotechnology 2010, 5, 722. 

6. Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.; Strano, M. S. Nature 

 Nanotechnology 2012, 7, 699. 

7. Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Science 2008, 321, (5887), 385-388. 

8. Falin, A.; Cai, Q.; Santos, E. J. G.; Scullion, D.; Qian, D.; Zhang, R.; Yang, Z.; Huang, 

 S.; Watanabe, K.; Taniguchi, T.; Barnett, M. R.; Chen, Y.; Ruoff, R. S.; Li, L. H. Nature 

 Communications 2017, 8, 15815. 

9. Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. N. 

 Nano Letters 2008, 8, (3), 902-907. 

10. Lindsay, L.; Broido, D. A. Physical Review B 2011, 84, (15), 155421. 

11. Berry, V. Carbon 2013, 62, 1-10. 

12. Li, L. H.; Xing, T.; Chen, Y.; Jones, R. Advanced Materials Interfaces 2014, 1, (8), 

 1300132. 



76 

 

13. Prasai, D.; Tuberquia, J. C.; Harl, R. R.; Jennings, G. K.; Bolotin, K. I. ACS Nano 2012, 

 6, (2), 1102-1108. 

14. Chen, S.; Brown, L.; Levendorf, M.; Cai, W.; Ju, S.-Y.; Edgeworth, J.; Li, X.; Magnuson, 

 C. W.; Velamakanni, A.; Piner, R. D.; Kang, J.; Park, J.; Ruoff, R. S. ACS Nano 2011, 5, 

 (2), 1321-1327. 

15. Li, L. H.; Chen, Y. Advanced Functional Materials 2016, 26, (16), 2594-2608. 

16. Vlassiouk, I.; Regmi, M.; Fulvio, P.; Dai, S.; Datskos, P.; Eres, G.; Smirnov, S. ACS 

 Nano 2011, 5, (7), 6069-6076. 

17. Starodub, E.; Bartelt, N. C.; McCarty, K. F. The Journal of Physical Chemistry C 2010, 

 114, (11), 5134-5140. 

18. Koma, A.; Yoshimura, K. Surface Science 1986, 174, (1), 556-560. 

19. Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A. H. Science 2016, 353, 

 (6298), aac9439. 

20. Kim, J.; Bayram, C.; Park, H.; Cheng, C.-W.; Dimitrakopoulos, C.; Ott, J. A.; Reuter, K. 

 B.; Bedell, S. W.; Sadana, D. K. Nature Communications 2014, 5, 4836. 

21. Kim, Y.; Cruz, S. S.; Lee, K.; Alawode, B. O.; Choi, C.; Song, Y.; Johnson, J. M.; 

 Heidelberger, C.; Kong, W.; Choi, S.; Qiao, K.; Almansouri, I.; Fitzgerald, E. A.; Kong, 

 J.; Kolpak, A. M.; Hwang, J.; Kim, J. Nature 2017, 544, 340. 

22. Xiang, Y.; Yang, Y.; Guo, F.; Sun, X.; Lu, Z.; Mohanty, D.; Bhat, I.; Washington, M.; 

 Lu, T.-M.; Wang, G.-C. Applied Surface Science 2018, 435, 759-768. 

23. Murata, Y.; Nie, S.; Ebnonnasir, A.; Starodub, E.; Kappes, B. B.; McCarty, K. F.; 

 Ciobanu, C. V.; Kodambaka, S. Physical Review B 2012, 85, (20), 205443. 



77 

 

24. Caneva, S.; Weatherup, R. S.; Bayer, B. C.; Blume, R.; Cabrero-Vilatela, A.; 

 Braeuninger-Weimer, P.; Martin, M.-B.; Wang, R.; Baehtz, C.; Schloegl, R.; Meyer, J. 

 C.; Hofmann, S. Nano Letters 2016, 16, (2), 1250-1261. 

25. Journal of the American Chemical Society 2008, 130, (1). 

26. Eryin, W.; Guorui, C.; Guoliang, W.; Xiaobo, L.; Chaoyu, C.; Jose, A.; Alexei, V. F.; 

 Guangyu, Z.; Maria, C. A.; Yuanbo, Z.; Shuyun, Z. Journal of Physics: Condensed 

 Matter 2016, 28, (44), 444002. 

27. Poensgen, M.; Wolf, J. F.; Frohn, J.; Giesen, M.; Ibach, H. Surface Science 1992, 274, 

 (3), 430-440. 

28. Blakely, J. M.; Mykura, H. Acta Metallurgica 1962, 10, (5), 565-572. 

29. McCarty, K. F.; Nobel, J. A.; Bartelt, N. C. Nature 2001, 412, (6847), 622-625. 

30. Giesen, M. Progress in Surface Science 2001, 68, (1), 1-154. 

31. Arblaster, J. W. Platinum Metals Review 2007, 51, (3), 130-135. 

32. Kodambaka, S.; Petrova, V.; Khare, S. V.; Gall, D.; Rockett, A.; Petrov, I.; Greene, J. E. 

 Physical Review Letters 2002, 89, (17), 176102. 

