NORTHWESTERN UNIVERSITY

Probing and Functionalizing Emerging Two-Dimensional Materials at the Nanoscale

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Applied Physics

By

Xiaolong Liu

EVANSTON, ILLINOIS

December 2018



© Copyright by Xiaolong Liu 2018

All Rights Reserved



Abstract

Probing and Functionalizing Emerging Two-Dimensional Materials at the Nanoscale

Xiaolong Liu

Two-dimensional (2D) materials and heterostructures have attracted significant attention
for a variety of nanoelectronic and optoelectronic applications. At the atomically thin limit, the
material characteristics and functionalities are dominated by surface chemistry and interface
coupling. Therefore, methods for comprehensively characterizing and precisely controlling
surfaces and interfaces are required to realize the full technological potential of 2D materials. In
Chapter 1 of this thesis, I first introduce the surface and interface properties that govern the
performance of 2D materials and review the experimental approaches that resolve surface and
interface phenomena down to the atomic scale. I then experimentally explore the surface and
interface characteristics of three emerging 2D materials and their heterostructures including black
phosphorus (BP), transition metal dichalcogenides (e.g., MoS>), and borophene (i.e., 2D boron).
The characterization tools used span across a suite of surface science techniques, but primarily
involve electron microscopy and scanning probe microscopy at the atomic/molecular scale.

In particular, an atomic-scale microscopic and spectroscopic study is first performed to
characterize the thermal degradation of mechanically exfoliated 2D BP in Chapter 2. From in situ
scanning/transmission electron microscopy, decomposition of 2D BP is observed to occur at
~400°C in vacuum, in contrast to the 550°C bulk BP sublimation temperature. Taking advantage
of the chemical instability of BP and the high-spatial resolution of atomic force microscopy (AFM),

I then demonstrated nanopatterning and layer-by-layer thinning of BP with conductive AFM
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anodic oxidation, where the liquid-phase patterning byproduct is readily removed by water rinsing.

An alternating current method is developed to enable direct nanopatterning and thinning on
insulating substrates such as SiO/Si, leading to field-effect transistors with patterned channels
showing significant improvements in current modulation by up to a factor of 50.

The research is further extended to MoS> monolayers grown via chemical vapor deposition
on epitaxial graphene (EG) on SiC in Chapter 3, which are suitable for ultra-high vacuum (UHV)
scanning tunneling microscopy (STM) and spectroscopy (STS) studies. After achieving
rotationally commensurate growth of MoS», I interrogate point and line defects in monolayer MoS:
at the atomic scale. As a result of rotational commensurability, a much lower total defect density
is observed. In addition, grain boundaries are limited to mostly having 30° and 60° tilt angles with
band gap reductions to ~0.8 eV and ~0.5 eV, respectively. By functionalizing such heterostructures
with 2,7-dioctyl[ 1 ]benzothieno[3,2- b][1]benzothiophene (Cs-BTBT), the molecules are found to
self-assemble well on MoS», forming a well-defined mixed-dimensional heterostructure with clean
interfaces. The first Cs-BTBT layer on rotationally commensurate MoS2/EG is found to be
insensitive to structural defects and electronic perturbations from the underlying MoS..

In Chapter 4, the focus is shifted to an emerging 2D material - borophene. I start with
atomic scale UHV STM/STS characterizations of borophene line defects corroborated by density
functional theory calculations. Line defects in mixed-phase borophene are found to adopt
structures that match the constituent units of the other phase and energetically favor spatially
periodic self-assembly that gives rise to new borophene phases, ultimately blurring the distinction
between borophene crystals and defects. Low temperature measurements further reveal subtle
electronic features that are consistent with a charge density wave, which are modulated by line

defects. Such borophene polymorphs are then imaged with carbon monoxide-functionalized non-
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contact AFM (CO-AFM) and STM (CO-STM) probes revealing for the first time features that are

consistent with boron-boron covalent bonds. CO-STM is identified as an equivalent and
comparatively more accessible technique to unambiguously determine borophene structures. Upon
deposition of an organic molecule perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) on
sub-monolayer borophene samples, lateral heterostructures spontaneously form with an
electronically abrupt borophene/PTCDA interface. Covalent functionalization of borophene via
molecular oxygen is also explored at the atomic scale, and an effective in situ passivation scheme
involving Al2O3 capping layers is developed to protect borophene from ambient degradation for
at least 3 months.

Finally, a brief summary and future outlook is given in Chapter 5. Under the background
of ever-increasing interest in low-dimensional materials worldwide, this thesis is aimed to provide
some fundamental understandings at the atomic/molecular level, and hopefully contribute to the
effort of identifying new technological solutions for the pressing energy, environment, and health

challenges we are facing.
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Figure 2.8. Formation of eye-shaped cracks in BP during sublimation. (a-c) Zoomed-in image of
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cracks (yellow) form and grow. The blue arrow indicates the propagation direction. (d) SAED
pattern of the flake at 300 °C, showing the [001] crack propagation direction. (e, f) Temperature-
induced increase in BP lattice parameters a and c. (g) In-plane lattice schematic for BP. (h-j)
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[001] direction (blue arrow).

Figure 2.9. In situ STEM heating of BP and corresponding EELS spectra. STEM transmitted
electron images of BP after (a) introduction to the STEM and heated at (b) 200 °C for 20 min, (c)
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Figure 2.11. Chemical characterization of patterning byproducts. (a,b) Tapping mode AFM
images of patterned letter ‘N’ (a) before and (b) after water rinsing. (¢) Dark-field optical image
(left) and tapping mode AFM image (right) of an as-patterned checkerboard pattern. (d) ToF-SIMS
spectrum, and (e) peak mappings of the checkerboard pattern. (f) Raman spectra taken at patterned
regions with increasing amount of oxide. Inset: optical images of the patterns where the Raman
spectra were taken as indicated by the black, blue, and red dots.

Figure 2.12. DC patterning of micromechanically exfoliated BP flakes on n*-Si substrates. (a)
Contact mode AFM images of arrays of patterned dots at different sample bias, and (b) the
corresponding tapping mode AFM images. (¢) An example of monolayer patterning of the initials
‘BP’. (d) Successive patterning on a BP flake at the same location results in deeper etching.

Figure 2.13. AC patterning of BP on dielectric substrates. (a) Schematic illustration of the
patterning setup. (b) Optical image of a BP flake directly pattered on 300 nm Si/SiOz. (c) Contact
mode AFM images of the flake before and after patterning. (d) Patterning with increasing voltage
amplitude and constant frequency (1 MHz). (e) Patterning with increasing frequency and constant



20
voltage amplitude (1.8 V). (f) Schematic, optical microscopy image, and AFM image of BP FETs
fabricated with AC patterned BP (between electrodes A and B) and pristine BP (between
electrodes B and C) on 300 nm Si/SiO;. (g) Transfer curves of the BP FETs shown in (f). The
linear-scale plot shows a moderate decrease in on-state current, and the logarithmic-scale plot
reveals a significant increase in current on-off ratio from 200 to 10* following CAFM patterning.

Figure 2.14. Extraction of contact resistance from /—V relationship. The conductive AFM tip is in
contact with a BP flake on n*-doped Si wafer while varying the applied sample bias. From the
resulting I-V curve, the contact resistance is estimated to be ~2x10'! Q.

Figure 2.15. Raman maps of patterned BP flakes. (a) Optical microscope image of an AC patterned
BP flake on 300 nm SiO: after water rinsing. The white dashed square indicates the thinned region.
(b) Tapping mode AFM image of the yellow dashed square region in (a). (¢) Height profiles along
the black (top) and blue (bottom) dashed lines in (b), indicating an initial flake thickness of 14.6
nm and a thinning thickness of 5.4 nm (~11 layers). (d) Raman spectra taken at the patterned (blue
dot in (b)) and the unpatterned (red dot in (b)) regions, showing nearly identical line shapes. (e-g)

Raman intensity maps of the BP Alg, B,,> and Az modes of the patterned flake in (b). (h-j) Full

width at half maximum (FWHM) maps of the BP A, B, , and A’ modes of the patterned flake

2g
in (b). No detectable change (e.g., broadening) is observed, implying high crystal quality of the
patterned region. (k) Raman map of the integrated area ratio of Alg to A; of the BP Raman modes.

The ratios are mostly above 0.5 with no contrast between the patterned and pristine regions. Since
defective BP would have a lower ratio below 0.3, it can be concluded that CAFM patterning
introduces minimal defects to the remaining BP crystal.3!¢

Figure 2.16. XTEM images of patterned BP. (a) XTEM image of the PT/Au/BP/Si structure. Pt
and Au are coated to protect BP from damage. Inset: AFM image of as-patterned BP on Si (~4 nm
thinner in the patterned square). (b) XTEM image of the boundary between patterned and pristine
BP regions. (c) XTEM image of the pristine BP region. The BP lattice is present under an
amorphous surface layer of ~3.7 nm. (d) XTEM image of the patterned BP region showing a
similar amorphous layer of ~3.9 nm above the crystalline BP lattice. These results shows that the
BP crystallinity is preserved after CAFM patterning and water rinsing.

Figure 3.1. Rotationally commensurate van der Waals epitaxy of MoS: on EG. (a) Schematic of
GIWAXS measurement. k;: incident wave vector, Kk: scattering wave vector, o.: incident angle, f3:
out-of-plane angle, 20: in-plane angle, ¢: sample rotation angle, v: detector rotation angle. (b) Qxy
2D reciprocal space map of MoS2/EG projected from Q, = 0.08 A to 0.12 Al by synchrotron
GIWAXS. The b* reciprocal space vectors are indicated by arrows. (c) Real-space model of the
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MoS2/EG heterostructure with MoS: lattice aligned with that of EG. (d) Projected first order peaks
of MoS; and SiC onto ¢ showing sharp distributions. (e) Referring to (b), in-plane scattered
intensity along Qy direction at Qx = 0. The determined real-space lattice constants of MoSz, EG,
and SiC are 3.16 £ 0.01 A, 2.46 £ 0.01A, and 3.07 = 0.01 A, respectively.

Figure 3.2. High crystal quality CVD-grown MoS: on EG. (a) AFM height image of
predominantly monolayer MoS; domains on EG with aligned crystal orientations. (b) Raman
spectrum of MoS, with Ej,! and A1, modes separated by 20.6 cm™’. (¢) Current and differential
tunneling conductance spectra of monolayer MoS> on EG showing a band gap of 2 eV. (d) Moiré¢
patterns from the MoS2/EG heterostructure probed at different scanning conditions.

Figure 3.3. Schematic illustration of the formation of Moiré patterns. The observed Moir¢ pattern
(Vsample = -0.6 'V, Twunneling = 3 nA) in the STM image of (a) can be explained by stacking MoS»
(yellow) and graphene (black) lattices together with the same lattice orientation shown in the
schematic in (b).

Figure 3.4. Point defects in monolayer MoS». (a) An STM topography image showing 4 types of
point defects as indicated by the green, yellow, red, and white arrows. Vsmpte = -1 V, ltunneling =
800 pA. (b-d) Atomic-scale imaging of representative point defects with an additional type-5
defect indicated by the blue arrow in (d). Vsample = -1 V, Iunneling = 800 pA. (e-g) Bias-dependent
images of type-1 and type-2 defects. lunneling = 800 pA.

Figure 3.5. 30° and 60° GBs for rotationally commensurate monolayer MoS: on EG. (a,c) AFM
height images of 30° and 60° GBs with the GB regions emphasized in the insets, respectively. The
angles between the intersecting edges for the two types of GBs are 90° and 120°, respectively. (b,d)
Schematics and STM topography images of 30° and 60° GBs. The GBs are indicated by black
arrows in the STM images. Vsample = -1 V, Itunneting = 50 pA.

Figure 3.6. Atomic and electronic properties of 30° GBs. (a) An atomically resolved STM
topography image of a 30° GB with the contrast adjusted by height median matching. The zigzag
directions of the top and bottom grains are indicated by the green and blue arrows, respectively.
The GB direction is indicated by the black arrow, which is rotated 45° from the zigzag direction
of the top grain. Vsample = -0.6 V, Lwnneling = 5.2 nA. (b) Top: a zoomed-in STM image of the GB
region marked by the rectangle in (a). Bottom: a structural model for the 30° GB with the green,
blue, and black arrows corresponding to the zigzag directions of the top and bottom grains and the
GB direction, respectively. (c). A series of STS spectra taken across a 30° GB with tip positions
marked by the colored dots in the inset. The STS spectra show band gap narrowing across the GB.
Adjacent points are separated by 5 A.
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Figure 3.7. Band profiles across (a) 30° and (b) 60° GBs based on the series of dI/dV spectra
across 30° and 60° GBs shown. The Fermi level is indicated by the white dashed line, which shows
that the band gap narrowing results from the rise of the valence band maximum. For both GBs, the
typical decay length of such electronic disturbances is ~2 nm in each direction from the GB.
Although the GBs are narrow in real space (a few atomic sites wide), these longer range electronic
effects will be reflected in constant current STM images and lead to the GBs appearing wider than
expected in STM. It is worth noting that the extraction of band edges are based on individual STS
spectra, and not the apparent boundaries of the high density of states (DOS) regions, since the
initial rise of dI/dV curves at band edges does not contribute to high contrast in these two-
dimensional plots. The red regions are saturated dI/dV signals due to the high DOS at GBs.

Figure 3.8. Bias-dependent images of MoS> GBs. (a-e) As the sample bias is increased from a
negative to a positive value, the apparent height of the 30° GB in decreases. This effect is due to
the high dI/dV value in the negative bias range at the GB, which effectively lifts the tip during
constant current scanning as it approaches GBs with negative sample bias. (f) Zoomed-in image
of the region marked by the rectangle in (c). At this bias, the GB shows more structural details and
closely matches the proposed model, which is partially superimposed. (g) Large-scale STM images
of an MoS: GB at different sample biases. The line profiles across the GB at different biases are
shown on the right side, demonstrating the aforementioned behavior of decreasing GB apparent
height with increasing bias.

Figure 3.9. Atomic and electronic properties of 60° GBs. (a) An atomically resolved STM
topography image of a 60° GB. The zigzag directions of the top and bottom grains are indicated
by the green and blue arrows, respectively. The GB direction is indicated by the black arrow, which
is 19° rotated from the zigzag direction of the bottom grain. Vample = -0.8 V, liunneling = 50 pA. (b)
Top: a zoomed-in STM image of the GB region marked by the rectangle in (a). A fast Fourier
transform was applied to this image to better emphasize the superstructure of the GB edge. Bottom:
a structural model for the 60° GB with the green, blue, and black arrows corresponding to the
zigzag directions of the top and bottom grains and the GB direction, respectively. (c). A series of
STS spectra taken across a 60° GB with tip positions marked by the colored dots in the inset. The
STS spectra show band gap narrowing across the GB. Adjacent points are separated by 5 A.

Figure 3.10. (a) Structure of the C8-BTBT molecule and schematic of the C8-
BTBT/MoS,/graphene mixed-dimensional heterostructure. (b) AFM height and (c) phase image
of sub-monolayer C8-BTBT deposited on MoS»/EG. (d) AFM height image of an area with
bilayers of C8-BTBT. (e) Extracted height profiles from the corresponding traces shown in d. (f)
STM image of the MoS2/EG boundary covered by monolayer C8-BTBT. Inset: extracted height
profile measured along the green line.
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Figure 3.11. (a) AFM height and (b) phase images of Cs-BTBT deposited on MoS2/EG. The red
arrows indicate the fuzzy boundaries of the depressed regions (i.e., exposed EG). Such fuzziness
is likely from the moving molecules caused by the scanning AFM tip. On the other hand, other
step edges such as the MoS, (green arrow) and graphene (blue arrows) step edges covered
uniformly by Cs-BTBT remain abrupt. (c) AFM height image of an area with multiple layers of
Cs-BTBT. The red arrows indicate triangular MoS> domains where multi-layer Cs-BTBT doesn’t
grow onto.

Figure 3.12. (a) STM images of self-assembled 1L C8-BTBT on EG and (b) MoS2, respectively.
(c,d) STM images of two chiral structures of 1L C8-BTBT and their schematics on MoS2. (e) 1L

C8-BTBT self-assembles continuously over point defects (indicated by arrows) in the underlying
MoS2 and (f) EG.

Figure 3.13. (a) STM image of a pristine monolayer MoS, surface showing the presence of
protruded (blue arrow) and depressed (white arrows) point defects. (b) STM image of a pristine
EG surface showing not only the atomic lattices and the 6\3 reconstruction, but also the presence
of protruded point defects (blue arrow). (¢) STM images of 1L. C8-BTBT covered MoS; and (d)
EG, where the molecular self-assembly is not perturbed by the underlying point defects (white and
blue arrows). (e) 1L Cs-BTBT continuously covers the step edge (white arrow) of graphene and
point defects (blue arrow).

Figure 3.14. (a) Distribution of « defined by the relative acute angle between the edge of a MoS;
domain and the stripe orientation of 1L C8-BTBT (red lines). (b) Schematic illustration of the
orientation of 1L C8-BTBT on MoS;. (c-e) STM images of 30° 60° and 21.1° GBs of MoS»
covered by 1L C8-BTBT and schematic illustrations, respectively. In d, the layer-numbers of the
MoS; are labeled. Inset in e: a zoomed-in STM image of the interface region.

Figure 3.15. (a) STM image of 1L Cs-BTBT on EG with 60° rotations between different domains.
(b) A pristine defect free region of EG showing both the honeycomb graphene lattice and the larger
scale 6V3 reconstruction. (¢) Left: STM image of 1L Cs-BTBT on EG. Right: The Fourier
transform of the image on the left shows not only spots corresponding to the ordered molecular
stripes (blue circles), but also points corresponding to the 63 reconstruction (yellow circles) that
are rotated by 16.6° from the molecular stripes. By choosing only the points corresponding to the
63 reconstruction, the filtered image (bottom right) indeed confirms the 6V3 reconstruction. (d)
Given the fact that the lattice of graphene is rotated by 30° with respect to that of the 63
reconstruction, the orientation of the 1L Cs-BTBT on EG could be determined as schematically
shown.
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Figure 3.16. (a) STS spectra of 1L C8-BTBT on EG and MoS; (measured at 6 positions on each

region). (b) Differential conductance from a series of STS spectra taken across a 60° GB of MoS»
covered by 1L C8-BTBT (inset).

Figure 4.1. Growth of pristine borophene on Ag(111) thin films. (a,b) Large-scale (a) STM
topography and (b) STS map of borophene grown on Ag(111). (c,d) Atomic-resolution STM
images of (¢) vi/s and (d) vis borophene sheets with inter-row spacings of 0.54 +0.03 nm and 0.45
+ 0.02 nm, respectively. (e) Six STS spectra taken on different positions of the vis and viss
borophene sheets showing metallic behavior. (f,g) In situ XPS spectra of the (f) B Is and (g) O s
core levels indicating pristine borophene growth. STM bias voltages: (a,b) Vs=—-1V, (¢) Vs =—
035V,(d) Vs=-1.2V.

Figure 4.2. Temperature dependence of borophene growth in the range of 350°C - 500°C. (a-g)
Representative STM images of borophene grown at different temperatures. The regions
corresponding to the vis and vi/s phases are labeled with red and blue rectangles, respectively.
Outside this temperature window, growth yields primarily 3D boron particles. (h) Areal percentage
of vi/5s phase borophene as function of growth temperature. This plot reveals that low temperature
growth (e.g., 350°C) favors the vis phase while high temperature growth (e.g., 500°C) favors the
vi/s phase, with a gradual transition over this 150°C window.

Figure 4.3. Models used in DFT calculations of vis (left) and vi/5 (right) borophene sheets (red
balls) on Ag(111) surface (white balls). The blue boxes in both images represent the structural
supercells used in the calculations. The two sheets have nearly identical chemical potentials as
provided below each panel, supporting the co-existence of the two structures experimentally.

Figure 4.4. Presence of line defects in borophene. (a,b) (a) Derivative image of the (b) STM
topography of borophene islands revealing the presence of parallel line defects. The vis and vis
borophene regions are labeled, and their respective line defects are indicated by the blue and red
arrow heads. (c) Schematic depiction of the distribution of line defects in v/ (red) and vi/5 (blue)
borophene domains based on the image in (a). The line defects are colored oppositely. (d) STS
map of the same region, showing minimal electronic contrast within the borophene sheets. STM
bias voltages: (b,d) Vs=-0.65 V.

Figure 4.5. DFT-calculated density of states (DOS) of the vi/5s and vis line defects in (a) vi and
(b) vi/s borophene sheets, respectively. The contributions from the vi;s and v structures are
colored blue and red, respectively. The DOS contributed by the line defect is shown blue in (a)
and red in (b), both rescaled by 10 times for clarity; the DOS in grey contains the projection of
substrate. The total density of states (black) suggests both line defects are metallic.
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Figure 4.6. Atomic structures of borophene line defects. (a,b) STM images of line defects in vi
and vi/5s borophene sheets indicated by blue and red arrow heads, respectively. (¢) Regions of the
blue, gray, and green boxes in (a,b), corresponding to the boundary of vis and vi/s sheets, line
defect in vis6, and line defect in vy5, respectively. (d) Schematic representations of the three regions
in (¢). (e) Relaxed structure models (top) and zoomed-in structures (bottom) corresponding to the
three regions in (c). The vi and viss structures are shaded red and blue, respectively. (f) Cross-
sectional views of the relaxed structures in (e), showing no out-of-plane buckling. (g) Simulated
STM images based on the structures in (e), showing close agreement with the experimental data.
STM bias voltages: (a) Vs=-0.38 V, (b) Vs=-0.91 V.

Figure 4.7. Self-assembly of borophene line defects and formation of new phases. (a) Schematic
models of perpendicularly interfacing vi/s and vi/5 sheets (shaded red and blue, respectively), where
the boron rows in each sheet are perpendicular to each other. The large lattice mismatch causes
high interfacial energies. (b) The structures of vi and vi/s rows (top), and an example of forming
a new boron phase by assembling vis and vi/s rows (bottom). (c) A borophene sheet containing
domains with different periodic assemblies of vis and vi5s rows, including two new phases of
borophene (v736 and vap1 sheets). STM bias voltage: Vs=-1.3 V.

Figure 4.8. The relative change of total energy at 728 K of different line defect configurations. A
vi/e Tow in a vis sheet is shifted from the periodic configuration (A) to the right resulting in
aperiodic configurations (B, C, and D). The increase of energy indicates that spatially periodic line
defects are the most energetically favorable.

Figure 4.9. Electronic modulations at low temperature. (a) STS spectra of vis and vi;s phase
borophene measured at ~4 K, revealing a gap feature at the Fermi level. (b) STM topography and
(c) STS map of a vi/s borophene domain. The inset in (b) shows the borophene orientation. (d,e)
Fourier transforms of the images in (b,c). The yellow and blue arrow heads indicate points
corresponding to the inter-row spacing and the 3x2 superstructure, respectively. (f) STM
topography and (g) STS map of a mixed-phase borophene domain. (h) Direct comparison of the
v1/s borophene regions enclosed by the yellow and green rectangles in (f) and (g). The blue arrow
heads indicate the apparent 3x2 superstructure. STM bias voltages: (b) Vs =50 mV, (f) Vs =—40
mV, (h) Vs=-40 mV.

Figure 4.10. Origin of the superstructure. (a), 100 STS spectra taken across the region shown in
the STM topography along the green line. Periodic modulations of the topography and local
density of states (LDOS) in regions of pure vi/s phase borophene are indicated by the blue arrow
heads. The straight and parallel patterns across the -0.15 V to 0.15 V bias range indicate that the
superstructure periodicity does not change with energy. (b-d) STM topography images of vi/5 phase
borophene domains that are free of defects and far away from material boundaries at different
sample biases. (e-g) The corresponding Fourier transforms of the images in (b-d). Since the
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periodicity of the superstructure remain the same at different sample biases, the periodicity is
independent of energy.

Figure 4.11. DFT calculations of the Fermi surfaces of vi/5s phase borophene at doping levels of
(a) 0eV, (b) 0.2 eV, and (c) 1.0 eV. The inset in (a) denotes the crystal orientation. The blue and
red lines are Fermi surface contours of different electronic bands, while the light-purple thick lines
indicate the location of approximate nesting. The purple arrows indicate the Fermi surface nesting
vector. The Brillouin zone is marked by the gray lines. The linear-motif structure of vi/s phase
borophene results in the anisotropic Brillouin zone and a dog-bone, nearly-rectangular Fermi
contour. With increasing doping level (known to occur due to electron transfer from Ag), the quasi-
1D characteristic of its Fermi contour becomes more obvious. The two segments of the Fermi
surface that are connected by the Fermi surface nesting vector ¢ =~ 2/3by also increase. The

direction and especially the size of this vector are consistent with the experimentally observed
superstructure in the y direction with a periodicity of 3 boron rows.

Figure 4.12. Low temperature STM/STS characterization of v4p21-phase borophene. (a) STM
topography, (b) STS map, and (c) calculated LDOS map of v4p1 phase borophene. The 3x2
superstructure is no longer present. Instead, the vis rows appear darker and the vi/ rows appear
brighter in the STS map, corroborated by the calculated LDOS map.

Figure 4.13. Imaging vi/s phase borophene with bare and functionalized probes. (a) Bare-tip STM
image of intermixed vi/5 (colored blue) and viss (colored red) phase borophene. (b) A neighboring
Ag(111) surface, where the angle between the HH rows of borophene (horizontal) in a and the Ag
atomic chains is 30° as expected. (c) Schematic illustration of the rotational orientation of vi/5s and
v1/6 phase borophene on Ag(111). The arrows mark the unit cells of the HH lattices in each phase.
(d) Bare-tip STM image of vi/s phase borophene. (e) Inelastic electron tunneling spectroscopy on
borophene with a CO-functionalized tip. (f) CO-AFM image of vis phase borophene. (g)
Simulated CO-AFM image of vi/5s phase borophene with overlaid atomic structure. (h) CO-STM
and (i) dynamic CO-STM image of vi/s phase borophene. The red arrows in f, h, and i denote the
unit cells corresponding to the HH lattice. Vs=-10 mV ina, 20 mV in b, 100 mV in d, -7 mV in h,
and 15 mV in i.

