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ABSTRACT OF THE DISSERTATION

Surface and Interface Engineering of Organometallic and Two Dimensional Semiconductor

by

Jun Hong Park

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2017

Professor Andrew C. Kummel, Chair

For over half a century, inorganic Si and IlI-V materials have led the modern

semiconductor industry, expanding to logic transistor and optoelectronic applications. However,
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these inorganic materials have faced two different fundamental limitations, flexibility for wearable
applications and scaling limitation as logic transistors. As a result, the organic and two dimensional
have been studied intentionally as potential candidates for the novel electronic and optoelectronic
applications. In the present dissertation, three different studies will be presented with followed
order; (1) the chemical response of organic semiconductor in NO; exposure. (2) The surface and
stability of WSe, in ambient air. (3) Deposition of dielectric on two dimensional materials using
organometallic seeding layer.

In first part, the organic molecules rely on the van der Waals interaction during growth of
thin films, contrast to covalent bond inorganic semiconductors. Therefore, the morphology and
electronic property at surface of organic semiconductor in micro scale is more sensitive to change
in gaseous conditions. In addition, metal phthalocyanine, which is one of organic semiconductor
materials, change their electronic property as reaction with gaseous analytes, suggesting as
potential chemical sensing platforms. In the present part, the growth behavior of metal
phthalocyanine and surface response to gaseous condition will be elucidated using scanning
tunneling microscopy (STM).

In second part, the surface of layered transition metal dichalcogenides and their chemical
response to exposure ambient air will be investigated, using STM. Layered transition metal
dichalcogenides (TMDs) have attracted widespread attention in the scientific community for
electronic device applications because improved electrostatic gate control and suppression of short
channel leakage resulted from their atomic thin body. To fabricate the transistor based on TMDs,
TMDs should be exposed to ambient conditions, while the effect of air exposure has not been
understood fully. In this part, the effect of ambient air on TMDs and partial oxidation of TMDs
will be investigated.

In the last part, uniform deposition of dielectric layers on 2D materials will be presented,

employing organic seedling layer. Although 2D materials have been expected as next generation

XVii



semiconductor platform, direct deposition of dielectric is still challenging and induces leakage
current commonly, because inertness of their surface resulted from absent of dangling bond. Here,
metal phthalocyanine monolayer (ML) is employed as seedling layers and the growth of atomic

layer deposition (ALD) dielectric is investigated in each step using STM.

xviii



Chapter 1

Introduction

1.1 Metal phthalocyanines molecules

Metal phthalocyanines (MPc) have been studied for organic thin film transistor (OTFT)
gas sensors'® or organic photovoltaics cell (OPV)"*®. The metal atoms are placed at the center of
molecule, while four outer benzene rings surround the metal center, as shown in Fig. 1.1. The MPc
films can be deposited on inorganic or polymer substrates by various techniques, such as vapor
deposition, spin coating, and spray coating. Although other organic, such as pentacene, thin films
may have higher mobilities or photo-sensitivity, MPcs are possess high thermal stability thereby it
can be integrated in the high temperature process. For example, MPcs can maintain their molecule
structure at temperatures exceeding 400 °C*, and only a few strong acids and oxidizing agents are
able to decompose MPcs. The electronic properties of MPcs can be tuned by changing the central
metal atom or adding functional groups to the outer rings. In addition, the charge distribution in the
MPc molecule is not uniform; the central nitrogen and metal atom have a relatively higher electron
density, while the inner carbon atoms have a lower electron density than the outer aromatic carbon
atoms!, thereby the reactivity of center in MPc with gaseous molecules can be higher than outer
benzene rings. Structural and electronic properties of single MPc molecules and monolayers on
solid surfaces (mostly single crystalline metal) have been investigated by multiple research groups,

using the various surface analysis techniques.*”?

1.2 Two dimensional semiconductors
A two dimensional (2D) semiconductors are consistent with a type of semiconductors, with
atomically thin thickness (typically 3—7 A). Graphene is a famous example of 2D semiconductor,

as shown in Fig 1.2.a; it is a single atomic layer of carbon with honeycomb atomic structure, and



considered originally as near metal, but it was rediscovered by Geim and Novoselov as
semiconductors®* with the superior mobility than other semiconductors. However, graphene has a
zero-band gap, limiting in direct integration into logic devices. Therefore, stacking bilayer,
chemical doping or formation of graphene nano-ribbon have been studied to open the band gap in
graphene.

As shown in Fig. 1.2.b, layered transition metal dichalcogenides (TMDs), which is
consistent with a metal layer sandwiched by two chalcogenides layers, also have been studied
intensively, because they have readily band gap, unlike graphene. Moreover, as the thickness of
TMDs decreases to monolayer, indirect-to-direct band gap crossover can be observed with stable
emission of exciton at room temperature, therefore their applications can be expanded to both of
logic and optoelectronic transistors?>,

Furthermore, since these layer materials do not have dangling bonds at the surfaces (both
graphene and TMDs), these 2D topology enables heterojuction stacking without inducing lattice
mismatch and strain between the layers. This feature makes possible the fabrication of transistors
and diodes scaled to atomic thicknesses with tunable band gaps and excitonic effects, 33

Various 2D materials growth methods, characterization of physical properties, and device
applications have been intensively pursued by multiple research groups. Initial investigations on
2D materials focused on exfoliated bulk crystals that were naturally formed or grown by chemical

vapor transport (CVT) or chemical vapor deposition (CVD).*** Molecular beam epitaxy (MBE)

has been employed more recently to grow TMDs, such as MoSe,, HfSe, and SnS.*'

1.3 Ultra High Vacuum Chamber
All of scanning tunneling microscopy (STM), spectroscopy (STS) and the x-ray
photoelectron spectroscopy (XPS) were performed in an ultrahigh vacuum chamber (Omicron

variable temperature chamber). The entire system consists of five sets of chambers, shown in Fig.



1.3, the STM chamber, the preparation chamber, the load lock chamber, the atomic layer deposition
(ALD) chamber, and the organic MBE chamber. Each chamber is pumped by ion or turbo pumps
and separated by gate valves. The main (sample preparation) and STM chambers are pumped by
ion pumps; the base pressure of each is below 1 x 10 and 5 x 10 torr, respectively. The organic
MBE, ALD, and load-lock chambers are pumped by turbo molecular pumps (TMP); the base
pressures of the organic MBE, load lock, and ALD chambers are 5 x 10°, 1 x 10”7 and 3 x 10°® torr,

respectively.

1.4 Scanning Tunneling Microscopy and Spectroscopy

In this dissertation, scanning tunneling microscopy (STM) in UHV is employed, as a main
tool, to investigate the various semiconductor surfaces in atomic scale. First STM was demonstrated
by Binning and Rohrer in 1981%. The operation of STM is relies on the tunneling process of single
or a few electrons between metal tips and samples; the tungsten (W) or Pt/Ir tips, are approached
to sample surfaces of interest within few angstroms (A ) with a piezo electric crystal, while a bias
(V) is applied to the tip relative to the sample simultaneously, resulting in the quantum mechanical
tunneling current. By measurements this tunneling current passing through the STM tip, the
location of atoms or morphology can be reconstructed and imaged, using a feedback loop to
maintain a constant tunneling current. The tunneling current is exponentially proportional to
distance (z), as shown below equation,

IochSe_l'Ozs‘/aZ
where psis local density of states (LDOS) of sample, ¢ is work function of sample. Following this

equation, the tunneling current increases 7.4 times, as decreasing of Z by about 1 A , allowing STM

for atomic resolution.



As the sample is biased positively or negatively to the STM tip, the LDOS of the sample
can be probed. As shown in Fig. 1.4, a W STM tip is approached on TiOPc/HOPG surface, while
the TiIOPc/HOPG is applied negative or positive bias. If the sample is biased negatively relative to
the tip, the electrons tunnel from occupied orbitals, highest occupied molecular orbital (HOMO),
to metal tip with locating Fermi level (Eg) of tip below of HOMO in the sample, consistent with
probing the filled states of TiOPc. Conversely, If the sample is biased positively relative to the tip,
the electrons tunnel from metal tip to unoccupied orbitals, lowest unoccupied molecular orbital
(LUMO), with locating Fermi level of tip above of LUMO in the sample, consistent with probing
the empty states of TiOPc. By choosing these two different imaging modes in STM, the LDOS of
samples can be visualized.

During STM imaging, if a tip is located on a particular place of sample surface with a
constant distance, the current (I) can be recorded by applying bias (V). When the number of
electrons between tip and sample is very few to be in tunneling range, the tunneling probability is
directly proportional to the number of available states in the sample. Therefore, since the tunneling
current is measured as a function of electron energy in the sample, the differential of tunneling
currents (dl/dV) is directly corresponded to the electron density of states, LDOS. Using this
technique, the electronic states within few eV (normally 4 eV) can be observed near Fermi level

(V).



Figure 1.1. Schematic molecular structure of metal phthalocyanines; a central metal atom appears
as the orange ball, while nitrogen atoms are shown as blue balls. Carbon and Hydrogen are
displayed as black and white balls respectively.



Figure 1.2. Schematics of graphene and TMDs. (a) graphene with a hexagonal carbon network. (b)
TMDs consistent with a metal layer sandwiched by dichalcogenides.
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Chapter 2

Atomic Imaging of the Irreversible Sensing Mechanism of NO, Adsorption on Copper

Phthalocyanine.

2.1 Abstract

Copper(Il) phthalocyanine (CuPc) monolayers exposed to ambient NO- is observed using
scanning tunneling microscopy (STM) in ultra-high vacuum (UHV) to elucidate the chemical
response of CuPc at the molecular level. The bare CuPc ML is deposited on Au(111) surface using
a molecular beam epitaxy. After exposure of low NO, dose at room temperatures, isolated
chemisorption sites on the CuPc metal centers are observed in STM images. These chemisorbates
almost completely disappears with annealing at 373 K for 30 min. Conversely, after exposure of
high NO- doses, the exposure of NO; results in a fracture of the domains in CuPc ML. This domain
fracture can be recovered by annealing above 423 K, indicating dissociative chemisorption into NO
and atomic O accompanied by surface restructuring. This high stability indicates that the domain
fracture is induced by tightly bound adsorbates. Existence of atomic O in the CuPc ML/Au (111)
is confirmed by XPS analysis and ozone dosing control experiments. The observed CuPc domain
fracturing with NO> dosing is consistent with a mechanism for the dosimetric sensing of NO, and

other reactive gasses by organic thin film transistors (OTFTSs).
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2.2 Introduction

As referred in the section 1, MPc molecules have been considered as potential chemical
sensing platforms, because MPc molecules act as electron donors because of their delocalized -
electrons, behave as p-type semiconductors, and provide a basis for chemiresistive sensing.' "
The low ionization energy of MPcs imparts low activation energy for formation of charge transfer
complexes with oxidizing gases. In addition, since the N and metal at the central area of MPc have

higher electron density than the benzene rings, the charge transfer reactions of MPc with electron

acceptor gasses are strongly favored to occur on the central metal atoms'.

As a result, detection of electron-accepting analytes by MPcs OTFTs relies on reaction
between the metal center and analytes, which in a simplified model act as “dopants”:**" Although
pure MPcs films are insulating in vacuum, they become p-type semiconducting with exposure to
dopant gases." *' This p-type conductivity of metal phthalocyanines films has been modeled as
formation of charge transfer complexes on the metal centers with oxidative molecules. Weak

)*%° chemisorb weakly on MPc films as electron acceptors and form

oxidative analytes (such as O
superoxide adducts consisting of oxidized MPc" and O* species; holes are injected into the bulk
solid from the positively charged MPc". The injection of these holes moves the HOMO edge
towards the Fermi level forming a p-type MPc film'. The presence of this superoxide adducts on

MPc has been studied using Electron paramagnetic resonance (EPR) and electron spin resonance

(ESR) 3%,

In chemical sensors based on MPc, higher chemical sensitivities are observed for strong
binding analyte, such as NO,, O3, H,O, and NO, than weak binding analytes.> *>*' Weak binding
analytes induce weak charge transfer reactions and have fast reversible recovery times. Similarly,
tight binding dopants also show reversible recovery for low doses. However, for high doses, tight

2,55, 62-64

binding analytes, for example NO; or NO®®! have strong charge transfer reactions on MPc
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films, resulting in very slow or irreversible recovery time. Since ambient air contains a high
concentration of two such analytes, O, and H,O, weak binding analytes are not ignored in practical
sensing devices. Therefore, on MPc surfaces, the strong binder NO, must initially compete for
reaction sites with gaseous or bound O, and H,O, because O, and H,O are present at much higher
concentrations. When MPc is exposed to NO,, it binds tightly to MPc molecules'* %, However,
after NO» dosing is ceased, the high background of O, and H>O cause the NO> to desorb if it is
reversibly bound. This competition model is consistent with strong binding analytes having
reversible binding to MPc for very low analyte doses. However, for high analyte doses, the
irreversible behavior observed for strong binding gaseous oxidants on MPc surfaces, and their
ability to induce charge accumulation in the MPc film, is not fully understood on the molecular

scale.%

Here, using scanning tunneling microscopy (STM), the irreversible sensing response of
CuPc OTFTs exposed to NO, gas pulses is investigated at the molecular scale. Previously, it was
shown that H>O, vapor doses of high concentration induce an irreversible sensor response,
involving an unrecoverable threshold voltage shift™. Since NO; is another strong binding gaseous
oxidant, it is also expected to show an irreversible sensing threshold voltage shift on the CuPc
surface. To investigate the sensing response to NO,, CuPc OTFT sensing measurements are
performed during exposures to a mixture of NO» and synthetic air. Afterwards, STM has been

employed to image physical changes in the MPc surface that are induced by NO, binding.