33. Ehrlich, G.; Hudda, F. G. The Journal of Chemical Physics 1966, 44, (3), 1039-1049. 

34. Schwoebel, R. L.; Shipsey, E. J. Journal of Applied Physics 1966, 37, (10), 3682-3686. 



78 

 

CHAPTER 6 In situ STM characterization of CVD of graphene using benzene on Pd(111) 

Introduction 

 The quest for synthesis, assembly, and applications of two-dimensional (2D) layered 

materials has gained importance1 since the discovery of free-standing graphene.2, 3 Among several 

different approaches available for the synthesis of this class of materials,4, 5 chemical vapor 

deposition (CVD) has been the most commonly used method, in particular to grow graphene,6 

hexagonal boron nitride (hBN),7 and MoS2,
8 the three relatively well-studied 2D layered materials. 

CVD may be better suited for site-specific, localized lateral and vertical growth of 2D layered 

heterostructures, for example, graphene/hBN9-12 or MoS2/hBN,13 preferably at low temperatures T 

to suppress interfacial reactions and ensure compositional and structural abruptness at the 

heterolayer interfaces. Given that there are numerous precursors for each of the 2D layered 

materials, and since the growth kinetics are precursor and substrate specific,14-16 an appropriate 

choice must be made for the low-temperature synthesis of desired 2D layer heterostructures.  

Graphene is unique in that it is one of the few elemental 2D layered materials that can be 

synthesized via direct physical vapor deposition of carbon,17 solid-state diffusion of carbon 

through the bulk,18-20 and CVD using gaseous, liquid, or solid precursors. The kinetics of graphene 

formation via CVD depends on the substrate surface reactivity, C solubility in the substrate, and 

precursor chemistry.21, 22 While CVD of graphene is most commonly carried out using aliphatic 

(open linear-chains) hydrocarbons such as methane and ethylene, the use of aromatic (one or more 

H-saturated closed carbon rings) compounds may enable low-T synthesis of graphene. Previous 

studies23 have demonstrated graphene growth on Cu at T as low as 373 K using benzene (C6H6); 

hBN layers have been grown on Cu at T ~ 1273 K using borazine (B3N3H6),
24 a single-source BN 

precursor that is structurally similar to benzene with alternating B and N atoms in place of C atoms. 
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On catalytically more active transition-metal surfaces such as Rh(111), hBN layers have been 

grown using borazine at T as low as 929 K.25 Motivated by these results, we investigated the 

growth of graphene using benzene on Pd(111), with the expectation that Pd, which is catalytically 

more active than Cu, will yield graphene at lower T compared to Cu. Furthermore, we envision 

that the interaction between benzene and Pd is more likely to lead to the formation of graphene 

(C6) and/or C6Hx(x<6) clusters rather than individual C adatoms and hence will suppress C diffusion 

into the Pd bulk, commonly observed during graphene growth on Pd.20, 26-28  

In this chapter, I present results from a combined in situ ultra-high vacuum (UHV) variable-

temperature scanning tunneling microscopy (VT-STM), ex situ Raman spectroscopy, and scanning 

electron microscopy (SEM) investigation of the growth of graphene using benzene on Pd(111) at 

temperatures T up to 1100 K. At room-temperature, benzene adsorbs readily on Pd(111) and forms 

ordered 3×3R30° superstructure upon annealing at 473 K. At T = 673 K, exposure to benzene at 

dosages up to 400 L enhances Pd step motion and yields amorphous carbon upon cooling to room-

temperature. Annealing this sample at Ta = 873 K leads to 10 ~ 30 nm monolayer graphene 

domains, which change little in size or shape with time. Upon cooling, we observe multilayer 

graphene. At T = 1100 K, benzene dosages of 225 L result in micrometer-scale bilayer and 

multilayer graphene domains. Interestingly, annealing the sample at Ta = 1100 K for 1200 s leads 

to the formation of single-domain graphene over large (≥ 150 × 150 nm2) areas. Our observations, 

which are in striking contrast with the graphene growth using benzene at T as low as 373 K on 

relatively inert Cu, suggest that increased catalytic activity of substrates does not necessarily 

increase the efficiency of graphene formation. We speculate that benzene binds more strongly to 

Pd compared to Cu and suppresses the kinetic processes that lead to the formation of graphene. 
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Results and discussion 

 Figures 6.1A-C show typical results from ex situ Raman and SEM characterization of 

Pd(111) samples exposed to benzene dosages of A) 400 L at T = 673 K, B) 400 L at T = 673 K 

followed by annealing in UHV at Ta = 873 K, and C) 225 L at T = 1100 K. (The p and t values 

associated with each of the dosages are presented in the SI.) SEM images reveal darker gray 

contrast features that are several micrometers large, hereafter referred to as 'flakes', whose size and 

number density increase with increasing T. From the SEM images shown in Figs. 6.1A-C, we 

measure areal coverage of the flakes as 1%, 14%, and 74% of the surface, respectively. At each of 

the T, we observe flakes with sizes between 0.2 and 8 µm2, 1 and 18 µm2, and 2 × 103 to 2 × 105 