Figure 4.14. Milder imaging conditions with dynamic CO-STM. (a) A typical STM image of vis
phase borophene with a bare metal tip (W). (b) A series of CO-STM images of the same region
with increasing tunneling current, where the HH lattice is more clearly resolved with high
tunneling current. (¢) Dynamic CO-STM image of the same region (~ 1 nm tip oscillation). While
the HH lattice is clearly resolved, the imaging condition compared to (b) is much milder due to the
fact that the highest tunneling current in the dynamic mode is much higher than the average
tunneling current. As a result, the CO-stability on the tip apex is enhanced.
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Figure 4.15. Imaging v1/-30° phase borophene structures with bare and functionalized probes.
Bare-tip STM images of (a), a vi/6-30° phase borophene domain and (b), a neighboring vi/5s phase
borophene, where the HH rows in each phase are perpendicular (yellow arrows). (¢) Schematic of
v1/6-30° phase borophene. (d) Bare-tip STM image of a polycrystalline vi5-30° phase borophene
with multiple 60° GBs (yellow arrows). (e) Bare-tip, (f) CO-AFM, (g) simulated CO-AFM, and
(h) CO-STM images of the vi6-30° phase borophene. The atomic structure is overlaid in g. (i)
Bare-tip, (j) CO-AFM, (k) simulated CO-AFM, and (I) CO-STM images of a 60° GB of vi/6-30°
phase borophene. The atomic structure is overlaid in k. Vs=-3 mV ina,4 mV inb, -34 mV ind, 9
mVine,4mVinh,-34 mV ini,and4 mV in L.

Figure. 4.16. Additional simulated CO-AFM images. (a,b) Schematics and simulated CO-AFM
images of (a) the vi6-30° phase borophene and (b) the triangular lattice (the brighter pink lines
indicate upward buckling). Clearly, the simulated image of the triangular lattice significantly
deviates from experimental observation.

Figure 4.17. Resolving v1/5-30° phase borophene and its intermixing with the v15-30° phase. (a)
Schematic of v1/5-30° phase borophene. (b) Bare-tip, and (¢) CO-STM images of an undulated vi/s-
30° phase borophene. The yellow circles in ¢ indicate the staggered HH pattern. (d) Schematic of
the undulations resulting from a lattice mismatch between borophene and Ag(111). (¢) CO-STM
image of the phase boundary between a vi/6-30° (left) and a v1/5-30° phase borophene. (f-i) CO-
STM images of vi/5-30°-structured line defects in vi/5-30° phase borophene with different widths.
The yellow circles denote the staggered arrangement of the HH patterns, and the structure
schematics are given in the bottom row. Ve=-3 mVinbandc,-7mVineand f, -1 mV in g, 4 mV
inh, and -7 mV in 1.

Figure 4.18. Imaging rotationally incommensurate phases of borophene with functionalized
probes. (a) Derivative image of bare-tip STM topography of a vi/s (left) and v1/5-6° (right) phase
borophene domains. The insets are the zoomed-in images in the red and green squares. (b) CO-
STM image of the vi5-6° phase borophene. (c¢) Schematic of rotationally incommensurate
borophene phases, where o denotes the angle by which the sheet is rotated from vi;5 phase
borophene. (d) CO-AFM image of the vi5-6° phase borophene with overlaid atomic structure. (e)
CO-STM image of a v15-22° phase borophene with self-assembled v1/6-22°-structured line defects.
() Qualitative phase diagram of borophene growth with respect to temperature. Vs= 190 mV in a,
-2mVinb,and 22 mV ine.

Figure 4.19. Additional images of v1/5-22°, v4/21-22°, and v1/5-9° phase borophene. (a) Large-scale
derivative image of bare-tip STM topography of a v1/5-22° phase borophene domain with a vs.1-
22° phase on the right. Since the HH row direction is ~52° rotated from the Ag atomic chain
direction (yellow arrows), the rotation angle o with respect to vi/s is thus 22°. The inset shows the
zoomed-in image of the region in the red square. (b) Zoom-in derivative image of bare-tip STM
topography of the v421-22° domain shown in (a). The yellow arrow heads indicate positions of the
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periodic vi6-22°-structured line defects in the vi/5-22° phase borophene, forming equivalently the
va11-22° phase. (c) Large-scale derivative image of bare-tip STM topography of a v15-9° phase
borophene neighboring a vi/s phase borophene. The inset shows the zoomed-in image of the region
in the orange square. While the HH rows of the vis phase borophene is perpendicular (or 30°
rotated) to the Ag atomic chains, the angle between the HH rows of the vi/5-9° phase borophene
and the Ag atomic chains is ~81° (yellow arrows). Therefore, the phase is 9° rotated from the vi/s
phase and thus denoted as vi/5-9°. Vs=15mV ina, 10 mVinb and c.

Figure 4.20. Borophene/PTCDA lateral heterostructure. (a) Large-scale STM image of a
borophene/PTCDA lateral heterostructure and the cross-sectional profile along the white dashed
line (Vs=—1.7 V, ;=90 pA). Borophene to PTCDA step edges, Ag to PTCDA step edges, and Ag
atomic step edges under PTCDA and borophene are indicated by the yellow, gray, green, and blue
arrows, respectively. Inset: PTCDA molecule structure. (b) Schematic of a borophene/PTCDA
lateral heterostructure. (c) Unit cell of the PTCDA herringbone structure. (d) STM image of a
borophene/PTCDA lateral heterostructure with the green, yellow, and blue boxes indicating
regions of PTCDA, borophene, and Ag, respectively (Vs=—1.1 V, I;=90 pA). (e to g) STM images
of the square regions indicated in (d). The pair of yellow and blue arrows indicate the lattice
orientations of borophene and Ag(111) ((e): Vs=-0.45V, I;= 140 pA, (f): Vs=—-1.1 V, I;= 500
PA, (g): Vs=—70 mV, ;= 6.1 nA).

Fig. 4.21. Molecular dynamics simulation results. (a) AG(z), AH(z), TAS(z) as a function of center-
of-mass distance z to the homogeneous substrate of a single PTCDA molecule with AHags = 10k5T.
(b) AGags and probability ratio of finding a molecule beyond and within a threshold zo = 5.635 A
from the substrate, as a function of AHags. (c) Surface coverage as a function of AHags. Inset:
simulation snapshots of PTCDA adsorption and self-assembly on homogeneous Ag(111)
substrates at different AH.g¢s. (d) Self-assembled structure of PTCDA on heterogeneous
borophene/Ag(111) substrates with AHagsg = 10ksT, 16ksT, 18ksT, and 22kgT.

Figure 4.22. Spectroscopic properties of the borophene/PTCDA lateral heterostructure. (a) In situ
XPS spectra of the B 1s core-level, and (b) C 1s core-level before and after the formation of the
borophene/PTCDA lateral heterostructure. (c) Differential tunneling conductance spectra of
Ag(111), borophene, and PTCDA. (d) STS map of a borophene/PTCDA lateral heterostructure
overlaid on a three-dimensionally rendered STM topography image (Vs=—1 V, I;= 90 pA). (e)
Spatially resolved STS spectra across the interfaces of borophene/Ag, and (f) borophene/PTCDA.
The vertical black lines in (e) and (f) indicate the positions of the Ag surface state feature and the
LUMO+I1 orbital of PTCDA far from the borophene/Ag and borophene/PTCDA interfaces,
respectively.

Figure. 4.23. (a,b) STM and STS images of pristine submonolayer borophene. (c) In situ XPS
spectra of pristine borophene and borophene exposed to ambient for 1 min and 5 min. (d) In situ
XPS spectra of borophene exposed to increasing amount of molecular oxygen.



Figure. 4.24. (a-g) STM images of vi/s phase borophene. (h) STM image of borophene with well-
defined particles. (i) A series of STS taken across pristine and oxidized borophene edges, presented
as heatmaps.

Figure 4.25. STM image of oxidized vi/5 phase borophene after annealing at 500°C for >30 min.
The presence of the particles indicate that they are chemically bonded to borophene.

Figure. 4.26. (a,b) Ambient AFM images of borophene encapsulated with 1.3 nm and 3.7 nm
alumina. (c,d) Corresponding AFM phases images of (a,b), respectively. (e,f) Bls XPS spectra of
1.3 nm and 3.7 nm alumina encapsulated borophene.

Figure. 4.27. (a-d) XPS spectra of Al2p, Ols, Mo3d, and Ag3d core levels, respectively.

Figure. 4.28. Ambient AFM images and optical microscopy image of alumina encapsulated
borophene over a large substrate.
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Chapter 1: Introduction

This chapter is based partially on the following publication:

X. Liu, and M. C. Hersam, Interface Characterization and Control of 2D Materials and
Heterostructures, Advanced Materials, 2018, DOI: 10.1002/adma.201801586.

1.1. Two-Dimensional Materials and Heterostructures

Two-dimensional (2D) materials, a class of atomically thin materials pioneered by Geim
and Novoselov following their study of the exotic physical properties of graphene in 2004,'
present unique opportunities for a range of fundamental studies and applied technologies. While
strict 2D lattices were historically believed to be unstable due to presumed thermal fluctuations
that destroy long-range order,> the isolation of graphene demonstrated that atomically thin
materials could exist even with minimal interaction with supporting substrates. More recently, the
existence criteria for low-dimensional materials have been revisited,” with anharmonic coupling
between bending and stretching modes providing a means for stabilizing 2D lattices with 3D
ripples.®” Nevertheless, while it is now widely accepted that 2D materials can exist in isolation,
the vast majority of experimental studies and applications require 2D materials to be directly
interfaced with neighboring materials. Since 2D materials possess exceptionally high surface area
to volume ratios, the resulting interfaces with substrates, surface functionalization, and
encapsulation layers play a significant if not dominant role in determining properties.

After more than a decade of research efforts spurred by graphene, the arena of 2D materials
is now populated with superconductors (e.g., NbSe»'?), metals (e.g., borophene' "2 and NbTe,'>!14),
semimetals (e.g., graphene!>!®), semiconductors (e.g., black phosphorus (BP)!""!* and Mo0S,2%?!),

and insulators (e.g., hexagonal BN?? and Bi»Se3??). Including graphene, most of the 2D materials
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are integral parts of bulk layered van der Waals crystals. In addition, recent work has demonstrated

synthetic 2D materials with atomic lattices that do not resemble their bulk counterparts including

26-28 germanene,?’ and stanene.**3! Geometrically, the atomically thin

borophene,! 122423 silicene,
nature of 2D materials offers high mechanical flexibility and optical transparency, opportunities
for building functional heterostructures, and minimal dielectric screening, which are ideal
platforms for wearable electronics, sensors, displays, and related technologies. Fundamentally, 2D
materials enable the study of a range of quantum mechanical phenomena and phase transitions at
the atomically thin limit. Examples include the transition from indirect to direct bandgap of MoS:
as the material is thinned to the monolayer scale,?! layer-dependent bandgap energy of
phosphorene,®? massless charge carriers in graphene,*® and structural transformations of GaN at
the few-layer limit.>*

Given the increasing research interest and rapid advances in the field of 2D materials and
heterostructures, this chapter will present an overview of common surface of interface phenomena

that govern the properties of 2D materials and heterostructures, as well as common material

preparation and characterization techniques.

1.2. Surface and Interface Phenomena

Decades of work in surface science have repeatedly confirmed that the properties of
surfaces deviate from those of the bulk. As the dimensions of objects move to the nanoscale, the
surface area to volume ratio increases significantly with atomically thin materials being the
extreme case where all atoms are at the surface. Therefore, the study of 2D materials can benefit

from a careful consideration of lessons learned from prior surface science studies. Towards this
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end, this section introduces common surface and interface phenomena observed in conventional

bulk materials and how they manifest themselves in the 2D limit.

1.2.1. Geometrical Distortions at Surfaces

Since atoms in crystals are interacting and collectively respond to changes, the
discontinuity of a crystal lattice at a surface often leads to the contraction of the surface layer into
the bulk due to the absence of atoms pulling on the other side. This surface relaxation phenomenon
is depicted in Fig. 1.1a, where the lattice spacing at the surface (da) becomes smaller than that in
the bulk (ds). Finnis and Heine provided insight into this phenomenon with pairwise interactions
and perturbation theory.>>3¢ Energetically, the crystal lowers the total energy by allowing the
surface atoms to relax. The kinetic energy of electrons are also lowered if the electron distribution

becomes smoother, resulting in electrons rearranging themselves to minimize the corrugation of
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Figure 1.1. (a) Surface relaxation. (b) Surface reconstruction. (c) Interfacial strain. (d)
Interfacial charge transfer. (e) Interfacial magnetic coupling. (f) Termination-dependent
interfaces.
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electron density at the surface, which in turn displaces the top layer of atoms toward the bulk.?’

However, it should be noted that the decrease of the spacing between the first and second atomic
layers is not ubiquitous for all materials. For example, the surfaces of some metals exhibit
anomalous outward surface relaxation including Be (0001)3® and Pt(111).3° More generally, a few
atomic layers near the surface take part in the surface relaxation, with oscillatory expansion and
contraction of interlayer gaps typically leading to energy minimization.*’*3 Surface atoms can also
displace laterally to further lower the surface energy, resulting in surface reconstruction. Surfaces
with low atomic density and high surface energy (e.g., the (110) surface compared to the (111)
surface of face centered cubic metals) have a greater chance of surface reconstruction. Fig. 1.1b
schematically shows the cross-sectional view of a missing-row reconstruction on the (110) surface
of a transition metal, where the lateral periodicity at the reconstructed surface (da) is twice as large
as the bulk (dp). Since dangling bonds are reactive and one dangling bond per atom leads to
metallic behavior, the surfaces of semiconductors tend to be semiconducting or insulating by
eliminating dangling bonds through surface reconstruction.

Surface relaxation and reconstruction, or more generally, surface structural distortions
driven by energy minimization have significant implications for 2D materials and 2D
heterostructures since any geometrical distortion changes the details of the 2D atomic structure.
For example, the Jahn-Teller distortion has been widely used to explain spontaneous symmetry
breaking of molecular systems when spatially degenerate electronic ground states exist in the
undistorted structure. While graphene is mostly flat, pseudo-Jahn-Teller distortions have been
invoked to understand the formation of highly puckered 2D materials including black and blue

44-46

phosphorene, silicene, and germanene, where the electronic states are nondegenerate but

possess small splitting and strong vibronic coupling.*’” On the other hand, the larger gaps between
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the ground state and higher states in graphene suppress the instability towards distortion.*> In

principle, 2D materials can be manipulated through the promotion or suppression of the pseudo-
Jahn-Teller distortion, which in turn offers control over the surface and interface characteristics.
Although not yet experimentally realized, theoretical proposals exist along these lines including
the transition of silicene and graphitic carbon nitride monolayers from puckered to flat structures
via Li*® and Be doping,*® respectively.

Another example of how geometrical relaxations influence the structure and properties of
2D materials is shape relaxation.*->! While the conventional Wulff construction based on
boundary energy minimization implies size-independent crystal shapes and straight or convex
crystal edges,>? both synthesized 3D thin films*’ and 2D materials (e.g., monolayer MoS,>*->%) have
shown deviations from the Wulff construction including concave and size-dependent crystal
shapes. By considering long-range interactions such as elasticity, these experimental deviations
can be reproduced theoretically.*’ Specifically, in smaller crystals, boundary energy dominates and
the Wulff construction applies. However, as crystals grow larger, elastic energy becomes non-
negligible, resulting in concave shapes since elastic relaxation lowers the formation energy of the
crystal by increasing its perimeter. This mechanism influences the details of grain boundaries
(GBs), crystal structures, and edge-termination-dependent properties of polycrystalline 2D films
(e.g., higher hydrogen evolution activity of Mo-edges in MoS;%-7), especially for large-area
transition metal dichalcogenide (TMDC) monolayers grown by chemical vapor deposition (CVD)
as will be detailed later. Finally, the surface structure of a 3D material is the lowest free energy
structure that is kinetically accessible under the growth conditions. When applied to 2D materials,

kinetic accessibility can determine the overall crystal structure, as has been observed recently in

11,12 58,59

borophene

and monolayer MoTe>”*” polymorphs that are tuned by growth temperature.
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1.2.2. Interfacial Coupling
The integration of dissimilar materials underlies most functional devices, which implies
the near ubiquity of interfaces in applied technologies. Indeed, it has been said that “the interface

is the device,”*?

especially in the context of multi-material heterostructures. The most extreme
manifestation is 2D heterostructures where 2D materials serve as the building blocks for creating
functional interfaces. In the context of electronics, strong interfacial interactions are a prerequisite
for making low-resistance electrical contacts. Consequently, achieving reliable Ohmic contacts to
low-dimensional materials has been challenging, and for 2D materials, the first-order concern is
to choose a metal that minimizes the Schottky barrier. However, geometric considerations allow
additional means for tailoring electrical contacts in the low-dimensional limit. For example, end-
bonded carbon nanotubes possess exceptionally low contact resistance through Mo-carbide
formation,%! with further recent improvements achieved with Co catalysts to reduce the reaction
temperature.®? Similarly, 1D edge contacts have been shown to outperform surface contacts for 2D
vertical heterostructures.®

Epitaxial growth is the conventional means of achieving well-defined interfaces between
two covalently bonded bulk materials with similar lattice constants. Small but non-zero differences
in lattice constants imply a gradual distortion of the lattices in a buffer layer that accommodates
the strain as is schematically shown in Fig. 1.1¢, where the lattice constant of the film (da) is
slightly smaller than that of the substrate (dg). While large lattice mismatch results in strain build-
up and the formation of misfit dislocations, epitaxial growth of Si on SiGe cleverly takes advantage

of such interfacial strain to enhance the charge carrier mobility of Si.* Another requirement for

forming a well-defined interface is valence-matching, meaning that the bonds created by atoms on
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each side of the interface should have two electrons.®> Otherwise, residual charge builds up and

distorts the interfacial atomic arrangements during the growth, which has been a problem for the
nearly perfectly lattice matched system of Ge on GaAs (lattice constants are 5.66 A and 5.65 A,
respectively).

In contrast to the covalent bonding at conventional epitaxial interfaces, the relatively weak
van der Waals forces between the layers in 2D material heterostructures strongly relaxes the
requirements of lattice-matching and valence-matching, ultimately enabling a broader
heterostructure phase space.®® Albeit weak, the van der Waals interaction still mediates various
types of coupling across the interface. For example, charges redistribute at interfaces to balance
the chemical potential, which influences phenomena such as screening, band bending, and
depletion. While interfacial charge transfer takes place (Fig. 1.1d) in both conventional 3D
heterostructures and 2D van der Waals heterostructures, significant differences exist. Firstly, the
minimal electronic hybridization across van der Waals gaps limits charge transfer processes to
relatively inefficient tunneling and hopping. Secondly, the increased exciton binding energy due
to reduced dielectric screening can rival band offsets that would otherwise dictate charge transfer
processes. Nevertheless, recent developments have shown cases where charge transfer in van der
Waals heterostructures can be ultrafast including MoS»/WS»,57-%° MoS./graphene,’”® WS,/quantum
dot,”! and MoS»/organic heterostructures.”? In 2D superconductors,” interfacial coupling can also
strongly influence the superconducting critical temperature. For example, FeSe is one of the most
studied 2D superconductors with a bulk superconducting critical temperature (7¢) of ~8 K.7
However, by growing monolayer FeSe on SrTiOs, 7. is significantly enhanced to temperatures of

~100 K, due to interface-enhanced electron-phonon coupling.”6-78
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In addition to electronic coupling, the spin degree of freedom introduces interfacial

magnetic coupling. The exchange interaction between spins determines parallel or anti-parallel
alignment of neighboring spins, corresponding to ferromagnetic and antiferromagnetic ordering.
An example is shown in Fig. 1.1e, where an interface is created between a ferromagnetic layer
(top, orange) and an antiferromagnetic layer (bottom, green). Under zero external magnetic field
(i.e., H = 0, left panel), the type of ordering at the interface is determined by the exchange
interaction, which is assumed to be antiferromagnetic in this case. By applying an external
magnetic field (i.e., H # 0, right panel), the magnetization of the ferromagnetic layer can be flipped
above a critical field strength since the overall energy is lowered by aligning spins with the external
magnetic field, even though the exchange interaction increases at the interface. Recently,
ferromagnetism has been observed in the 2D limit in monolayer Crlz as a result of magnetic
anisotropy.” Furthermore, through the exchange interaction and ultrafast charge transfer, the
valley polarization of monolayer WSe; has been modified when integrated with Crl; in a vertical
heterostructure.°

While the constituent materials alone typically determine the interfacial behavior in
heterostructures, the details of the surface termination can also play a role in select cases. For
example, in polar materials, two possible interfaces are created depending on the termination of
the top material, as shown in Fig. 1.1f. This situation is most common for complex oxides®! such

as the extensively studied LaAlO3-SrTiO; heterostructure,’>-84

where two possible interfaces of
(LaO)*/(Ti02)? or (AlO2)/(SrO)° exist. These two interfaces result in two types of polarity

discontinuities, ultimately leading to either an n-type or a p-type interface, with a high-mobility

electron gas only existing at the n-type interface. This significant difference in electronic properties
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led to the development of growth methods with half-unit-cell resolution to better control interfacial

coupling.®

1.2.3. Surface and Interface Electronic States

Since band theories are based on periodic lattices, the discontinuity of a crystal lattice at a
boundary (e.g., surfaces and interfaces) is expected to alter local electronic properties. Bulk
electronic states typically decay exponentially into vacuum (except surface resonance derived from
bulk states) and define the band structure of crystals, while surface states are spatially localized
and decay both into the bulk and vacuum.®*87 Energetically, surface states often exist in the band
gap of semiconductors or in the local gaps of metals. Historically, surface states are categorized as
Shockley states, which are applied to more delocalized systems such as noble metals and narrow-
gap semiconductors, or Tamm states, which are used to describe more tightly bound systems such
as transition metals with d-electrons and wide-gap semiconductors.®® Surface states are generally
sensitive to surface modifications such as reconstructions, defects, and coupling with other
materials. Similarly, interfacial states may arise in the band gap of two interfacing semiconductors
or at the GB of a polycrystalline material. For 2D materials and heterostructures, if the interfacial
states are delocalized and cross the Fermi level, a metallic pathway is created that directly impacts
charge transport. More exotically, the metallic surface states of a topological insulator are
protected by time-reversal symmetry, which makes them robust against local non-magnetic
disturbances.®® Through additional interfacial coupling with a superconductor, artificial
topological superconductor heterostructures are predicted to host Majorana fermions for fault-
tolerant quantum computation.”® Towards this end, 2D heterostructures based on NbSe»/Bi>Ses”!

and FeTe/BiTes”? are being actively explored.
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1.3. Synthesis and Preparation of 2D Materials

The interfaces of 2D heterostructures are heavily influenced by the fabrication methods
used to produce their constituent 2D materials. The preparation conditions also control defect
structures and surface cleanliness. For example, ultrahigh vacuum (UHV) growth provides the
most pristine crystal surface, whereas solution-based exfoliation often leaves solvent or surfactant
residues. Therefore, it is necessary to summarize the experimental approaches for preparing 2D
materials before reviewing strategies for characterizing and controlling their surfaces and
interfaces. Given the existence of in-depth review articles focused solely on the synthesis and
preparation of 2D materials,”>7 this section provides a broad overview of common techniques

rather than attempting to be an exhaustive treatment of the subject.

1.3.1. Top-Down Approaches
1.3.1.1. Exfoliation in Dry Environments

Scotch tape exfoliation is the simplest and most commonly adopted method in research
laboratories for preparing 2D materials from layered van der Waals crystals. This approach falls
within the more general category of micromechanical exfoliation (Fig. 1.2a), which also employs
exfoliation media beyond adhesive tape such as polymers, thermal release tape, and fiberglass.
Micromechanical exfoliation relies on the relatively weak inter-layer van der Waals interaction
compared to stronger in-plane covalent bonding, and results in flakes with a wide thickness
distribution (monolayer to bulk) and lateral dimensions (typically 0.1 to 100 um). Although this
method generally results in irregular lateral shapes (Fig. 1.2b), micromechanically exfoliated

flakes can be highly faceted if the layered van der Waals crystal possesses a high in-plane structural
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Figure 1.2. (a) Scotch-tape micromechanical exfoliation. (b) Micromechanically exfoliated
graphene flake. Reproduced from ref.! Copyright 2004, AAAS. (c) Liquid-phase exfoliation
by sonication. (d) Liquid-phase exfoliated BP. Reproduced from ref.!” Copyright 2015,
American Chemical Society. (e) Direct growth via CVD. (f) CVD-grown monolayer MoS:.
Reproduced from ref.>* Copyright 2013, Nature Publishing Group. (g) Direct growth via
MBE. (h) MBE-grown monolayer NbSe>. Reproduced from ref.!? Copyright 2016, Nature
Publishing Group.

and mechanical anisotropy (e.g., ReS»?® and BP*?). The effectiveness of this method heavily relies
on the bonding between layers being weaker than the bonding to the target substrate. For example,
since BP has a higher interlayer bonding energy than graphite, hBN, and most TMDCs,!%%:101 BP
crystals are generally more difficult to exfoliate, resulting in a relatively high proportion of thick
BP flakes. Efforts to increase the yield of thin flakes include enhancing adhesion to the target
substrate via Au adlayers!®:1% and heat treatments.!?> A related strategy is the dry contact transfer
(DCT) method'% in which 2D materials are directly exfoliated on chemically reactive substrates
(e.g., pristine Si surfaces) in UHV. Ball-milling is another dry exfoliation method (e.g., in the

107

presence of dry ice), although it is also often performed in solvents, ’ which is more scalable than

traditional micromechanical exfoliation. In addition to exfoliation via surface normal forces, ball
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milling introduces significant shear forces that delaminate layers with relatively high yield, albeit

in a manner that results in relatively small lateral flake sizes (<1 um).