2.3 Experimental Details

Bottom-gate, bottom-contact CuPc OTFTs were fabricated by photolithography. The
source and drain electrodes were deposited by electron beam evaporation onto SiO»/n""Si(100)

substrates (Silicon Quest). The 100 nm thermally grown SiO; layer acts as a gate oxide with
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Cox = 34.5 nFem 2. The channel width (W = 10° um) and length (L = 5 um) are constant for all
OTFTs. Deposition of 5 nm Ti was used as an adhesion layer for the 45 nm Au electrodes and
electrical contact pads. A 4 monolayer CuPc film was deposited on the OTFT substrate under ultra-
high vacuum using molecular beam deposition. The deposition rate was approximately 1 A-s™'. The
devices were wire-bonded onto a ceramic dual in line package (DIP) and mounted on a printed
circuit board for NO, sensing. Current-voltage (/-}) measurements were recorded in-situ during
NO; vapor dosing. The I-V data for the OTFTs were analyzed every 60 s by a gate voltage (V)
sweep from +10V to —10 V at 4 Vs™! with the drain voltage (Va) held at —10 V. A National
Instruments PXI-6259 M-Series Multifunction DAQ controlled by a custom designed LabVIEW
program was used for voltage sweeps and data acquisition. The threshold voltage (Vi) and mobility
(1) were calculated from a linear fit to the equation for OTFT drain current in the saturation regime

(Equation 1).

l,(sat) = ngc‘”(vg —Vth)

- (D

The Vi and pu calculation was performed in real time during sensing and used a constant
range of fit for the gate voltage (V) of =10 V <V, <=7 V. All OTFT sensing experiments were
performed with zero grade air (Praxair, <2 ppm H,O, < 0.02 ppm NO») and a 10 ppm NO> mixture
in dry air (Airgas).

For STM experiments, copper phthalocyanine (CuPc) was deposited on Au (111) in a
Omicron ultra-high vacuum (UHV) system with a base pressure below 1 X 10 torr. The surface
of single crystalline Au(111) at 25 °C was cleaned by sputtering with a 1 keV Ar' ion beam ion
beam (RBD instruments) with an Ar background pressure of 6 X 107 torr. After sputtering, the
Au(111) sample was annealed at 500 °C for 30 min for curing. Sputtering and annealing were

repeated until STM imaging verified an atomically flat Au(111) surface.
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The CuPc was purchased from Sigma Aldrich and purified by multiple sublimations. The
sample was prepared by deposition of a thick overlayers on a cleaned Au (111) surface at 373 K by
organic molecular beam epitaxy with use of a differentially pumped effusion cell (Eberl MBE-
Komponenten), while the sample was in the UHV preparation chamber. Subsequently, this
multilayer was heated to 623 K for 4 min, afterwards a flat-lying monolayer of CuPc was formed
on the Au(111) surface, because the CuPc/CuPc interaction in multilayers is weaker than the
CuPc/Au surface interaction.®” The monolayer structure was confirmed by STM, which showed the
characteristic Au(111) herringbone reconstruction through the single monolayer CuPc films. The
monolayer samples were transferred from the preparation chamber via the load lock and introduced

into the atmosphere for NO; dosing.

High concentration NO; dosing was performed with a 10 ppm NO; in dry synthetic air
mixture onto CuPc monolayers at atmospheric pressure. These high concentration dosing studies
were performed in an air-tight container with a constant flow of the 10ppm NO mixture. Low
concentration dosing (1 ppm NO; in dry synthetic air) was performed in a custom air-tight designed
flow system with constant flow using mass-flow controllers. The 10ppm NO»/air mixture was
diluted 10-fold in synthetic air (Praxair, < 2 ppm H»0,< 0.02 ppm NO») using a separate dilution

line to create a 1 ppm NO» mixture in synthetic air.

Density functional theory (DFT) calculations were performed with the Vienna Ab-Initio
Simulation Package (VASP)*®% using projector augmented-wave (PAW) pseudopotentials (PP)""-
" and the PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional’>”*. The choice of PBE
functional and PAW PP was validated by parameterization runs demonstrating good agreement with
experimental properties of bulk Au and C, as well as N, and O, molecular properties. The atomic

charges for calculated systems were obtained applying Bader charge decomposition’7®.
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2.4 Results
2.4.1 Chemical sensing response of CuPc OTFT to NO,

The chemical sensing is presented prior to the STM experiments to show the electric
evidence of irreversible NO, chemisorption via dosimetric sensing. In Fig. 2.1 shows typical
sensing responses of CuPc OTFT to 100 ppb NO; gas pulses of variable duration (30 sec, 2 min, 5
min and 10 min) at 300 K. During these experiments, high purity dry air was employed as the purge
and the carrier gas. Full current (I) — voltage (V) curves are measured at each point in time so that
the influence of the NO, exposure on the mobility and threshold voltage(Va) can be recorded
independently. It is noted that the exposure of NO> in these sensor measurements are smaller than
in the STM studies, because the I-V characteristics are closer to ideal for small doses thereby
enabling independent measurement of the mobility and threshold voltage. Furthermore, fixed
charge of less than 0.1% of a monolayer (10'%/cm?) is readily detected by I-V measurement, which
is much below the detection limitation of STM for almost any adsorbate. With increase if dosing
time, the CuPc OTFT has a non-linear sensing response. Analyte induced changes in the mobility
indicates the changes in the carrier trap energy or carrier density, while the changes in the threshold

voltage is induced by changes in fixed charge in CuPc OTFT.

For short analyte pulses (30 sec and 2 min), mobility decreases and small Vy, shifts are
observed, but these changes are reversed by ceasing NO, dosing with the dry air flow. However,
for longer doses (5 min and 10 min), large Vy, shifts occur, and these shifts are irreversible and
dosimetric as shown by red arrows. This is consistent with an analyte induced fixed charge in CuPc

OTFT.

The DFT VASP plane-wave calculations show that the binding energies of NO and NO; to
CuPc are low with 0.06 eV of NO,/CuPc and 0.02 eV of NO/CuPc: 0.02 eV; for NO/CoPc, the DFT

VASP plane-wave calculation estimates a binding energy of 1.57 eV, which agrees well with the
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binding energy of 1.55 eV calculated by T. Nguyen et al’’ for the same NO/CoPc. As a result, the
low adsorption energies of NO and NO; on CuPc are consistent with existence of another
chemisorbate for irreversible changes in the fixed charge in the film. Thus, non-dissociative NO,
adsorption, which has a weak interaction with the Cu metal center, can be ruled out to explain the
irreversible Vy, shifts, while a secondary effect from NO, dosing would be responsible for the

irreversible component of sensing.

2.4.2 Morphology changes in CuPc monolayers induced by dosing NO,

A CuPc monolayer dosed with NO, was imaged in UHV-STM in elucidate the moelculr
change induced as a result of NO, dosing. As shown in Fig. 2.2.a, bare CuPc molecules form a
crystalline on Au (111) with four-fold symmetry. The molecular structure of CuPc shown in Fig.
2.2.b, are well defined in individual CuPc molecules in the inset of Fig. 2.2.a. The holes are assigned
to the Cu atom at the center of each CuPc molecule, while aromatic rings are displayed as an outer

4-leaf pattern'®.

After dosing NO; (1 ppm for 5Smin: low dose) and annealing at 50 °C to improve STM
imaging, small NO; induced chemisorption sites are observed dispersing on the CuPc layer in Fig
2.3.(a). All DFT calculations estimate the binding configurations of single gaseous molecules to
the metal centers of CuPcs, which is consistent with the low NO, dose STM images.””” After
annealing at 100 °C for 30 min, these chemisorbates desorb from the CuPc monolayer as shown in
Fig 2.3.b. It is noted that although resolution difference is observed in between Fig 2.3.a and Fig
2.3.b, the both CuPc monolayers maintain four fold symmetry as well as observation of the Au(111)
herringbone reconstruction (white arrow). In Fig 2.3.c, two different chemisorption sites are
observed with a distinct bias dependence, as shown in Fig. 2.3.d and Fig. 2.3.e. It is noted that

precipitates are observed on the domain boundaries of the CuPc monolayer, which were shown to
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be mixtures of carbon complex and displaced CuPc molecules. The observed chemisorbates have
variable bias dependence; for site A, the metal center is brighter than the aromatic ring in both the
empty and filled state images. Conversely, for site B, the brightness of entire CuPc molecule is
depressed in the filled state image, while they are brighter than neighboring molecules in the empty
state. It can be hypothesized that after exposure of high NO,, chemisorbate of NO,/CuPc would
influence the electronic structure of the CuPc molecules, thereby the diversity of observed isolated

chemisorption sites is created.

Before exposure NO, on CuPc monolayer, the air exposure was performed on CuPc
monolayer as a control. The bare CuPc molecules form nearly single crystalline domains on each
Au (111) step as shown in Fig 2.4.a. When the CuPc monolayer is exposed to air for 30 min, any
topographical changes are not observed in CuPc monolayer, such as reorganization of molecules or
fractured domains, while some carbon-rich adsorbates from ambient air are observed, as shown

Fig. 2.4.b.

After confirmation of inertness of CuPc monolayer in ambient air, higher concentrations
of NO; were dosed on the CuPc monolayer surface to determine the mechanism of the irreversible
sensing response. After dosing 10 ppm of NO, for 5 min on the CuPc monolayer, reconstruction of
CuPc layer and fractured domains can be observed. As shown in Fig 2.5.a and 2.5.b, after 10 ppm
of NO: is dosed at room temperature for 5 min (high dose) and annealed in UHV at 50 °C, new
domain boundaries are induced with the decrease of domain sizes. The domains of air exposed
CuPc monolayer are larger than 200 nm in length and limited by terrace size, while NO; exposed
CuPc domains are 50-80 nm in length, as shown in Table 2.1. These NO; induced domain
reconstruction is not recoverable at room temperature, as shown in Fig. 2.5.c. After additional
annealing of sample from Fig. 2.5.b at 50 °C for over 1 hr, the reconstruction of domain in CuPc
ML is unchanged, consistent with involving a tightly bound adsorbate. This domain fracture can be

reversed by annealing above 150 °C , as shown in Fig. 2.5.d; after annealing of sample from Fig
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2.5.c at 150 °C, larger area of domain are observed resulting from merging fractured domain.
Consequently, this domain fracture in the CuPc monolayers can be reversible with annealing at

high temperature, consistent with the Vi, shifts observed in the OTFT sensor data at high dosing.

2.4.3 Domain fracture induced atomic O on bilayers and multilayers of CuPc

A similar domain fracture is also observed on bilayer and multilayer of CuPc, after
exposure to equivalent NO, doses. On bare bilayer surfaces, CuPc molecules form a crystalline
bilayer with an average domain size of 357+17 nm, as shown in Fig. 2.6. a and Table 2.1. After
dosing NO,, new domain boundaries are induced in both the first and second layer, as displayed in
Fig. 2.6.b. However, the domains in second layer are more disordered than the domain in monolayer
after equivalent NO, doses. On CuPc monolayers dosed by NO,, although NO, dosing induces
domain fracture, CuPc molecules still maintain close packed crystallinity, as shown in Fig. 2.6.c.
Conversely, on bilayer dosed by NO,, larger amounts of vacancies are observed and fractured
domains in the first layer are clearly shown through vacancies in the second layer. The enlarged
STM image of 2.6.b displays that the direction of CuPc molecules arranged in first layer exactly
corresponds with the symmetry of the second layer, as shown by green and blue arrows. This
matched orientation between first and second layer is consistent with the domains having vertical
order since the domain fracture is induced at the CuPc/Au(111) interface. It is hypothesized that
dissociative chemisorption of NO, product additional atoms, which result from the interaction of
NO; on the CuPc/Au surface, penetrate the CuPc bilayer and chemisorb on the Au(111). These by-
product atoms at the CuPc/Au(111) interface reconstruct the first CuPc layer, which also results in
reconstruction of the second CuPc layer while maintaining the relative positions of CuPc in layers

1 and 2.
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Subsurface reactions also induce reorientation of domain structure on multilayers. Before
dosing NO», a smooth and large domain on clean multilayer surfaces are observed, as shown in Fig.
2.7.a, with the herringbone patterns of Au (111). However, after dosing NO, at 10 ppm for 5 min,
small domains appear, as shown in Fig. 2.7.b. The NO; dosed multilayer CuPc domains possess a
high defect density, forming polycrystalline domain structures similar to the ones observed on the
NO; dosed CuPc bilayer surface. The average domain size (length) in the NO, dosed CuPc

multilayer is about 51 + 4 nm as shown in Table 2.1.