µm2, respectively. Black and red curves in Fig. 6.1A are representative of 5 Raman spectra each, 

acquired from lighter and darker contrast features found at different regions across the sample 

grown at T = 673 K. In the black curve, we find two peaks at ~1350 cm-1 and ~1580 cm-1, which 

are attributed to amorphous carbon,29 while the red curve shows an additional peak at ~2700 cm-

1, commonly referred to as the 2D peak, characteristic of graphene. The measured intensity ratio 

I2D/IG of the 2D and G peaks is < 1, suggestive of multilayered graphene.30 Fig. 6.1B shows Raman 

spectra obtained from three different regions of a sample that is annealed at Ta = 873 K after 

exposure to benzene at T = 673 K. All the three curves show D, G, and 2D peaks of varying 

absolute intensities, depending on the flake size and quality. However, I2D/IG < 1 in all the curves, 

suggestive of multilayered graphene. These results together with the observed increase in flake 

size and number density in this sample compared to that in Fig. 6.1A (see associated SEM images) 

indicate that high-T annealing increases areal coverage and thickness of graphene on Pd(111). 

Furthermore, the peak at ~2450 cm-1 (green and blue curves) is associated with a resonance band 

of graphitic carbon. 31 In comparison, from the Raman spectra obtained from the sample deposited 
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at T = 1100 K, we find I2D/IG ~ 1 (red and blue curves) and < 1 (green curve) in the lighter and 

darker contrast regions of the flake, respectively, corresponding to bilayer32 and multilayer 

graphene. 

We complement our ex situ characterization with in situ VT-STM observations of surface 

morphological changes occurring during CVD to gain better insight into the graphene growth 

process. Figure 3.S1 are typical STM images of Pd(111) surface showing 2D adatom and vacancy 

islands on large (> 100 nm) atomically-smooth terraces separated by monoatomic height (0.23 ± 

0.01 nm) steps. Exposing the UHV-cleaned atomically-smooth Pd(111) to 18L benzene at room-

temperature results in a rougher surface (compare Figures 6.2A-D with S1). We do not observe 

any changes upon continued exposure to an additional 117 L. From Figure 6.2A, we measure a 

step height of 0.24 ± 0.01 nm, comparable to step heights on bare Pd(111). Interestingly, one in 

ten (300 × 300 nm2 size) STM images shows 1-3 nm sized, three-fold symmetric triangular features 

with a surface coverage of ~7 × 10-5 ML on Pd terraces (Figure 6.2B). Figures 6.2C and 2D are 

higher-magnification images of benzene-covered Pd step and the triangles, respectively. Fourier 

transform (FT) of the image in Figure 6.2C shows a diffuse ring corresponding to 0.8 ~ 1.0 nm 

spatial periodicity likely due to a superstructure without any preferred orientation. Figure 6.2D 

shows that the triangular features are composed of spatially periodic bright spots ~1 nm apart and 

with surface corrugations of ~0.04 nm. We suggest and justify in the following section that the 

corrugated surface observed in Figure 6.2A is a complete monolayer of benzene on Pd(111) and 

the triangles in Fig. 6.2B are ordered superstructure that we discuss below. 

Following the deposition of benzene on Pd at room-temperature, we annealed the sample in 

UHV at Ta = 473 K for 600 s. Figure 6.2E, acquired after annealing, shows an ordered 

superstructure across the entire field of view (60 × 60 nm2) and in 10 images We find that the 
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ordering is preserved across the step. From a FT of Figure 6.2E and the higher magnification image 

in Figure 6.2F, we determine that the superstructure is six-fold symmetric with a periodicity λ = 

0.85 ± 0.01 nm. The observed structure can be (i) a moiré pattern resulting from the superposition 

of hexagonal graphene lattice on Pd(111) or (ii) an ordered monolayer of benzene. Moiré patterns 

have been observed in STM images of substrate-supported graphene and other 2D materials.7, 33-

39 The pattern periodicity λ can be calculated as a function the angle θ between [1120]Gr and [110]Pd 

using the relation,40 λ(θ) = 
aPd(111)aGr

√aPd(111)
2  + aGr

2  - 2aPd(111)aGr cosθ

 with the in-plane lattice parameters aGr = 

0.246 nm for graphene and aPd(111) = 0.275 nm for Pd(111). The orientation ϕ of the moiré with 

respect to [110]Pd is given by tan  =
aGrsinθ

(2-cosθ)aPd(111)- aGr
. We find that the experimentally-measured λ 

~ 0.85 nm is observed with θ ~ 16° and ϕ ~ 76°. From the STM image in Figure 6.2E, we measure 

ϕ = 30° with respect to the step edge, assuming that it is parallel to [110]Pd, the energetically most 

stable and commonly observed step orientation on Pd(111). (The other possible step orientation is 

[211]Pd, using which will yield ϕ = 60°.) Clearly, the measured ϕ (= 30° or 60°) does not match the 

calculated value (~ 76°). Therefore, we rule out the possibility of moiré pattern formation due to 

graphene.  