1.3.1.2. Solution-Phase Exfoliation

Solution-based exfoliation is the leading strategy for producing large quantities'®® of thin
2D flakes. The resulting dispersions have been implemented in roll-to-roll processing, providing
a pathway to applications in thin-film transistors, printed electronics, and related additive
manufacturing technologies.”® In solution-based exfoliation, bulk layered van der Waals materials
or powders are subjected to local mechanical stresses that are produced by collapsing cavitation
bubbles during ultrasonication or shear mixing in liquid media (Fig. 1.2¢). The resulting exfoliated
2D materials are stabilized by surfactants in aqueous solutions or via high boiling point organic
solvents that match the surface energy of the targeted 2D material. To preserve the surface integrity
of air-unstable materials such as BP (Fig. 1.2d), anhydrous organic solvents'® and deoxygenated
aqueous solutions!?® are employed. Furthermore, since solution-phase exfoliation typically suffers
from imperfect control over flake thickness, lateral dimensions, and surface chemistry, post-
processing methods such as density gradient ultracentrifugation (DGU) have been developed to
improve structural and chemical monodispersity.”* Another solution-phase exfoliation method that

produces relatively large and thin 2D layers is based on ion intercalation,!!%!!!

where 2D layers
are separated by mild sonication after intercalated ions (e.g., Li") weaken the inter-layer bonding.
However, ion intercalation methods often introduce chemical modifications, etching, and even
phase transformations, which can substantially modify the properties of the resulting 2D flakes.
Further details and examples of solution-phase exfoliation methods are delineated in recent

reViews.%’l 12-114



42

1.3.2. Bottom-Up Growth
1.3.2.1. Chemical Vapor Deposition

Since top-down exfoliation tends to yield relatively small flakes, direct growth methods
are employed in applications that require large-area films. In the context of 2D materials, CVD
was first utilized to produce graphene on metal substrates in both ambient'> and UHV
conditions.!’> Later developments enabled the synthesis of millimeter-sized,!!® centimeter-

d,''7!18 and even decimeter-sized!! single-crystal graphene domains. Similarly, CVD is

size
among the most popular means of preparing TMDCs with controlled stoichiometry, layer number,
domain size, and GBs. As depicted in Fig. 1.2e, volatile precursors (e.g., MoOs and S) are co-
evaporated and then reacted to form desired deposits (e.g., MoS2) on the surface of targeted
substrates. Fig. 1.2f shows an example of CVD-grown monolayer MoS>.5* A summary of typical
CVD precursors and growth conditions for TMDCs is given in a recent review article.!?® In
addition, several variations of the CVD method have been demonstrated. For example, plasma-
enhanced CVD of graphene allows the use of lower substrate temperatures and growth times,
which minimizes contamination from metal substrates.!?! In addition, metal-organic CVD of

122,123 while aromatic-molecule-assisted

TMDCs improves growth homogeneity over large areas,
CVD promotes the growth of large domains at lower temperatures'?* and facilitates lateral and

vertical stitching of dissimilar 2D materials into heterostructures.'?®

1.3.2.2. Atomic Layer Deposition
Atomic layer deposition (ALD) is a subset of the more general CVD process. Its primary

difference is that the reactive precursors are introduced alternately as opposed to concurrently.
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Following the introduction of the first precursor, the chamber is purged with inert gas to leave

behind only a surface layer. The introduction of the second precursor results in chemical reactions
that will self-terminate once all of the surface sites have reacted, after which residual precursor is
pumped out. Since ALD is a self-terminating process, it has been utilized to grow oxide layers on
2D materials as gate dielectrics with precise thickness control.!?® A detailed perspective article!?’
summarizes the precursors used for different 2D materials. The growth of 2D materials directly
via ALD, however, has been limited to TMDCs.!?%!32 In this context, ALD growth offers

advantages over CVD in terms of growth temperature (as low as 60°C)'® and scalability,!3!

although post-growth annealing is typically required to improve crystallinity.

1.3.2.3. Physical Vapor Deposition

Physical vapor deposition includes multiple techniques such as molecular beam epitaxy
(MBE), sputtering, and pulsed laser deposition (PLD). For the synthesis of 2D materials, MBE
offers the highest level of control over layer thickness and stoichiometry. In particular, complex
oxide materials that are platforms for studying superconductivity have only been reliably grown
by oxide MBE and PLD. The growth proceeds with elemental source materials evaporated in UHV
from Knudsen cells (low temperature) or electron-beam evaporators (high temperature) (Fig. 1.2g).
The growth rate is typically low to promote epitaxial growth. While MBE has been mostly applied
to grow 2D compounds, such as NbSe>!?? (Fig. 1.2h), elemental 2D materials have also been
demonstrated.!!12:24-2830.31 The capability of continuous growth of multiple layers of alternating
materials is especially useful for creating 2D heterostructures and superlattices. 8!

Instead of using thermal evaporators, target materials are deposited using intense laser

ablation in the process of PLD. Recently, this technique has been used to produce numerous 2D
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materials including graphene,'3* hBN,'** MoS,,!% InSe,'*¢ and BP.!*” The advantage of PLD lies

in its high deposition rate and direct transfer of the stoichiometry of the target material. However,
a common issue is that the thickness is not well controlled, and the resulting films are highly
polycrystalline or even amorphous.!*” A thorough summary of the application of PLD to growing

2D materials is provided in a recent review.!®

1.3.2.4. Solution-Phase Growth

For printed electronics and additive manufacturing, direct growth of 2D materials from
solution-phase precursors eliminates the need for top-down exfoliation. Indeed, direct growth of
2D materials and heterostructures from the solution phase has been demonstrated for CdSe,!°
PbSe,!* 2D perovskites,'*! Sb,Tes/Bi,Tes heterostructures,'*? and various TMDCs.!#3-145 For
colloidal synthesis, the templating effect of a 2D substrate is missing. Therefore, in addition to
choosing appropriate precursors, a key challenge is to introduce anisotropic growth, which could
result from lattice anisotropy or through defect and ligand engineering.!*® Recent reviews

summarize the latest advances in colloidal synthesis of 2D materials. 46147

1.4. Characterizing Surfaces and Interfaces

While surfaces are readily characterized via microscopy methods, buried interfaces in
conventional bulk heterostructures are not directly accessible without cross-sectional techniques.
However, in the case of 2D vertical heterostructures, the atomically thin layers are electronically
and optically transparent under certain experimental conditions, thus enabling characterization of
not only buried layers, but also interfaces. For example, electrons can tunnel through monolayer

hBN into underlying conductors in scanning tunneling microscopy (STM).!*¥ In this section,
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microscopy and spectroscopy methods for characterizing 2D surfaces and interfaces are reviewed.

1.4.1. Atomic Resolution Microscopy Methods
STM has been one of the most important tools for characterizing surfaces. Through

piezoelectric motors, '+’

an atomically sharp metal tip is approached toward a sample surface,
which is biased at a voltage V. When the tip apex and sample surface are sufficiently close,
typically ~1 nm, electrons efficiently tunnel through the tip-sample junction resulting in a
tunneling current /1 as schematically shown in Fig. 1.3a. The tunneling junctions can also be
functionalized with small molecules (e.g., hydrogen), which can lead to enhanced imaging contrast
in some cases. With V>0, electrons tunnel from the occupied states of the tip to the unoccupied
states of the sample (right panel in Fig. 1.3a). For electrons with energy ¢ with respect to the Fermi
level (¢=0) of the sample, the current due to electrons tunneling from the tip to the sample can be

expressed as:!30:15!

|M|>
Ii_s(e) = —4me =" p (e — eV)f (e — eV)ps(e)[1 — £ (£)] (1)
where M is the tunneling matrix element, p;(¢) is the electronic density of states (DOS) of the
sample, p;(€) is the DOS of the tip, and f(¢) is the Fermi-Dirac distribution. Similarly, the

tunneling current from the sample to the tip can be expressed as:

Ii-o(e) = —4me™ p (e — eV)f(©)ps ()1 — f (e — V)] @)
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Figure 1.3. (a) Schematic of STM with hydrogen functlonahzatlon and electron tunnehng
process. (b) Examples showing: (I) STM imaging of PTCDA molecules without chemical

bonding details. Reproduced from ref.!>? Copyright 2010, American Chemical Society. (II)

Scanning tunneling hydrogen microscopy (STHM) of a PTCDA molecule. Reproduced from
ref.!>3 Copyright 2008, IOP Publishing. (ITT) d//dV map of a PTCDA molecule with a CO-
functionalized tip. Reproduced from ref.!>* Copyright 2014, American Physical Society. (IV)
d?7/d¥? map of a CoPC molecule with a CO functionalized tip. Reproduced from ref.!>
Copyright 2014, AAAS. (c¢) Schematic of AFM with CO molecule functionalization, and the
van der Waals interaction between the tip and sample. The red and green regions correspond
to repulsive and attractive mode AFM, respectively. (d) (I) Atomic resolution Af image of
graphene. Reproduced from ref.!¢ Copyright 2012, American Chemical Society. (II) Afimage
of 8-hq molecule cluster showing chemical bonds with a CO-functionalized tip. Reproduced
from ref.!>” Copyright 2013, AAAS. (IIT) Current and force images revealing angular
symmetry of chemical bonds. Reproduced from ref.!*® Copyright 2012, AAAS. (e) Schematic
of STEM and TEM. STEM utilizes a focused electron beam (purple), whereas TEM uses a
collimated beam (pink). (f): (I) Cross-sectional TEM image of few-layer BP revealing a
buckled structure. Reproduced from ref.!> Copyright 2015, American Vacuum Society. (II)
Atomic resolution TEM image of solution-processed BP and (III) the corresponding SAED
pattern. Reproduced from ref.!'® Copyright 2016, National Academy of Sciences.

The overall net current flowing from the tip to the sample is calculated through an integration over

energy:

4me

Ir = 2 (e=s(e) = I_e(£))de = === [ IM|? p (e — eV)ps (&) [f (e — eV) — f(&)]de (3)
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STM tips are typically metals (e.g., W, Pt, or Ptlr), where the DOS is featureless around the Fermi

level such that p; (&) can be approximated as p,(0). In addition, at sufficiently low temperatures,
the Fermi-Dirac distribution is close to a step function. If we further assume a s-wave tip, |M|? is
independent of energy: !¢

IMlz — p—2dy2m@/h? 4)
where d is the tip-sample gap, m is the electron mass, and @ is the tunneling barrier height
determined by the work functions of the tip (@) and sample (@) (Fig. 1.3a, right). Therefore,

equation (3) can be simplified as:
4 _ 14
Iy ~ == e72dV2me/h 5 (0) [ py(e) de (5)

Evidently, the tunneling current exponentially decays with increasing tip-sample distance. For a
cone-shaped STM tip, this result implies that the tunneling current is highly localized at the tip
apex, which enables both high vertical resolution (~0.01 A) and lateral resolution (~1 A).
Furthermore, the differential tunneling conductance is directly proportional to the sample DOS at
energy el

U1 2 gm2a\2me /R (0)p(eV) (6)

av h

which allows STM to simultaneously probe the structural and electronic properties of surfaces.
Experimentally, the differential tunneling conductance is often obtained using a lock-in amplifier
to improve signal-to-noise ratio.

STM topography images are a convolution of structural and electronic properties, which
complicates the identification of real-space atomic arrangements. For example, when imaging
molecules, STM images are typically far less detailed than the actual molecular atomic structure

due to contributions from delocalized molecular orbitals. To illustrate this issue, Fig. 1.3b-I shows
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an STM image of self-assembled perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)

molecules,'? where individual molecules show minimal intra-molecular contrast. However, by

functionalizing the tunneling junction with hydrogen,!*3

sharp intra-molecular structure is revealed
(Fig. 1.3b-II) as well as inter-molecular interactions. While the exact mechanism of this enhanced
resolution was not determined in this initial study, later theoretical calculations suggested that the
geometrical lateral relaxation of the adsorbed molecular species is responsible for the increased
spatial resolution.!>* Carbon monoxide (CO) can also be used to functionalize the STM tip to
improve spatial resolution. As shown in Fig. 1.3b-IIl, intramolecular contrast is obtained in the
differential tunneling conductance map,'>* which is spatially modulated by the interactions
between the CO-functionalized tip and the surface. This bond-resolved imaging technique is
especially useful for resolving unknown bonding structures of new materials and heterostructure
interfaces. In the context of 2D materials, heterostructures between pristine graphene nanoribbons
(GNRs) and fluorenone-functionalized GNRs are indistinguishable in standard STM imaging, but
are readily identified with CO-functionalized STM tips.!®! Although elastic tunneling from band
to band dominates the tunneling current in STM, local excitations (e.g., excitations of vibrational
states) in the tip or sample offer additional inelastic tunneling pathways, which are resolvable in
the second-order differential tunneling conductance (d*7/dV?), typically known as inelastic electron
tunneling spectroscopy (IETS). Fig. 1.3b-IV shows an IETS map of a CoPc molecule, where
intramolecular chemical bonding is apparent.'>> However, since this technique requires low
temperatures (<1 K) and long acquisition times, it is generally only used in cases where vibrational
information is critically needed.

In atomic force microscopy (AFM), tips couple to surfaces through mechanical forces such

as the van der Waals interaction (Fig. 1.3c¢, right) that depend on the tip-sample gap (z). In AFM,
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the probe is integrated with a force sensor, which is typically a nanoscale harmonic oscillator with

a spring constant k. The oscillator is often in the form of a silicon cantilever or a quartz tuning fork
(e.g., qPlus'®? or KlibriSensor!%?) with oscillation frequencies in the kHz to MHz range. When the

AFM tip is brought close to the sample surface, an additional force is exerted on the tip, F5(z) =

— g—z, and the point of F;(z) = 0 separates the regions of attractive (green) and repulsive (red)

interactions as shown in Fig. 1.3¢c. The equivalent spring constantis k' = k + k;s(z) = k — % =
2
k +2ZY and the effective resonant frequency is f’ o« vVk'.'® While k is always positive for the

922’
physical force sensor, k:(z) is positive at small tip-sample distances and becomes negative at
large tip-sample distances.

AFM can be operated in static mode, where the tip-sample interaction is kept constant (e.g.,
contact-mode) by monitoring the bending of the cantilever, or in dynamic mode (also known as
non-contact AFM (nc-AFM)), where the tip vibrates and has intermediate interaction with the
sample surface. If the oscillator is driven by a sinusoidal signal at its resonant frequency f, and
has no interaction with the surface, the sinusoidal oscillation of the cantilever will have a phase
lag of m/2 compared to the driving signal. This phase difference is larger if the driven frequency
is higher than the resonant frequency, while the opposite behavior occurs below the resonant
frequency. Consequently, if the tip-sample interaction results in positive k. (e.g., in the repulsive
regime), f'will be larger than f;, and the phase difference will be smaller than /2. In amplitude-
modulation mode AFM, where the oscillator is excited with a constant amplitude during scanning,
inhomogeneous surfaces will result in spatially varying van der Waals coupling and thus spatially
inhomogeneous phase differences. Therefore, phase mapping provides complementary material-

specific information compared to topography images. In the case of 2D lateral heterostructures,
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the similar thickness of two adjacent materials may show little contrast in topography, but the

interface can be clearly identified due to the phase difference on each side. Even for the same
material, subtle differences in its electronic and chemical properties can result in high contrast in
phase imaging. For example, in the case of epitaxial graphene grown on SiC, while monolayer and
bilayer graphene regions are difficult to distinguish in topographic imaging, they are immediately
distinguishable via phase mapping.'® A drawback of the amplitude-modulation mode is that the
change in the tip vibration amplitude takes place on a time scale of 74, = 2Q/f,, where Q is the

quality factor.!6*

In UHV where Q reaches values up to 100,000, amplitude-modulation mode
possesses small bandwidths. On the other hand, if the change of oscillation frequency is recorded
at a constant tip height (i.e., frequency-modulation), the time constant is significantly reduced to
Trm = 1/fy.'% By using rigid sensors such as quartz tuning forks (4~1000 N/m), the required
oscillation amplitudes can be kept sufficiently low (e.g., 1 A) to resolve the short-range forces that
give rise to atomic corrugation. An example is given in Fig. 1.3d-I, where the honeycomb lattice
of graphene is atomically resolved.!>®

Like STM, AFM spatial resolution can be enhanced by functionalizing the tip with CO.
After the first report of resolving intramolecular structure with CO-functionalized AFM by IBM
in 2009,'% intermolecular hydrogen bonding networks were observed in 2013 with the same
technique'’ (Fig. 1.3d-II). Theories invoking Pauli repulsion,!¢%1¢7 CO relaxation,'** and short-
range electrostatic forces!*®1%° have been proposed and supported by matching experimental and
simulated images, although the underlying imaging mechanism is still being debated.!”%!”! When
applied to 2D materials, CO-functionalized AFM has provided unambiguous structural

identification of the lateral interface of two mirror-domains (i.e., mirror twin boundaries) of

monolayer MoSe»,!”? which is otherwise highly blurred in STM due to the delocalized DOS near
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the Fermi level. In addition to the capability of scanning insulating samples, another added benefit

of UHV AFM is its high force sensitivity. In frequency modulation mode, the frequency shift
Af = f" — fo = fokes/2k is a direct measure of the derivative of the tip-sample interaction in the
z direction. The high sensitivity in force measurement allows the investigation of the angular
dependence of atomic bonding with apparent sub-atomic resolution.!”>!7* In Fig. 1.3¢-II1I, the
tunneling current distribution of a CO molecule in constant-height STM imaging with a W probe
is rotationally symmetric,'>® which is expected for the CO molecule standing up on the copper
surface. On the other hand, the short-range force distribution in the out-of-plane direction derived
from AFM imaging using 3 different tips exhibits single, dual, and triple minima, which is a result
of directional bonding between the tip atom and the CO molecule that depends on the atomic
configuration of each tip.!®

Transmission electron microscopy (TEM) offers another atomic-resolution technique that
images through materials instead of only at the surface (Fig. 1.3e). Cross-sectional TEM is
especially powerful for probing buried interfaces in 2D materials and vertical heterostructures. For
instance, Fig. 1.3f-1 shows the cross-section of a 3-layer thick BP flake (~1.5 nm) prepared via
focused ion beam milling.!>® Electron microscopy also offers analytical modes of operation
including energy-dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) that provide chemical sensitivity down to the atomic scale.

In TEM, a collimated beam of electrons with energies in the range of 60 keV to 2 MeV are

directed at thin-film samples with thicknesses under 100 nm (Fig. 1.3e). The high electron energy

provides a small de Broglie wavelength of A = 1.22/+/E, where E is the electron energy in eV,

175

and A has units of nm." > With a commonly used 200 keV electron beam, A will be around 2.7 pm,

which enables atomically resolved imaging. For example, the atomic lattice of a 2D BP flake is
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199 as shown in Fig. 1.3f-II. The electron diffraction capability of TEM provides

clearly resolvable
another means of determining crystallinity and crystallographic orientation. Fig. 1.3f-III shows a
characteristic selected area electron diffraction pattern of 2D BP,!%° where a variable-sized aperture
defines the imaging areas. Alternatively, in a scanning transmission electron microscope (STEM),
a convergent beam of electrons is used to scan the sample line by line (Fig. 1.3e). Transmitted
electrons at each imaging pixel are used to reconstruct a full image. The versatility in constructing
an image from different fractions of transmitted, diffracted, or even back scattered electrons
provides information about the chemical properties of the sample. For example, when constructing
an image using a high-angle annular dark field (HAADF) detector, the image contrast scales with

the atomic number due to increased scattering of electrons by heavier elements.

1.4.2. Spatially Resolved Property Measurements

Although atomic-scale imaging provides the most direct measure of physical structure,
many materials properties are manifested over larger length scales. Consequently, spatially
resolved property measurements can often be probed without the need of a UHV environment,
which simplifies experimental characterization. In this section, we review the basic principles and
applications of spatially resolved methods for characterizing the properties of surfaces and

interfaces of 2D materials.

1.4.2.1. Characterizing Mechanical and Thermal Properties
By probing vertical and lateral forces on a Si cantilever, ambient AFM allows the stiffness
and frictional properties of materials to be characterized.!”® For example, it has been shown that

surface friction of numerous 2D materials (e.g., graphene, MoS,, NbSe,, and hBN) decreases with
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increasing numbers of layers, which is consistent with the increased susceptibility to out-of-plane

deformation for thinner layers.!”” In addition, atomic-scale friction measurements have revealed a
stick-slip sliding phenomenon consistent with the Prandtl-Tomlison model.!”® On a larger scale,
different materials or friction anisotropies can be resolved using lateral force microscopy (LFM).
Fig. 1.4a (bottom) shows a topography image of an exfoliated graphene flake on SiO, where the
monolayer region shows high homogeneity.!” When the same monolayer graphene is imaged with
LFM (Fig. 1.4b, top), the lateral force image (Fig. 1.4b, bottom) shows domain structures. This
contrast is more pronounced in the transverse force channel, where the fast scan direction is along
the cantilever, but the lateral tilt of the cantilever is recorded (Fig. 1.4¢). These results hint at the
existence of anisotropic friction domains in the isotropic graphene monolayer. The initial
interpretation suggested the formation of rippled graphene domains in three equivalent directions
that give rise to anisotropic friction as a result of anisotropic graphene puckering.!®® However, a

later study!'”

employing higher resolution AFM imaging revealed well-defined periodic stripes
within each frictional domain as shown in Fig. 1.4a (top). The lack of these periodic structures on
samples imaged in vacuum suggests that the origin of these stripes are ambient adsorbates that
self-assemble and modulate the frictional forces in each domain. Grain boundaries in 2D materials
are also easily discernable due to their different frictional properties. '8!

)182.183 allows the

For probing thermal properties, scanning thermal microscopy (SThM
spatial distribution of both temperature and thermal conductivity to be measured depending on the
probe used. The first type of probe involves a temperature sensor (e.g., nanoscale thermocouple
junction or Schottky diode) integrated at the tip apex that can directly measure sample temperatures

locally. The second type of probe employs a nanoscale resistor, which can measure temperature

by monitoring the change of resistance by passing a small current with negligible Joule heating,
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or local thermal conductivity by passing a large current and monitoring the conduction of heat to

the sample reflected in the change of voltage. The temperature resolution in ambient conditions is
~1 K,'®* but can be improved to ~15 mK in UHV environments using an Au-Cr thermocouple.!®
Temperature resolution down to ~1 puK was recently realized in a scanning superconducting

quantum interference device (SQUID) with spatial resolution of ~50 nm that revealed local

dissipation centers at graphene edges in a hBN/graphene/hBN heterostructure. '3

1.4.2.2. Characterizing Electronic Properties

Similar to STM, the application of a tip-sample voltage in AFM with an electrically
conductive tip provides local electronic coupling to the sample. This electronic coupling can
modulate force measurements as in electrostatic force microscopy (EFM) and Kelvin probe force
microscopy (KPFM), or directly give rise to imaging signals as in conductive AFM (CAFM). The
capacitance C of the tip-sample junction in AFM is dependent on the tip-sample distance z. With

a large z beyond the short range van der Waals interaction (Fig. 1.3¢) and a surface potential

10C

difference V between the tip and the sample, the net force acting on the tip is Fys(z) = 2o /&

Since Z—E < 0, the force is attractive (Fys(2)<0). The potential difference V' is composed of the tip-

sample bias V’y and the work function difference Vcpp (also known as contact potential difference):
V=Vy+Vcep. In both EFM and KPFM, the topography of the sample is first obtained and then the
tip retraces the sample with a larger separation (tens of nm) to detect the long range electrostatic
force. In EFM, the tip is oscillating and biased during the retrace and the change of the oscillating

phase due to F;(z) is detected in a manner that is analogous to the phase image of amplitude-

2 2
modulation AFM. The phase shift beyond /2 is AQ = %a;; = QZLszg, which is proportional to
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Figure 1.4. (a) AFM topography images of exfoliated graphene revealing periodic structures
along different directions. (b) Lateral force microscopy image revealing 3 regions with
different frictional properties. (c) Transverse force image of the same domain with enhanced
contrast of frictional differences. (a-c): Reproduced from ref.!'” Copyright 2016, Nature
Publishing Group. (d) Schematic of EFM measurement (top), EFM phase image (middle),
and calculated potential profiles across a MoS,/pentacene to pentacene interface.
Reproduced from ref.!® Copyright 2016, American Chemical Society. (¢) A KPFM image
of a WS>-MoS; lateral heterostructure and corresponding band alignment. Reproduced from
ref.’! Copyright 2015, American Chemical Society.

the square of the surface potential difference between the tip and sample.!'®” Early studies widely
employed EFM to image graphene and showed strong layer-dependency of the surface
potential.'313% Together with the layer-dependent surface friction discussed earlier, this
characterization revealed the importance of interfacial interactions in determining the properties

of few-layer 2D materials. In addition to isolated 2D materials, EFM has recently been applied to
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2D heterostructures. Fig. 1.4d shows an example of using EFM to reveal the band profile in a

MoS,/pentacene heterostructure, which is a gate-tunable p-n junction diode. In this case, a reverse
bias is applied to the diode (Fig. 1.4d, top), resulting in a spatially inhomogeneous electrostatic
potential. The sharp jump of the EFM phase at the edge of the MoS: flake under the continuous
pentacene layer (Fig. 1.4d, middle) indicates a large potential drop that agrees with band profile
calculations (Fig. 1.4d, bottom). This method has also been applied to resolve the large potential
drop across bisecting GBs in CVD-grown MoS; memristor devices.!*?

Unlike the qualitative surface potential distribution provided by EFM, KPFM provides
quantitative mapping of Vcpp by nulling the contact potential difference using an external DC bias.
In KPFM retrace, the tip is not piezoelectrically driven. Instead, an AC voltage V. = Asin(wt)
at the resonance frequency of the cantilever, w = 2nf,,, and a DC voltage V. are applied to the

tip so that the potential difference between the tip and sample is V=Vact+VpctVcep. The

electrostatic force caused by the AC voltage (Fs = %Z—EVZ) thus has an AC term with frequency

.2 . . . o . C .
w being a—g (Vpc+Vepp )Asin(wt). This force drives oscillation of the cantilever, but is minimized

if the applied Vp cancels Vipp (i.€., Vepp = —Vp ). Hence, the work function distribution can be
quantified by minimizing the cantilever oscillation and calibrating the tip work function. Fig. 1.4e
(top) shows a KPFM surface potential map of a CVD-grown WS»/MoS; lateral heterostructure,
revealing the work function difference between the two interfacing materials.!®! A type-II band
alignment is deduced and schematically shown at the bottom of Fig. 1.4e. Further applications of
KPFM include extracting band offsets in MoS; heterostructures with different layer numbers,!*3-1%4

mapping surface potential differences in MoS»/ZnS!*> and MoS,/WSe,!? lateral heterostructures,

and examining the electrical properties of MoS, GBs.!7 Although EFM and KPFM have shown
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high sensitivity to electrostatic interactions, even higher charge resolution down to the single

electron limit has been realized using scanning single-electron transistor microscopy.!® The probe
in this method is a nanoscale tunneling device governed by the Coulomb blockade effect, where
the tunneling current is modulated by the electric field of the sample. Charge detection sensitivity
down to 0.01e has been demonstrated, which allows the electron-hole puddles in graphene to be
resolved.! Like electrostatic forces, magnetic interactions are also long range, which allows them
to be detected using a similar strategy to EFM. While early reports showed evidence of layer-
dependent magnetism in few-layer graphene and MoS: using magnetic force microscopy
(MFM),?® non-magnetic contributions including electrostatic interactions may also have been
contributing to the observed imaging contrast.?’’22 With the recent discovery of the 2D
ferromagnet Crl3,” MFM is likely to be revisited for 2D material characterization.