2.4.4. Chemical mechanism for irreversible behavior.

A tightly bound adsorbate induces the formation of fractured domains after high NO,
dosing, changing the unit cell size of the MPc monolayer.® It can be hypothesized that this resutls
from dissociative chemisorption of NO; into NO and atomic O. To confirm weakly bound
adsorbates, flash desorption mass spectrometry was performed. Figure 2.8.a shows mass spectra of
molecules which desorb from a CuPc surface dosed with 10 ppm of NO; for 5 min, as heating
rapidly. The times in the Fig. 2.8.a indicates the duration of heating prior to recording the spectra
at the temperatures. The 18, 28, and 44 m/z peaks correspond with background HO", CO" and
CO»", whose parent molecules are always present in the UHV chamber. A 30 m/z peak starts to be
detected above 70 °C, and corresponded intensity increases as the surface temperature increases.
In previously published mass spectra, NO> and NO both exhibit 30 m/z peaks, but only NO; has a
46 m/z mass component® 2, However, in Fig. 2.8.b, there is no detectable peak at 46 m/z. Other
research groups also report that NO was detected on NO, dosed MPc by IR spectroscopy.® The
observation of NO by flash desorption mass spectrometry is consistent with NO, dissociating to
NO and atomic O on the CuPc monolayer, similar to multiple reports of NO, dissociation on various

surfaces. 386
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A high concentration of O species on CuPc/Au dosed by NO; is observed by XPS analysis.
To obtain the total concentration of O and N species, the XPS peaks for O and N were integrated
and normalized to the Cu signal. Figure 2.8.c shows a huge increase of the relative ratio of O to Cu
on the CuPc monolayer/Au, after dosing with 10 ppm of NO; for 5 min compared with an air
exposed CuPc monolayer. On CuPc/Au surfaces dosed with 10 ppm of NO; for 5 min and annealed,
the relative coverage of O is still four times larger than on an air exposed CuPc/Au monolayer, and

the coverage of O decreases with annealing.

Conversely, the integrated nitrogen XPS peak is nearly independent of NO, dose. To
elucidate the chemical binding status of N species, chemical fitting analysis was carried out in
present XPS results. The N s spectra of the CuPc monolayer measured before and after dosing
with 10 ppm of NO; for 5 min are displayed in Fig. 2.9.a and 2.9.b respectively. In Fig. 2.9.a, three
components are detected on air exposed CuPc/Au; 398.1 eV is corresponded to the N-Cu bond and
398.6 eV is corresponded to the N-C bond®’. It is noted the broad peak (400.0 eV) is induced by
shake up transitions. There is difference in binding energy between present data and reference data,
because the present binding energies are obtained from a monolayer of CuPc on Au, while reference
data are obtained from thick CuPc layers on Si3N4 substrates. After dosing with NO,, a new
component is observed at 398.9 eV, consistent with the presence of NO». It is noted this NO, may

be bound to precipitates or displaced CuPc molecules instead of the CuPc monolayer.

By XPS chemical fitting analysis, the presence of O atoms was elucidated, as shown in Fig
2.9.c and 2.9.d. These XPS spectra displays the O 1s spectra for the CuPc monolayer measured
before and after dosing with 10 ppm of NO; for 5 min. CuPc/Au exposed only to air for 10 min
shows a weak, broad peak from 531.5 to 533.5 eV, resulting from different oxygen states, for
example O, and H,O. However, after the NO, dosing, the main peak is at 532 eV, with new
shoulder feature (green arrow). The presence of this shoulder indicates that the dosing with NO»

induces formation of new O binding states in CuPc/Au (111). Using peak fitting procedures, three
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components can be identified (532.0, 531.2 and 530.3 eV) in the O s spectra. The largest
component at 532.0 eV can be assigned to the oxygen atoms which form as NO, on CuPc/Au,*®
and this is also shown in N1s spectra. Although NO; dosing results in low binding energy states of
O in CuPc/Au associated with dissociation products, the majority of O still remains with a binding
energy consistent with adsorbed molecular NO,. The second peak at 531.2 eV is consistent with
the presence of the O,, which can be introduced from air during NO, dosing or produced during
dissociative chemisorption of NO,.* Lastly, the third peak is detected at 530.3 eV; this peak
dominates the shoulder of Ols spectra. This binding energy is consistent with atomic O on Au;”
there is a small difference in the binding energy between 530.3 eV and published data (530 and
530.1 eV) consistent with the atomic oxygen having interactions with both the Au surface and
overlying CuPc molecules. As a result of XPS analysis, it is hypothesized that some of NO, dosed
on CuPc/Au dissociates to atomic oxygen. It is noted that the difference in calculated binding
energy between O/Au and CuPc/O/Au is only 0.15 eV. Furthermore, the difference in Bader charge
is only 0.09 between O/Au and CuPc/O/Au(O/Au: 6.69 le|, CuPc/O/Au 6.78 |e[). This small
difference in Bader charge may be too small to induce a difference in binding energy in XPS

spectra.

Domain fracture induced by atomic O was also confirmed by O; dosing control
experiments, since O3 dissociatively chemisorbs into O, and atomic O.”’ STM images were
recorded after O3 dosing on a CuPc monolayer for 10 min at 25 °C with a supersonic molecular
beam source (MBS) as shown in 2.10.a. As a control, NO diluted in He was dosed on a CuPc
monolayer by supersonic MBS for 10 min at 25 °C (Fig. 2.10.b), since it does not dissociatively
chemisorb. In contrast to the results from ambient dosing with NO», dosing O3 and NO with MBS
results in a very low density of carbon-rich adsorbates so more detail of molecular structure can be
observed. As shown in Fig. 2.10.a, dosing of O3 on a CuPc monolayer generates new domains

which are only 15-20 nm, which is consistent with subsurface O sites similar to the ones generated
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by NO; dissociative chemisorption. Moreover, O3 on CuPc induces the formation of crack sites as
indicated by the red arrows, implying a new subsurface chemisorption site. Conversely, the CuPc

monolayer dosed with NO does not show either domain fracture or crack sites.

DFT calculations were performed to determine the energetics of O transfer from CuPc to
Au(111), as shown in Fig. 2.11.a to c. The reference state was gaseous atomic O. Note the plane
wave VASP technique was employed to determine the bonding of NO, to CuPc; it was found that
NO; bonding through O is more slightly favorable than through N by 0.02 eV, but the binding is so
weak that accurate calculations on the transition state would require use of a hybrid function which
is challenging for modeling large systems. However, it is known that NO is able to dissociate on
Cu(111) and (100),”** and NO, can dissociate on both Cu surfaces and CuPc layers," 8" %4
consistent with NO, bond activation having only a modest activation energy barrier. When O atoms
bond with the Au surface, there is a high binding energy (4.60 eV); This binding energy was
calculated by subtracting atomic O and relaxed Au slab total energies from the energy of the relaxed
O/Au system. When O bonds to the CuPc on Au(111), the binding energy is modest (1.66 eV).
When the O atom is bonded between the CuPc and Au(111), the binding energy is calculated to be
highest (4.76 ¢V) which is slightly greater than the binding energy of O on clean Au(111). It is
noted that the reference states employed in Fig. 8 use atomic O in the gas phase O(g), Au(111)(s),
and CuPc/Au(111)(s) to calculate the binding energies. The binding energy of O in O/CuPc/Au and
CuPc/O/Au systems was calculated by subtracting total energies of atomic O and relaxed CuPc/Au
system from the total energy of the relaxed O/CuPc/Au or CuPc/O/Au systems respectively. The
total energies are 819.754 eV, (adsorbed O, i.e O/CuPc/Au) and 822.855 eV. (subsurface O,
CuPc/O/Au); therefore, the 3.1 eV difference represents the increased binding of oxygen migrating
from the surface site on CuPc to the site between CuPc and Au. Therefore, any O atoms would be

expected to migrate readily to sub-CuPc layer sites bound to Au or just to the Au(111) surface sites.
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An analysis of the Bader charges in the DFT calculations is consistent with the higher
binding energy of the O electrons in dissociation products observed in XPS. The O/CuPc/Au(111)
Bader charge is 6.53 |e| and on transfer to the gold surface the O atoms gains about a quarter of an
electron; the O/Au(111) Bader charge is 6.69 |e| and the CuPc/O/Au charge is 6.78 |e|. This gain in
electrons would induce a lower electron binding energy. The DFT calculations are consistent with
a large thermodynamic driving force for O atoms dissociating from NO, on CuPc/Au(111) to
diffuse to the Au(111) surface. These subsurface O binding sites should have very high thermal

stability after their formation.

The high binding energy of O/Au(111) is consistent with the thermal stability of the
fractured islands and O chemisorbates’. This desorption temperature of 200 °C is similar to the
annealing temperature where recovery of domain fracture occurs. The CuPc/O/Au sites are not
directly observed by STM, because it is likely that subsurface O atoms do not significantly change
in the CuPc topography. This hypothesis is supported by DFT models of CuPc/O/Au which show
that the height of both the metal center and the rings changes by less than 0.2 A when the O atom
1s bound subsurface. However, even if O were chemisorbed between the CuPc molecules, this
would be nearly impossible to detect since adsorbates on Au(111) cause only small corrugation in

STM images while the CuPc has a height of 1.7 A on Au(111)."®

2.5 Discussion

A simplified model is proposed (Fig. 2.11.d) based on the sensing data, the STM data, and
the DFT calculations. First, NO, molecules reversibly and molecularly chemisorb to the CuPc metal
center and dissociate by an activated process into O and NO. It is noted that a surface bimolecular
reaction is also possible (2 NO, 2 NO + NOs; = NO + NO; + O) since the experiments were

performed at high concentration and not just high dose’; however, the final result of both the
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unimolecular and bimolecular reactions is chemisorption of O atoms. Subsequently, the atomic O
diffuses to the Au (111) surface, which allows binding of more NO,. The substrate bound O atoms
act as coadsorbates inducing a change in CuPc¢ domain structure, such as domain fracture and
rearrangement of molecules. The molecular rearrangement and domain fracture likely occur
because of the increased distance between adjacent CuPc molecules after O coadsorption. The
eventual high density of O atoms per CuPc molecule could lower the barrier for lifting the CuPc

from the Au surface, and induce domain fracture or rearrangement.

The DFT calculations and XPS data are consistent with dissociating NO; to generate O
atoms which adsorb on bare Au or insert into subsurface sites between CuPc molecules and
Au(111). Also, the adsorption of atomic O between CuPc and the surface would induce a change
in the CuPc spacing, which is typical of coadsorbates.”’”® Due to this adsorption, the spacing
between CuPc molecules increases or the MPc molecules rotate. These spacing changes between
molecules induced by subsurface O adsorbates generate reorganization of CuPc molecules and the
lattice mismatch shown in Fig. 2.12. The lines are drawn along the rows of CuPc (green arrow). On
clean surfaces, the molecules form perfect linear arrays (Fig 2.11.a). However, on the NO» dosed
CuPc monolayer, the molecules are aligned along only one direction (green arrow), while the CuPc

shift % unit cell almost every 2 molecules along the perpendicular direction (red line) in Fig. 2.11.b.

The NO; induced domain fracturing of CuPc layers (mono, bi, and multilayer) is consistent
with the irreversible sensing response with CuPc chemFETs.**** Charge carriers have their highest
mobility inside the domains since they are near perfect single crystals, while the domain boundaries
act as barriers to charge transport.”'% The NO, dosing increases the density of domain boundaries
by domain fracture to further isolate domains. Charge carriers require high energy to cross domain
boundaries.'” '* Since NO, induced domain fracture originates at the CuPc/Au interface, it is
proposed the NO; induced domain fraction also degrades the CuPc/Au electrical contacts. It is well

known that the performance of OTFTs depends strongly on the interface between the organic layer



24

and metal contacts.'””"'° In CuPc OTFTs exposed to high NO, doses, the increased density of
domain boundaries would act to trap carriers near the contacts and induce positive uncompensated

charge, which is consistent with the increased threshold voltage observed on NO; dosing.