A (3×3)R30° superstructure with λ = 0.83 nm (≈ 3aPd(111)) can form with benzene molecules 

(with end-to-end dimensions of 0.28 nm) placed atop one in every three Pd atoms along [211]Pd, 

i.e. ϕ = 30°, as shown in the schematic in Figure 6.2G. In order for such a structure to form, the 

surface coverage of benzene must be ~0.66 ML. We therefore speculate that annealing at 473 K 

leads to partial desorption of benzene. This is plausible because benzene molecules chemisorb on 

Pd(111) at 300 K and can thermally desorb without dehydrogenation or C-C dissociation at Ta up 

to 550 K.41 Furthermore, superstructures with similar periodicities have been reported in STM 



83 

 

observations of benzene on Pt(111)42 and Rh(111).43 Finally, to explain the triangular 

nanodomains observed in Figure 6.2B, we note that we measure a characteristic spacing λ = 1.0 ± 

0.1 nm between the bright spots. Previous studies have shown that benzene forms a 2√3 × 2√3 

R30° structure on Pt(111) 42, which has a lattice mismatch of 0.7% with Pd(111). Furthermore, 

2√3aPd(111) = 0.95 nm which agrees with our measurements of λ, hence it is plausible that  2√3 × 

2√3 R30° domains form on Pd(111). These results indicate that benzene molecules remain intact 

on Pd(111) at 473 K and do not form graphene. We show below that higher T is required to form 

graphene using benzene on Pd(111). 

Figures 6.3A-C are part of a series of VT-STM images (600 × 300 nm2) acquired in situ at T 

= 673 K from a Pd(111) sample before and during exposure to benzene. Figure 6.3A shows bare 

Pd smooth terraces 50 – 100 nm wide separated by step edges; the average step heights are 0.24 ± 

0.01 nm. Time-lapsed STM images show step fluctuations. After a dosage of 5 L of benzene vapor, 

the step heights in Figure 6.4B remain unchanged (0.23 ± 0.01 nm), however we observe step 

motion. With increased benzene exposure (e.g., Figure 6.3C) up to 400 L, we find increased rate 

of step motion, which eventually occurs faster than the STM scan rates. These observations are 

qualitatively similar to previous reports of step-motion on Pd(111) during graphene growth,20, 26-

28 and are likely due to C incorporation into Pd.  

Figure 6.3D is a STM image acquired from the same sample after allowing it to cool to 300 

K. On the terrace, barely visible parallel lines are indicative of ordering and the step edges are 

facetted, features typically not observed on bare Pd(111) (compare with Figure 6.S1). Similar 

morphological changes have been observed for graphene growth on Pd(111),26 Ru(0001),44 and 

Ir(111),45 and attributed to carbon-induced displacement of the metal atoms. Higher magnification 

STM images of the Pd terraces (Figure 6.3E) reveal a partially ordered mesh-like structure 
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resembling the moiré patterns with  = 2.0 ± 0.02 nm, caused by rotational domains of graphene 

on Pd(111); however, most of the surface lacks any specific structure as shown in Figure 6.3F. 

Similar surface features have been observed during ethylene deposition on Ru(0001) at 710 K and 

attributed to an amorphous carbon layer.46 Temperature programmed desorption studies of 

benzene on Pd(111) indicate H2 desorption and carbon deposition at 540 K.41 Our STM data and 

the Raman spectra in Figure 6.1A suggest the presence of both graphene and amorphous carbon 

on the sample, consistent with the previous literature. 

After the deposition at 673 K, we annealed the sample at Ta = 873 K in UHV. Figures 6.3G-I 

are VT-STM images, part of a measurement sequence, acquired over 910 s. We find 10 – 30 nm 

wide domains with moiré patterns of  between 1.8 and 2.1 nm. Domain boundaries and other 

defects are visible in the images. The domain size and shape remain the same over 980 s of 

annealing at this T, while bright spots, presumably defects, visible around the decrease in number 

with increasing time. These results, together with the Raman data in Figure 6.1B, indicate graphene 

growth at 873 K. 

Finally, we present results from borazine CVD at T above 1000 K. Figure 6.4A is a typical 

STM image acquired from Pd(111) after exposing the sample to p = 1 × 10-6 mbar of benzene 

vapor for t = 300 s at T = 1100 K, after which benzene supply is cut off and the sample cooled to 

room-temperature. Based on the morphological features in the image we divide the image into 

three regions using dashed lines. The region to the right of the blue line and the associated FT 

show 6-fold symmetric pattern with λ = 2.0 ± 0.1 nm. In comparison, the center region in the image 

shows parallel rows of bright spots; FT of the image reveals spots with λ = 1.0 ± 0.01 nm and (1.8 

~ 2.0) ± 0.1 nm. To the left of the green line is a patched network of features with no apparent 

direction of symmetry. Figure 6.4B is a higher magnification image of the region highlighted in 
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Figure 6.4A. The image reveals defects, e.g., vacancies, within the pattern, and the absence of 

long-range order. We note that while the STM images indicate the growth of monolayer graphene 

domains, Raman data in Figure 6.1C suggests the formation of bilayer and multilayer graphene. 