Unlike the aforementioned non-contact techniques, CAFM assesses local electrical
conductivity by directly measuring the current flowing through the tip in contact-mode AFM. For
instance, CAFM imaging readily reveals graphene from ungraphitized regions for epitaxial
graphene on SiC.2%3-204 [n lateral heterostructures of MoS2/WS», the conductivity drops gradually

within an 8 nm transition region from MoS; to WS,,2%

which is consistent with the relatively small
band offset between WS, (2.03 eV) and MoS; (1.87 eV). Interestingly, when the MoS>/WS; lateral
heterostructure interface is covered with another layer of WS,, the local conductivity at the lateral
interface is enhanced by an order of magnitude over a 10 nm region.??> Further insight into this
highly conductive interface has been provided by UHV scanning tunneling spectroscopy (STS),

revealing local band bending that may trap charge carriers.’”> By integrating CAFM with a light

source introduced to the back side of a transparent sample, nanoscale photocurrent can also be
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spatially mapped. This photoconductive AFM (PC-AFM) technique has been applied to

206.207 photovoltaic cells,?%®-2% and WSe»/MoS: lateral heterostructures.?!”

organics,

CAFM also allows local current-voltage (I-V) measurements to be performed by sweeping
the voltage and measuring the current while the tip is held stationary. This CAFM I-V spectroscopy
has been applied to graphene,?!!212 hBN,2!3 and TMDCs.!?+214.215 In particular, under small biases,
the tunneling resistance of MoS> has been found to be mechanically tunable by the compressing
force of the CAFM tip,2!* which suggests the possibility of tunneling-based nano-electro-
mechanical switches. CAFM spectroscopy has also revealed negative differential resistance
(NDR) in manually stacked 2D heterostructures®! and CVD-grown MoS,/WSe»/graphene and
WSe>/MoSe»/graphene  heterostructures.?!’” The NDR features in these TMDC-based
heterostructures are spectrally narrower than those of graphene/hBN/graphene heterostructures,?!8
with peak-to-valley current ratios that are comparable to traditional resonant tunneling diodes.?!
CAFM also allows characterization of local Schottky barrier heights (SBHs). In addition to
probing layer-dependent SBHs in MoS»,'** CAFM revealed a linear correlation between local SBH
and local resistance in MoS,, suggesting a common source of inhomogeneity such as sulfur
vacancy concentration variations.?!> For graphene, interfacial charge transfer with substrates was

found to be responsible for the low SBHs of epitaxial graphene grown on SiC (0.36 eV)?!! and

transferred graphene on AlGaN (0.4 eV).2!2

1.4.2.3. Characterizing Subsurface Properties
Since buried interfaces play a significant role in the properties of 2D vertical
heterostructures, subsurface imaging techniques are highly desirable. Many scanning probe

methods allow subsurface probing by detecting the mechanical response at high oscillation
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frequencies as in ultrasonography. For example, in scanning ultrasound microscopy (SUM),?20-221

a high-frequency acoustic wave on the order of MHz or higher is launched from the bottom of the

sample while another wave with slightly different frequency is launched from the AFM cantilever.

a b

SiN + Polymr

Figure. 1.5. (a) AFM topography image of a polymer film covering a trench-structured
substrate showing uniform coating over the silicon nitride surface. (b) The corresponding
SUM image showing buried voids in the coated polymer. (a,b): Reproduced from ref.?2
Copyright 2005, AAAS. (c) AFM topography image of a 15 nm thick MoS: flake exfoliated
onto a ridge-structured substrate. (d) The corresponding UFM image showing subsurface
ridge structures. (c,d): Reproduced from ref.?2* Copyright 2017, IOP Publishing.

A surface acoustic standing wave resulting from interference of the two launched waves is
modulated by subsurface inhomogeneities and detected by the AFM cantilever. This method has
been used to resolve internal structural voids??° (Fig. 1.5a,b) and intracellular structures.??! On the
other hand, in scanning microwave microscopy an electromagnetic wave (in the microwave range)
is transmitted by the AFM cantilever and the reflected signal is also collected by the cantilever and
analyzed through a vector network analyzer to deduce the power ratio of the incident and reflected
waves.??? This technique has been shown to resolve not only the lateral location of a buried (14
nm deep) thin layer (0.2 nm thick) of phosphorus in Si, but also its vertical depth.??} In ultrasonic

force microscopy (UFM), ultrasonic vibration of the sample stage at a frequency much higher than
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the AFM cantilever resonant frequency periodically modulates the indentation depth of the

contact-mode AFM tip into the sample. At a critical vibration amplitude, the contact is broken,
which depends on the local mechanical stiffness. By comparing the topography (Fig. 1.5¢) and
UFM (Fig. 1.5d) images, suspended and supported regions of MoS; on textured substrates has
been resolved.??* In a similar technique called contact resonance atomic force microscopy, the
substrate vibration is kept at the resonant frequency of the coupled tip-sample system. Spatial
variations of the sample stiffness due to subsurface features shifts the resonant frequency and thus
allows subsurface atomic structures such as the buffer-layer, monolayer, and bilayer graphene
regions of epitaxial graphene on SiC to be resolved.?”® A complete survey of nanoscale subsurface

imaging techniques has been provided in a recent review article.?2¢

1.4.3. Characterization with Optical Techniques

Compared to scanning probe methods, optical spectroscopy is not a surface-sensitive
technique but rather measures the adsorption and emission of light down to the depth of light
penetration. While the atomic distances in crystals are far smaller than the wavelength of visible
light, the crystal symmetry imposed by the atomic structures has profound influence on optical
processes. For example, Raman tensors relating scattered light with incident light are dependent
on crystal structure with anisotropic and chiral structures typically resulting in anisotropic and
chiral optical responses. On the other hand, second-harmonic generation (SHG) is an even order
nonlinear optical effect that only takes place in crystals without inversion symmetry. As depicted
in Fig. 1.6a, due to anharmonic interactions, photons with twice the energy of the incident ones
are emitted, resulting in a doubling of the frequency (2m) of the incident light (®).?*” In addition

to indexing crystallographic orientations resembling angle-dependent Raman and absorption
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Figure 1.6. (a) Schematic illustration of the SHG process. (b) Structures of monolayer MoS»
and hBN with broken inversion symmetry. (c) 2-layers and 4-layers of MoS> and hBN have
minimum SHG intensities. Reproduced from ref.??® Copyright 2013, American Chemical
Society. (d) SHG intensity for two stacked MoS: monolayers with roughly inverted (top) and
aligned (bottom) geometries. (a,d):Reproduced from ref.??’” Copyright 2014, American
Chemical Society. (e) PL map of a WS2-MoS: lateral heterostructure with constant optical
pump at the center (red spot). (f) PL spectra measured at the blue and red spots in (e). (e,f):
Reproduced from ref.23! Copyright 2017, Nature Publishing Group. (g) Schematic of a nano-
IR setup. (h) Image of IR scattering amplitude of a graphene/hBN heterostructure. (i) AFM
topography showing the boundary between moiré patterned and graphene regions. (g-i):
Reproduced from ref.?*2 Copyright 2015, Nature Publishing Group. (j) Schematic of TA
measurements of pentacene on MoS,. (k) Dynamics of the MoS; B-exciton from three
samples. (j,k): Reproduced from ref.”> Copyright 2017, American Chemical Society.

spectroscopy, SHG has been utilized to reveal interfacial lattice alignment of 2D bilayer

heterostructures. Monolayers (and odd number of layers) of MoS» (and other 2H-phase TMDCs)
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and hBN have broken inversion-symmetry due to inequivalent atomic sites as shown in Fig. 1.6b.

Via AB stacking or interlayer rotation of 60°, inversion symmetry is restored in bilayers (and even
number of layers) of MoS, and hBN, which minimizes the SHG signal (Fig. 1.6¢,d).??”-**® For
centrosymmetric 2D materials like BP, third harmonic generation is more suitable.?2>-23% Although
the signal intensity is much lower for higher order multiphoton processes, high-harmonic
generations up to 13 order have been detected in MoS5.2%

Compared with nonlinear optical microscopy, photoluminescence (PL) and absorption
spectroscopies offer quick and straightforward characterization of interfacial charge and energy
transfer in 2D heterostructures. Using PL spectroscopy, a vast amount of literature has focused on
interlayer excitons in heterostructures with type-II band alignment, where optically excited
electrons and holes relax into individual layers but remain bounded. The recombination of these
spatially indirect excitons emit light with a lower energy than the intralayer excitons and thus can
be distinguished via PL spectroscopy. The intensity of interlayer exciton emission dictates the
extent of interfacial charge transfer and thus the electronic coupling strength.?3* Most of the studies
along these lines have been carried out on TMDC heterojunctions with rich exciton and valley
physics.23>23¢ Specifically for the MoSe2/WSe, heterostructure, the interlayer exciton shows
nontrivial temperature-dependent energy and linewidth,?*” as well as a long lifetime (~1.8 ns) that
is an order of magnitude longer than intralayer excitons.?*® This heterostructure has also been
utilized in an interlayer electroluminescent device.?*® Similarly, excitation intensity dependent PL
has been shown in the MoS»/WS; heterostructure.?** While weak interlayer coupling and charge

1

transfer has been observed in mechanically stacked MoS,/WS: heterostructures,*! interlayer

exciton emission is only observed in CVD-grown MoS>/WS; vertical heterostructures with well-

2

defined interfaces,?** which shows that interlayer exciton emission is a sensitive indicator of
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interfacial interactions. With similar optical techniques, fast interfacial energy transfer involving

WS> excitons resonantly exciting MoSe» excitons has been revealed.?** However, as shown in Fig.
1.6e, a different approach is taken for characterizing the 1D interface of a MoS>/WS; lateral
heterostructure. In this case, an excitation laser is incident at the center WS> region. With the aid
of a silver plasmonic substrate, the excitonic energy is transferred to surface plasmon polaritons
(SPPs) that then propagate to the lateral interface with Mo0S,.2%! In this case, both WS, and MoS;
PL emission is detected (Fig. 1.6f), demonstrating the possibility of cascaded excitonic energy
transfer assisted by SPPs.

Optical spectroscopy offers great versatility, but typically has diffraction-limited spatial
resolution. However, when it is combined with localized optical excitation or detection with a
scanning probe tip, the diffraction limit can be exceeded. Examples include tip-enhanced Raman
and fluorescence spectroscopy, where the electric field is locally enhanced by the tip apex.?*+24°
Similarly, scanning near-field optical microscopy (SNOM) beats the diffraction limit by utilizing
the evanescent field of a laser beam through the hole in an AFM tip to locally excite the sample.?4¢
As schematically shown in Fig. 1.6g, infrared (IR) light is focused on the AFM tip over a
graphene/hBN vertical heterostructure.?*? Scattering-type SNOM is then used to perform nano-IR
measurements, where the scattered IR light is collected in the far field.>*” By mapping the IR back-
scattering at a selected frequency, two domain structures are revealed with contrasting scattering
amplitudes (Fig. 1.6h). The high-resolution topography image in Fig. 1.6i suggests that the IR
imaging contrasts results from different registries between the graphene and underlying hBN.

Finally, optical spectroscopy offers much higher temporal resolution than conventional

scanning probe techniques. Time-resolved optical spectroscopy is typically based on the pump-

probe technique, where a strong pump pulse optically excites the sample, and a weaker probe pulse
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examines the dynamics of excited states as a function of pump-probe pulse delay. Fig. 1.6j

provides an example of this method being applied to a pentacene/MoS: heterostructure.”> Pump-
probe optical spectroscopy is particularly well-suited for the study of interfacial charge and energy
transfer dynamics.?*%248-250 For instance, in MoS2/WS; heterostructures, ultrafast charge transfer®’
and the formation of interlayer hot excitons>*® have been revealed using transient absorption (TA)
and ultrafast visible/IR spectroscopy, respectively. Similarly, the kinetics of MoS: excitons in a

pentacene/MoS; vertical p-n junction is shown in Fig. 1.6k as measured with TA.”
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Chapter 2: Few-Layer BP: Thermal Stability and Layer-by-Layer

Thinning

This chapter is based partially on the following publications:

X. Liu*, C. R. Ryder*, S. A. Wells, and M. C. Hersam, Resolving the In-Plane Anisotropic
Properties of Black Phosphorus, Small Methods 2017, 1, 1700143.

X. Liu, K.-S. Chen, S. A. Wells, 1. Balla, J. Zhu, J. D. Wood, and M. C. Hersam, Scanning Probe
Nanopatterning and Layer-by-Layer Thinning of Black Phosphorus, Advanced Materials 2017, 29,
1604121.
X. Liu*, J. D. Wood*, K.-S. Chen, E. Cho, and M. C. Hersam, In Situ Thermal Decomposition of
Exfoliated Two-Dimensional Black Phosphorus, Journal of Physical Chemistry Letters 2015, 6,
773-778.
*These authors contribute equally.
2.1 Introduction to BP: a Highly Anisotropic Elemental 2D Material

As introduced in Chapter 1, layered materials consist of sheets of atoms that are bonded
strongly in the in-plane direction and weakly in the out-of-plane direction. This fundamental
anisotropy has been utilized in the past decade to exfoliate and study these materials in the 2D
limit. The resulting 2D nanomaterials exhibit novel layer-dependent physical properties that differ
from their bulk counterparts, and show significant promise for new technologies.?!

BP is a layered material that has recently been examined in this context.2*>2%3 BP is a high
mobility semiconductor with an additional in-plane anisotropy due to its differing bond lengths

254

and bond angles along its orthogonal in-plane directions.*>* The finite, direct bandgap and high

charge carrier mobility of BP present advantages over previously studied 2D nanomaterials such
as graphene and transition metal dichalcogenides. Consequently, exfoliated BP has produced

noteworthy performance in prototype nanoscale electronic and optoelectronic devices.?>22%3-253
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Among the most distinctive characteristics of BP is its in-plane anisotropy, which provides

opportunities for fundamental studies and applications that are otherwise not possible with higher
symmetry materials.?>® As the prototypical 2D nanomaterial with in-plane anisotropy, BP also
serves as a model system that is informing investigations of other emerging anisotropic 2D
nanomaterials including ReS»,>>’ and borophene.!!!? Therefore, organized based on various
anisotropic properties of BP, this introduction section of Chapter 2 is aimed to provide an overview
of the material properties and characterization techniques of this emerging 2D material, setting the
foundation for the exploration of thermal stabilities and layer-by-layer thinning of 2D BP that

would be discussed later in the chapter.

2.1.1. Structural Anisotropy

BP is the most stable phosphorus allotrope, and exists as a layered van der Waals crystal
with an orthorhombic structure at room temperature and pressure. As shown in Fig. 2.1a, the two
in-plane directions are defined as a and ¢, and the out-of-plane direction is defined as b. The unit
cell dimensions of bulk BP are a = 3.314 A, b =10.478 A, and ¢ = 4.376 A, with the inter-layer
distance being 5.239 A.2%° Similar to graphene, each phosphorus atom is bound to three neighbors.
However, unlike graphene, BP displays out-of-plane distortion resulting in a ridge structure along
the zigzag direction (i.e., a direction) and a puckered structure along the armchair direction (i.e., ¢
direction), and thus non-equal bond lengths (d = 2.244 A, d>= 2.224 A) and bond angles (a =
96.34°, = 102.09°). This structure leads to substantial in-plane anisotropy and resembles the
hinge-like structure seen in artificially engineered auxetic materials. As a result, monolayer BP

exhibits a negative Poisson ratio.?¢!262
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The anisotropic in-plane structure of BP can be visualized via microscopy and diffraction

methods. By cleaving a bulk crystal to expose the a-c plane, STM images reveal atomic chains of
BP along the zigzag direction as demonstrated in the left portion of Fig. 2.1b.2%8263.264 Exfoliated

BP layers can also be visualized with high-resolution TEM (right portion of Fig. 2.1b).!%2> The

b

Figure 2.1. Structural anisotropy of BP. (a) Schematic of BP crystal structure. Distinct bond
lengths and bond angles are labeled. (b) High-resolution STM and TEM images of BP. The
STM image reveals zigzag rows along the zigzag direction, whereas the TEM image shows
a rectangular lattice. Reproduced from ref.?>® Copyright 2016, Wiley-VCH. (¢) TEM image
of BP and (d) the corresponding indexed SAED pattern. The crystallographic orientation
can be determined in both cases. (c,d) Reproduced from ref.>* Copyright 2015, Nature
Publishing Group.

in-plane orientation of BP sheets is determined by comparing the lattice spacing along two
orthogonal directions, or by performing SAED (Fig. 2.1¢, d). While these methods are imperative
for determining crystallographic orientations of BP sheets with nanoscale lateral dimensions,
larger samples with dimensions greater than the wavelength of visible light can also be analyzed

with optical methods as discussed below.
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2.1.2. Optical Anisotropy

The electronic structure of monolayer BP has markedly different behavior along the in-
plane armchair and zigzag directions as determined by angle-resolved photoemission spectroscopy
(ARPES) in Fig. 2.2a. Consequently, the dielectric function of BP is anisotropic, leading to
variations in the real and imaginary parts of the complex refractive index as a function of
crystallographic direction.?®> Furthermore, transitions from the valence band maximum to the
conduction band minimum are symmetry forbidden for the zigzag direction. 26>26® These
characteristics result in BP having anisotropic optical properties, which have been observed
predominantly in measurements involving linearly polarized light at different angles with respect
to the BP crystal structure.

Exfoliated BP exhibits a linear dichroism, which has been observed in polarization-

266,268 extinction,?>®  transmission,?®®  and  reflection

dependent  optical  absorption,
measurements.3>26¢-26% The earliest characterization was performed on thick exfoliated samples via
infrared spectroscopy, where light polarized along the armchair direction showed greater

extinction in the infrared range.>

These measurements also revealed a distinct peak at the bulk-
like optical bandgap of ~0.3 eV, which was absent in measurements along the zigzag direction. 2>
Similar observations were subsequently made in thinner samples, with BP exhibiting enhanced
absorption for incident light polarized along the armchair direction at visible wavelengths.26%:270
Recently interband excitation resonances were observed in the reflectance spectrum of 1 to 5 layer
thick exfoliated BP for armchair-polarized light, resulting in overall greater reflectance for light

polarized along the armchair-direction compared to the zigzag direction.’® The anisotropic

dielectric function and birefringence of BP also lead to polarization-dependent optical contrast at
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visible wavelengths. In particular, the optical contrast of exfoliated BP on SiO»/Si and fused silica

substrates has been observed to change (i.e., the red, blue, and green levels varied in intensity)
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Figure 2.2. Optical anisotropy of BP. (a) Band structure of BP along the armchair (Z-L) and
zigzag (Z-T’) directions determined by ARPES measurements. Reproduced from ref.??
Copyright 2014, Nature Publishing Group. (b) Simulated ground state exciton wavefunction
for monolayer BP. The wavefunction is more delocalized along the armchair direction (x-
axis). (c) Polarization-dependent PL spectra of BP, where the x-axis is along the armchair
direction. Greatly enhanced PL is observed when excitation and detection are parallel and
along the armchair direction. (b,c) Reproduced from ref.?®” Copyright 2015, Nature
Publishing Group. (d) Photocurrent maps of a BP photodetector with different light
polarization angles, showing angle-dependent photocurrent. Reproduced from ref.?%¢
Copyright 2015, Nature Publishing Group.
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under white light illumination when rotating the sample with respect to a fixed polarizer.?®

The anisotropic electronic structure of BP also manifests itself in a crystallographic
direction dependence for the recombination of charge carriers. The exciton wavefunctions of
monolayer BP have been calculated to have significant directionality, with the probability density
being more disperse in the armchair direction (Fig. 2.2b).2’! The PL emission of monolayer BP is
similarly enhanced when measured parallel to the armchair direction (Fig. 2.2¢). However, due to
the linear dichroism of BP, this emission is also strongly dependent on the excitation polarization.
The combination of these two effects yields PL emission that is ~100 times greater for
measurements made with both the excitation and detection oriented parallel to the armchair
direction as compared to measurements along the zigzag direction.?¢”

Overall, the photon-electron interactions are more pronounced when incident light is
polarized along the BP armchair direction as opposed to the zigzag direction. Therefore, optical
absorbance, transmittance, and reflection characterization provides a means for indexing the
crystallographic directions of BP. Optical anisotropy further provides opportunities for
polarization-dependent linear and nonlinear optical device applications based on exfoliated BP.
For example, BP photodetectors exhibit enhanced photoresponsivity for light polarized along the
armchair direction (Fig. 2.2d),2%?72 which has been further amplified by applying a gate field to
form a vertical p-n junction.?®® The anisotropic nonlinear optical properties of exfoliated BP have
also been utilized to create polarized ultrafast optical pulse generators via anisotropic saturable

absorption?’?

in addition to polarized frequency converters via anisotropic third harmonic
eneration.??”>3% Moreover, the plasmon dispersion of BP is anisotropic, thus providing another
g p p p p g

degree of freedom in BP-based plasmonic devices.
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2.1.3. Vibrational Anisotropy

Raman spectroscopy is a commonly employed technique for characterizing 2D

nanomaterials, and has been widely used in exfoliated BP studies. Raman spectroscopy measures
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Figure 2.3. Vibrational anisotropy of BP. (a) Six Raman-active modes of BP. Only A,!,
Ag?%, and By, are active when the incident laser is perpendicular to the BP plane. Reproduced
from ref.?”* Copyright 2015, American Chemical Society. (b) Observations of angle-
dependent Raman intensities, where each mode has intensity varying periodically with the
change of relative angle between the BP crystal and laser polarization. Reproduced from
ref.?’3 Copyright 2015, Wiley-VCH.

light, typically originating from a laser, which has been inelastically scattered by lattice vibrations.
The scattered light intensity / is dependent on the polarizations of the incident (e;) and scattered
light (es), and the Raman tensor (R) of the Raman mode:*”® I « |e; xRxes>. Consequently,
crystallographic information is embedded in the measured Raman response, which suggests that
crystallographic indexing can be achieved through systematic analysis of the polarization-

dependent Raman spectra.
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Bulk BP has six Raman-active modes with three of them (A, Bog, and A%) being Raman

active when the incident laser is aligned perpendicular to the basal plane (Fig. 2.3a).?7*> The Al,
mode is an out-of-plane vibration, whereas the By, and A%, modes are in-plane vibrations along
the zigzag and armchair directions, respectively. Thus, the in-plane Bz and A%, modes are sensitive
to uniaxial strain along the zigzag direction, while the A'g mode is more sensitive to strain along
the armchair direction.?”> Experimentally, the three Raman modes of BP periodically vary in
intensity when the relative angle between the incident laser polarization and the BP crystal
orientation is rotated.?>*-267-276 For example, early experimental observations demonstrated that the
A2, (B2g) mode intensity is highest (lowest) when the laser is polarized along the armchair direction.

Analysis of the intensity variations of the BP Raman modes is simplified by using
polarization filters on the excitation light and the Raman scattered light, and by orienting these
polarizations either parallel or perpendicular with respect to each other.268:273274277 For example,
Fig. 2.3b shows periodic variations of the Raman intensities when the polarizations are parallel.
In this condition, it has been observed that the A%, mode exhibits the highest intensity when the
laser is polarized along the armchair direction (i.e., the horizontal direction in Fig. 2.3b), and thus
polarized measurements of the A%, mode intensity have been used for identifying the crystal
orientation of BP.?”® In the same polarization orientation, the dependence of the B>, mode (Fig.
2.3b) typically has four maxima that are equivalent in intensity and occur when the polarization is
incident between the armchair and zigzag directions. The intensity minima of the B2z mode occur
when the polarization is along the armchair and zigzag directions where the B2g mode is symmetry-
forbidden. Likewise, the symmetry of the low-frequency interlayer Raman breathing modes
produces a polarization dependence that can be used to determine the crystallographic orientation

of BP.27
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However, it should be noted that Raman spectroscopy of exfoliated BP involves both

anisotropic optical properties (e.g., linear dichroism and linear birefringence) and anisotropic
electron-phonon interactions. Therefore, to properly fit the polarization dependence of the high
frequency Raman modes (e.g., the Aly and the A%; modes), details of the optical absorption need
to be considered. Specifically, the imaginary parts of the dielectric function tensor should be
included in the analysis, as the elements of the Raman tensor R are determined from the derivative
of the corresponding dielectric function tensor elements with respect to normal coordinates.?%3-274
Furthermore, the Raman response varies as a function of the excitation laser wavelength and BP
flake thickness, which creates counterintuitive results in some cases where the maximum intensity
of the Ay modes occur along the zigzag direction instead of the armchair direction.?®2’® This
reversal in the intensity dependence as a function of BP in-plane crystallography may account for
some apparently contradictory results in the literature that assigned the high conductivity axis of

BP to the zigzag direction.?’® Therefore, significant care must be taken when attempting to index

BP crystallography with polarized Raman measurements.

2.1.4. Electronic and Electrical Anisotropy
Due to the anisotropic dispersion relation of BP along the armchair and zigzag directions,

the effective masses of holes and electrons are smaller along the armchair direction than those

266,280

along the zigzag direction, resulting in high electronic anisotropy. Using multi-face Hall

effect measurements on bulk BP single crystals, the highest mobility and conductivity have been
observed along the armchair direction, while the zigzag and the out-of-plane directions show lower

)'254

and lowest mobilities, respectively (Fig. 2.4a The ratio of the mobilities holds constant at all

temperatures, indicating that the degree of anisotropy in the band structure or anisotropy of
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Figure 2.4. Electrical anisotropy of BP. (a) Temperature-dependent mobilities of bulk BP
along the a (zigzag), b (out-of-plane), and ¢ (armchair) directions. Mobility along the
armchair direction is uniformly highest, followed by mobilities along the zigzag and the
out-of-plane directions. Reproduced from ref.>* Copyright 1983, The Physical Society of
Japan. (b) Correlated IR transmission and conductivity on the same BP flake. The maximum
transmission and conductivity occur in the same direction (armchair). Reproduced from
ref.2> Copyright 2014, Nature Publishing Group. (¢) Band structure of potassium-doped
BP at the transition from semiconductor to metal. The dispersion along the armchair
direction is linear, whereas the dispersion along the zigzag direction is quadratic.
Reproduced from ref.?%? Copyright 2015, AAAS. (d) Biaxial strain dependence of
monolayer BP mobilities along the x (zigzag) and y (armchair) directions. Increasing strain
decreases mobility along the armchair direction and increases mobility along the zigzag
direction. Reproduced from ref.?33 Copyright 2014, American Chemical Society.

scattering do not substantially evolve with decreasing temperature. These observations have been

253,273,281

confirmed for few-layer BP, where the measured electrical conductance and carrier
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259.281 along the armchair direction are typically higher than those along zigzag directions

mobilities
(Fig. 2.4b).%> This electrical anisotropy manifests itself in large sample-to-sample variations for
reported two-terminal BP transistor mobilities when the crystal orientation is not explicitly
determined.