2.6 Summary

STM was employed to study ambient adsorption of NO, on CuPc monolayers and
elucidate a molecular scale mechanism of NO, sensing for CuPc OTFT sensors. For low NO»
exposures, isolated chemisorbates are observed on the CuPc metal centers. These chemisorbates
are removed by annealing at 100 °C. However, after exposures of high NO,, domain fractures is
observed in the CuPc film, because the NO; induced reorganization and domain fractures in CuPc.
The generated domain fractures are stable at 25 'C and can only be reversed by annealing above
150 °C. Such high stability indicates that the driving force for domain fracture originates from
strongly bound adsorbates. The existence of atomic O on Au(111) after exposure to NO, is
confirmed by XPS analysis. Therefore, the STM and XPS data are consistent with a dissociation of
NO; and generation of an O/CuPc complex. As shown by DFT calculations, O binds stronger with
subsurface sites on the Au(111) surface than with top of CuPc molecules. It is proposed that the
migrated O atoms bound in between CuPc and Au induce domain fracture. The dissociation of NO»
generates atomic O which adsorbs at the CuPc/Au interface. This mechanism is supported by
studies of O3 dissociative chemisorption on CuPc monolayers, as well as NO, dosing of bilayer and
multilayer CuPc/Au(111), both of which show similar NO; induced domain fracture. These NO»
induced reconstructions of domains on bilayers and multilayers are consistent with domain fracture
being one of important source for the irreversible Vi, shifts observed in CuPc OTFTs. The types of
mechanisms that lead to dosimetric sensing in the present instance (i.e., secondary surface reactions
of analytes and sensor surface reconstruction) may serve as a model for the dosimetric sensing

behavior in other OTFT chemical sensors, especially those which use metal phthalocyanines.
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(b)

Figure 2.2. (a) Empty state STM image of a bare CuPc monolayer. (Vs = 2.0 V, It = 40 pA) Inset
image shows individual CuPc molecules at the molecular level. (b) Molecular structure of CuPc
(pink ball = Cu, blue ball = N, gray ball = C, white ball = H).
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Figure 2.3. Empty-state STM images of a CuPc monolayer, after exposed NO; at 25 °C. (Vs =2.0
V, It = 40 pA) (a) Exposing 1 ppm NO; for 5 min, then annealed at 50 °C for 20 min. the
Chemisorbates are marked by green arrows. (b) After annealing sample in Fig. 2.3.(b) at 100 °C
for 30 min. (c) Exposing 10 ppm NO; for 5 min, then annealing at 50 °C for 20 min. (d) and (e)
Bias dependence of chemisorbates of site Aand B. (Vs =% 1.0 V, 1t =40 pA))
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Figure 2.4. Empty state STM images of a CuPc monolayer surface. All scale bars are 20 nm. (a)
bare CuPc monolayer surface. (Vs = 2.0 V, It = 10 pA) (b) After exposure to ambient air for 30
min and annealed at 50 °C for 10 min. (Vs =2.0 V, It = 20 pA)
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Figure 2.5. Empty state STM images of a CuPc monolayer surface after exposure high dose of NO..
All scale bars are 20 nm. (Vs = 2.0 V, It = 40pA) (a) After exposure 10 ppm NO; for 5 min and
annealed at 50 °C for 10 min. (b) CuPc monolayer from (a) annealed at 50 °C for an additional 10
min. (c) CuPc monolayer from (b) annealed at 50 °C for an additional 50 min. (d) CuPc monolayer
from (c) annealed at 150 °C for further 6 h.
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Figure 2.6. Empty state STM images of bilayer of CuPc. All scale bars are 10 nm. (a) Bare CuPc
bilayer (Vs = 2.0 V, It = 10 pA). (b) Bilayer of CuPc, after exposure 10 ppm NO; for 5 min, then
annealed at 50 °C for 1 h. (c) Expanded STM image from red rectangle in (b).
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Figure 2.7. Empty state STM images of multilayer of CuPc. All scale bars are 10 nm. (a) Bare CuPc
multilayer (Vs = 2.0 V, It = 10 pA). (b) CuPc multilayer, after exposure 10 ppm NO; for 5 min,
then annealed at 50 °C for 1 h (Vs = 2.0 V, It = 40 pA).
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Figure 2.9. The spectra of XPS shown chemical states of of NO2/CuPc/Au (111). (a) N 1s spectra
taken from CuPc/Au(111) exposed to air for 10 min, (b) N 1s spectra taken from the
NO2/CuPc/Au(111) is dosed with 10 ppm of NO; for 5 min and subsequently annealed at 50 °C
for 20 min. (c) O 1s spectra taken from CuPc/Au(111) exposed to air for 10 min, (d) O 1s spectra

taken from the NO,/CuPc/Au(111) dosed with 10 ppm of NO; for 5 min and subsequently annealed
at 50 °C for 20 min.
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Figure 2.10. Empty state STM images of a CuPc monolayer dosed with a supersonic molecular
beam source (MBS). All scale bars are 20 nm. (a) CuPc monolayer dosed with O3z for 10 min at
25°C (Vs=2.0V, It =20 pA, fues = 30 Hz). subsurface crack sites are marked by red arrows. (b)
CuPc monolayer dosed with NO for 10 min at 25 °C (Vs = 2.0 V, It = 20 pA, fmes = 30 Hz).
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Figure 2.11. DFT calculations of CuPc/Au (111) with adsorption of atomic O on Au and CuPc. ()
Atomic O adsorbed on bare Au (111). (b) formation of O—CuPc/Au(111), while O is placed on top
of the CuPc. (¢) Formation of CuPc/O—Au(111) with placing O between CuPc and Au(111), i.e.
subsurface adsorbate. (d) Schematic diagram for suggested mechanism of domain fracture induced

by dissociative chemisorption of NO.
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Figure 2.12. Empty state STM images of a CuPc monolayer surface. All scalecbars are 5 nm. (a)
Bare CuPc monolayer (Vs = 2.0 V, It = 80 pA). (b) CuPc monolayer exposed with 10 ppm of NO,
for 5 min at 25 °C and annealed at 50 °C for 20 min (Vs =2.0 V, It =40 pA). In both images, lines
are drawn along the rows of CuPc (green arrow).
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Table 2.1. Quantitative analysis of grain size of Mono-, Bi-, and Multilayers, after exposure 10
ppm of NO- for 5 min. The average grain size was estimated using the linear intercept method.

1hr

Average domain size | Standard | Standard
Sample . .
(nm) error deviation
Clean surface 332 16 43
Dosed and annealf.\d at 50 °C, for 46.8 6 16
Mono- 10 min
layer °
y Dosed and annealfed at 50 °C, for 75.6 1 30
20 min
Dosed and annealed_ at 50 °C, for 54.7 4 13
1hr 10 min
Bi Clean surface 357 17 45
I=
layer °
y Dosed and annealed at 50 °C, for 38 4 10
1hr
Clean surface 279 29 77
Multi-
layer °
y Dosed and annealed at 50 °C, for 51 4 12




Chapter 3

Air Exposure Effects on Molecular Beam Epitaxy Grown WSe, Monolayers and Bilayers

3.1 Abstract

The effect of air exposure on 2H-WSe,/HOPG is observed via scanning tunneling
microscopy. WSe; was grown by molecular beam epitaxy on highly oriented pyrolytic graphite
(HOPG), and STM images show that WSe; layers nucleate at both step edges and terraces of the
HOPG. Exposure to air for 1 week and 9 weeks caused air-induced adsorbates to be deposited
across entire WSe,. however, the band gap of the terraces remained unaffected and nearly identical
to those on de-capped WSe,. The air-induced adsorbates can be removed by annealing at 523 K. In
contrast to WSe; terraces, air exposure induced the edges of the WSe; to oxidize and form
protrusions, inducing a larger band gap in the scanning tunneling spectra. The preferential oxidation
at the WSe; edges compared to the terraces is likely the result of localized dangling bonds at the
edge. In the absence of air exposure, the dangling bonds at edge have a smaller band gap compared
to the terraces and a shift of Fermi level about 0.73 eV towards the valence band. However, after
air exposure, the band gap of the oxidized WSe; edges became larger about 1.08 eV that of the

WSe; terraces.

39
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3.2 Introduction

To realize the potential applications of layered TMDs, such as optoelectronic or logic
devices, layered TMD materials are typically exposed to ambient air during device fabrication;
therefore, it is critical to elucidate the effect of air exposure on the structural and electronic
properties of layered TMDs. However, although the impact of air stability of TMD materials to the
transistors has been studied'", the effect of air on the surfaces properties, such as the morphology

or band structure, has not been fully understood at the atomic scale.

Here, the material properties of MBE-grown WSe,, are characterized on the atomic scale
by STM and spectroscopy (STS) at 100 K before and after air exposure, thereby elucidating the
effects of air exposure on the morphology and electronic band gap of WSe,. WSe; is have been
intentionally studied, because of its electronic properties such as a large spin-orbit coupling of >

113

400 meV,'*? valley coherence,™ and small direct-indirect gap crossover energy observed by

4

photoluminescence'*. In transistors of WSe,, it is controlled by ambipolar behavior®” with

moderate ML mobility of ~250 cm?/V-s, and bulk mobility as high as 500 cm?/V-s.?> 2" 115

Based on the STM imaging, a very low defect density in the MBE WSe, is observed; this
low density can be attributed to growth in high vacuum using high purity elemental sources. The
electronic band gap (E,) was determined for ML and bilayer (BL) WSe; using STS** "', Exposure
of the MBE WSe»/HOPG to the ambient air induced oxidation of the edges of WSe», as measured

by STM and STS, while the terraces of WSe, remained nearly unchanged.

3.3 Experimental Details

HOPG substrates were gradually heated to 1073 K over 15 mins, held for 20 mins at 1073
K, and cooled to the growth temperature of 670 K. Once the growth temperature was stabilized,

elemental tungsten (W) from an e-beam source and elemental selenium (Se) from a Knudsen cell
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were dosed simultaneously to grow WSe,. The growth conditions were designed based on prior
MBE growth studies of MoSe,*. A low W flux was employed, confirmed by the RHEED pattern
appearance of the first layer WSe; after ~40 mins of growth. The Se flux was maintained at a beam
equivalent pressure of 1.1x107 Torr. After growth, the sample was annealed under a Se flux first at
773 K for 3 mins and subsequently at 873 K for 7 mins. After annealing, the sample was cooled to
263 K under a Se flux to cap WSe; with approximately ~60 nm of Se to protect against ambient in

transport to a separate UHV system for STM measurements.

The Se-capped WSe»’HOPG samples, transported in a home-built vacuum case, were
introduced into a UHV chamber through a load lock (base pressure: 5 x 10™® torr) for performing
STM/STS measurements. It is noted that the main and STM chamber were held < 1 x 10™'° torr and
< 5 x10™" by ion pumping. Prior to STM and STS measurements, the Se capping layers were
sublimated by annealing at 773 K for 3 hours; samples were heated to 773K with 15 K/min rate.

After annealing the samples at 773 K, samples were cooled spontaneously.

STM imaging and STS measurements were performed by variable temperature (VT) STM
in the UHV chamber (Omicron. Inc) at 100 K, using electrochemically etched W tips. After
removing the Se capping layers from the WSe,/HOPG samples, the samples were transferred to the
STM stages. Afterwards, WSe,/HOPG samples mounted into the STM stage were cooled to 100 K
by liquid nitrogen. The differential tunneling conductance (dI/dV) of WSe, was probed by scanning
tunneling spectroscopy at 100 K using standard lock-in modulation techniques. (lock-in modulation
voltage: AVims = 20 mV, f = 500 Hz). In the STM system, the generation of tunneling current
between the metal tip and the sample is induced by applying a bias to sample. Prior to the
measurement of all STS spectra, a 2 V sample-tip bias was used in constant current imaging with
20~30 pA constant current, then the imaging and feedback loop were turned off and an I-V

measurement was recorded while varying the tip to sample distance.
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After verifying the as-decapped WSe, surfaces, WSe,/HOPG samples were transferred
from a UHV chamber into ambient air. After 9 weeks, the air-exposed WSe,/HOPG samples were
transferred into a UHV chamber, then annealed at 773 K to remove hydrocarbon and adsorbed H,O
or O, for stable STM and STS measurements. STM and STS on the air exposed WSe,/HOPG

samples was performed by the same methods as for the as-decapped samples.