We attribute the lack of STM data from bilayer and multilayer graphene domains to the difficulty 

in imaging those regions, which appear rough in optical and SEM images. The absence of Raman 

spectra due to monolayer graphene is likely due to a relatively weaker Raman signal compared to 

the background level of graphene on metal substrates.47  

Interestingly, we find that annealing the samples reduces the number of such defects and 

increases the domain size with increasing time ta. For example, Figures 6.4C-F are typical STM 

images acquired after annealing in UHV (base pressure < 1 × 10-9 mbar) a different sample at Ta 

= 1100 K for ta = (C and D) 180 s and (E and F) 1080 s after depositing benzene at the same 

conditions as in Figure 6.4A. Figure 6.4C shows a reasonably well-ordered surface with multiple 

domains covering areas as large as 90 × 90 nm2. Inset is a FT of the image reveals six-fold 

symmetric spots of different orientations and periodicities λ = (1.7 ~ 2.1) ± 0.1 nm. Figure 6.4D is 

a higher magnification image of Figure 6.4C showing the domains and the domain boundaries, 

highlighted by white dashed lines. Further annealing leads to the formation of a single domain 

with λ = 2.1 nm that is at least as large as 90 × 90 nm2 extending across the steps as shown in 

Figure 6.4E and the associated FT in the inset. We find that the substrate steps are strongly facetted, 

in contrast to hBN-covered Pd(111).39 For the tunneling parameters used, we measure surface 

corrugations of 53 ± 11 nm from higher magnification images (see for example, Figure 6.4F) of 

the domain. By comparing the measured λ values with λ(θ) calculated for a monolayer of graphene 

on Pd(111), we determine θ = 13°, 5°, and 3° correspond to domains with λ = 1.0 nm, 1.8 nm, and 

2.1 nm, respectively, and are visualized using graphene on Pd(111) lattice models in Figures 6.4G-
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I. These results are consistent with previous reports of graphene domains on Pd(111).27, 48From the 

STM images of all the samples in Figure 6.4, we measure an average step height of 0.23 ± 0.02 

nm that is, within measurement uncertainties, the same as monoatomic step heights on bare 

Pd(111). Based on these results, we conclude that monolayer graphene domains grow conformally 

as a carpet across Pd(111) steps and terraces, similar to graphene growth on other metals.26, 39, 44-

46, 49, 50  

Based on all our observations, we propose that graphene growth on Pd(111) occurs via 

precipitation of bulk-dissolved carbon, rather than direct deposition, from the dissociation of 

benzene. While C6H6 → C6 may probably be the most direct route to graphene formation, we 

assume that dehydrogenation of benzene via preferential desorption of hydrogen is suppressed due 

to strong binding of benzene molecules to Pd. This is the case at low-T ( 473 K), where benzene 

chemisorbs associatively on Pd(111) into an ordered layer (see Figure 6.2) and is thermally stable 

against desorption and/or decomposition. We suggest that at the temperatures required to 

dissociate benzene on Pd, surface composition -- whether it is amorphous carbon, graphene, or 

other -- is determined by a combination of the amount of carbon deposited, C solubility,51 

deposition rate, and surface and bulk mobilities. At higher T (> 473 K), benzene decomposes to 

form carbon, at least some of which dissolves in the bulk (solubility of C in Pd increases from ~0.2 

at. % at 673 K to 1.5 at. % at 1100 K). This is consistent with the VT-STM observations of 

enhanced step motion and the absence of graphene growth during benzene exposure at 673 K 

(Figure 6.3, upper panel). The detection of graphitic carbon signal, although weak, in Raman 

spectra (Figure 6.1A, red curve) obtained upon cooling suggests that graphene can form on 

Pd(111) exposed to borazine at 673 K. The fact that multilayer graphene can grow upon annealing 

such a sample (Figure 6.1B) or by CVD at higher T (Figure 6.1C) supports our earlier hypothesis 
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that graphene growth occurs via precipitation of dissolved carbon and is consistent with previous 

results.28 While surface mass transport on metals can lead to graphitization of carbon,46 it alone is 

less likely to form multilayered graphene, because recrystallization of amorphous carbon on 

carbon surfaces is associated with a high activation barrier.52 We know that graphene can grow on 

samples exposed to 400 L of benzene at 673 K (Figure 6.1A). Therefore, it is possible that higher 

dosages, longer exposure times, and/or annealing at 673 K may yield larger and higher quality 

graphene domains. Moreover, given that grain boundaries can promote bulk transport of carbon53 

and since we did not investigate the effects of benzene exposure at 473 K  T  673 K, we speculate 

that conventional higher-pressure CVD of graphene using benzene on polycrystalline Pd may 

occur at temperatures below 673 K.  

Finally, we comment on the applicability of our observations for the CVD of graphene using 

benzene on metals. We realize that our experiments are carried out in UHV, using clean, single-

crystalline, and atomically-flat Pd(111) using relatively low dosages ( 400 L) of purified benzene, 

while graphene layers are most commonly grown on polycrystalline foils or thin films in a CVD 

reactor with relatively higher concentrations of residual gases such as oxygen, nitrogen, and water 

vapor, using significantly higher dosages (> 106 ) of the precursor. Clearly, substrate surface and 

gas chemistries are different and are likely to influence the graphene growth kinetics.54, 55 

Nevertheless, we expect that benzene is relatively more stable against dehydrogenation on more 

reactive metals (such as Pd, Pt, Ni, etc.), than can bond strongly to hydrogen, than on relatively 

inert metals such as Cu, Au, etc. For those metals with high solubility for carbon, graphene 

formation via benzene dehydrogenation may compete with dissolution of carbon in the bulk. 