The electronic anisotropy of BP is further evident upon external perturbation. For example,
the non-equivalent effective mass suggests that excitons in BP should respond differently along
the two orthogonal in-plane directions and have different polarizabilities under an external in-plane
electric field. While a Stark shift is expected universally for excitons, the shift of binding energies
is direction-dependent in BP due to its anisotropic band structure.?®* In the extreme case, when BP
is chemically doped with potassium, the enhanced Stark effect begins to close the bandgap of
BP.282 At the critical doping level when BP becomes a semimetal, a linear dispersion (i.e., massless
carriers) is obtained along the armchair direction, whereas a quadratic dispersion is present along
the zigzag direction (Fig. 2.4¢). Numerically, increasing biaxial or uniaxial strain causes the
material to become more isotropic, with the zigzag and armchair mobilities being equal at 3-4%
biaxial strain or 5-6% zigzag-direction uniaxial strain.?®® Further increases in strain are predicted
to reverse the mobility trend in BP, yielding a material with higher mobilities in the zigzag

direction as shown in Fig. 2.4d.

2.1.5. Thermal and Mechanical Anisotropy

Recently, several reports have demonstrated higher thermal conductivity along the zigzag
direction compared to the armchair direction in exfoliated BP.25?285286 The anisotropic thermal
conductivity of BP has been attributed to its anisotropic phonon dispersion (Fig. 2.5a), whereas

the electronic contribution to the thermal conductivity is effectively negligible.?®> The thermal



conductivity anisotropy is orthogonal to the electrical conductivity anisotropy, which has potential

utility in thermoelectrics.?%®
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Figure 2.5. Thermal and mechanical anisotropy of BP. (a) Thickness-dependent and
g Py p
direction-dependent thermal conductivity of BP. The thermal conductivity along the zigzag
direction is higher than that of the armchair direction for all thicknesses. (b) Temperature-
dependent Raman shift of BP Raman modes. (a,b) Reproduced from ref.?®> Copyright 2015,
Nature Publishing Group. (¢). Left column: measured multimode resonance of a circular BP
mechanical resonator. Middle column: simulated anisotropic resonator. Right column:
simulated isotropic resonator. Reproduced from ref.?%” Copyright 2016, American Chemical
Society.

Thermal conductivity measurements along in-plane BP directions have been achieved in
several ways. Direct measurements have been performed on suspended BP ribbons that were
lithographically defined along either the armchair or zigzag directions.?>® In Raman thermography
measurements, it was found that all three of the BP high-frequency Raman modes shift with
temperature changes (Fig. 2.5b), with the A%; mode being most sensitive, and that measurements

in the in-plane directions could be made by using a slit aperture to achieve an excitation laser focal
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line.?® Thermal conductivity of exfoliated BP has also recently been determined by time-domain

thermal reflectance (TDTR) measurements by orienting the pump and probe laser beam offsets in
these directions, and measuring the variation in reflectance with laser heating.?%¢ It is well-known
that BP is susceptible to chemical degradation and that oxide species form on the surface in
ambient conditions.!” While the aforementioned techniques are dissimilar, it is notable that TDTR
measurements yielded the highest thermal conductivities for exfoliated BP and found lower
thermal conductivities for samples that likely had greater oxidation.?®® The Seebeck coefficient
has also been determined to be greater in the zigzag direction than the armchair direction. However,
unlike the thermal conductivity, the Seebeck coefficient has a large electronic contribution due to
its proportional dependence on charge carrier effective mass.?®

The anisotropic mechanical properties of BP are also a direct result of its highly anisotropic
crystal structure. By performing atomic force microscopy indentation on lithographically defined
BP ribbons along zigzag and armchair directions, the Young’s modulus and fracture stress along
the zigzag direction were found to be twice that along the armchair direction.?®!-*®” This result is
consistent with the ridge structure along the zigzag direction and the puckered structure along the
armchair direction. This anisotropy in mechanical strength likely explains the observation that
mechanically exfoliated BP flakes often have their straight long edges along the zigzag
direction.?”®2% Beyond direct mechanical tests with a physical probe, spatial mapping of the
multimode resonance of BP membranes allows for nondestructive determination of
crystallographic orientation as shown in Fig. 2.5¢.?” Due to mechanical anisotropy, each normally
degenerate vibrational mode in an isotropic material is split, forming a pair of modes that are offset

in frequency. Since the zigzag direction has a higher Young’s modulus, which corresponds to a
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higher resonant frequency, the nodal line of the high frequency resonance pattern occurs along the

armchair direction of BP.

2.2 Thermal Stability of BP

Although bulk BP is the most thermodynamically stable phosphorus allotrope, it can suffer
from electrochemical and ambient oxidation.!”-?%2! Since nanomaterials often show lower
decomposition temperatures compared to their bulk counterparts, similar effects can be expected
for 2D BP. Furthermore, even for bulk BP, there is little consensus on basic thermal stability
parameters. Therefore, it is important to clarify thermal phenomena in 2D BP before it can be
effectively employed in applications. To this end, we quantitatively assess the thermal
decomposition of mechanically exfoliated BP via in situ S/TEM, allowing for chemical,
morphological, and crystallographic decomposition intermediates to be determined by SAED,
electron energy loss spectroscopy (EELS), energy-dispersive X-ray spectroscopy (EDS), and X-
ray photoelectron spectroscopy (XPS).

Fig. 2.6a reveals a bright field TEM image for an exfoliated BP flake, where the
orthorhombic crystalline character is confirmed in the inset SAED pattern. Fig. 2.6b is a high-
magnification image of BP showing lattice fringes. To minimize the influence of the electron beam
while maintaining spatial resolution, a 120 to 200 keV acceleration voltage is used, and the sample
is moved into the beam only when imaging (see Supporting Information for more details). The BP

flakes are stored in dry Nz until TEM is performed. Figs. 2.6a,b indicate that the BP flakes are
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Figure 2.6. TEM images of exfoliated BP and in sifu heating of BP. a) Low-magnification
TEM bright field image of a BP flake. Scale bar is 2 pm. /nset: SAED pattern of the flake.
Scale bar is 5 nm!. (b) High-magnification TEM bright field image of BP showing lattice
fringes. Scale bar is 2 nm. (c-g) TEM bright field images (false colored) of a thin BP flake
after (c) introduction to the TEM and heated at (d) 200 °C, (e) 300 °C, (f) 400 °C, and (g)
500 °C, respectively. All heating times are 20 min long. Scale bars are 200 nm. /nsets: SAED
patterns for each heating stage. Scale bars are 5 nm™'. Irregular patterns and amorphization
occur past 400 °C. EDS spectra of BP flake (h) before and (i) after 400 °C in situ heating. In
both cases, a P Ka peak is apparent.

crystalline with no entrapped species'” or ambient degradation evident.?! Figs. 2.6¢-g show the
edge of a BP flake at different annealing conditions with the insets providing the corresponding
SAED patterns. Compared with the unannealed case (Fig. 2.6¢) after 20 min of 200 °C annealing
(Fig. 2.6d). The flake appears unchanged after further 300 °C annealing for 20 min (Fig. 2.6e)
with SAED patterns showing unchanged BP crystal orientation. After annealing at 400°C for 20
min (Fig. 2.6f), irregular patterns appear, and the SAED pattern indicates BP amorphization. The

flake remains amorphous after 500 °C annealing for 20 min (Fig. 2.6g). EDS spectra for the flake
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before (Fig. 2.6h) and after (Fig. 2.6i) annealing exhibit a P Ka peak at 2 keV that decreases in

intensity after annealing. This decrease can be attributed to the lower interaction volume in thinner

BP flakes, as detailed below.

Fig. 2.7 considers the dynamics of BP amorphization at 400 °C, using low magnification
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Figure 2.7. Dynamics of in situ BP sublimation. Low-magnification TEM images for
annealing conditions of: (a) unannealed, (b) 20 min at 200 °C, (c) 20 min at 300 °C, (d) 5
min at 400 °C, (e) 8 min at 400 °C, (f) 12 min at 400 °C, (g) 20 min at 400 °C, (h) 20 min at
500 °C, respectively. When the flake is heated at 400 °C for 5 min, the flake begins to
decompose, as denoted by the yellow and red arrows in (d-f). The degradation continues until
500 °C, after which a thin skeleton remains. Scale bars are 2 pm.

images of the flake from Fig. 2.6. Figs. 2.7a-c highlight the invariance of the flake to heating up
to 300 °C. However, when the flake is heated at 400 °C for 5 min, the flake edge retracts, leaving
a thin layer behind (Fig. 2.7d). Additional BP decomposition proceeds from the edges until 20 min

exposure (Figs. 2.7e-g), after which a thin skeleton predominantly remains. This thin skeleton
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withstands an additional 20 min of annealing at 500 °C (Fig. 2.7h) where it remains continuous

over the holes of the Quantifoil TEM support. The SAED patterns and EDS spectra in Figs. 2.6f-
i reveal that the skeleton is an amorphous phosphorus structure. Since a phosphorus skeleton
remains and no liquid-like features appear during decomposition, the BP degradation in Figs.
2.7d-g appears to proceed by BP sublimation and not melting. Since the BP flakes transferred
onto the TEM grid are 10 to 40 nm thick, their suppressed thermal decomposition temperature
compared to the melting point of bulk BP is consistent with other low dimensional nanomaterials
with high surface area to volume ratios.

BP sublimation occurs at flake edges and defects, and then propagates as eye-shaped cracks.
Figs. 2.8a-c give higher magnification images of this crack evolution as the flake is heated to
400 °C for 5 min, 8 min, and 12 min, respectively. In Fig. 2.8d, a SAED pattern for this flake
(taken at 300 °C) indicates that all cracks are along the [001] direction. Similar to the sublimation
of graphene,?? cracks grow larger and coalesce, but, unlike graphene, the BP cracks maintain a
regular shape during sublimation. As such, the crystallographic structure of BP appears important
in the decomposition mechanism. We first consider the effects of the a-c plane (hereafter “in-
plane”) thermal expansion as the source of the oriented cracks. We can further estimate the
coefficients of thermal expansion (CTE) values for the a and c lattice parameters using our SAED
patterns. Figs. 2.8e-f examine six BP flakes and determine average a and ¢ values from the SAED
data. The error bar for each data point consists of standard deviation and TEM system error,
estimated to be £1%. We find that the CTE values of exfoliated BP flakes along the [100] and

[001] directions are o, = (90.3 £ 6.4) x 10°%/°C and o = (93.2 £ 12.7) x 10°%/°C. Since the two in-
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plane CTE values for exfoliated BP flakes are nearly identical, thermal expansion does not appear

to be the main cause for the anisotropic, eye-shaped cracks.
However, the anisotropic, buckled atomic structure (Fig. 2.8g) of BP suggests a mechanism
for the eye-shaped crack formation. For bulk BP, each phosphorus atom has three single bonds

with two in-plane bonds and a third out-of-plane bond. Assuming that sublimation begins with a
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Figure 2.8. Formation of eye-shaped cracks in BP during sublimation. (a-c) Zoomed-in
image of the flake in Fig. 2.7, heated for 5 min, 8 min, and 12 min at 400 °C, respectively.
Eye-shaped cracks (yellow) form and grow. The blue arrow indicates the propagation
direction. (d) SAED pattern of the flake at 300 °C, showing the [001] crack propagation
direction. (e, f) Temperature-induced increase in BP lattice parameters a and c. (g) In-plane
lattice schematic for BP. (h-j) Snapshots from a BP sublimation model, describing the
formation of eye-shaped cracks along the [001] direction (blue arrow).

vacancy defect, denoted by a green circle in Fig. 2.8h, BP decomposition then continues by

removal of P atoms along the perimeter. The perimeter P atoms surrounding the growing crack fall
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into several categories including P atoms with only one bond to the surrounding crystal and P

atoms with two bonds to the surrounding crystal. The second category can be further subdivided
into P atoms with two in-plane bonds and P atoms with one in-plane bond and one out-of-plane
bond. Assuming that P atoms with only one bond desorb first followed by P atoms with two in-
plane bonds and finally P atoms with one in-plane bond and one out-of-plane bond, then the crack
will evolve in an anisotropic manner that is consistent with the observed eye-shape along the [001]
direction. Snapshots of this proposed sublimation model are shown in Figs. 2.8h-j. For BP
multilayers, formation of cracks in one layer will expose the next inner layer, which initiates
sublimation at the same point. Hence, sublimation of BP multilayers will also exhibit eye-shaped
cracks as observed experimentally in Fig. 2.8.

Concurrent in situ STEM heating and EELS measurements provide chemical information
for the BP decomposition process. Figs. 2.9a-g contain the transmission electron images for a
range of annealing conditions. After 20 min annealing at 500 °C, the sample is cooled in situ to
37 °C, upon which it is exposed to ambient conditions (~26 °C, relative humidity ~38%) for 5 min.
The dark contrast in the TE images in Fig. 2.9h implies that the flake has become thicker after
ambient exposure. In addition, the flake is invariant to additional ambient treatment, as evidenced
by the 24 hr ambient exposure preceding the image in Fig. 2.9i. Fig. 2.9j shows the EELS spectra
taken at different annealing conditions for the extracted and normalized P L»; edge at 132 eV.

To better highlight the change in the energy-loss near-edge structure (ELNES), the

derivatives of the EELS P L, 3 edge are presented in Fig. 2.9j. The existence of the P L,3 edge
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Figure 2.9. In situ STEM heating of BP and corresponding EELS spectra. STEM transmitted
electron images of BP after (a) introduction to the STEM and heated at (b) 200 °C for 20
min, (¢) 300 °C for 20 min, (d) 400 °C for 2 min, (e) 400 °C for 10 min, (f) 400 °C for 20
min, (g) 500 °C for 20 min. Consistent with in situ TEM heating, BP sublimation begins at
~400 °C. (h, 1) STEM TE image of BP exposed to ambient for 5 min and 24 hr after in situ

heating, respectively. Scale bars are 2 um. (j) P L edge and derivative EELS spectra during
each stage of in situ heating. P L, 3 ELNES line shapes qualitatively change after 400 °C.

after 400°C annealing indicates that the thin skeleton contains P, in agreement with EDS spectrum
shown in Fig. 2.6i. The ELNES of the P L3 is invariant before 400°C annealing and changes its
line shape qualitatively at 400°C, denoting a different P bonding state. The P L,3 ELNES
modifications after ambient exposure are negligible, implying a similar P oxidation state before
and after ambient.

A previous study?” showed that heating bulk BP to 777 °C at ~0.5 GPa pressure produces
a 0.3-0.5 mm thick layer of red P on the BP crystal surface. Brazhkin et al. also produced a phase

diagram for bulk black and red P, showing a phase transition between the black and red phases at
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597 °C. This solid red P exists until 620 °C without applied pressure. In general, red P is a highly

reactive, amorphous structure. These characteristics suggest that the thin skeleton remaining after
BP decomposition is related to red P. Furthermore, previous work has shown that BP degrades in
ambient conditions.!” Oxygenated H>O has been suggested as a source for BP ambient
degradation,!” and red P is even more hygroscopic than BP. The rapid gettering of oxygenated
H>O by red P following ambient exposure is a plausible explanation for the observed increase in
thickness observed in Figs. 2.9h, i.

In summary, a suite of atomically precise microscopy and spectroscopy techniques
reveals in situ thermal decomposition of exfoliated BP at ~400 °C. The high surface area and
nanoscale thickness of exfoliated BP likely explains the lower decomposition temperature relative
to bulk BP. Sublimation is initiated with the formation of eye-shaped cracks along the [001]
direction in a manner consistent with the anisotropic in-plane atomic structure of BP. After thermal
decomposition, an amorphous red P like skeleton persists, as inferred from ambient exposure,
SAED, EELS, and XPS data. Overall, this study provides insight into the thermal limits of 2D BP,

thus facilitating the development of suitable processing methods for BP-based devices.

2.3 Patterning and Thinning of BP via Scanning Probe Nanolithography

While BP has been exploited in a range of applications including high-mobility field-effect
transistors,>>> broadband photodetectors,?>32°42% ultrafast terahertz devices,>® and high-
sensitivity gas sensors,??’2% the absence of large-area growth methods has limited the production
of thin BP layers primarily to mechanical exfoliation and solution processing,!*?* both of which
lack precise control over flake thickness and lateral size. Even at the laboratory scale, the

fabrication of large and thin 2D nanomaterials remains challenging. To control thickness, 2D
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nanomaterials can be first exfoliated and then thinned, as has been demonstrated for transition

O and laser oxidation treatments.’®! Similar thinning

metal dichalcogenides through plasma®’
methods have also recently been applied to BP.3%23% Since plasma etching occurs over large areas
and laser oxidation is spatially limited by optical diffraction, localized thinning and patterning at
the nanoscale are not available or severely hindered. On the other hand, scanning probe
nanolithography is renowned for its high spatial resolution down to the atomic scale, suggesting
that this approach may overcome the limitations of plasma etching and laser oxidation,3%+3%
Herein, we take advantage of the high spatial resolution of scanning probe nanolithography
and the tendency of BP to oxidize in ambient conditions to realize lateral nanopatterning and layer-
by-layer thinning of BP using CAFM. In particular, layer-by-layer thinning of BP is achieved
through direct current (DC) local anodic oxidation in a manner analogous to silicon’® and
graphene.?®® This process generates liquid-like patterning byproducts, which are identified as
phosphorus oxoacids by Raman spectroscopy and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). The oxoacids are readily removed by water rinsing, leaving locally thinned BP
regions whose thickness can be controlled by the magnitude and duration of the applied DC bias.
In addition, an alternating current (AC) method is further demonstrated that allows patterning and
thinning of BP on insulating 300 nm SiO2/Si substrates, which are widely used for optically
identifying thin BP flakes and subsequent device fabrication. BP field-effect transistors (FETs)
with patterned channel regions show significant increases in current on-off ratios up to a factor of
50 without significantly compromising on-state current. With these DC and AC biasing conditions,

nanoscale BP structures can be realized with on-demand geometries that are not accessible by

other patterning or thinning approaches. The generality of this technique suggests that it can be
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widely applied to other 2D nanomaterials, with broad implications for the exploration of thickness-

dependent nanomaterial properties and in-plane homojunction devices."’

40 nm 0 nm I

Figure 2.10. Demonstration of DC CAFM patterning of BP crystals. (a) High crystal quality
of BP source material is confirmed by UHV STM (Vsampte = 0.2 V, Tiunneling = 60 pA) and
TEM imaging. (b) Schematic illustration of the patterning setup. (c-¢) Tapping mode AFM
images of checkerboard patterns made at different sample biases. (f) Bias voltage used for
patterning the logo of Northwestern University, and the corresponding (g) tapping mode
AFM and (h) contact mode AFM images of the as-patterned sample.

The quality of the BP crystal preceding nanopatterning was verified with UHV STM and

TEM, as shown in Fig. 2.10a. Due to the high surface sensitivity of STM and the puckered
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structure of BP, the local electronic density of states that provides STM imaging contrast mainly

results from the upper atoms of the top BP layer, resulting in zigzag rows in the STM image.?%*
Conversely, all AB stacked BP layers contribute to the TEM image, giving rise to a rectangle-like
lattice. The ordered atomic lattices observed in both STM and TEM indicate high material quality.
Figure 1b schematically illustrates the patterning setup, where the BP crystal or mechanically
exfoliated BP flakes sit on top of an n*-doped silicon wafer. During nanopatterning, an adjustable
bias voltage is applied to the sample with the CAFM tip grounded in ambient conditions (the
relative humidity ranges between 20% and 50% in this work).

By controlling the amplitude of the bias voltage during contact mode CAFM scanning,
checkerboard patterns are fabricated on a freshly exfoliated BP crystal. In Fig. 2.10c-e, tapping
mode AFM images are shown for patterning voltages between 1.3 V and 2.0 V. The patterned
regions appear as protrusions and increase in height with higher bias. Arbitrary patterns can be
realized though precise voltage control during scanning. For example, Fig. 2.10f shows a voltage-
encoded version of the Northwestern University logo, with the color encoding the applied sample
bias (0—1.2 V) at each pixel. After patterning, the tapping mode AFM image in Fig. 2.10g shows
protruded features corresponding to high bias regions in agreement with Fig. 2.10c-e, whereas the
contact mode AFM image in Fig. 2.10h indicates the opposite, namely depressions in the high bias
regions. In contact mode AFM imaging, the AFM tip can scan a solid BP surface under a liquid;
whereas, in tapping mode AFM imaging, the tip can track the morphology of a liquid on BP. Thus,
the contrast differences between Figs. 2.10g,h suggest the consumption of BP and formation of a
liquid-like surface layer in the patterned regions.

These liquid-like features are readily rinsed away by water, as demonstrated in Fig. 2.11a,b,

where tapping mode AFM images of a patterned letter ‘N’ at 1.2 V before and after 10 s water



89
rinsing give opposing contrast. The insets indicate line profiles across the same patterning
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Figure 2.11. Chemical characterization of patterning byproducts. (a,b) Tapping mode AFM
images of patterned letter ‘N’ (a) before and (b) after water rinsing. (c¢) Dark-field optical
image (left) and tapping mode AFM image (right) of an as-patterned checkerboard pattern.
(d) ToF-SIMS spectrum, and (e) peak mappings of the checkerboard pattern. (f) Raman
spectra taken at patterned regions with increasing amount of oxide. Inset: optical images of
the patterns where the Raman spectra were taken as indicated by the black, blue, and red
dots.

boundary before (blue dashed line) and after (red dashed line) rinsing, which reveal a ~0.47 nm

step height at the thinned regions of the bulk-like BP crystal, corresponding to the removal of
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monolayer phosphorene. The ease of removal of BP patterning byproducts through water rinsing

is in contrast to the HF and HCIl treatments that are required to remove patterning byproducts on
S1,%% graphene,?®” and MoS,.%%

Since only positive sample bias results in effective patterning and thinning, the underlying
mechanism is likely to be local anodic oxidation driven by the strong electric field at the tip apex.3%
To further probe the chemical identity of the liquid-phase patterning product, a checkerboard
pattern was prepared for ToF-SIMS measurements. The dark-field optical microscope (left) and
tapping mode AFM (right) images of the as-patterned sample are provided in Fig. 2.11c¢. Fig. 2.11d
reveals the primary peaks of the ToF-SIMS spectrum acquired across the patterned area. The peaks
corresponding to O, PO, and PO; species suggest that CAFM patterning oxidizes the BP substrate.
However, since BP is known to oxidize spontaneously in ambient environment,!” we further
mapped the spatial distributions of O, P, PO», and PO; in Fig. 2.11e. This spatial mapping confirms
that the oxygenated species are concentrated at the patterned areas instead of resulting solely from
spontaneous oxidation in ambient conditions. Furthermore, the liquid nature of the patterning
product can be explained by the fact that phosphorus oxides are known to rapidly absorb water
(e.g., P40y is used as a dehydrating agent*®) to form phosphorus oxoacids. Indeed, as shown in
Fig. 2.11f, Raman spectra of the patterned regions with increasing oxide content (inset) show not
only BP Raman modes (Alg at ~362 cm’!, B,, at ~438 cm™, A; at ~465 cm!), but also a broad

increasing peak at ~2416 cm™! corresponding to the Raman active P-H stretching mode®!%3!! of

phosphorus oxoacids (e.g., H;PO4). Based on Figs. 2.11a,b, the volume expansion ratio at the
patterned region is ~5.1, which is close to the expected volume expansion of BP to H3;PO4 (~4.5).
The presence of other phosphorus oxoacids and ambient water likely also play a role in

determining the exact volume expansion ratio.
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In addition to patterning on thick BP crystals, we explored the extension of this method to

mechanically exfoliated BP flakes on conductive Si substrates. Figs. 2.12a,b show contact mode
and tapping mode AFM images, respectively, of a series of patterned points on an exfoliated BP
flake on n*-doped Si, using different tip biases with a dwell time of ~5 s at each point.
Corroborating previous observations, higher biases lead to increased etching. Moreover, the two
sets of images show opposing contrast due to the different imaging mechanisms previously

outlined. In addition to sample bias, patterning duration, ambient humidity, and tip sharpness also
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Figure 2.12. DC patterning of micromechanically exfoliated BP flakes on n*-Si substrates.
(a) Contact mode AFM images of arrays of patterned dots at different sample bias, and (b)
the corresponding tapping mode AFM images. (c) An example of monolayer patterning of
the initials ‘BP’. (d) Successive patterning on a BP flake at the same location results in deeper
etching.
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affect the degree of thinning.’% Fig. 2.12¢ shows that layer-by-layer etching is achieved on

mechanically exfoliated BP at a sample bias of 0.8 V, as attested by the 0.58 nm line profile depth.
Successive patterning can also be applied in the same region to gradually thin flakes down. For
example, Fig. 2.12d shows a rectangular region of a ~36.1 nm thick BP flake that is repeatedly
patterned at 1.2 V with no rinsing between patterning steps. The thinning depth increases
monotonically with each patterning step, as evidenced by the resulting series of contact mode AFM
images in Fig. 2.12d.

Thus far, BP patterning and thinning has been achieved with DC bias voltages on
conductive substrates, as is typical for scanning probe anodic oxidation.?0*3%:312 However, it is
more common for 2D nanomaterials to be deposited on 300 nm SiO,/Si substrates to enable
identification of monolayer and few-layer flakes with optical microscopy.’!* In addition, the
substrate SiO> layer can act as a gate dielectric for field-effect transistors. Fig. 2.13a introduces a
simple but effective method for patterning on 300 nm SiO»/Si substrates, where an AC bias voltage
is applied between the underlying n*-doped Si substrate and the CAFM tip. Under AC bias, the
capacitive impedance of the SiO, layer becomes finite: Z = (jwC)!, where w is the angular
frequency of the AC voltage and C is the capacitance. As a proof of concept, Fig. 2.13b shows a
mechanically exfoliated BP flake on a 300 nm SiO»/Si substrate after AC patterning and water
rinsing. In this case, the applied voltage is a 1 MHz AC sinusoidal wave with an amplitude of 2 V.
Contact mode AFM images before and after patterning are shown in Fig. 2.13¢, with the line
profile after patterning provided as an inset. From this measurement, it can be seen that ~4.6 nm
(9 layers) of BP has been removed from the original 23.2 nm thick BP flake.