3.4 Results and Discussion
3.4.1 Growth and atomic observation of WSe; deposited on HOPG via MBE

The STM images in Fig. 3.1 show that both HOPG step edges and terraces provide
nucleation sites for WSe, growth. In Fig. 3.1.a, nucleation and growth at a multi-atomic step edge
of HOPG is shown. Although some islands of WSe, grow on the terrace of HOPG, there is a
complete coverage of WSe, along the HOPG step edges forming “sawtooth-shaped domains”,
indicated by the white arrows. Once WSe: is initially nucleated at both the upper and lower HOPG
step edges, each WSe, layer grows laterally, propagating from the HOPG step edges to the internal
HOPG basal planes. The position of this HOPG step edge is marked with a dashed orange line in
Fig. 3.1.b. The height of the deposited WSe; is 0.79 £ 0.02 nm, consistent with the three-atomic-
layer (Se-W-Se) thickness of single ML?’. Comparing the height of ML WSe; on the upper HOPG
terrace (purple arrow) to the height of ML WSe; on the lower HOPG terrace (yellow arrow), a 1.58
+ 0.03 nm height difference is calculated, indicating that a five-carbon-atomic-layer HOPG step

edge nucleated the WSe, growth.

The step flow growth of WSe, at the HOPG step edges is not the only growth mode that
occurs during MBE growth of WSe». Nucleation of WSe, can also occur on terraces of HOPG, as
shown in Fig. 3.1.a, large islands of WSe, ML with variable lateral size (40 to 100 nm diameter)

are observed on the HOPG terrace, likely facilitated by defects present on the HOPG terrace; and



43

BL growth is initiated at nearly the center of the WSe, ML islands. In summary, both HOPG step

edges and terraces can provide nucleation sites to WSe,.

The MBE-deposited WSe; layer has a hexagonal structure and low defect density, evident
in the STM images in Fig. 3.2. In Fig. 3.2.a, STM image shows the Moiré¢ pattern of ML WSe,. The
Moiré pattern is observed because the electron orbitals of WSe, and HOPG overlap, resulting in
periodic potential wells that give rise to a hexagonal array of protrusions in the STM images and
corresponding dots in the Fourier transform (FT).'"""''® Based on the Moiré pattern, the rotation
angle is calculated to be ~2°. The atomic-resolution STM image and the associated FT image in
Fig. 3.2.b reveal hexagonal arrays of the top Se layer of the three atomic planes in WSe,. Although
each atom has a different local density of states (LDOS), as shown by different brightness in the
STM image, noticeable point defects or dislocations are not observed. The variation of LDOS can
result from different interactions between WSe and carbon atoms or defects states of the HOPG
substrate. The lattice parameter of WSe; is measured about 0.32 £ 0.01 nm, in good agreement with

previous crystal structure data.'"

The quasi-particle band gap of ML and BL WSe, was measured using STS* 21!, Figure
3.2.c shows the averaged (dI/dV)/(I/V) versus V on a basal plane of WSe,, far away from step edges
of the second WSe; layer. The differential conductance dI/dV is normalized by dividing by I/V. '
Each (dI/dV)/(I/V) is averaged from 10 individual dI/dV spectra. After converting into
(dI/dV)/(1/V), a fitting method described in previous STM/STS studies was employed to extract the
band gap.'**"'?* As shown in below, the error is reported as the standard error obtained by the fitting
process. It is noted that the uncertainties provided by the present fitting in STS are statistical
uncertainties, using the least squares fitting.'** Therefore, the given uncertainties can be much less
than the thermal broadening in STS. Simulated fits to the STS data are included in Fig. 3.2.c as the

dashed lines. From the dI/dV spectra on ML WSe,, the conduction band minimum (CBM) is
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estimated as +1.08 = 0.02 V, while the valence band maximum (VBM) is estimated as -1.10 + 0.01
V. Hence, the quasi-particle band gap for ML WSe: is determined to be 2.18 + 0.03 eV, which is
close to the reported theoretical value.'”” Employing the same method, the band gap of BL WSe;
was also obtained; the CBM is positioned at +0.73 = 0.01 V, while the VBM is located at -0.83 +
0.01 V. Therefore, the band gap of bilayer WSe, is determined to be 1.56 £ 0.02 eV.!"* 121125 [t js
noted that in all of our measurements of ML and BL, the spectra reveal conductance extending from
the band edges into the band gap, suggesting some sort of “band tail” states. The origin of this in-
gap conductance is unknown at present; it greatly exceeds any effect of Fermi tails at 100 K in the

STS measurements, which are fully included in the theoretical fit function.

3.4.2 Exposure of MBE grown WSe; in ambient air

To investigate the effect of air exposure on WSe,/HOPG, the sample was removed from
the UHV chamber and exposed to ambient air for 1 week. As shown in Fig. 3.3.a, air exposure-
induced adsorbates, detected as bright features in STM, are present on both the terraces and step
edges. As shown in the expanded STM image, Fig. 3.3.b, the diameter of the air induced adsorbates
varies from ~1 to ~10 nm. It is reasonable to assume that hydrocarbons, H>O and O, are adsorbed
on the WSe, surface during air exposure. By comparing the band gaps measured in Figs. 3.3.c, it is
clear that the air-induced adsorbates do not perturb the band structure of the ML and BL WSe:; the
band gaps of air exposed ML (2.15 £ 0.03 eV) and BL (1.62 + 0.03 eV) are nearly identical to the
band gap of pristine decapped WSe,. Note that both ML and BL WSe, STS spectra were taken at
locations within 1 nm of adsorbates. The air-induced adsorbates themselves (blue spectra in Fig.
3.3.c) have a smaller band gap than both ML and BL WSe,; therefore, the adsorbates are more

likely to be adsorbed hydrocarbon, H>O or O and not oxidation of WSe:.
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The air-induced adsorbates can be removed from WSe, surface by annealing, consistent
with reversible adsorption of molecular chemisorbates. As shown in Fig. 3.4.a, annealing at 523 K
for 30 mins induces desorption of most of the adsorbates from the WSe; terrace, indicating weak
adsorbate binding. Only a few adsorbates remain along the step edge of WSe». As shown in Fig.
3.4.b, after desorption of adsorbates from the WSe, surface, the band gap of ML WSe; (2.10 + 0.02
eV) does not change, compared the band gap of pristine WSe, ML (2.18 &+ 0.03 eV) as shown in

Fig. 3.2.c.

To mimic the asymptotic state of 2D materials during device process and testing,
WSex’HOPG was also exposed to ambient air for 9 weeks. After air exposure, the sample was
transferred into an UHV chamber and annealed at 773 K for 20 mins to remove ambient
hydrocarbons, H>O or O,, thereby enabling stable STM and STS measurements. The large-area
STM image in Fig. 3.5.a shows the air-exposed WSe, ML and BL on HOPG. In the atomic-
resolution image of Fig. 3.5.b, the hexagonal crystal structure of the top Se layer is confirmed and
there are no apparent defects, such as vacancies, dislocations or interstitial impurities. The FT
image of Fig. 3.5.b displays prominent hexagonal peaks assigned to the topmost Se layer, consistent
with the STM image. The band structure of the air-exposed WSe, ML is also confirmed by STS in
Fig. 3.5.c; the VBM is -1.06 = 0.03 V and the CBM is +1.01 + 0.02 V, giving a band gap of 2.07 =+
0.05 eV. Comparing the STS of the as-decapped WSe, ML terrace (2.18 eV), the band gap of the
air exposed WSe, ML terraces decreased by only 0.11 + 0.08 eV, therefore, the band gap of WSe»

ML terrace remains nearly constant, even after air exposure for 9 weeks.

Spatial variations in the WSe; band structure are detected by measuring the dI/dV spectra
from the bilayer WSe; to the edge of ML WSe, both before and after air exposure. First, the data
before air exposure (i.e., as-decapped, Fig. 3.6.a) are discussed. The black, dashed line on the STM
image indicates the location along which the tunneling spectra were recorded. The black spectrum

at the bottom of Fig. 3.6.a corresponds to the band structure of BL WSe», while the orange spectrum
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at the top corresponds to the band structure of bare HOPG; the position of Fermi level (0 V) is
marked as the purple dashed line. As the STM tip is moved from BL WSe, to ML WSe, to HOPG,
STS spectra were acquired sequentially. Starting with BL WSe», two dI/dV spectra were recorded
(black and red) with a band gap in the range of 1.54 + 0.02 to 1.70 £ 0.03 eV. It is noted the STS
curve closest to edge of WSe, BL (red curve) has a Fermi level slightly shifted towards the valence
band. This shift could possibly arise from defect states near the edge of the WSe, BL. As the STM
tip is moved towards the ML WSe; area adjacent to the edge of the BL. WSe,, the Fermi level shifts
significantly away from the VBM. The measured band gap of the ML WSe: is in the range of 2.16
+0.02 to 2.23 £ 0.02 eV, as shown by the blue and green STS curves. At the step edge of the WSe»
ML, the band gap decreases to 1.06 + 0.04 eV and a large DOS is observed near the Fermi level.
This edge state of WSe, will be discussed in further detail below. Beyond the step edge of ML
WSe,, a zero band gap is observed in the (dI/dV)/(I/V) spectrum (orange), consistent with the bare
surface of HOPG. The symmetric linear dispersion of the measured LDOS on HOPG is consistent

with prior STM/STS results.>® 126127

A similar band structure transition from bilayer to monolayer also can be observed on the
air-exposed WSe,/HOPG, Fig. 3.6.b. In this case, spectra are also collected along the black dashed
line shown in the STM image of Fig. 3.6.b. Here, an air-exposed WSe: island spans across a
monoatomic HOPG step edge. Starting from the bottom spectra, two STS curves were obtained on
air-exposed BL WSe, and both band gaps are similar to the band gap of the as-decapped WSe, BL
in Fig 3.6.a. As the STM tip moves to the WSe, ML near the edge of the bilayer WSe,, the band
gap increases, consistent with that of the WSe, ML. However, when the STM tip is positioned on
the WSe; ML located directly on monoatomic HOPG step edge, the band gap decreases to nearly
0 eV and a linear dispersion of the band structure is observed (pink curve). It is likely that the
electronic structure of the WSe, ML is perturbed by the dangling bonds of underlying HOPG step

edge. When the STM tip is moved far from the WSe> ML/HOPG step edge, the STS curves are



47

consistent with those representing the original band structure of the WSe, ML. Therefore, the
spatially-resolved band structure measurements before and after air exposure show that the terraces

of the MBE WSe; ML and BL appear to be nearly inert to the air exposure.

3.4.3 Partial oxidation of the edge in WSe;

Although the terraces of WSe, are left nearly unaffected upon air exposure and UHV
annealing, oxidation of the WSe> edges is observed. As seen in Fig. 3.7.a, the WSe, ML before
exposure to ambient air (i.e. as-decapped) has clean and smooth step edges. However, after
exposure to the ambient air and subsequent UHV annealing, the edges of the WSe, ML are
decorated by air-induced protrusions, as seen in Fig. 3.7.b, with a height of 0.83 + 0.03 nm, as

shown in a line trace in Fig. 3.7.c.

The STS spectra in Fig. 3.8.a and 3.8.b shows that the air-exposed edge states have a larger
band gap compared to the air-exposed terraces, consistent with the formation of a metal oxide with
a relatively large band gap. In Fig. 3.8.a, both air exposed ML WSe; edge for 1 week (3.12 £+ 0.02
eV) and for 9 weeks (3.15 = 0.03 eV) have nearly identical band gap. As shown in Fig. 3.8.b, the
(dI/dV)/(1/V) is displayed for both the air exposed WSe, ML edge and the air exposed WSe, ML
terrace for 9 weeks so that the band gaps can be compared. As the position of STM tip is moved
from terrace to edge, the VBM to Fermi level energy increases by 0.61 + 0.04 V, while the CBM to
Fermi level energy increases by 0.47 + 0.04 V from 0 V; therefore, the band gap of the air-exposed
edge is larger by 1.08 + 0.08 eV than band gap of air exposed terrace. This 3.15 £ 0.03 eV band
gap at the air exposed edge is very close to the theoretically calculated band gap of monoclinic
WO; or the band gap of sub 2 nm WO; quantum dots.'**"** Combining STM and STS results, it

can be concluded the air exposure of WSe»/HOPG induces selective oxidation of WSe, edges.
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To better understand the oxidation process in air, the bare WSe, edges were characterized
with STM and STS before air exposure (i.e., the as-decapped WSe»). In Fig. 3.9.a, typical WSe,
ML and BL edges are displayed in empty-state STM imaging; both ML and BL possess smooth,
clean edges. However, a higher resolution filled-state image of the edge of WSe; BL in the purple
square in Fig. 3.9.a, reveals a bright rim along the edge, shown as a white dashed line in Fig. 3.9.b.
From a filled-state STM image, the line trace indicates the height of the edge contour as 0.28 + 0.02

nm, which is similar in height to dangling bonds on the Si (001) surface."*'"'*

As shown in Fig. 3.9.c, two major differences are observed in the STS spectra taken at the
edge of WSe, compared to bare WSe, terraces. First, the DOS at the VB (approximately -1 V
sample bias) is increased at the edge of the WSe, ML (blue arrow). This increase is consistent with
the increased brightness of the terrace edges in the filled-states STM images in Fig. 3.9.b. The STS
spectrum acquired at the edge indicates a band gap of 1.1 + 0.04 eV, with the Fermi level located
relatively close to the valence band. Comparing as-decapped WSe: edge with the air-exposed WSe;
ML edge, the band gap of the air-exposed edge is increased three times from the band gap of as-
decapped edge. These differences in the band structure at the step edges indicate the existence of

new electron states.