Therefore, we expect that low-temperature synthesis of graphene using benzene or other easily 

aromatic hydrocarbons is best carried out on less-reactive metals with low solubility for carbon.  
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Conclusion 

In conclusion, we investigated the growth of graphene on Pd(111) with benzene dosages up 

to 400 L and at temperatures between 300 and 1100 K using in situ VT-STM along with ex situ 

Raman spectroscopy and SEM. We find that benzene adsorbs readily on Pd(111) at 300 K and 

forms an ordered superstructure at 473 K. In situ VT-STM images acquired during benzene 

deposition at 673 K suggest the incorporation of carbon in, but not graphene formation on, the Pd 

surface. At temperatures 873 K and above, we find evidence of graphene domains whose size and 

thickness increase with increasing deposition and annealing temperature as well as annealing time. 

In our experiments, we observe the growth of single-domain over large areas in samples exposure 

to benzene and annealed at 1100 K. Our results provide new insights into the mechanisms leading 

to the growth of graphene using benzene on reactive metals with high carbon solubility.  
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Figures 

 

Figure 6.1: Representative Raman spectra and associated top-view secondary electron SEM 

images acquired ex situ from three different Pd(111)/Al2O3(0001) samples after exposure to 

benzene dosages: (A) 400 L at temperature T = 673 K, (B) 400 L at T = 673 K followed by 

annealing in UHV at Ta = 873 K for 1000 s, and (C) 225 L at T = 1100 K. In all the plots, intensities 

are plotted on a logarithmic scale over the same range. High intensity peaks are observed at ~1350 

cm-1, ~1580 cm-1, and ~2450 cm-1, and ~2700 cm-1. The Raman spectra are obtained using a 30 

mW, 532 nm laser with 1 µm spot size. 
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Figure 6.2: (A and B) STM images (60 × 60 nm2) from a different Pd(111)/Al2O3(0001) sample 

after exposure to 18 L (2 × 10-7 mbar, 120 s) of benzene at room-temperature. (A) The surface 

appears relatively rough with corrugations of 0.04 ± 0.01 nm. Inset in A is a Fourier transform 

(FT) of the STM image showing a diffuse ring pattern with a characteristic periodicity  = 0.8 ~ 

1.0 nm. (B) Image showing triangular domains of sizes 1 ~ 3 nm, all oriented in the same direction. 

(C and D) Higher magnification STM images (15 × 30 nm2) of benzene-covered step edge and 

(4.5 × 9 nm2) the triangular domains, respectively from the regions highlighted in A and B. 

Tunneling bias VT and current IT used to obtain the STM images are: (A-D) VT = 1.0 V, IT = 1.0 

nA.  (E) Room-temperature STM image (60 × 60 nm2; VT = 1.0 V and IT = 1.0 nA, topographic 

and derivative images added to enhance contrast) obtained after annealing the sample in UHV at 

Ta = 473 K for 600 s. Inset is a FT of the image showing 6-fold symmetry with  = 0.85 ± 0.1 nm. 

(F) Higher magnification STM image (9 × 9 nm2; VT = 2.0 V and IT = 0.2 nA) of the region bounded 
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by a square in A. (G) A model of the (3×3)R30° superstructure with  = 0.83 nm, constructed using 

benzene molecules (black hexagons) spaced 3aPd(111) apart and along [112]Pd on Pd(111) (light 

gray circles). 
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Figure 6.3: (A-D) Representative STM images from larger series acquired from a 

Pd(111)/Al2O3(0001) surface at T = 673 K (A) before, and (B)-(D) during exposure to benzene at 

doses indicated in the image panels. The images show significant motion of the step edges upon 

exposure to benzene. With increased benzene exposure, the surface dynamics occur faster than the 

image acquisition time. A total exposure of 400 L was carried out. STM parameters: 600 × 600 

nm2, VT = 800 mV, IT = 0.6 nA. Image acquisition time is 35 s per frame. (E-G) Characteristic 

STM images acquired from the same sample in (A-D) after allowing it to cool to room temperature. 