As established in Figs. 2.10 and 2.12, higher DC bias voltages result in increased BP

oxidation, in agreement with literature reports of anodic oxidation of other materials.?%3-30
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Similarly, as shown in the contact mode AFM image in Fig. 2.13d, when the AC voltage amplitude

is increased from 1.6 V to 2.2 V at a constant frequency of 1 MHz and dwell time of 8 s at each
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Figure 2.13. AC patterning of BP on dielectric substrates. (a) Schematic illustration of the
patterning setup. (b) Optical image of a BP flake directly pattered on 300 nm Si/SiOsz. (¢)
Contact mode AFM images of the flake before and after patterning. (d) Patterning with
increasing voltage amplitude and constant frequency (1 MHz). (e) Patterning with increasing
frequency and constant voltage amplitude (1.8 V). (f) Schematic, optical microscopy image,
and AFM image of BP FETs fabricated with AC patterned BP (between electrodes A and B)
and pristine BP (between electrodes B and C) on 300 nm Si/SiO;. (g) Transfer curves of the
BP FETs shown in (f). The linear-scale plot shows a moderate decrease in on-state current,
and the logarithmic-scale plot reveals a significant increase in current on-off ratio from 200
to 10* following CAFM patterning.
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point, the etching depth increases until the 30.6 nm flake is etched all the way down to the SiO/Si

substrate. Also, the lateral dimensions of the etched pits increase due to the stray electric field
exceeding the patterning threshold at locations away from the tip apex. In Fig. 2.13e, AC
patterning at different frequencies but with the same voltage amplitude (1.8 V) and dwell time (8
s) also reveals increased oxidation at higher frequency. Because the tip-sample contact resistance
is in series with the capacitive impedance of the SiO> layer, the decrease of the latter at higher
frequency results in an increased potential drop across the tip-sample junction, giving rise to higher

local electric fields.
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Figure 2.14. Extraction of contact resistance from /-V} relationship. The conductive AFM
tip is in contact with a BP flake on n*-doped Si wafer while varying the applied sample bias.
From the resulting /- curve, the contact resistance is estimated to be ~2x10!! Q.

More specifically, the typical contact resistance between the CAFM tip and BP flakes is ~
2x10'" Q (Fig. 2.14), which is much larger than the sheet resistance (~10° Q/sq?!*) of BP flakes.
Therefore, the BP flake will have an almost spatially uniform potential distribution during CAFM
patterning. In addition, the BP flake and the n*-Si substrate form a capacitor with capacitance of

~eS/d, where ¢ is the dielectric constant of BP (~10¢,°!%), S is the flake area (on the order of 10?
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Figure 2.15. Raman maps of patterned BP flakes. (a) Optical microscope image of an AC
patterned BP flake on 300 nm SiO> after water rinsing. The white dashed square indicates
the thinned region. (b) Tapping mode AFM image of the yellow dashed square region in (a).
(c) Height profiles along the black (top) and blue (bottom) dashed lines in (b), indicating an
initial flake thickness of 14.6 nm and a thinning thickness of 5.4 nm (~11 layers). (d) Raman
spectra taken at the patterned (blue dot in (b)) and the unpatterned (red dot in (b)) regions,

showing nearly identical line shapes. (e-g) Raman intensity maps of the BP Alg, B, and

Az modes of the patterned flake in (b). (h-j) Full width at half maximum (FWHM) maps of
the BP A‘g, B,,» and Az modes of the patterned flake in (b). No detectable change (e.g.,

broadening) is observed, implying high crystal quality of the patterned region. (k) Raman
map of the integrated area ratio of A; to Az of the BP Raman modes. The ratios are mostly

above 0.5 with no contrast between the patterned and pristine regions. Since defective BP
would have a lower ratio below 0.3, it can be concluded that CAFM patterning introduces
minimal defects to the remaining BP crystal.3!®

um?) and d is the thickness of SiO> (300 nm). The resulting capacitive impedance varies from



96
~10" Q) to 107 Q when the AC frequency changes from 10> Hz to 10° Hz. The resulting increase

in the local electrical field at the tip-sample junction leads to enhanced BP oxidation when
patterning at high frequency.

The high crystallinity of patterned BP flakes is preserved as first evidenced by non-

detectable broadening of BP Raman modes and high integrated area ratio of Alg to A; Raman

modes as shown in Fig. 2.15. Cross-sectional TEM (XTEM) imaging (Fig. 2.16) of a patterned
BP flake shows a ~3.9 nm thick surface oxidation layer in the patterned regions that is comparable
to the ~3.7 nm thick oxide layer in the pristine BP regions, indicating that the BP structural integrity
is preserved following patterning. To demonstrate the electrical performance of patterned BP
flakes and potential applications of the CAFM thinning method, FETs with patterned/thinned
channels are compared with FETs fabricated from non-patterned regions of the same flake. In Fig.
2.13f, with the AC patterning method, a ~17 nm thick flake is partially thinned down by 7-8 nm
and three electrodes are fabricated after the flake is rinsed in water, as shown in the schematic and
in optical microscopy and AFM images. The performance of the patterned device with electrodes
A and B is compared to that of the pristine device with electrodes B and C as shown in Fig. 2.13g.
The patterned devices show minor changes in the on-state current and hole mobility from 113 to
96 cm? V! s!, while the current on-off ratio is dramatically increased from 200 to 10* due to
substantial reductions in the off-state current. Given the well-known increase of current on-off
ratio with thinner BP flakes,?*? the observed differences in electrical transport can be primarily
attributed to changes in flake thickness, thus showing the advantages of direct AC CAFM

patterning in improving device performance.
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Pristine

Figure 2.16. XTEM images of patterned BP. (a) XTEM image of the PT/Au/BP/Si structure.
Pt and Au are coated to protect BP from damage. Inset: AFM image of as-patterned BP on
Si (~4 nm thinner in the patterned square). (b) XTEM image of the boundary between
patterned and pristine BP regions. (c) XTEM image of the pristine BP region. The BP lattice
is present under an amorphous surface layer of ~3.7 nm. (d) XTEM image of the patterned
BP region showing a similar amorphous layer of ~3.9 nm above the crystalline BP lattice.
These results shows that the BP crystallinity is preserved after CAFM patterning and water
rinsing.

In summary, we have demonstrated controlled patterning and thinning of BP with
nanoscale lateral resolution and layer-by-layer thinning using CAFM. The patterning mechanism
is consistent with anodic oxidation as evidenced by the formation of oxidized phosphorus species.
The oxidized phosphorus getters water from the environment, resulting in a liquid-phase patterning
byproduct that is easily removed by water rinsing. Finally, we extend this method to AC biasing
conditions to enable BP flake patterning on commonly utilized dielectric substrates and
demonstrated significant improvements in the current modulation of BP FETs. The flexibility of
this patterning method suggests that it can be broadly applied to other studies including the
generation of arbitrary BP edges that would allow for the exploration of orientation-dependent

3

edge properties (e.g., structural reconstruction,”® edge functionalization,®!” and edge
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intercalation!”). The patterning methods demonstrated here can likely be extended to other 2D

nanomaterials and their heterostructures, thereby allowing the generation of geometrically well-

defined samples for both fundamental studies and device prototyping.
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Chapter 3: MoS: Monolayers on EG: Defect Engineering and

Chemical Functionalization

This chapter is based partially on the following publications and preprint:

X. Liu, 1. Balla, H. Bergeron, and M. C. Hersam, Point Defects and Grain Boundaries in
Rotationally Commensurate MoS; on Epitaxial Graphene, Journal of Physical Chemistry C 2016,
120, 20798-20805.

X. Liu*, I. Balla*, H. Bergeron, G. P. Campbell, M. J. Bedzyk, and M. C. Hersam, Rotationally
Commensurate Growth of MoS; on Epitaxial Graphene, ACS Nano 2016, 10, 1067-1075.

X. Liu, V. K. Sangwan, 1. Balla, C. Zhong, H. Bergeron, E. A. Weiss, and M. C. Hersam, Mixed-
Dimensional Heterostructures of MoS: with C8-BTBT on Graphene with Well-Ordered Interfaces,
in preparation.
*These authors contribute equally
3.1 Introduction: TMDC Monolayers and Heterostructures with Graphene

The advent of graphene and the subsequent extensive research studying this superlative
material®3!831 have demonstrated the unique opportunities and challenges associated with
materials in the atomically thin limit such as 2D BP discussed in the previous chapter. Similar to
graphene and BP, TMDC monolayers®?° exhibit unique material properties compared to their bulk
counterparts. As a result of the numerous combinations of transition metals with chalcogen

elements,'?° the diverse family of TMDC compounds*?!

offers electronic properties ranging from
semiconducting (e.g., M0S,2%?"), to metallic (e.g., NbTe>!>!#) to superconducting (e.g., NbSe,'?).
In addition to being abundant in nature as molybdenite, MoS; is one of the most studied 2D
TMDCs with potential applications in electronics and optoelectronics due to its desirable physical
properties.3?%323 Since monolayer MoS; possesses a direct optical band gap of 1.9 €V in the visible

4

range’?* and a relatively high quantum yield,?! it is especially promising for applications in

photodetectors.323326 The break of spin degeneracy due to the lack of inversion symmetry in
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monolayer MoS; also makes it possible to fabricate valleytronic devices controlled by circularly

polarized light,3?7-%8 thereby offering further opportunities for quantum electronics.

Compared to isolated 2D materials, heterostructures composed of stacked 2D materials
allow the exploration of fundamental interfacial interactions and novel electronic functionality
beyond what could be offered by a single material. Furthermore, van der Waals interactions enable
versatile integration of dissimilar materials without dangling bonds. The relaxed constraint of
lattice matching not only allows vertical stacking of 2D layers with clean and abrupt interfaces,>?!
but also mediates effective coupling of materials with different dimensions.*?%-*3° Such mixed-
dimensional heterostructures*>*-3*! further expand the family of van der Waals systems beyond all-
2D materials that are limited by lack of controllable doping and low net photon absorption. In that
context, particularly interesting heterojunction candidates are small molecule organic
semiconductors that typically act as a 0D material due to highly localized molecular orbitals. The

combination of such organic layers with inorganic 2D materials have gained significant popularity

323,332 181,333

recently for optoelectronic, energy-harvesting and light-emitting applications.’** In
addition to the desired physical properties (e.g., mechanical flexibility, lightweight, tunability by
functional groups), the high processing throughput and potential as a seeding layer for subsequent
chemistry®** makes such mixed-dimensional heterostructures highly competitive compared to all-
2D heterostructures, where large area growth has only been realized in limited material systems. 33

From among the 2D material library consisting of semimetals (e.g., graphene!>!%), insulators
(e.g., boron nitride*? and Bi»Ses?), and semiconductors (e.g., BP!""" and TMDCs3*73%), the

339,340

combination of MoS; with graphene shows great potential for next generation electronic and

optoelectronic applications due to complementary carrier mobilities and optical responsivities.>*!
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Additionally, the MoS,/graphene heterostructure has been shown to be an excellent catalyst for

hydrogen evolution reactions**? and a promising anode material for Li-ion batteries.?*?

The properties of MoS/graphene heterostructures depend strongly on the underlying
substrate and the graphene synthesis technique. Epitaxial graphene (EG) grown on SiC by the
preferential thermal desorption®*#*% of silicon from SiC not only offers uniform large-area
synthesis of graphene, but also provides technological advantages over alternative methods such
as CVD and mechanical exfoliation. For example, fine control of the growth temperature enables

346-348 while post-annealing in hydrogen

homogeneous monolayer or bilayer EG at the wafer scale,
allows decoupling of EG from the underlying SiC substrate.!® The high quality and cleanliness of
EG is evidenced by its high carrier mobility**° of 45,000 cm?V-!s"! and observation of the quantum
hall effect.’*° Furthermore, the interaction between graphene and the SiC substrate can be tailored
via intercalation of different atomic species.*>!

Given the underlying SiC substrate as well as the different electronic characteristics of EG
(e.g., substrate-induced n-type doping*?3>%), CVD synthesis of MoS; on EG is expected to differ
from that on graphite or CVD graphene, giving rise to novel structural and electronic interactions
between the two materials. While MoSe> has been grown on EG by molecular beam epitaxy,3>*3°3
recent reports of MoS, grown by CVD on graphite®3#336357 and EG3%2 resulted in non-epitaxial
growth, where the orientation of the MoS; crystals was not controlled. Furthermore, the atomic-
scale electronic and structural properties of MoS2/EG heterostructures have not been thoroughly
established. Towards these ends, we have successfully achieved rotationally commensurate growth
of atomically thin MoS; crystals on EG by van der Waals epitaxy (Fig. 3.1), where MoS: is found

to preferentially grow with lattice aligned with EG, suggesting EG may be a promising substrate

for van der Waals epitaxial growth of other emerging 2D nanomaterials in addition to providing a
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well-defined platform for the future study and application of MoS»/graphene heterostructures. In
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Figure 3.1. Rotationally commensurate van der Waals epitaxy of MoSz on EG. (a) Schematic
of GIWAXS measurement. k;: incident wave vector, ks scattering wave vector, o.: incident
angle, P3: out-of-plane angle, 20: in-plane angle, ¢: sample rotation angle, v: detector rotation
angle. (b) Qxy 2D reciprocal space map of MoS2/EG projected from Q, = 0.08 A'to 0.12 A-
"'by synchrotron GIWAXS. The b* reciprocal space vectors are indicated by arrows. (c)
Real-space model of the MoS2/EG heterostructure with MoS; lattice aligned with that of EG.
(d) Projected first order peaks of MoS> and SiC onto ¢ showing sharp distributions. (e)
Referring to (b), in-plane scattered intensity along Qy direction at Qx = 0. The determined
real-space lattice constants of MoS», EG, and SiC are 3.16 + 0.01 A, 2.46 £ 0.01A, and 3.07
+0.01 A, respectively.

the following sections, we explore the intrinsic crystal defects including point and line defects in
MoS2/EG heterostructures as well as a mixed-dimensional heterostructure based on such platform

with a molecular semiconductor 2,7-dioctyl[1]benzothieno[3,2-b][ 1 ]benzothiophene (C8-BTBT).

3.2 Point and Line defects in Rotationally Commensurate MoS2/EG Heterostructures
Despite the attractive properties of monolayer MoS,, its relatively low experimentally observed

carrier mobility>®

presents limitations in many high-performance applications. Previous work has
suggested that intrinsic structural defects such as vacancies and GBs are the main sources of this

degraded mobility.*®!362 Furthermore, the fact that MoS: field-effect transistors perform poorly in
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Figure 3.2. High crystal quality CVD-grown MoS> on EG. (a) AFM height image of
predominantly monolayer MoS> domains on EG with aligned crystal orientations. (b) Raman
spectrum of MoS, with Ey! and Az modes separated by 20.6 cm™. (¢) Current and
differential tunneling conductance spectra of monolayer MoS; on EG showing a band gap of
2 eV. (d) Moir¢ patterns from the MoS2/EG heterostructure probed at different scanning
conditions.

ambient compared to vacuum conditions implicates surface defects as sites of chemisorbed
extrinsic scattering centers.’%3-% On the other hand, defect engineering presents pathways for
modifying material properties, especially when the preparation of large-scale monolayer MoS;
relies primarily on CVD!63:339:338:365 and solution-phase exfoliation,3*7-¢6 where high defect density
is expected. For example, anisotropic defects in related 2D materials (e.g., graphene and black
phosphorus!®) are being explored in separation technologies as nanopores. Gate-tunable MoS;
memristors based on GB migration!®? present another example where structural defects have been

exploited to reveal novel functionalities.
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A comprehensive understanding of MoS; structural defects at the atomic scale would

facilitate the rational design of defect engineering for desired material properties. Although various
studies of monolayer MoS, defects have been carried out by S/TEM,>*363-367-371 concurrent
structural and electronic characterization of monolayer MoS; defects with STM/STS is relatively
unexplored.?*® Towards this end, we perform here UHV STM/STS measurements of CVD-grown
monolayer MoS: on EG, focusing on the structural and electronic properties of intrinsic defects.
Previously, we have demonstrated the growth of rotationally commensurate MoS: on EG,!%> which
offers several technological advantages, including consistent material quality and preferential
formation of 30° and 60° GBs. The investigation of point defects and GBs in the MoS,/EG system
is thus of particular interest because of the strain-free nature of the monolayer MoS; and the
predictability in GB orientations enabled by the rotational commensurability.*”?

The as-grown MoS,/EG sample was imaged by AFM as shown in Fig. 3.2a. The vast
majority of monolayer MoS; triangle domains are aligned as a result of rotational
commensurability. The high quality of MoS: is revealed by Raman spectroscopy, as shown in Fig.
3.2b, where the in-plane E»,! (386.5 cm™) and out-of-plane A (407.1 cm™') Raman modes®” are
separated by 20.6 cm!, corresponding to monolayer MoS,.>”* The STS-measured band gap of ~2
eV in Fig. 3.2¢ further indicates good material quality.!®> Due to the large mismatch between the
lattice constants of MoS, (3.16 A) and EG (2.46 A), which prevents direct epitaxy but allows van
der Waals epitaxy of MoS», a Moiré superstructure is expected to develop.’>* As shown in Fig.
3.2d, Moiré patterns with different levels of contrast but same periodicities are observed at
different scanning conditions by UHV STM. To observe Moir¢ patterns, the tunneling current must
be modulated by both the top MoS> and underlying EG layers concurrently, which implies that the

appearance of Moiré patterns is dependent on tunneling conditions.’”> At certain tunneling
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conditions, Moiré patterns can disappear, as observed both in previous literature’’® and in our

experiments. The relatively high tunneling current used in Fig. 3.2d ensures an effective overlap
between the electron wave functions from both the MoS; and EG layers, thus allowing STM
observation of the Moiré patterns. A schematic illustration of the observed Moiré patterns is
provided in Fig. 3.3, which further confirms that the MoS; lattice is well-aligned with that of the

EG.
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Figure 3.3. Schematic illustration of the formation of Moiré patterns. The observed Moiré¢
pattern (Vsample = -0.6 'V, Tumeling = 3 nA) in the STM image of (a) can be explained by
stacking MoS: (yellow) and graphene (black) lattices together with the same lattice
orientation shown in the schematic in (b).

Although the monolayer MoS; crystal domains are flat over relatively large length scales
as imaged by AFM (Fig. 3.2a), several types of point defects are present when examined at the
atomic scale in STM. For example, Fig. 3.4a is an STM topography image of the monolayer MoS»
surface recorded at Vsample = -1 V with the crystal lattice resolved and decorated with apparently
bright and dark defects. Four types of atomic defects are identified and labeled as type-1 to type-
4 with each indicated by a green, yellow, red, and white arrow, respectively. From Fig. 3.4a, the
majority of point defects can be characterized as type-1 and type-2, with respective areal densities

of 4.2 x 10'%/cm? and 3.8 x 10'?/cm?. Averaging over several images, the total defect density is ~8
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x 10'%/cm?, which is lower than the reported defect densities of MoS: directly grown or

mechanically exfoliated onto Si0,.>623® This low defect density can likely be attributed to the
registry of MoS; with EG, and is consistent with the high crystal quality that is expected for van
der Waals epitaxy.®6-377

High-resolution STM images showing type-1 to type-4 defects are shown in Fig. 3.4b and
¢ with an additional type-5 defect shown in Fig. 3.4d. The type-1 and type-2 defects have well-
defined structures in which the type-1 defect appears as a depression and the type-2 defect consists
of 3 bright protrusions. Chalcogen vacancy defects in TMDCs (e.g., sulfur vacancies in M0S,*®
and selenium vacancies in TiSe>’’®) are common, and their prevalence is explained by the low
vacancy formation energy of chalcogen atoms as calculated by density functional theory (DFT),
whereas metal vacancies are energetically unfavorable.’¢%37-380 Hence, it is likely that type-1
defects are sulfur monovacancies, which is consistent with previous literature that assigned
apparent depressions in STM images to chalcogen vacancies.?’8-381:382

Type-2 defects appear as aligned triangles formed by three point protrusions. Such
structures have been experimentally observed in TiSe, and assigned to Ti interstitial atoms.*%
However, given the much higher formation energy of interstitial Mo defects in comparison to S
interstitials,?” type-2 defects are more likely to be S interstitials, which implies that the type-1 and
type 2 defects are possibly Frenkel pairs. Although Frenkel defects in non-layered bulk materials
are associated with high formation energy, the empty sites in the van der Waals gap between MoS»
and EG may effectively lower the activation energy in this case.®® Alternatively, considering the
low formation energy of sulfur divacancies,**® such defects can also be prevalent. Indeed, recent

k3 84

wor suggests that sulfur divacancies also appear as triangular protrusions in simulated STM

images. Therefore, type-2 defects are also consistent with a sulfur divacancy model.
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The type-3 and type-4 defects shown in Fig. 3.4¢ do not have well-defined boundaries and

vary in size (Fig. 3.4a). The continuous MoS> lattice through the defect area indicates that the

Figure 3.4. Point defects in monolayer MoS». (a) An STM topography image showing 4
types of point defects as indicated by the green, yellow, red, and white arrows. Vsample = -1
V, Tunncing = 800 pA. (b-d) Atomic-scale imaging of representative point defects with an
additional type-5 defect indicated by the blue arrow in (d). Vsampie = -1 V, Ttunneting = 800 pA.
(e-g) Bias-dependent images of type-1 and type-2 defects. lunneling = 800 pA.

origin of these defects is likely to be subsurface (e.g., defects in the underlying EG or the bottom
sulfur layer in monolayer MoS;). Finally, the type-5 defect in Fig. 3.4d appears as an adsorbed
particle, possibly originating from the CVD source materials. The depression surrounding the
particle may result from an electron depletion zone, which can be caused by Coulomb repulsion
from a negatively charged defect. In Figs. 3.4e-g, the bias-dependent behavior of type-1 and type-
2 defects are provided. At different biases, type-1 defects do not show obvious changes in
appearance, whereas type-2 defects develop depressions at their centers. In both filled and empty
states images, type-1 defects appear as depressions, which suggests the presence of physical pits
in topography as would be expected for sulfur vacancies.

A second class of structural defects in 2D materials are line defects, including dislocations
and GBs. Compared to zero-dimensional point defects, which are primarily imaged with atomic

resolution methods, one-dimensional GBs can be detected at larger length scales. Driven by the
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Figure 3.5. 30° and 60° GBs for rotationally commensurate monolayer MoS; on EG. (a,c)
AFM height images of 30° and 60° GBs with the GB regions emphasized in the insets,
respectively. The angles between the intersecting edges for the two types of GBs are 90° and
120°, respectively. (b,d) Schematics and STM topography images of 30° and 60° GBs. The
GBs are indicated by black arrows in the STM images. Vsample = -1 V, Lunneling = 50 pA.

importance of understanding GBs in the 2D limit, a number of approaches have been developed

385 386,387

to visualize MoS,; GBs including preferential oxidation of GBs,’® nonlinear optics, and
stacking of MoS; bilayers.**¥ As a consequence of rotational commensurability, the GBs of MoS,
grown on EG are restricted to tilt angles of 30° and 60°. Fig. 3.5a is an AFM topography image of
a 30° GB for monolayer MoS: on EG. The formation of such GBs involves a 30° rotated crystal
domain as shown in the schematic of Fig. 3.5b, where the angle between two triangular domain

edges is 90°. Although domains with 30° rotated angles are less energetically favorable than

aligned domains, the small fluctuations of binding energies with respect to rotation angle in van
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der Waals heterostructures implies that a secondary crystal orientation may still be present

experimentally.’® Because the 30° rotated domains comprise only 14% of the total crystals as
quantified in our previous work,'%®> 30° GBs are the minority species. While the 30° GB is weakly
resolved by AFM as shown in Fig. 3.5a and its inset, a GB of the same type shows stronger contrast
in the STM topography image in Fig. 3.5b, likely due to electronic effects that will be explored
further later. In addition, Fig. 3.5¢ shows an AFM image of a 60° GB with the inset emphasizing
the GB region. A schematic and STM image of a 60° GB are shown in Fig. 3.5d. These 60° GBs
are twin GBs resulting from two triangular domains with opposite orientations.*®’ Due to the three-
fold symmetry of the MoS; lattice, the resulting GB has a 60° tilt angle. Again, with likely
electronic contributions, the 60° GBs show significant contrast in STM, appearing as bright
protrusions.

Further understanding of MoS2 GBs is gained through atomic-resolution UHV STM
imaging. In particular, Fig. 3.6a shows a high-resolution STM image of a 30° GB, where the
arrows denote the zigzag directions of the top (green arrow) and bottom (blue arrow) domains
separated by the GB. Since GBs are bright protrusions in the filled states images (Fig. 3.5b,d),
height median matching is performed on Fig. 3.6a so that both the domain interior regions and the
GB structure show observable contrast in the image. Unlike the disordered GBs found in CVD
graphene where the GBs are curved,*® most GBs in MoS: are observed to be straight. The
orientation of the 30° GB in Fig. 3.6a is denoted by the black arrow, which has a 45° rotation angle
with respect to the zigzag direction of the top grain (green arrow). The GB possesses
discontinuities and exhibits segments of ordered structure. The apparent width of the GB is ~2.3
nm, which is larger than the expected few lattice constant width from S/TEM.>*3%> However, the

fact that constant current STM images are a convolution of real space and electronic structure
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Figure 3.6. Atomic and electronic properties of 30° GBs. (a) An atomically resolved STM
topography image of a 30° GB with the contrast adjusted by height median matching. The
zigzag directions of the top and bottom grains are indicated by the green and blue arrows,
respectively. The GB direction is indicated by the black arrow, which is rotated 45° from the
zigzag direction of the top grain. Vimpte = -0.6 V, lunneling = 5.2 nA. (b) Top: a zoomed-in
STM image of the GB region marked by the rectangle in (a). Bottom: a structural model for
the 30° GB with the green, blue, and black arrows corresponding to the zigzag directions of
the top and bottom grains and the GB direction, respectively. (c). A series of STS spectra
taken across a 30° GB with tip positions marked by the colored dots in the inset. The STS
spectra show band gap narrowing across the GB. Adjacent points are separated by 5 A.

makes STM imaging sensitive to local electronic properties in addition to atomic structure. The
electronic disturbance resulting from the GB is expected to have a finite decay distance as
discussed in Fig. 3.7, which would lead to the GB appearing wider in STM imaging. The higher
chemical reactivity of GBs may also result in adsorbed impurities that could contribute to the

apparent width of the GBs.
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A zoomed-in image of the region marked by the black rectangle in Fig. 3.6a is shown in
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Figure 3.7. Band profiles across (a) 30° and (b) 60° GBs based on the series of dI/dV spectra
across 30° and 60° GBs shown. The Fermi level is indicated by the white dashed line, which
shows that the band gap narrowing results from the rise of the valence band maximum. For
both GBs, the typical decay length of such electronic disturbances is ~2 nm in each direction
from the GB. Although the GBs are narrow in real space (a few atomic sites wide), these
longer range electronic effects will be reflected in constant current STM images and lead to
the GBs appearing wider than expected in STM. It is worth noting that the extraction of band
edges are based on individual STS spectra, and not the apparent boundaries of the high
density of states (DOS) regions, since the initial rise of dI/dV curves at band edges does not
contribute to high contrast in these two-dimensional plots. The red regions are saturated
dI/dV signals due to the high DOS at GBs.