Based on the STM and STS data, two schematic models for these new states along the
WSe, edge are proposed in Fig. 3.9.d. In case I, the dangling bonds from the atoms at the WSe»
edge might form enhanced VB states which are observed as a bright corrugation in the filled state
STM image, similar to dangling bonds on Si (001) surface.'*'"'*? In case II, dangling bonds cause
the condensation of Se adatoms which form the thin layer at the step edge. Both models share the
common feature of electronic edge states along the outmost atoms at the WSe, edge. However, the
observation of electronic edge state (case 1) is consistent with previous STM measurements and
DFT calculations on MoS; nanocrystals showing that the edge of MoS, has a metallic band

structure, resulting in high reactivity with other molecules or catalytic activities.'*>"*” Moreover,
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previous DFT calculations on MoS; nanoclusters show that the DOS at edges is larger near the
Fermi level than the DOS of terraces in projected p-orbital DOS'*®. Therefore, it seems most likely
that the WSe; edge states are due to electronic defects of the edge atoms (case I), rather than excess

Se adatoms (case II).

Based on the STM/STS results on WSe; edges, together with previous DFT and
experimental data, it is hypothesized that the WSe, electronic edge states resulting from dangling
bonds that facilitate air-induced reactions. In ambient air, the dangling bonds of outmost atoms are
passivated by adsorption of H,O, O, or hydrocarbon molecules. Although both Se and W are
expected to oxidize to SeOx and WOy respectively, SeOx (selenium oxide) has desorption
temperature much less than 773 K,'**'%% and therefore the SeOx products will desorb during UHV
annealing at 773 K, leaving WOx at the edge. Because the oxidized and annealed edge states have
high thermal stability, they persist after the UHV anneal and can be detected by STM as protrusions
decorating the edges of the WSe,. The basic model of air exposure and subsequent annealing

forming WOy at step edges is consistent with all the STM and STS data.

3.5 Summary

Molecular beam epitaxy was used to grow WSe, on HOPG, and layers were subsequently
characterized by STM and STS. The samples were capped by excess 20 nm Se adlayer after growth
and decapped for STM imaging. High-resolution STM images show almost no observable vacancy
defects and dislocations on decapped WSe,, except near step edges. High-resolution filled-state
STM images revealed a distinct corrugation along the as-decapped WSe, edges, while STS
displayed narrower band gap and shifted Fermi level toward the valence band compared with
locations in the center of the terraces. To investigate effects of air exposure on WSe, layers, the

WSe’HOPG was exposed to ambient air for 1 week and 9 weeks. STM images reveal that the
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terraces of WSe; are nearly unaffected; although air induced adsorbates are deposited across the
WSe; surface, the band gap of air-exposed WSe, ML is measured as 2.07 &+ 0.05 eV, nearly identical
to 2.18 £ 0.03eV prior to air exposure, and atomic resolution STM images display a hexagonal
array of topmost Se layer without noticeable defects after the air exposure and UHV annealing. In
contrast, the WSe, edge is oxidized by exposure to ambient air, involving a topographic transition
along the edge and a large band gap (3.15 £ 0.03 eV) of the edge, as measured by STS. The selective
reaction at the step edges results from the existence of dangling bonds at the WSe, edge, which was
confirmed by STM and STS. Present results suggest air exposure of WSe; results in oxidation of
the WSe; edge, while the terrace of WSe: is nearly inert to ambient air; therefore, air oxidation of
WSe, can potentially passivate the electronic edge states thus minimizing leakage current or
electron-hole recombination via the conductive edge states in pristine WSe», which is desired in

devices.
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Figure 3.1. (a) Large area STM images of WSe, growth on HOPG. (b) Corresponding line trace
along the dashed line in (a).
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Figure 3.2. Atomic resolution STM image and STS of decapped MBE WSe; on HOPG. (a)
Hexagonal moiré¢ pattern and corresponding Fourier transform (Vsampie: 2 V, It 60 pA). (b)

Atomically resolved STM showing arrays of Se atom

s in WSe, and corresponding Fourier

transform (Vsample: 1.5 V, IT: 80 pA). (c) STS ((dI/dV)/(1/V)) of ML (black) and bilayer (red)

WSe..
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Figure 3.3. Empty state STM image of WSe>/HOPG after air exposure for 1 week. (a) Large area
STM image of the air exposed WSe; surface (Vsampie:2 V, li: 10 pA), before annealing. (b) Zoomed
STM image of the WSe; surface exposed to air for 1 week (Vsampie: 2 V, lt: 20 pA). (c) STS of air
exposed ML and BL WSe;, and adsorbates.
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Figure 3.4. (a) After annealing at 523 K for 30 min, STM image of air exposed WSe; surface (Vsample:
2V, I 10 pA). (b) After annealing at 523 K for 30 min, STS of air exposed ML WSes.
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Figure 3.5. (a) Large area empty state STM image of WSe; surface exposed to air for 9 weeks
(Vsample: 2 V, 12 15 pA). (b) Atom resolved STM image of a WSe, ML terrace after air exposure

(Vsample: =1 V, I: 120 pA) and corresponding Fourier transform. (c) STS of a WSe, ML before and
after air exposure.
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Figure 3.6. (a) Subset of (dI/dV)/(1/V) spectra recorded along the dashed black line in the STM
image, before air exposure. (b) Subset of (dI/dV)/(1/V) spectra recorded along the dashed black line

in the STM, after air exposure.
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Figure 3.7. Empty state STM image of the WSe, edge after exposure for 9 weeks to ambient air,
after annealing in UHV. (a) STM image of decapped WSe,. Surface (Vsampie: 2 V, Ii: 20 pA). (b)
STM image of air exposed WSez (Vsample: 2 V, lt: 15 pA). (c) Expanded STM image of the white
rectangle from (b) and corresponding line trace (Vsampie: 2 V, li: 20 pA)



58

= Air exposed W5e ML edge for 1 weak

—~
=~
R

=4 ir exposed WSe ML edge for 9 weels

3.12+ 0.02 eV

dl/dV/INV

3152 0.03eV
Ep

-3 2 1 0 1 2 3
Sample Bias (V)

C

= Air Fxposed Edge
, — Air Exposed Terrace

dL/dV/I/V

28 21 14 07 07 14 21 28
Sample Bias (V)

Figure 3.8. (a) (dI/dV)/(1/V) recorded at the WSe, ML edge exposed to air for 1 and 9 weeks. (b)
Closed view of STS near band edge from —2.9 to —0.5 V and from 0.5 to 2.9 V.
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Figure 3.9. Empty state STM and STS of WSe; edges, before air exposure. (a) Large scale STM
image of the edge of the WSe, ML before air exposure (Vsampie: 2 V, It: 20 pA). (b) Zoomed STM
images of the purple rectangle in (a) (Vsampie: —1 V, It: 40 pA) and corresponding line trace along
the dash line. (c) STS spectra recorded at the edge of the WSe, ML and the terrace of the WSe;
ML, before air exposure. (d) Proposed schematic of WSe; edges before exposure to air.



Chapter 4

Dielectric Deposition of Ultrahigh Nucleation Density on Two-Dimensional Surfaces

4.1 Abstract

Several proposed beyond-CMOS devices based on two-dimensional (2D) require the deposition of
thin dielectrics between 2D layers. However, the direct deposition of dielectrics on 2D materials is
challenging due to their inert surface chemistry. To deposit high-quality, thin dielectrics on 2D
materials, a flat lying titanyl phthalocyanine (TiOPc) monolayer, deposited via the molecular beam
epitaxy, was employed to create a seed layer for atomic layer deposition (ALD) on 2D materials,
and the initial stage of growth was probed using in-situ STM. ALD pulses of trimethyl aluminum
and H2O resulted in the uniform deposition of AlOx on the TiOPc/HOPG. The uniformity of the
dielectric is consistent with DFT calculations showing multiple reaction sites are available on the
TiOPc molecule for reaction with TMA. Capacitors prepared with 50 cycles of AIOx on
TiOPc/graphene display a capacitance greater than 1000 nF/cm?. These TiOPc seeding layer also

can be employed on WSe2 surface for uniform deposition of dielectrics.

4.2 Introduction

Complementary metal-oxide—semiconductor (CMOS) technology based on Si has been
implemented for logic devices due to its outstanding performance and low cost. However, as CMOS
devices are scaled down to a few nanometers, the maximum density of devices is limited by the
power consumption of each device. To develop alternative, low-voltage devices with steeper
subthreshold swing than the 300 K thermodynamic limit of 60 mV/decade, devices with graphene

as the channel material are being explored®* '*°. Graphene has high carrier mobility and stability;

60
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therefore, most research has been focused on graphene devices based on in-plane transport>* 40142,

However, due to the zero band gap of graphene, such devices cannot be turned OFF, and are hence

not directly useful for CMOS architectures.

An alternative approach uses vertical junctions in a 2D/insulator/2D geometry, relying on
charge transfer out of the plane and offering potential for low OFF-state power consumption.
Device structures such as the Bilayer pseudo-Spin Field-Effect Transistor (BiSFET) and the
interlayer tunneling FET based on 2D materials have been proposed®" %" Although the layout
of each device is different, all device models share a common vertical 2D/1/2D structure. In order
to fabricate these vertical junctions, a high quality ultrathin (1~2 nm) insulating layer must be
inserted between two 2D layers'44-148: 130-152.134-156 ' AJthough graphene/insulator/graphene junctions
with mechanically exfoliated hexagonal boron nitride have shown negative differential resistance
(NDR) when appropriately biased'*” '3 157 there are still few reports of NDR due to the poor
reproducibility'*'*7- 1% 135 'Moreover, the mechanical transfer of exfoliated layers and subsequent
assembly of stacks requiring rotational alignment are unrealistic for large-scale device

production'>

. To overcome these challenges, atomic layer deposition (ALD) has been proposed to
deposit a dielectric'>*1%! 156- 15815 'However, most of the previous research on ALD dielectrics on
2D materials has focused on thick layers (> 10 nm) because most 2D materials do not have dangling
bonds, and thin dielectrics give rise to large pinhole densities'®'. Although the initial growth
stage is critical to deposit pinhole-free, thin dielectrics, the direct observation of ALD nucleation
on 2D materials has not yet been reported at the atomic level because ALD precursors are readily

transformed into an oxide in ambient air and easily transfer from 2D materials to STM tips even at

low temperatures.

To nucleate ultra-thin dielectrics uniformly on 2D materials, titanyl phthalocyanine
(TiOPc) molecules are deposited on graphite and graphene as a template for ALD dielectrics. Each

step of the deposition of both TiOPc and the dielectric are observed at the molecular scale with in-
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situ STM in ultrahigh vacuum to overcome the extreme reactivity of the ALD precursor in ambient
air. Using the TiOPc seed layer, graphene capacitors and FETs were fabricated to evaluate the
electrical properties of the deposited dielectrics. Combing in-situ observation, the growth of thin
dielectrics on TiOPc/graphene can be extended to interlayer FETs based on transition metal

dichalcogenides (TMD)?! 167170,

4.3 Experimental Details

Highly oriented pyrolytic graphite (HOPG) was purchased from SPI supplies (Structure
Probe, Inc). TiOPc was purchased from Sigma Aldrich and purified by multiple sublimations. To
obtain a clean surface, HOPG samples were exfoliated multiple times in air. Monolayer graphene
films were grown by chemical vapor deposition (CVD), and transferred onto highly N-doped SiO-
»/Si substrates. After loading into the UHV deposition chamber, both the HOPG, and graphene
samples were heated to 750 K for 3 h to remove volatile organic contaminants and other adsorbates.
A thick overlayer of TiOPc was deposited on clean HOPG or graphene at 373 K using organic
molecular beam epitaxy (MBE) with a differentially pumped effusion cell (Eberl MBE-
Komponenten). Subsequently, the thick multilayer was heated to 523 K for 6 min, and a flat-lying
TiOPc monolayer was formed. ALD reactions on the TiOPc monolayer were performed with an in-
situ ALD system attached to the UHV system to avoid air exposure. The TiOP¢c/HOPG was
transferred from the UHV chamber to the ALD chamber via a load-lock chamber, without breaking
vacuum. After exposure to trimethyl-aluminum (TMA) of various pulse durations (70 ms to 360
mS) and H>O pulses of 500 ms duration at 373 K, the samples were transferred back to the STM

stage, again without air exposure.