(E) Faint parallel lines are visible on the Pd terrace. (F) higher magnification of the terrace in (E), 

showing a periodic mesh-like structure (dark spots). (G) A representative image of the majority of 

the Pd terraces which do not exhibit similar features as (G). STM parameters: (E) 90 × 90 nm2, VT 

= -50 mV, IT = 1.0 nA. (F) and (G) 30 × 30 nm2, VT = 1.1 V, IT = 0.2 nA. 
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Figure 6.4: (A) STM image (150 × 100 nm2; VT = 1.0 V and IT = 7.0 nA) of as-deposited 

monolayer graphene/Pd(111) obtained by exposing a Pd(111)/Al2O3(0001) sample to 225 L of 

benzene at T = 1100 K followed by cooling to room-temperature. The image shows surface 

structures with three distinct degrees of ordering and symmetries in regions identified by dashed 

lines. FTs of the regions (color coded for clarity) are shown below A. (B) Higher magnification 

STM image (60 × 30 nm2) of the region highlighted in A. (C-F) Room-temperature STM images 

of another sample, prepared using the same benzene dosage and T, after annealing in UHV at Ta = 

1100 K for (C, D) 180 s and (E, F) an additional 900 s. The image (C) (90 × 90 nm2; VT = 1.0 V 

and IT = 1.0 nA) shows monolayer graphene with domain boundaries highlighted by dashed lines 

in D. Inset in C is a FT of the image showing multiple sets of spots, indicative of rotational domains 

of different λ. (D) Higher magnification STM image (60 × 30 nm2) of the region highlighted in C. 

(E) STM image (150 × 150 nm2, VT = 0.4 V, IT = 7.0 nA) showing a single domain over the entire 
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field of view. From the FT in the inset, we measure λ = 2.1 nm. (F) Higher magnification STM 

image (30 × 30 nm2) of the region highlighted in E. (G-I) Moiré patterns with λ = 1.0 nm, 1.8 nm, 

and 2.1 nm generated by superposition of graphene (gray spheres) and Pd(111) lattices (yellow 

spheres) such that [1120]Graphene is rotated by θ = 13°, 5°, and 3°, respectively with respect to 

[110]Pd. 
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Summary and future work 

Summary 

 hBN and graphene are the most extensively studied members of the emerging class of 2D 

materials. This dissertation summarized studies on hBN and graphene growth kinetics, structure, 

and thermal stability using (primarily) in situ VT-STM. Below, I summarize the most important 

results of my work. 

 I investigated the surface corrugations of rotational domains of hBN on Pd(111) using 

STM. After growing a polydomain hBN monolayer on Pd(111), I observed moiré domains caused 

by rotational domains within the hBN layer with different orientations with respect to Pd. I find 

that the measured corrugations of the hBN domains increase with increasing moiré periodicity. 

Furthermore, the corrugations depend partly on the STM tunneling parameters and hence have 

electronic and geometric contributions. In combination with DFT results provided by Professor 

Cristian Ciobanu and Dr. Abdulfattah Abdulslam, the electronic and geometric contributions to 

the corrugations are decoupled. For the domains with the largest λ, a unique bifurcation behavior 

of hBN domains was observed, in which the hBN layer can acquire a blistered structure or remain 

nearly flat for nearly the same orientation.  

 I used in situ VT-STM to investigate the growth kinetics of hBN on Pd(111) as a function 

of the deposition conditions. I observed unconventional growth modes in which hBN islands 

nucleate on step edges (terraces) at lower T (higher T) and higher (lower) precursor flux, whereas 

conventional heteroepitaxial growth models predict opposite behavior. Furthermore, the growth 

mode of hBN (i.e. islands on terraces or on steps) is dictated by whether the hBN edges attach 

strongly or weakly to the Pd substrate, which may be controlled by tuning the deposition 
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temperature and growth rate. These findings highlight subtle but important differences in 

heteroepitaxial growth modes of 2D vs 3D thin films.  

 I investigated the thermal stability of hBN covered Pd(111) at temperatures up to 0.5Tm of 

Pd using VT-STM. I find that the thermal stability of the underlying layer is enhanced as evidenced 

by the enhanced stability of 2D adatom islands at higher T. I find that hBN covered Pd islands 

decay at higher T and at slower rates compared to the case of bare Pd. At elevated temperatures, I 

observe significant motion of the underlying Pd surface as evidenced by the decay of 2D islands 

and step fluctuations. The moiré pattern and hence the epitaxial relationship between hBN and 

Pd(111) remained intact despite significant motion in the underlying Pd. Surprisingly, we observe 

relatively stable 2D Pd vacancy islands underneath the hBN layer, which likely remain at elevated 

T due suppressed motion of adatoms by the hBN overlayer. These findings provide direct evidence 

of the mechanisms leading to enhanced thermal stability of substrates covered by 2D layers. 

 The growth of graphene layers via CVD using benzene on Pd(111) was investigated as a 

function of T using in situ VT-STM. I found that benzene adsorbs on Pd(111) at room temperature 

and forms an ordered superstructure upon annealing to 473 K. At 673 K benzene dissociates on 

Pd(111) and forms an overlayer consisting of amorphous carbon. Graphene domains were formed 

at T as low as 873 K as evidenced by moiré patterns in STM images. At 1100 K, I find moiré 

domains with periodicities between 1.0 nm and 2.1 nm, indicative of a polydomain graphene layer 

on Pd(111); interestingly, annealing the as-deposited samples improves the crystallinity of the 

graphene layer, indicated by the presence of a single graphene domain spanning a relatively large 

area. Ex situ Raman spectroscopy and SEM confirm the formation of graphene on Pd(111) at T = 

873 K and above. Furthermore, I find that the layer thickness is non-uniform, consisting of regions 

with mono (i.e. graphene) and multiple (i.e. graphite) layers. These findings provide new insights 
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into the mechanisms leading to the growth of graphene using benzene on reactive metals with high 

carbon solubility. 