Fig. 3.6b. A linear superstructure is found at the interface between the GB region and the bottom
grain as indicated by the white dashed line. Along the GB direction, the periodicity of the
superstructure is 4-fold great than that of the bottom lattice. Based upon this superstructure and
the orientation of the GB, an atomic model is proposed in the bottom panel of Fig. 3.6b. The green
and blue arrows correspond to the zigzag lattice orientations of the top and bottom grains,
respectively. The pink area represents the GB region bordered by periodic facets along the zigzag
direction of the MoS: lattice. The periodicity of this superstructure is 4 times greater than that of

the lattice, which is consistent with the STM image in the top panel of Fig. 3.6b. The resulting GB
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orientation as indicated by the black arrow in the schematic is indeed rotated 45° from the zigzag

direction of the top grain (green arrow). Hence, this atomic model satisfies the critical observed
characteristics of the 30° GB. Bias-dependent images of this GB are provided in Fig. 3.8, which
show further details that support this proposed structure.

The electronic consequences induced by the 30° GB are explored with STS point spectra
taken across the GB, as shown in Fig. 3.6¢. The distance between two adjacent points in the inset
is 5 A. Far from the GB region in both domains, the band gaps are uniformly ~2 eV, which is
consistent with Fig. 3.2¢ and literature reports of MoS, bandgaps on graphite substrates (2.15
eV,33% 1.9 eV337). As the tip moves onto the GB, a band gap reduction to ~0.8 €V (i.e., a reduction

of ~1.2 eV) is observed and accomplished primarily by the rise of valence band maximum (VBM).
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Figure 3.8. Bias-dependent images of MoS: GBs. (a-¢) As the sample bias is increased from
a negative to a positive value, the apparent height of the 30° GB in decreases. This effect is
due to the high dI/dV value in the negative bias range at the GB, which effectively lifts the
tip during constant current scanning as it approaches GBs with negative sample bias. (f)
Zoomed-in image of the region marked by the rectangle in (c). At this bias, the GB shows
more structural details and closely matches the proposed model, which is partially
superimposed. (g) Large-scale STM images of an MoS> GB at different sample biases. The
line profiles across the GB at different biases are shown on the right side, demonstrating the
aforementioned behavior of decreasing GB apparent height with increasing bias.
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This observation agrees qualitatively with the observed band gap reduction at MoS; random tilt

GBs (i.e., ~0.85 eV at a 18° GB) and the trend that GBs with higher angles possess smaller
bandgaps.*>® Simulations and S/TEM results of GB structures also suggest that lattice distortions,
point defects, and atoms with different coordination from the bulk lattice can be present in
GBs. 34361365391 Fyrthermore, the resulting higher chemical reactivity due to local strain (e.g., from
sulfur vacancies**?) and/or under-coordinated atoms may lead to oxidation and adsorption of
impurities at GBs. All of these factors may contribute to additional electronic states in the band
gap and/or close to the band edges, leading to the reduced band gap at GBs.

A more common 60° GB is examined at the atomic scale in Fig. 3.9. The green and blue
arrows in Fig. 3.9a represent the respective zigzag directions of the top and bottom grains rotated
by 60° from each other. In this case, the GB has a rotation angle of 19° from the bottom grain (blue
arrow) indicated by the black arrow. The width of this GB is approximately 2 nm, which is slightly
smaller than that of the 30° GB. The zoomed-in periodic superstructure in Fig. 3.9b shows a
periodicity 3 times that of the MoS; lattice along the GB direction. The proposed atomic model
includes similar faceted interfaces with the corresponding periodicity in the superlattice. The
resulting 19° GB direction relative to the zigzag direction of the bottom grain within the model
again matches the orientation measured experimentally by STM. Since STM topography images
are a convolution of physical and electronic structure, determining the detailed atomic structure in
the GB region is difficult. It has been proposed that a disordered transition region in monolayer
MoS; exists to accommodate the local strain in a 18° tilt GB.?*¢ In addition, an STEM-based
study>* showed that 60° GBs (i.e., twin GBs) are ~20° rotated from the zigzag direction of the
MoS: lattice, which is consistent with the 19° rotation observed here. Our structure model is further

confirmed by their GB structure model consisting of primarily 8-4-4 membered rings at the
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interface of the GB, and the two grains being faceted with the same structure proposed in Fig.

3.9b.

Electronically, the 60° GB shows a slightly larger band gap reduction to ~0.5 eV primarily
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Figure 3.9. Atomic and electronic properties of 60° GBs. (a) An atomically resolved STM
topography image of a 60° GB. The zigzag directions of the top and bottom grains are
indicated by the green and blue arrows, respectively. The GB direction is indicated by the
black arrow, which is 19° rotated from the zigzag direction of the bottom grain. Vample = -
0.8 V, Lnneling = 50 pA. (b) Top: a zoomed-in STM image of the GB region marked by the
rectangle in (a). A fast Fourier transform was applied to this image to better emphasize the
superstructure of the GB edge. Bottom: a structural model for the 60° GB with the green,
blue, and black arrows corresponding to the zigzag directions of the top and bottom grains
and the GB direction, respectively. (c). A series of STS spectra taken across a 60° GB with
tip positions marked by the colored dots in the inset. The STS spectra show band gap
narrowing across the GB. Adjacent points are separated by 5 A.

due to the rise of the VBM, as demonstrated by the series of STS spectra taken across the GB
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shown in Fig. 3.9¢. This trend is consistent with literature precedent where larger tilt angles result

in smaller band gaps in monolayer MoS, on graphite.?>® The larger apparent height of the GB
compared to grain interiors imaged at negative sample biases in Fig. 3.9 can be explained by the
higher differential tunneling conductance, which is proportional to the sample density of states
(DOS), from -0.5 V to -2 V, when the tip is above the GBs. The increased DOS drives the tip
farther away from the GBs to maintain a constant tunneling current during STM imaging. This
electronic effect also explains why the apparent height of GBs decreases at positive biases as
shown in Fig. 3.8.

In summary, a detailed study of the intrinsic structural defects of rotationally
commensurate CVD-grown monolayer MoS; on EG has been carried out at the atomic scale using
STM and STS. Five types of point defects, including atomically resolved vacancies and
interstitials, were observed and occurred at lower areal density than alternative monolayer MoS»
sample preparation methods likely due to the nature of van der Waals epitaxy of MoS; on EG. GBs
were found to be more clearly imaged by STM than AFM due to their pronounced electronic
contrast. STS shows band gap narrowing at 30° and 60° GBs, resulting from additional DOS close
to the VBM. Based on the relative orientations of the GBs and the periodicities of the observed
superlattices, consistent structural models were proposed for each type of GB. Overall, this study
provides fundamental insights and a basis for ongoing efforts to realize defect engineering in 2D
TMDCs,>*33% especially for commensurate heterostructures enabled by substrates like graphene

where predictable GB orientations are present.

3.3 Mixed-Dimensional Heterostructures of C8-BTBT with MoS»/EG
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While device-scale demonstrations and fundamental charge/energy transfer studies of

organic/monolayer-MoS; heterostructures are heavily reported in literatures,!8!:190:332395.396
molecular scale characterizations of the ordered organic/MoS; interface remain largely unexplored.
Especially, though the combination of MoS> with the organic p-type semiconductor pentacene
results in gate-tunable photovoltaic p-n heterojunctions,'® the disordered molecular layer at the
interface is potentially responsible for the longer characteristics time (~6 ps) for hole transfer from
MoS; to pentacene than typical 2D-2D heterojunctions.®”-”> Given the importance of interfaces in
vertical heterostructures, it is highly desirable to identify an organic semiconductor that is not only

technologically relevant when integrated with MoS;, but also self-assembles into ordered

structures at the interfaces. One of the candidates is C8-BTBT, a large bandgap (~3.9 eV) p-type
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Figure 3.10. (a) Structure of the C8-BTBT molecule and schematic of the C8-
BTBT/MoS,/graphene mixed-dimensional heterostructure. (b) AFM height and (c) phase
image of sub-monolayer C8-BTBT deposited on MoS2/EG. (d) AFM height image of an area
with bilayers of C8-BTBT. (e) Extracted height profiles from the corresponding traces shown
in d. (f) STM image of the MoS2/EG boundary covered by monolayer C8-BTBT. Inset:
extracted height profile measured along the green line.
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semiconductor that has recently gained a lot of attention. It is among the highest mobility organic

molecules with demonstrated carrier mobility up to 43 cm?V-!s! in thin film transistors.>*’-*® The
self-assembly structure of C8-BTBT has been illustrated on semimetal graphene and insulating
hBN nanoflakes obtained via mechanical exfoliation.>***92 However, p-n heterojunction between
semiconductors is desired for ubiquitous electronics and optoelectronics applications. Though the
integration with n-type MoS; is highly interesting, to our knowledge, the molecular ordering of
C8-BTBT on MoS; remains undetermined. Because molecular ordering can significantly influence
the charge and energy transfer processes across the heterojunction,®*%** we explore the 0D-2D
heterostructure composed of monolayer MoS,, graphene and C8-BTBT at the molecular scale
using UHV STM/STS.

To minimize contamination from exfoliation, high quality rotationally commensurate
MoS: grown via CVD on EG/SiC!54% is used for the UHV deposition of C8-BTBT. The resulting
vertical p-n heterojunction (Fig. 3.10a) is a prototype architecture for photodetectors, photovoltaic
cell and light-emitting diodes, where the bottom EG acts as a transparent conductor, !90-329:404-406
Sub-monolayer C8-BTBT deposited on MoS2/EG exhibits a smooth surface morphology as shown
in the AFM height image in Fig. 3.10b, implying ordered molecular layers. In addition to the
triangular MoS> domains indicated by the red arrow and terraces from EG and SiC, regions of
depressions indicated by the yellow arrow are present and show enhanced contrast in the phase
image of the same region (Fig. 3.10¢). This can be rationalized by assigning the depressed regions
to exposed EG surfaces, whereas the rest of the surface is covered with C§8-BTBT layers. Such
assignment is first supported by the fuzzy boundaries of the depressed regions when imaged at
higher resolution (Fig. 3.11a,b), consistent with mobile molecules found at a molecular domain

boundary during AFM imaging. Fig. 3.10d shows another area with additional layers of C8-BTBT.
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The step edge profiles across a MoS; layer (red), a depressed region boundary (green), and a

thicker C8-BTBT layer boundary (blue) are shown in Fig. 3.10e, where the step heights of 0.7 nm,
0.5 nm, and 1.6 nm are extracted, respectively. The 0.7 nm step height corresponds well to the
thickness of a monolayer MoS;, suggesting identical C8-BTBT thicknesses atop MoS: and EG.

The 0.5 nm step height matches the reported thickness of a monolayer (1L) of C8-BTBT on

Q Height

ol 35nm so° I o0 o @ s5nm

Figure 3.11. (a) AFM height and (b) phase images of Cs-BTBT deposited on MoS2/EG. The
red arrows indicate the fuzzy boundaries of the depressed regions (i.e., exposed EG). Such
fuzziness is likely from the moving molecules caused by the scanning AFM tip. On the other
hand, other step edges such as the MoS: (green arrow) and graphene (blue arrows) step edges
covered uniformly by Cs-BTBT remain abrupt. (c) AFM height image of an area with
multiple layers of Cs-BTBT. The red arrows indicate triangular MoS, domains where multi-
layer Cs-BTBT doesn’t grow onto.

graphene with a lying-down configuration,**® supporting our assignment of the depressed regions
as bare EG. Finally, the 1.6 nm step height is expected for the second layer (2L) of C8-BTBT on
graphene adopting a semi-standing-up configuration, where individual molecules are vertically
self-assembled but with a considerate tilt angle.**° Therefore, we have obtained the heterostructure
composed of 1L C8-BTBT over monolayer MoS> on EG, further confirmed by the STM image
shown in Fig. 3.10f, where rows of C8-BTBT molecules are present on both MoS> and EG with
an expected monolayer MoS; step height of ~0.8 nm. It is worth noting that while regions of

exposed EG exist under sub-monolayer C8-BTBT coverage (Fig. 3.10b), no exposed regions of



119
MoS; are detected. At higher coverages (Fig. 3.10d), the 2L. C8-BTBT instead nucleates on 1L

C8-BTBT/EG regions and avoids 1L C8-BTBT/MoS; domains as shown in Fig. 3.11c. Such
phenomena of preferential adsorption have been observed in other material systems such as
organics on borophene?* and GaSe,*’ and could potentially be explained by the difference of
adsorption enthalpies of the molecules.

While multilayers of undoped C8-BTBT is too insulating for stable STM imaging, the

JH A -
ko

Figure 3.12. (a) STM images of self-assembled 1L C8-BTBT on EG and (b) MoS2,
respectively. (c,d) STM images of two chiral structures of 1L C8-BTBT and their schematics
on MoS2. (e) 1L C8-BTBT self-assembles continuously over point defects (indicated by
arrows) in the underlying MoS2 and (f) EG.

structure of self-assembled 1L C8-BTBT on EG and MoS; could be resolved at the molecular scale
as shown in Fig. 3.12a,b, respectively. Both structures appear as linear chains with similar widths

(2.53 and 2.59 nm on EG and MoS;, respectively) and periodic intra-chain segments (0.68 and
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0.71 nm on EG and MoS,, respectively), suggesting similar or identical self-assembly structures

of 1L C8-BTBT on both surfaces. Such dimensions are in agreement with the structure of 1L C8-
BTBT adopting the lying-down configuration.**! However, this result contrasts previously
reported standing-up configuration of 1L C8-BTBT on MoS; surfaces inferred only from step
height measurements from atomic force microscopy.**® Higher resolution images of C8-BTBT on
MoS: reveal two chiral structures that have not been observed previously (Fig. 3.12¢,d), though
they are expected from the geometry of individual C8-BTBT molecules. The two arrangements of
the molecules are shown schematically at the bottom of Fig. 3.12¢,d. Though the point defect
density of such rotationally commensurate MoS; is almost an order of magnitude smaller than

MoS: grown on amorphous oxide substrate,**

a large number of point defects do exist as local
protrusions and depressions as shown in Fig. 3.13a. Similarly, protruded point defects are
commonly observed on bare EG surfaces after graphitization in UHV (Fig. 3.13b). As shown in
Fig. 3.12e,f and Fig. 3.13c-e upon the deposition of 1L C8-BTBT, the molecules are found to self-
assemble conformably and continuously across such protruded (blue arrows) and depressed (white
arrow) point defects without being perturbed. Furthermore, the molecular stripes also extend
across the step edges of single EG layers (Fig. 3.13e). Such relative insensitivity to surface defects
of MoS; and EG leads to a lower defect density in 1L. C8-BTBT, a highly desirable property for
obtaining highly ordered C8-BTBT layers with well-defined organic-inorganic interfaces, as well
as templating subsequent surface chemistry.

Since the CVD grown MoS: adopts triangular domain shapes, the crystallographic

orientation of MoS, could be inferred even when the atomic lattices could not be resolved with the
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Figure 3.13. (a) STM image of a pristine monolayer MoS: surface showing the presence of
protruded (blue arrow) and depressed (white arrows) point defects. (b) STM image of a
pristine EG surface showing not only the atomic lattices and the 63 reconstruction, but also
the presence of protruded point defects (blue arrow). (¢) STM images of 1L C8-BTBT
covered MoS: and (d) EG, where the molecular self-assembly is not perturbed by the
underlying point defects (white and blue arrows). (e) 1L Cs-BTBT continuously covers the
step edge (white arrow) of graphene and point defects (blue arrow).

C8-BTBT over-layers. Though MoS: possesses a 3-fold symmetry, 1L C8-BTBT covering a MoS:
flake typically forms a single crystalline domain. If we define the acute angle between the C8-
BTBT stripe orientation (red lines) and the MoS, domain edge as « (inset of Fig. 3.14a), this angle
is on average about 68° across 19 domains, as shown in Fig. 3.14a, indicating preferred registry of
C8-BTBT on MoSo. If the triangular MoS, domains are assumed to have Mo-terminated edges,
the relative orientation of 1L C8-BTBT can be deduced as schematically shown in Fig. 3.14b.
Together with the predictable GBs (30° and 60°) of MoS, resulting from rotational
commensurability on EG,** such rotational registry with MoS: renders the types of GBs in 1L C8-

BTBT highly limited, minimizing uncertainties in charge carrier scattering at GBs. For instance,
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Figure 3.14. (a) Distribution of & defined by the relative acute angle between the edge of a
MoS: domain and the stripe orientation of 1L C8-BTBT (red lines). (b) Schematic illustration
of the orientation of 1L C8-BTBT on MoS:. (c-e) STM images of 30°, 60°, and 21.1° GBs of
MoS: covered by 1L C8-BTBT and schematic illustrations, respectively. In d, the layer-
numbers of the MoS; are labeled. Inset in e: a zoomed-in STM image of the interface region.

Fig. 3.14c-e shows STM images of 1L C8-BTBT self-assembly across the commonly observed
30°, 60° and a rarely observed random 21.1° MoS> GB, respectively. The orientation of the 1L C8-
BTBT on each domain is indicated by the white dashed lines, and schematically shown in the
insets, in agreement with the above-determined angle of «. Especially, for the 21.1° GB in Fig.
3.14e, the expected relative angle between adjacent C8-BTBT domains is 22.9°, in close agreement
with the measured angle of 23.8°. In Fig. 3.14d, the orientations of C8-BTBT are different on the
three layers of MoS,, but still agree with the model in Fig. 3.14b. Though MoS, GBs are known

to present additional electronic features that decay into each domain over a length scale (~3-4 nm)
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larger than the size of an individual C8-BTBT molecule,*®® the molecules assemble and join

abruptly at the GBs shown in the inset of Fig. 3.14e as an example. Again, this result demonstrates
the high tolerance of C8-BTBT self-assembly with respect to substrate inhomogeneity due to

strong inter-molecular interactions, in contrast to site-specific self-assembly of molecules on

" (42,CoBTBT/EG
v s M 3
. a{)

Figure 3.15. (a) STM image of 1L Cs-BTBT on EG with 60° rotations between different
domains. (b) A pristine defect free region of EG showing both the honeycomb graphene
lattice and the larger scale 6V3 reconstruction. (¢) Left: STM image of 1L Cs-BTBT on EG.
Right: The Fourier transform of the image on the left shows not only spots corresponding to
the ordered molecular stripes (blue circles), but also points corresponding to the 63
reconstruction (yellow circles) that are rotated by 16.6° from the molecular stripes. By
choosing only the points corresponding to the 6\3 reconstruction, the filtered image (bottom
right) indeed confirms the 63 reconstruction. (d) Given the fact that the lattice of graphene
is rotated by 30° with respect to that of the 6\3 reconstruction, the orientation of the 1L Cs-
BTBT on EG could be determined as schematically shown.

textured surfaces.*”*!19 For 1L C8-BTBT on EG, different domains are expected to rotate by 60°

in accordance with the 6-fold symmetric EG surface (Fig. 3.15a). A similar approach is used to
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deduce the relative orientation of 1L C8-BTBT on EG, which is in agreement with earlier

computational results (Fig. 3.14b-d).*"!
Electronically, the differential conductance, which is proportional to the sample density of
states, of 1L C8-BTBT on EG and MoS; are shown in Fig. 3.16a (6 curves each) measured by

point STS. The resulting curves are similar from which a gap of ~4 eV is measured. Interestingly,
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Figure 3.16. (a) STS spectra of 1L C8-BTBT on EG and MoS; (measured at 6 positions on

each region). (b) Differential conductance from a series of STS spectra taken across a 60°

GB of MoS; covered by 1L C8-BTBT (inset).

the Fermi level lies around the center of the gap suggesting an intrinsic instead of a p-type character
of 1L C8-BTBT reported from TFTs measured in ambient.3”3% This could likely be explained by
the complete depletion of the 1L C8-BTBT when interfaced with the n-type MoS> and the
intrinsically n-type doped EG*'! due to the small thickness of the molecular layer, as well as the
lack of p-type atmospheric doping that is typically experienced in thin film transistors
measurements in ambient*'? since the sample in this study is fully prepared and measured in UHV.
By performing a series of STS measurements across the GB of 1L C8-BTBT over a 60° MoS: GB
(Fig. 3.16b inset), the gap size is observed to decrease by ~0.3 eV at the GB. This value is a much

smaller than the ~1.5 eV band gap reduction we previously determined on bare 60° MoS, GBs,**
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implying 1L C8-BTBT layer can effectively screen the local electronic states of the underlying

MoS:.

In summary, we have identified C8-BTBT as a promising molecule that will form well-
defined interfaces with n-type MoS>. We demonstrated the fabrication of C8-BTBT/MoS2/EG
mixed-dimensional heterostructures with all components obtained from bottom up growth that is
compatible with large-area processing. The first C8-BTBT layer is found to self-assemble into
expected chiral structures on mono- and few-layer MoS; adopting a lying-down configuration
identical to that on graphene. The relative orientations of C8-BTBT molecules with MoS: and
graphene are determined. Moreover, the C8-BTBT layer is found to be highly tolerant to
underlying structural and electronic variations caused by lattice defects in 2D materials as
evidenced from the continuous self-assembly of the molecules over point defects, abrupt interfaces
at MoS2 GBs and step edges, and minor variations of the density of states across MoS> GBs. These
results will likely inform on-going efforts in developing highly efficient hybrid TMDC-based

optoelectronic and photovoltaic devices.
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Chapter 4: Borophene: Characterization, Functionalization, and

Passivation

This chapter is based partially on the following publications and preprints:

X. Liu, Z. Zhang, L. Wang, B. 1. Yakobson, and M. C. Hersam, Intermixing and Periodic Self-
Assembly of Borophene Line Defects, Nature Materials 2018, 17, 783—788

X. Liu, Z. Wei, 1. Balla, A. J. Mannix, N. P. Guisinger, E. Luijten, and M. C. Hersam, Self-
Assembly of Electronically Abrupt Borophene/Organic Lateral Heterostructures, Science
Advances 2017, 3, €1602356.

X. Liu, L. Wang, S. Li, M. S. Rahn, B. I. Yakobson, and M. C. Hersam, Resolving atomic lattice
structures of borophene polymorphs with functionalized probes, in preparation.

X. Liu, M. S. Rahn, E. B. Aklile, and M. C. Hersam, Oxidation and Effective Passivation of
Borophene, in preparation.

4.1 Introduction to Borophene
Direct synthetic pathways in the atomically thin limit enable 2D materials that are not

layered in the bulk.”* The rapid ascent of graphene has driven extensive interest in additional

252

atomically thin elemental 2D materials including phosphorene,?? stanene,*® and most recently,

borophene.!!'? Unlike the naturally layered structures of bulk graphite and black phosphorus,
boron exhibits significantly more complex and diverse bulk structures due to the rich bonding

configurations among boron atoms.*!*>*#!> Studies of atomically thin boron sheets, collectively

11,12 416-418

referred to as borophene, primarily relied on theoretical predictions until recent studies

experimentally demonstrated borophene synthesis on Ag(111) substrates. Theoretical calculations
predict multiple possible borophene polymorphs that possess similar formation energies but
different arrangements of hollow hexagons (HHs) in an otherwise triangular lattice.*!641%420 Such

418,421

polymorphic nature of borophene, rooted in the rich bonding configurations among boron



127
atoms, further distinguishes it from most other 2D materials and offers an additional tuning knob

for tailoring material properties.
Indeed, experimental studies have revealed multiple borophene phases whose relative

occurrence depends on the growth conditions.!!"1?

The growth substrate plays a major role in
stabilizing borophene and determining its structural properties such as substrate-induced
undulations*?? and the shift of the structural ground state when grown on substrates compared to
vacuum.*!? Practically, borophene stability is an important factor towards realistic applications

including transferring borophene onto other substrates. Theoretically, both dynamic stability**?

and instability***

of free-standing borophene have been reported as indicated by the absence and
presence of imaginary portions of the phonon spectrum, respectively. Compared to
semiconducting bulk boron, borophene is an anisotropic metal!!:12422425 with unique surface
chemistry that strongly influences molecular self-assembly, which will be detailed later.?*
Moreover, experimental evidence for massless Dirac fermions,® theoretically predicted

426 and a tendency of defect self-assembly (the following section)*?” expand its

superconductivity,
desirable characteristics, making borophene a highly promising platform for novel material

physics with potential utility in next-generation electronic technologies.

4.2 Defects in Borophene

While most theoretical predictions have assumed perfect crystalline structures, defects are
inevitable in as-grown borophene, necessitating atomic-scale studies of defects. Although
extensive research has explored point and line defects in graphene*?®#?° and transition metal

dichalcogenide monolayers,>*3%34% borophene defects remain essentially unexplored. Here, we
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perform an atomically-resolved study of borophene under growth conditions that concurrently

e f~ 97z

@ 3 E In situ XPS B1s s O1s
S 25 z z
K}
S 2 © jlc_-! Y et i e i

L PN £ =L ; : .

"~ -04-02 0 02 04 200 195 190 185 180 550 540 530 520
Sample bias (V) Binding energy (eV) Binding energy (eV)

Figure 4.1. Growth of pristine borophene on Ag(111) thin films. (a,b) Large-scale (a) STM
topography and (b) STS map of borophene grown on Ag(111). (c,d) Atomic-resolution STM
images of (¢) viss and (d) vis borophene sheets with inter-row spacings of 0.54 + 0.03 nm
and 0.45 + 0.02 nm, respectively. (e) Six STS spectra taken on different positions of the viss
and vi/s borophene sheets showing metallic behavior. (f,g) In situ XPS spectra of the (f) B 1s
and (g) O Is core levels indicating pristine borophene growth. STM bias voltages: (a,b) Vs =

~1V,(c) Ve=-035V, () Vi=-12V.

yield multiple borophene phases and thus relatively high concentrations of line defects.

Fig. 4.1a shows an STM image of sub-monolayer borophene following deposition of boron
on Ag(111) in UHV. The bright dots correspond to small boron particles that are typically present
as minority species after borophene growth.!!'?2* Due to the convolution of topographic and
electronic structure in STM imaging, the borophene islands appear as depressions under these
imaging conditions, consistent with previous reports.'!:'22* Atomically thin island structures have
also been observed for sub-monolayer coverage of metals deposited on surfaces**° and nitridized
metal surfaces.*3! However, those islands are either alloys with the substrate or covalently bonded
to the substrates, which is distinct from the weaker noncovalent interaction between borophene

and the silver substrate. The borophene islands of the same region are more clearly distinguished
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in the STS (dZ/dV) map (Fig. 4.1b) as brighter domains. At substrate growth temperatures between
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Figure 4.2. Temperature dependence of borophene growth in the range of 350°C - 500°C.
(a-g) Representative STM images of borophene grown at different temperatures. The regions
corresponding to the vis and vis phases are labeled with red and blue rectangles,
respectively. Outside this temperature window, growth yields primarily 3D boron particles.
(h) Areal percentage of vi/5s phase borophene as function of growth temperature. This plot
reveals that low temperature growth (e.g., 350°C) favors the vis phase while high
temperature growth (e.g., 500°C) favors the vi/s phase, with a gradual transition over this
150°C window.