STM and STS were performed at 100 K with an Omicron VT STM system with etched

tungsten tips. Capacitors were fabricated using CVD-grown graphene, while dual-gated FETs were



63

fabricated on exfoliated, monolayer graphene on Si/SiO, using e-beam lithography (50 nm Ni top
gate contacts). Both the graphene capacitors and FETs were annealed at 623 K for 8 h in vacuum
(~ 1x10° Torr) to remove resist residue remaining from device fabrication. The cleaned samples
were transferred into the UHV chamber to deposit a TiOPc seed layer. Afterwards, these samples
were transferred in ambient air to a commercial ALD reactor (Beneq) to form the
AlO,/TiOPc/graphene/SiO,/Si stack. After dielectric deposition, Ni was deposited on AlO,/TiOPc
graphene/Si0O,/Si as the top-gate using a thermal evaporator. All electrical measurements were
performed with a probe station in ambient conditions. Density functional theory (DFT) calculations

were carried out using the Vienna ab-initio simulation package (VASP).

4.4 Result and Discussion
4.4.1 Deposition of TiOPc seedling layer.

A highly ordered TiOPc monolayer is deposited on HOPG by UHV-MBE as confirmed by
STM. A schematic diagram of the TiOPc molecular structure is shown in Fig. 4.1.a. Figure 4.1.b
shows an empty-state STM image with a defect-free monolayer of TiOPc deposited on HOPG with
long-range order. Although most of the STM experiments in this study have been done on graphite,
both graphite and graphene surfaces are inert due to sp? hybridization'® and can therefore be
considered equivalent for this study. The Fourier Transform (FT) of Fig. 4.1.b is provided in the
inset, where a distinct set of peaks is consistent with an array of single-phased crystalline TiOPc.
Each individual TiOPc molecule has a bright spot at its center, assigned to O, and darker
surrounding features assigned to the aromatic rings, indicating that the TiOPc molecules face
vacuum to form a flat-lying monolayer. As shown in previous reported DFT calculations, the outer

benzene rings of TiOPc molecules provide weak m-n* interaction with the substrate, while the



64

central O and N are negatively charged, thereby providing potential binding sites for polar

adsorbates'”!.

DFT calculations show that TiOPc on graphene does not induce major electronic
perturbation in the band structure of graphene close to the Dirac point. Figure 4.1.c shows the band
structures of both graphene (left) and TiOPc/graphene (right) with the position of the Fermi level
marked by a blue dashed line. After deposition of the TiOPc monolayer on graphene, new band
states corresponding to TiOPc are generated; however, the symmetric linear dispersion of the

graphene band structure, which is critical for a vertical junction, are nearly unchanged'*.

4.4.2 In-situ observation in growth of dielectric on TiIOPc/HOPG

After verifying the deposition of an ordered seed layer of TiOPc, AlOx dielectric was
deposited using ALD. TMA exposure to TIOPc/HOPG for 70 ms at 373 K induces chemisorbate
islands, as illustrated in the empty state STM image in Figure 4. 2.a consistent with the dissociation
of TMA into dimethyl aluminum (DMA). Note, the dissociation of TMA can occur even at 300 K,
indicating that there are dissociated chemisorbates on the TiOPc/HOPG after exposure to TMA at
373 K'"*'7 After TMA exposure, there is no apparent periodicity, and the surface comprising an
adsorbate/TiOPc complex has features of varying height and spacing. As shown in the inset of Fig.
4.2.a, the FT of the STM image shows diminished peak intensity compared to the FT of unreacted
TiOPc/HOPG of Fig. 4.1.a. The chemisorbate/TiOPc complexes have an average spacing of 1.25
+ (.05 nm, which is less than the spacing between bare TiOPc molecules on HOPG, consistent with

multiple binding states for the ALD precursor on a single TiOPc molecule.

Because the TiOPc monolayer is highly reactive to TMA, high-density AlOx nucleation on
TiOPc/HOPG results even after just one pulse of TMA and H>O. Formation of stoichiometric Al,Os3

requires a post-annealing step, and therefore the aluminum oxide formed on the surface is denoted
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as AlO,'™'75. As shown in STM image of Fig. 4.2.b, after one ALD cycle with a TMA pulse of 360
ms on TiIOPc/HOPG at 373 K, AlOy appears as a cluster on each unit cell, without noticeable
pinholes. The inset FT in Fig. 4.2.b shows only a bright contour around the center indicating an
amorphous structure for AlO/TiOPc/HOPG. The monolayer of AlOx appears as a nearly
continuous film with no discernable pinholes in the STM images. This coverage indicates that the
TMA reacts with each TiOPc molecule, and further addition of H,O induces transformation of the

adsorbates to AlOx.

Scanning tunneling spectroscopy (STS) was employed to determine the transitions in
electronic structure induced by sequential ALD pulses, as shown in Fig. 4.2.c. A variable tip-surface
STS method was employed to collect a larger tunneling signal during STS measurements'?%. The
TiOPc monolayer on HOPG has a band gap of about 1.7 eV and an almost symmetric density of
states (DOS). After exposing TiOPc to TMA, the DOS in the valence and conduction bands
significantly decreased and the band gap increased to about 2.5 eV. However, in the STS of Fig.
4.2.c, two band gap states (sl and s2) still remain at -0.5 and -1.2 V, which are below the Epr,

indicating charge trapping in DMA/TiOPc/graphene.

DFT was used to model possible charge movements as shown in Fig. 4.3.a and 4.3.c. As
DMA reacts with the central O of TiOPc, a large change in the DFT PDOS of DMA/TiOPc¢ is
observed. The new states are generated near the Fermi level at -0.1 and +0.75 eV (red bars and
arrows), while there is a decrease of preexisting states at -1 and +0.35 eV (blue bars and arrows).
Therefore, this transition of DOS in DMA/TiOPc is consistent with the experimental observation
of trap states below the Fermi level, as shown in the STS measurements. In STS, these band gap
states are diminished by the following H,O pulse. After 1 cycle of ALD at 373 K, the band gap

increased to about 3.4 eV, and most of the states within the band gap are removed.

DFT calculations suggest the existence of multiple stable binding sites (O, N and C) for

DMA on TiOPc molecules, which is required for high nucleation density after one ALD cycle. All
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sites can bond DMA at 373 K to convert into AlOx during ALD. Combining STM images of Fig.
4.3, a simplified model is proposed in Fig. 4.4; Initially, TMA dissociates into DMA and chemisorbs
onto TiOPc, bonding to O, N, or C sites at 373 K. Therefore, multiple DMA molecules coexist on
each TiOPc molecule after the first TMA pulse. Subsequently, the H>O pulse transforms the
Al(CH3); into AI(OH), and induces cross-linking of Al-O-Al similar to what is observed on
Si(100)'72. Finally, after exposing the TiOPc/HOPG to multiple cycles of ALD, AlO, begins to grow

between the TiOPc molecules, consistent with the AFM images in the bottom right.

The deposition of a subnanometer dielectric on TiOPc/HOPG significantly decreases the
surface tunneling conductance between the STM tip and the sample. A schematic of the tunneling
junction between the metal STM tip and AlOx/TiOPc/HOPG is displayed in Fig. 4.5.a. The
tunneling current measured as a function of sample bias for both TIOPc/HOPG and ALD deposited
TiOPc/HOPG (1 and 5 ALD cycles) are shown in Fig. 4.5.b, and nine different STS IV curves after
1 cycle and 5 cycles ALD are included in Fig. 4.5.c. For TIOPc/HOPG, an increasing current is
measured for both positive and negative sample biases, producing a V-shaped I-V plot with high
currents. In contrast, after 1 cycle of TMA/H,O, the tunneling current decreases throughout the bias
range by more than one order of magnitude compared to the bare TIOPc/HOPG, while the offset
position is shifted to a positive bias. The reduced tunneling current is attributed to the energy barrier
introduced by the subnanometer AlOy layer, resulting in a decreased probability of tunneling
electrons. It is noted that the shift of the offset bias in STS results from trap or fixed charge states
in dielectric or at the interface of dielectric-TiOPc, because these dielectrics were processed without
post-deposition annealing. Therefore it is possible there are excess oxygen or defects states in
dielectric'”*'”*. The tunneling current further decreases by an order of magnitude after 5-cycles of
ALD in Fig. 4.5.b. In this case, the low current regime expands to a larger voltage range. As the
thickness of the insulating dielectric increased due to additional ALD cycles on TiOPc/HOPG,

increasing the tunnel barrier width, the tunneling of charge carriers from the metal tip (sample) to
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sample (tip) requires applying higher bias thereby the onset bias is pushed to a higher voltage range,
as shown by an orange arrow. This shift of onset bias is more prominently shown in the nine
different IV curves taken after 1 and 5 cycles ALD/TiOP¢/HOPG in Fig. 4.5.c. It is noted that
although the current of 1 cycle ALD/TiOPc/HOPG (1.4x10™ to 1.87x10 nA) is slightly lower in
the flat regions of the I-V curves than the current of 5 cycles ALD/TiOPc/HOPG (1.5x10™ to
2.5x10* nA) in Fig. 4.5.b, the current levels of both samples are very low in the flat regions of the
I-V curves, therefore this difference is within the noise level of the measurement. As shown in Fig.
4.5.c, both 1 cycle and 5 cycles ALD/TiOPc/HOPG possess the similar variation of current levels

(from 1x10™ to 3x10™ nA) in the flat region of the I-V curves as displayed by the red bars.

4.4.3 Electric characteristics of deposited dielectric on TiOPc/graphene

Figure 4.6.a shows the schematic of Ni/AlO/TiOPc/graphene capacitors fabricated on
Si0,/S1, with 50 cycles of ALD. The V-shape of the CV curves in Fig. 4.6.b is due to the effect of
the quantum capacitance of graphene'’*!'””. Previous reports have mostly employed thick dielectric
layers (8~20 nm) to measure CV due to limitations imposed by large pinhole densities in thin

14 However, since the AlO,/TiOPc/graphene has a very low pinhole density compared to

layers
previous reports, thinner capacitors could be fabricated even with conventional thermal metal gate
deposition. At -3 V, the maximum capacitance (Cmay) is over 1000 nF/cm? at 1 kHz, which is larger
than prior reported values on graphene'®> '*'%° Instead Cpax reported here is consistent with
InGaAs with 4.7 nm of Al,O;'"®. The contact resistance between graphene and the Au contact is
manifest by the difference of Cinax between 1 and 2 kHz'”"*°. Moreover, near zero capacitance is
observed at 0 V, which results from low minority carriers at the interface, indicating the full

modulated capacitance by gate bias. The leakage current in the capacitor is shown in Fig. 4.6.c to

be around 0.02 A/cm?® at a gate bias of +/- 3 V. As shown below, small area devices have a lower
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leakage current per unit area, which is consistent with leakage being limited by particulate-induced

pinholes resulting from graphene grain boundaries®.

To further evaluate the quality of the 4 nm dielectric, dual-gated, exfoliated graphene FETs
were fabricated as shown in Fig. 4.7.a. In this case, 40 cycles of AlOx/TiOPc were deposited. A Ni
top gate was deposited on AlO,/TiOPc/graphene/SiO,/Si, and a highly N-doped Si substrate was
used as a back gate, allowing dual-gate control of the carrier concentration in graphene. The leakage
current of the FET is below 10”'A/cm? within a top gate bias range of -1 to +1 V, as shown in Figure
4.7.b. This leakage current is much smaller than previous leakage values in thicker ALD-deposited
AlO;3 on graphene (previous leakage value: about 2.2 x 10° A/cm? in 4.5 nm Al,O; and 1.9 x 107
A/em? in 15 nm ALO3)'%* '8!, The resistance is measured at Vag = 0 V over a top gate range of +/-
1V in Fig. 4.7.c. The position of maximum resistance (Dirac point) of the device is at Vg = 0.17
V for the forward sweep, while the reverse sweep shifts the Dirac point to 0.05 V, giving rise to a
0.12 V hysteresis. Compared to previous reports, the positions of the Dirac points are closer to 0 V

141, 163, 181

and the hysteresis is smaller suggesting the TiOPc seed layer and subsequent dielectric

deposition does not induce a significant amount of chemical doping or interfacial trap defects.