Future work 

 Based upon the results obtained in this research, I propose the following as important 

directions for continued investigations in the growth and structure of hBN, graphene and their 

related heterostructures and applications: 

1. Growth of hBN bilayers and/or multilayers via CVD using borazine on borazine-covered 

Pd(111). Given that the pyrolytic decomposition of borazine to form hBN involves 

intermediate steps in which HxByNz species are produced, any one of those species may 

effectively ‘stick’ onto borazine covered Pd surfaces at a ‘magic’ temperature. Such a 

temperature is likely outside the commonly used range of 1000 K – 1400 K in hBN growth 

processes.  

2. Growth of graphene layers on hBN/Pd(111) via segregation of C from C saturated Pd 

nanoislands. Given that hBN readily forms monolayers on Pd(111), and that Pd atoms 

deposited on hBN/Pd(111) appear to go beneath the hBN layer upon annealing (data not 

shown in this dissertation) it is plausible that C saturated Pd nanoislands can be used as 

‘sacrificial carriers’ of C which form graphene via segregation from their bulk to their 

surface, followed by their subsequent dissolution through the hBN and into the underlying 

Pd bulk. 

3. In situ observation of the thermally activated surface dynamics of metallic clusters on hBN 

covered metallic substrates. Insights gained from such studies can open new directions for 

rational design of catalytic nanoparticles, as well as shine light on the atomistic processes 

involved in buffer-layer assisted growth of thin films. 
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Appendix 

Arduino code used for etching PtIr wire into STM tips 

int Pin =13; 

void setup() { 

pinMode(Pin, OUTPUT); 

} 

void loop() {  

  digitalWrite(Pin,HIGH); 

  delay(500); 

  digitalWrite(Pin,LOW); 

  delay(2000); 

} 
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Matlab code for extracting moiré (Δz) and periodicity (λ) from surface height profiles 

(Chapter 3) 

FileList = dir('*.txt'); 
N = size(FileList,1); 

  
d = ones(1,1); 
a=ones(1,1); 
g=ones(1,1); 
v=ones(1,1); 
e=ones(1,1); 
y=ones(1,1); 
for k = 1:N 
    %get the file name: 
    filename = FileList(k).name; 
    disp(filename); 

     
    fid = fopen(filename,'r'); 
    %search file for floats separated by delimiter ; and put into two 
    %column matrix 
    A=textscan(fid,'%f%f', 'delimiter',  ';'); 

     
    %invert data to find local min 
  %  DataInv = 1.01*max(A{1}) - A{2}; 
     DataInv = - A{2}; 
    %plot local max with min peak distance of 0.2E-8 
    % figure() 
    figure() 
    findpeaks( A{2}, A{1}, 'MinPeakDistance', 1.8E-9); 

   

  

     
% %     plot local min with mean peak distance of 0.2E-8 
    findpeaks(DataInv, A{1}, 'MinPeakDistance',1.8E-9); 
%    figure() 

  

     

    %output local max peak locations and y values 
    [pks  locs ] = findpeaks( A{2}, A{1}, 'MinPeakDistance',1.8E-9); 

  

    
     %output local min peak locations and y values 
    [pksinv  locsinv] = findpeaks( DataInv, A{1}, 'MinPeakDistance', 1.8E-9); 

     
    %create a vector that stores the differences in distances of peaks in 
    %every line scan 
    t=diff(locs); 
    d = vertcat(d,t); 

     
    %create a vector that stores the average peak to peak distance for that 
    %scan 
    e=vertcat(e,mean(t)); 
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    %store x values of peak locations original data 
    [C ia ib] = intersect(locs , A{1}); 

     
    %store x values of valley locations in original data  
    [E ic id] = intersect(locsinv , A{1}); 

     
    %store peak z values from  line scan together in vector g 
    g = vertcat(g, pks); 

     
    %store valley z values from line scan in vector v 
    v = vertcat(v, A{2}(id)); 

     
    if length(ia) > length (ic); 
        ia(end)=[]; 
    else length(ic) > length(ia); 
            ic(end) = []; 
    end 
    if length(ia) > length (ic); 
        ia(end)=[]; 
    end 
        if length(ia) > length (ic); 
        ia(end)=[]; 
    end 
    for i=1:length(ia) 
        F=A{2}(ib(i))-A{2}(id(i)); 
        a=vertcat(a,F); 
        if i+1 <= length(ia) 
       G=A{2}(ib(i+1))-A{2}(id(i)); 
        a=vertcat(a,G); 
        y=vertcat(y,mean(G)); 
        end 

  
end 

     
    fclose(fid); 

  
end 
d = d(2:end); 
a=a(2:end); 
g=g(2:end); 
v=v(2:end); 
e=e(2:end); 
% mean(d) 
peaktovalley=mean(y(2:end)) 
pktovalstderr=std(y(2:end)) 
periodicity=mean(e) 
moirestder=std(e) 

 

 

 

 