Figure 4.7.d shows resistance as a function of back gate bias (-50 to 50V) for varying top
gate biases in the range of -0.3 to 0.3 V. From the device schematic in Fig. 4.7.a, it can be seen that
while the back-gate can modulate the entire graphene channel, the top-gate can only modulate the
local channel region under the top-gate. Therefore, the modulation of the top and bottom gates
induces shifts of Dirac point originating from the graphene channel, as shown in Fig 4.7.d. As Vg
is varied, the carrier density in the top-gated region changes, and can be neutralized by applying an
appropriate Vpg'® ™. At 0, Vg are detected: one at Vg = 0 V, which is the primary Dirac Point,
and a second at Vg ~ 40 V. These two “Dirac Points” results from the coexistence of a top gated
dielectric/graphene region (A) and an open dielectric/graphene region (B) as shown in Fig. 4(d).

Since only region A is affected by the top-gate, the primary Dirac Point corresponding to this region
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would shift when the top-gate voltage is changed, while the secondary Dirac point remains at 40 V.
At Vrg =-0.3V, the large peak located at Vgg = 40 V is when the top-gate is biased in such a way
that the Primary Dirac point overlaps with the Secondary Dirac point, and causes a “series addition”

of the two resistances, leading to a large peak, which appears as a single Dirac point.

Figure 4.7.e shows a two-dimensional plot of the channel resistance as a function of the
back-gate bias (Vgg), and top-gate bias (V1g). The variation of both Primary and Secondary Dirac
point is displayed in Fig. 4.7.e. The slope along the variation of Primary Dirac points represents the
ratio of capacitances of the top-gate and back-gate as shown dashed line. From the slope of the Vg
vs V1 for channel resistance, the capacitance ratio is calculated as 105 from the equation slope =
V16/Vee = Cr6/Cra. The back-gate capacitance is ~ 11 nF/cm? for a 300 nm back-gate SiO, oxide;

therefore, the top-gate capacitance is calculated as 1155 nF/cm?.

4.4.4 Deposition of dielectric on TMDs using TiOPc seedling layer

The TiOPc seedling layer also can be employed to deposit uniform Al,Os on TMDs. To
develop the process, a ML of TiOPc was deposited on the MBE-grown WSe, on HOPG, and the
empty-state STM image in Fig. 4.8.a shows a defect-free and highly ordered layer. No domain
boundaries, large-scale defects, or second-layer growth of TiOPc are observed, indicating a flat-
lying and single-crystalline order in the TiOPc ML. As shown in the molecularly resolved STM
image of Fig. 4.8.b, the O atom is located on top of the central Ti atom; the polarity of the TiOPc
molecule arises from binding of this O with the central Ti. The STM image of TiOPc in Fig. 4.8.b
is slightly distorted by the thermal drift during STM imaging; however, a square lattice of TiOPc
molecules is clearly observed. This single-crystalline square lattice is confirmed by the Fourier
transform, shown in the inset of Fig. 4.8.b, where four-fold symmetry indicated by nine distinct

peaks is observed. The four-fold crystalline structure of the TiOPc ML on WSe»/HOPG is clearly
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distinguished from the honeycomb lattice structure of WSe, on HOPG. It is noted that in the present
observation, the desorption temperature of a TiOPc ML on WSe; (523 K) in the UHV chamber is
lower than the desorption temperature of a TiOPc ML on HOPG (623 K); annealing of TiOPc/WSe»
above of 523 K results in the degradation of the TiOPc crystal structure. Therefore, it follows that

the TiOPc ML has a weaker van der Waals interaction with WSe, than with HOPG'®3,

STS measurements of WSe,/HOPG with and without TiOPc are used to determine how the
surface electronic structure is changed upon TiOPc deposition, as shown in Fig. 4.8.c. The STS
spectra on the TiOPc ML were recorded at the center of the molecules. The STS spectra show that
the bare WSe,/HOPG band gap is 2.05 + 0.04 eV, and the Fermi level is positioned near the center
of the band gap. The Fermi level is marked by the purple arrow at 0 V. TiOPc increases the density
of states (DOS) both at the valence band and conduction band, as indicated by the blue arrows,
indicating a smaller band gap (1.44 + 0.03 eV). Moreover, the Fermi level is positioned near the
conduction band, indicating the WSe»/TiOPc stack is n-type characteristics. It is noted that although
the TiIOPc/WSe’HOPG has a smaller band gap than WSe,/HOPG, there are no midgap state and
deposition of a gate oxide may remove the band edge states since they can be due to weakly bound
charge which is eliminate by oxide bonding'®’. A previous STS of ALO; deposition on

TiOPc/HOPG showed that a few monolayers of Al,Os increased the band gap as measured by STS.

After verifying the TiOPc seedling layer on MBE grown WSe; via STM, the Al,O; was
deposited on the TIOPc/WSe, surface by the ALD process. It is noted that the bulk WSe, samples
were employed for atomic force microscopy (AFM) and conductive AFM (C-AFM). Uniform
deposition of Al,O3 on the bulk WSe; at 393 K assisted by a TiOPc seedling layer is confirmed by
atomic force microscopy (AFM). Figures 4.9.a and 4.9.b show topographic differences of ALD
AlLOs3 on bulk WSe, with and without the TiOPc seedling layer using the same ALD growth

conditions. Because the ideal surface of WSe, (defect free surface) does not possess dangling



71

bonds, ALD nucleation occurs at defects or step edges. Figure 4.9.a shows that the resulting surface
has 5.5 nm deep pinholes with diameters at the 100 to 500 nm scale and root mean square (RMS)
surface roughness of 3.6 nm. In contrast, for the sample that includes a ML TiOPc seeding layer,
the Al,O; attaches uniformly on the TiOPc/WSe; without pinholes, as shown by the AFM image
and the associated line trace in Fig. 4.9.b. As a result of the elimination of pinholes in the
AlLOs3/TiOPc/WSe; stack, the RMS roughness is decreased by more than a factor of 20 to 0.15 nm.
This RMS roughness value is less than one third of the RMS roughness obtained using a remote O»

plasma-assisted, 120 cycle ALD Al,Os film on MoS,."*

Integrating the TiOPc seeding layer into the ALD process also decreases the gate leakage
current, as shown in Fig. 4.9.c. Leakage current was measured by conductive AFM (C-AFM) in a
dark box on a sample for which Al,O3; was deposited with and without the TiOPc seed layer, using
conductive plateau AFM tips (Nanosensors: PL2-NCH). For the sample without TiOPc, the
diameter of the AFM tip is sufficiently small (1.8 um) that it can contact the WSe; through pinholes
in the Al,Os3. Because the WSe» surface is electrically conductive, the current measured through a
pinhole reaches the 10 nA compliance of the system. Conversely, because there are no detectable
pinholes in the Al,O3/TiOPc/WSe; stack, the C-AFM tip only contacts the Al,O3; and the leakage
current is reduced by more than two orders of magnitude. It is noted that the current does not return
to zero at zero volts in the ALO3/TiOPc/WSe; heterostructure. For a sweep rate from minus to plus
of 0.5 V/sec, the minimum current is observed at 3.5 V indicating some charging of traps. However,
because the traps are likely present on the air-exposed oxide surface, they may be removed during

gate metal deposition during FET fabrication.



72

4.4 Summary

The deposition of a dielectric layer with a high nucleation density was demonstrated by
using a TiOPc seed layer prior to ALD. /n-situ STM was employed to image each step of the process
with molecular resolution. The TiOPc layer has long-range order and shows high reactivity with
TMA; after exposure to TMA for 70 ms at 373 K, TMA dissociatively chemisorbs on TIOPc/HOPG
resulting in multiple chemisorption sites. After exposure to 1 cycle ALD pulse, the high coverage
of AlOy is obtained without noticeable pinholes. STS measurements show that 1 cycle of ALD on
TiOPc/HOPG increases the band gap from 1.7 to 3.4 eV, while the tunneling current is decreased
by one order magnitude. These results are consistent with the formation of a subnanometer oxide.
DFT calculations show that O, N and C sites of the TiOPc molecules have high binding energy with
DMA, consistent with the existence multiple reaction sites per single TiOPc molecule. With
capacitor and dual-gated devices, the dielectric shows insulating properties with high-quality CV
and RV characteristics. The combination of high-quality subnanometer dielectric deposition and
in-situ measurements provides a pathway for large-scale fabrication of 2D interlayer devices, which

can be extended to other 2D crystals and devices.
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Figure 4.1. Empty state STM images of monolayer TiOPc on HOPG and band structure of graphene
and TiOPc/graphene. (a) Schematic model for the molecular structure of TiOPc. (b) Bare TiOPc
monolayer deposited on HOPG. The inset shows the corresponded Fourier transform (FT). (Vs =

+2.0V, I+ =20 pA) (c) DFT band structure of graphene before (left), and after deposition of TiOP
on graphene (right).
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Figure 4.2. Topographic and electronic transitions of TiOPc/HOPG as an exposure of TMA. (a)
TiOPc monolayer exposed to TMA for 70 mS at 373 K. (Vs = +2 V, I+ = 20 pA) The inset shows
the corresponded Fourier transform (FT). (b) TiOPc/HOPG monolayer exposed to 1 cycle of ALD
at 373 K with TMA for 360 ms and H20 for 500 ms. (Vs =+3 V, I+ = 20 pA) The inset shows the
corresponded FT of the AIO,/TiOPc. (c) STS dI/dV/1/V spectrum of bare, exposed TMA, and one
cycle of ALD pulse (TMA + H>0) on TiOPc monolayer.



76

(a) 'Iil’:)Pc.-"gralp]lene I I (b) I D].Il.-'s..-’IiGP:::fgraphlene
i £l
— =
=. e’
Er &
z Q
St =
= S
e =
l [
] =
=
g rJ Er W
Q
1 1 1 1 1 h 1 a 1 1 1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Energy (eV) Energy (eV)

Figure 4.3. DFT projected density of states (PDOS) (a) PDOS of a TiOPc molecule on graphene.
(b) A DMA/TiOPc molecule on graphene, respectively, assuming a single DMA molecule reacts
only with the O of the TiOPc molecule.
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Multiple ALD cycle

Figure 4.4. Proposed schematic diagram for growth of AlOx on TiOPc/graphene. AFM images after
five cycles of ALD pulse on TiOPc/single layer graphene/SiOa/Si.
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Figure 4.5. Scanning tunneling characterization of deposited dielectric layers. (a) Schematic of
tunnel junction in metal tip/vacuum/AlOx(purple)/TiOPc(sky blue)/HOPG(gray). (b) Log scaled
tunneling current of a TiOPc monolayer, AlOx deposited by one and five cycles of TMA/H20 pulses
on TiOPc/HOPG. (c) Nine different STS IV curves taken after one and five cycles of
ALD/TiOPc/HOPG.
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Figure 4.6. Capacitance characterization of deposited dielectric layer. (a) Schematic of
metal—oxide—graphene capacitor with TiOPc seed monolayer. (b) Capacitance—voltage data for 50
ALD cycle dielectric layer on TiOPc/graphene/SiO-/Si. (c) Leakage current density—voltage data
of same capacitor; IV reported at 1 MHz.
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Figure 4.7. Electric characterization of deposited dielectric layer. (a) Schematic of dual gate 40
cycles dielectric-graphene FET. (b) Leakage current density-top gate bias of graphene FET. (c)
Resistance versus top gate bias at 0 V back gate bias. The hysteresis between forward and backward
sweeps is 0.12 V. (d) Resistance versus back gate bias at different top gate bias from —0.3 to 0.3 V.
(e) Two-dimensional resistance plot as a function of top-gate voltage and back-gate voltage for a
graphene FET.
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Figure 4.8. STM images of a monolayer TiOPc on WSe,/HOPG. STM images recorded at 100 K.
(a) TiOPc ML deposited on a WSe, ML on HOPG. (b) Submolecular resolution of MBE TiOPc
ML/WSe; ML/HOPG. The central O is observed as a bright spot. (Vs = +2.0 V, I+ =40 pA) The
inset shows the Fourier transform of the TiOPc ML. (c) (dI/dV)/(1/V) spectrum of bare
WSe;ML/HOPG and TiOPc ML/WSe; ML/HOPG.
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Figure 4.9. Topographic and electronic characteristics of Al,O3/TiOPc stack on bulk WSe; using
AFM and C-AFM. (a) AFM image and corresponding line trace of Al,Os/bulk WSe, without the
TiOPc layer. (b) AFM image and line trace of Al,O3/TiOPc/bulk WSe;. (¢) Conductive-AFM
measurements of Al,Os leakage currents prior to postdeposition annealing.
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