440°C and 470°C, two distinct borophene phases are consistently observed, corresponding to the
vi6 and vis structures with HH concentrations being v = 1/6 and 1/5, respectively (v = n/N, where
n is the number of HHs in an otherwise triangular lattice with N lattice sites).!!"'>>4 The temperature
dependence of borophene growth over a wider temperature window is given in Fig. 4.2, which
shows a gradual transition from vi/s to vi/s phase borophene as the growth temperature is increased
from 350°C to 500°C. DFT calculations (in collaboration with Prof. Boris Yakobson’s group at

Rice University) show similar chemical potentials and thus similar thermal stabilities of these two
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-6.357 eV/atom, Fig. 4.3) in agreement with previous

-6.359 eV/atom, vis:
Atomic-scale STM images of the two phases are provided in Fig. 4.1¢ and d, respectively.
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Fig. 4.4a shows a spatial derivative image of the STM topography (Fig. 4.4b), which more

Figure 4.3. Models used in DFT calculations of vis (left) and vi/s (right) borophene sheets

(red balls) on Ag(111) surface (white balls). The blue boxes in both images represent the
structural supercells used in the calculations. The two sheets have nearly identical chemical

potentials as provided below each panel, supporting the co-existence of the two structures

experimentally.

0.45 + 0.02 nm) in agreement with previous work.'? Both sheets are metallic as evidenced by the
spectrum of the Bls core-level is fit with two sub-peaks (187.6 eV and 188.9 eV) corresponding

to distinct B-B bonds. The absence of oxidized boron peaks around 192 eV*? coupled with

resembling a brick-wall pattern in the vi/5 sheet (indicated with blue rectangles; inter-row spacing:
clearly reveals that the larger borophene island is composed of both vi and vi/s sheets with

While the repeating rectangular structural units are aligned in adjacent rows in the vi sheet
(indicated with red rectangles; inter-row spacing: 0.54 £+ 0.03 nm), these units are staggered
minimal Ols core-level signal (Fig. 4.1g) confirms the pristine nature of borophene.

dZ/dV curves taken on each phase at 300 K (F
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respective line defects indicated by the blue and red arrow heads. The line defects in the vi/6 sheet
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Figure 4.4. Presence of line defects in borophene. (a,b) (a) Derivative image of the (b) STM
topography of borophene islands revealing the presence of parallel line defects. The vi/6 and
v1/s borophene regions are labeled, and their respective line defects are indicated by the blue
and red arrow heads. (c) Schematic depiction of the distribution of line defects in vis (red)
and vi5 (blue) borophene domains based on the image in (a). The line defects are colored
oppositely. (d) STS map of the same region, showing minimal electronic contrast within the
borophene sheets. STM bias voltages: (b,d) Vs =-0.65 V.

resemble the brick-wall structure of the vi/5 sheet, suggesting non-unique assignments of phase

boundaries. This phase intermixing is schematically shown in Fig. 4.4c, where the vi and viss
sheets are colored red and blue, and the corresponding line defects are colored blue and red.
Despite the relatively high density of line defects, STS mapping of the same region at 300 K reveals
minimal contrast (Fig. 4.4d). DFT calculations confirm the metallic nature of the line defects (Fig.
4.5), implying minimal impact on the electronic properties of metallic borophene at room

temperature.
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Figure 4.5. DFT-calculated density of states (DOS) of the vi/s and vi line defects in (a) viss
and (b) vi/s borophene sheets, respectively. The contributions from the vi/s and vis structures
are colored blue and red, respectively. The DOS contributed by the line defect is shown blue
in (a) and red in (b), both rescaled by 10 times for clarity; the DOS in grey contains the
projection of substrate. The total density of states (black) suggests both line defects are
metallic.

DOS (a.u.)

Atomically resolved STM images are provided in Fig. 4.6a and b, where line defects in
vi/6 and vi5 sheets are indicated by blue and red arrow heads, respectively. The line defect in the
vis6 (vi/5) sheet is represented by staggered (aligned) blue (red) rectangles in Fig. 4.6a,b, suggesting
the line defect in the vi/s domain resembles the unit of a vi/5 sheet and vice versa. In addition, the
respective inter-row spacings of the line defects in vi/s and vi5 sheets are 0.45 + 0.02 nm (denoted
as d») and 0.54 = 0.03 nm (denoted as d1), matching those of the vi/s and vi/s sheets.

We further compare our experimental observations with DFT modeling that takes into
account contributions from the Ag substrate (see details in the Methods section). The regions
enclosed by the blue, gray, and green boxes in Fig. 4.6a,b are displayed in Fig. 4.6¢, corresponding
to the phase boundary of the vi/5s and vi/ sheets (blue), and line defects in vis (gray) and vis (green)
sheets, respectively. These images are schematically depicted using the aforementioned red and
blue rectangle structural units in Fig. 4.6d for clear comparison. Corresponding structural models
were generated using a large supercell (up to 800 atoms), with the DFT-relaxed structures shown
in Fig. 4.6e. The templating effect of the substrate results in epitaxial growth of the two phases

with parallel HH rows. The registry of the two lattices along the horizontal rows further allows the
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vise and viss sheets (shaded red and blue, respectively) to connect seamlessly and exhibit an
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Figure 4.6. Atomic structures of borophene line defects. (a,b) STM images of line defects
in vi/6 and vi5 borophene sheets indicated by blue and red arrow heads, respectively. (c)
Regions of the blue, gray, and green boxes in (a,b), corresponding to the boundary of vis
and viss sheets, line defect in vis, and line defect in viss, respectively. (d) Schematic
representations of the three regions in (c). (¢) Relaxed structure models (top) and zoomed-
in structures (bottom) corresponding to the three regions in (c). The vi and vi/s structures
are shaded red and blue, respectively. (f) Cross-sectional views of the relaxed structures in
(e), showing no out-of-plane buckling. (g) Simulated STM images based on the structures
in (e), showing close agreement with the experimental data. STM bias voltages: (a) Vs =—
038V, (b) Vs=-091 V.

atomically smooth phase boundary, as shown by the zoomed-in images in Fig. 4.6e. In other words,
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each line defect is a row of the vi/s or viss structure inserted in the vis or viss sheet, respectively.

The cross-sectional views of the DFT-relaxed structures on Ag(111) are shown in Fig. 4.6f,
revealing no observable out-of-plane distortion even at phase boundaries, which contributes to
their high stability. The calculated values di = 0.51 nm and 4> = 0.43 nm agree well with the

experimentally measured values. In addition, the simulated STM images in Fig. 4.6g based on the
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Figure 4.7. Self-assembly of borophene line defects and formation of new phases. (a)
Schematic models of perpendicularly interfacing vis and vi/s sheets (shaded red and blue,
respectively), where the boron rows in each sheet are perpendicular to each other. The large
lattice mismatch causes high interfacial energies. (b) The structures of vi/ and vi/5s rows
(top), and an example of forming a new boron phase by assembling vi and vis rows
(bottom). (c) A borophene sheet containing domains with different periodic assemblies of
vi6 and vis rows, including two new phases of borophene (1736 and va4/21 sheets). STM bias
voltage: Vs=-1.3 V.

structures in Fig. 4.6e are in excellent agreement with the experimental STM images, thus
corroborating the proposed structures.
The perfect lattice match along the HH rows at the phase boundaries results in a negligible

interface energy, in contrast to substantial interface energies in other configurations due to large
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lattice mismatches (schematically shown in Fig. 4.7a). This anisotropic intermixing phenomenon

is in contrast to silicene, which is also a synthetic 2D material with multiple phases.**3#* Despite
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Figure 4.8. The relative change of total energy at 728 K of different line defect
configurations. A vi/s row in a vi/s sheet is shifted from the periodic configuration (A) to the
right resulting in aperiodic configurations (B, C, and D). The increase of energy indicates
that spatially periodic line defects are the most energetically favorable.

the subtle structural differences among silicene phases, the phase boundaries are complex, leading
to isolated domains without phase intermixing,*****> which can be attributed to the rotationally
distinct registry of each silicene phase with the substrate and the weak capability of silicon to form
variable chemical bonds. On the other hand, the vis and vi;s borophene sheets are highly
anisotropic and share the same lattice parameters and rotational registry with Ag(111) along HH
rows, 2425 emphasizing the importance of the Ag substrate in templating the coherent assembly of
different borophene rows with sharp interfaces and the resulting well-defined line defects. This
result also highlights how structural anisotropy in 2D materials not only results in anisotropic
materials properties, but also influences the nature of crystal defects.

The lattice registry along the HH rows suggests the vis and vi/s rows can act as building

blocks to assemble into additional 2D borophene sheets (Fig. 4.7b), partially facilitated by the
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noncovalent nature of the interaction between borophene and the substrate. While this framework

d

dl/dV(nS)

2.2
|

-50 0 50
Sample Bias (mV)

Figure 4.9. Electronic modulatio
borophene measured at ~4 K, revealing a gap feature at the Fermi level. (b) STM topography
and (c) STS map of a vis borophene domain. The inset in (b) shows the borophene
orientation. (d,e) Fourier transforms of the images in (b,c). The yellow and blue arrow heads
indicate points corresponding to the inter-row spacing and the 3x2 superstructure,
respectively. (f) STM topography and (g) STS map of a mixed-phase borophene domain.
(h) Direct comparison of the vi/5 borophene regions enclosed by the yellow and green
rectangles in (f) and (g). The blue arrow heads indicate the apparent 3x2 superstructure.
STM bias voltages: (b) Vs =50 mV, (f) Vs=—-40 mV, (h) Vs =—40 mV.

seemingly accommodates arbitrary combinations of vi and vi/s rows, line defects often show local

periodicity (Fig. 4.4a). This observation is explored with DFT calculations, including finite
temperature contributions and substrate interactions, by shifting one line defect (e.g., a vi/s row in

a vi5 sheet) off its periodic position (Fig. 4.8). The total energy increases as the line defect is
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Figure 4.10. Origin of the superstructure. (a), 100 STS spectra taken across the region
shown in the STM topography along the green line. Periodic modulations of the topography
and local density of states (LDOS) in regions of pure vi/s phase borophene are indicated by
the blue arrow heads. The straight and parallel patterns across the -0.15 V to 0.15 V bias
range indicate that the superstructure periodicity does not change with energy. (b-d) STM
topography images of vi/s phase borophene domains that are free of defects and far away
from material boundaries at different sample biases. (e-g) The corresponding Fourier
transforms of the images in (b-d). Since the periodicity of the superstructure remain the
same at different sample biases, the periodicity is independent of energy.

displaced from its periodic position, rendering the structure with periodic line defects as the ground

state, which is consistent with the different amounts of charge transfer from the Ag substrate to
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the vi;s and vis rows due to their different HH concentrations.*?® Since crystals are defined by

atomic ordering and structural periodicity, borophene domains with periodic assemblies of vi/s and
vi/s Tows can be equivalently viewed as new borophene phases. For example, Fig. 4.7¢ shows a
borophene domain displaying different regions defined by line defects with distinct periodic
lengths, as separated by the white dashed lines. The HH concentration of a periodic assembly of
m vi/6 and n vi5 units in a supercell is v = (m + n)/(6m + 5n). In this manner, we identify two new
borophene polymorphs in Fig. 4.7¢, whose supercells are composed of one vis unit assembled
with three and six vi5 rows, with v =4/21 and 7/36, respectively.

With increased energy resolution at low temperatures (~4 K), a gap at the Fermi level is
revealed in the STS spectra of vi/5s and vis phase borophene (Fig. 4.9a) with two shoulders at ~
+45 mV. Moreover, periodic modulations appear in the STS map (Fig. 4.9¢) of vi;s phase
borophene (Fig. 4.9b), which are better visualized in the Fourier transforms of the topography and
the STS map as respectively shown in Fig. 4.9d,e. The points indicated by the yellow arrow heads
correspond to the inter-row spacing of 0.45 nm, and the blue arrow heads indicate points from a
superstructure with ~1.33 nm periodicity corresponding to 3 boron rows. The borophene
orientation is schematically shown in the inset of Fig. 4.9b. Since the unit cell of vis phase
borophene contains 2 boron rows, this superstructure can be categorized as 3x2. This periodicity
is independent of energy and is inconsistent with a Moiré pattern or Friedel oscillations, as detailed
in Fig. 4.10. Specifically, we rule out the possibility of this superstructure being a Moir¢ pattern

since the distance across 2 vi/5s boron rows (instead of 3) corresponds to 3 Ag(111) lattice spacings
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(which gives rise to the staggered brick-wall pattern). The fact that the superstructure is present on

defect-free and boundary-free borophene regions with uniform modulations (panels b-d, top part
of Fig. 4.9f) suggests that Friedel oscillations, whose amplitude decays away from perturbation
centers, cannot explain the observed phenomenon. Given those observations and the metallic
nature of borophene, the superstructure is consistent with a CDW, which is corroborated with DFT
analysis (Fig. 4.11). Fig. 4.9f,g shows the topography and STS map of a mixed-phase borophene
region, respectively. While the borophene in the yellow rectangle is within a larger vi/s region, the
borophene in the green rectangle is confined by two line defects. The electronic modulation is
enhanced in the confined region (Fig. 4.9g), but with the same periodicity. The topography of the

two regions are directly compared in Fig. 4.9h, where the superstructure is readily visible in the

Doping: 0 Doping: 0.2 eV/

Doping: 1.0 eV A
— —

Figure 4.11. DFT calculations of the Fermi surfaces of vi/s phase borophene at doping levels
of (a) 0 eV, (b) 0.2 eV, and (c) 1.0 eV. The inset in (a) denotes the crystal orientation. The
blue and red lines are Fermi surface contours of different electronic bands, while the light-
purple thick lines indicate the location of approximate nesting. The purple arrows indicate
the Fermi surface nesting vector. The Brillouin zone is marked by the gray lines. The linear-
motif structure of vi/s phase borophene results in the anisotropic Brillouin zone and a dog-
bone, nearly-rectangular Fermi contour. With increasing doping level (known to occur due
to electron transfer from Ag), the quasi-1D characteristic of its Fermi contour becomes more
obvious. The two segments of the Fermi surface that are connected by the Fermi surface
nesting vector ¢ = 2/3by also increase. The direction and especially the size of this vector

are consistent with the experimentally observed superstructure in the y direction with a
periodicity of 3 boron rows.

topography of the confined vis region as indicated by the blue arrow heads. In vs21 phase

borophene, the 3x2 modulation is absent, which is expected given the very narrow vi;s regions
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(Fig. 4.12).

In summary, we have performed atomic scale characterization of line defects in vis and
v1/s borophene sheets, revealing that the line defects in each phase adopt the structure of the other
phase and preferentially self-assemble into periodic arrays, resulting in the formation of new
phases of borophene. This work thus establishes line defects (i.e., vi and vi/s rows) as the building
blocks for a multitude of borophene crystalline phases with a single tuning parameter being the
mixing ratio of the two rows. This blurring of the definition of crystalline domains and line defects
in borophene is enabled by the similarities of the vi/s and vis lattice constants, atomic registry with
the Ag(111) substrate, and the high structural anisotropy. Since the line defects in borophene

possess similar metallic structure to the pristine vis and vis sheets, the electronic properties of

LowDoS [  High DOS
Figure 4.12. Low temperature STM/STS characterization of vs»1-phase borophene. (a)
STM topography, (b) STS map, and (c) calculated LDOS map of v421 phase borophene. The
3x2 superstructure is no longer present. Instead, the vi/s rows appear darker and the vi rows
appear brighter in the STS map, corroborated by the calculated LDOS map.

borophene are relatively unperturbed by its underlying structural complexities at room temperature,

although subtle electronic modulations consistent with a CDW are observable in the low
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temperature limit. In addition, 2D material-based faceted nanotubes with highly tunable electronic

436,437

properties have been theoretically predicted but not yet realized. Two strategies proposed

with phosphorus involve laterally stitched 2D polymorphs**

and a single phase 2D sheet but with
parallel line defects.**” Mixed-phase borophene addresses both of these strategies concurrently by
offering not only parallel line defects, but also equalizing line defects with borophene polymorphs.
The periodic arrangement of line defects may further lead to highly symmetric nanotube cross-
sections, which are otherwise difficult to engineer. Given the differences in physical (e.g., bending
stiffness,*** thermal conductivity*?®) and electrochemical (e.g., ion adsorption and migration on
borophene-based battery anodes**®) properties of the two phases, borophene sheets with tunable
characteristics could be imagined under various periodic line defect arrangements. For example,
mixed-phase borophene may offer structurally-tunable near-infrared plasmonic devices.*** Overall,
this study reveals the unique nature and implications of line defects on the structure and properties
of borophene, which will inform future fundamental studies including the investigation of

426 and observed Dirac

interactions between CDWs and defects, predicted superconductivity,
cones® in mixed-phase borophene in addition to emerging efforts to realize borophene-based

applications.

4.3 CO-Functionalized Scanning Probe Microscopy of Borophene Structures

As mentioned above, borophene lattice is characterized by periodic arrangement of HHs in
an otherwise triangular lattice. Together with such complicated lattice structures, borophene’s
polymorphism adds to the complexities and challenges to unambiguously resolve and identify
borophene structures experimentally. Indeed, real-space imaging of borophene structures has so

far been limited to conventional metal-tip STM.!!1!1224427 The highly convoluted nature of
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Figure 4.13. Imaging vi/s phase borophene with bare and functionalized probes. (a) Bare-
tip STM image of intermixed vi/5 (colored blue) and viss (colored red) phase borophene. (b)
A neighboring Ag(111) surface, where the angle between the HH rows of borophene
(horizontal) in a and the Ag atomic chains is 30° as expected. (c) Schematic illustration of
the rotational orientation of vi/s and vi phase borophene on Ag(111). The arrows mark the
unit cells of the HH lattices in each phase. (d) Bare-tip STM image of vi/5 phase borophene.
(e) Inelastic electron tunneling spectroscopy on borophene with a CO-functionalized tip. (f)
CO-AFM image of vis phase borophene. (g) Simulated CO-AFM image of vis phase
borophene with overlaid atomic structure. (h) CO-STM and (i) dynamic CO-STM image of
vi/s phase borophene. The red arrows in f, h, and i denote the unit cells corresponding to the
HH lattice. Vs=-10mV ina, 20 mVinb, 100 mV ind, -7 mV inh, and 15 mV in i.

experimental STM images and Moiré superlattices with underlying substrates render direct
identification of complex borophene structures non-intuitive. While further clues could be
obtained when corroborated with first-principle calculations, simulated images have been shown

to be non-determining for certain structures.''**° Therefore, a highly accessible and
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straightforward experimental method would be greatly desirable if it unambiguously determines

the atomic structures of borophene polymorphs and provides solid grounds for the hitherto more
prevailing computational studies of borophene.

Since the first evidence of enhanced spatial resolution with pentacene-functionalized tips**!,
CO, 66 H,,133442 X e 443 and the more recent CuOx tip-functionalizations***#4> have been established
to purposely reveal greater spatial details down to the subatomic regime. Though still under
debate,!”! these techniques seemingly resolve inter- and intra-molecular chemical bonds.!37#46
While such methods have been largely applied to carbon-based molecular or graphitic systems, for
the first time we use CO-AFM to reveal features that are consistent with boron-boron covalent
bonds, expanding the phase space of this technique. We further identify CO-STM*7 as an
equivalently powerful yet much less demanding and more accessible method in unambiguously
resolving borophene structures. The improved spatial resolution allows us to directly verify
previously proposed borophene structural models and identify multiple borophene polymorphs
with different rotational alignments on Ag(111). In particular, a partial growth transition from
rotationally commensurate to incommensurate borophene phases is observed at high growth
temperatures.

Borophene polymorphs are characterized by different arrangements and concentrations of
HHs in an otherwise 2D triangular lattice. Fig. 4.13a shows a conventional bare-tip STM image
of intermixed vi/5 (colored blue) and vis (colored red) phase borophene grown at a previously
established temperature of ~450°C.**” Comparing to the atomic lattice of the Ag(111) growth
substrate (Fig. 4.13b), the horizontal HH row directions of both phases are aligned 30° rotated with
respect to the Ag atomic chains (directions a or b in Fig. 4.13c), consistent with previously

proposed structural models as shown in Fig. 4.13¢.!? For vis and vi/s phase borophene, the HHs
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are arranged in a staggered and aligned manner, respectively, with the unit cells of the HH lattices

indicated by the black arrows. High-resolution STM imaging of vi/s phase borophene with a bare
metal tip (Fig. 4.13d) reveals a strong brick-wall type Moir¢ pattern modulating finer features. Fig.
4.13e shows the characteristic inelastic electron tunneling spectra of CO obtained on borophene
after decorating the metal tips with a CO molecule (hindered translation and rotation modes at 3.2
and 17.6 meV, respectively), confirming successful tip functionalization.**® In contrast to the STM
image in Fig. 4.13d, the constant height CO-AFM image in Fig. 4.13f readily resolves the HH
lattice and verifies the proposed vi5 phase borophene structure, where the HHs are separated by
bright ridges at positions expected for boron-boron covalent bonds. In good agreement with the
experimental image, Fig. 4.13g shows a simulated CO-AFM image!>**° with an overlaid vis
phase atomic structure. While apparent bonding structures of the 6-membered boron rings (i.e.,
HHs) are clearly resolved, little contrast is seen at the triangular boron lattice, where only 3-
membered boron rings exist. This is not unexpected given the fact that 4-membered carbon rings
were not resolved in literature.*® Nonetheless, resolving the HH lattice would be sufficient for

determining the structures of borophene polymorphs.*®

Given the highly-demanding nature of
non-contact AFM in terms of instrumentation and operation, we demonstrate that CO-STM
provides equivalent structural information of borophene with better accessibility as shown in Fig.
4.13h. Compared to the bare-tip STM image in Fig. 4.13d, a lattice of staggered protrusions (red
arrows) matching the HH lattice are clearly resolved in addition to the less-obvious Moir¢é pattern.

41 4.e., with an oscillating STM tip, such contrast

By running the CO-STM in the dynamic mode,
could be further enhanced (Fig. 4.13i) at a much milder imaging condition (Fig. 4.14), which is

highly desirable for better CO stability on the tip apex.
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a (2%9 C .
Bare metal tip § co tip,
|  oscillation on
-5 mV 400 pA -20 mV 100 pA

¢ CO-STM. (a) A typical STM image
of vi/5s phase borophene with a bare metal tip (W). (b) A series of CO-STM images of the
same region with increasing tunneling current, where the HH lattice is more clearly resolved
with high tunneling current. (¢) Dynamic CO-STM image of the same region (~ 1 nm tip
oscillation). While the HH lattice is clearly resolved, the imaging condition compared to (b)
is much milder due to the fact that the highest tunneling current in the dynamic mode is
much higher than the average tunneling current. As a result, the CO-stability on the tip apex
is enhanced.

427 while another

At higher growth temperatures (~500°C), vi/5 phase borophene dominates
phase with a rectangular lattice begins to appear (Fig. 4.15a). This structure was first observed in
high temperature growth and assigned to a buckled triangular lattice.'' The 3 Ax5 A lattice

constants are also indicative of the vis phase borophene, which should grow at a lower

temperature.'> However, the absence of a linear Moiré pattern typically seen in the vi phase
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Figure 4.15. Imaging vi/6-30° phase borophene structures with bare and functionalized
probes. Bare-tip STM images of (a), a vis-30° phase borophene domain and (b), a
neighboring vis phase borophene, where the HH rows in each phase are perpendicular
(yellow arrows). (c) Schematic of vi/6-30° phase borophene. (d) Bare-tip STM image of a
polycrystalline vi/6-30° phase borophene with multiple 60° GBs (yellow arrows). (e) Bare-
tip, (f) CO-AFM, (g) simulated CO-AFM, and (h) CO-STM images of the vi/-30° phase
borophene. The atomic structure is overlaid in g. (i) Bare-tip, (j) CO-AFM, (k) simulated
CO-AFM, and (1) CO-STM images of a 60° GB of v15-30° phase borophene. The atomic
structure is overlaid ink. Ve=-3mV ina, 4 mVinb,-34 mVind, 9 mVine,4 mV inh, -
34mVini,and 4 mV in L.

borophene suggests such phase might be the vi/s sheet on Ag(111) with a different orientation as
suggested previously.*??#32 Indeed, instead of being parallel as in the vi/s phase (Fig. 4.13¢), the
HH rows of this sheet are perpendicular to those of a neighboring vis phase borophene in Fig.
4.15b (yellow arrows). We thus tentatively assign such phase as vi5-30° as schematically shown
in Fig. 4.15¢, indicating that the sheet is rotated by 30° on Ag(111) compared to the vi/s phase. A
polycrystalline domain of such phase with 60° grain boundaries (GB; yellow arrows) is shown in

Fig. 4.15d. Figs. 4.15e,f are high-resolution STM and CO-AFM images of the vi5-30° phase
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Figure. 4.16. Additional simulated CO-AFM images. (a,b) Schematics and simulated CO-
AFM images of (a) the v1/6-30° phase borophene and (b) the triangular lattice (the brighter
pink lines indicate upward buckling). Clearly, the simulated image of the triangular lattice
significantly deviates from experimental observation.

borophene, respectively, where the aligned HHs are clearly resolved in Fig. 4.15f with neighboring
HHs separated by bright ridges at positions expected for boron-boron covalent bonds. In Fig. 4.15g,
the simulated CO-AFM image with an overlaid atomic structure is again in good agreement with
experimental observations, confirming our structural assignment as v1/-30°. On the other hand,
simulated CO-AFM images of a buckled triangular lattice deviate from the experimental image
(Fig. 4.16). Compared to the bare tip STM image, each bright protrusion becomes two with
inequivalent brightness in the CO-STM image in Fig. 4.15h. A series of bare-tip STM, CO-AFM
and CO-STM images of a 60° GB in v16-30° phase borophene is shown in Fig. 4.15i, j, and 1,
respectively. Based on the apparent bonding positions resolved in Fig. 4.15j, we propose an atomic
structure of the GB seamlessly connecting adjacent grains (Fig. 4.15k). It yields a simulated CO-
AFM image (Fig. 4.15K) in good agreement with experimental observation, further supporting our

assignment of the phase as vi/6-30°.
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Figure 4.17. Resolving vi/5-30° phase borophene and its intermixing with the v1/6-30° phase.
(a) Schematic of vi5-30° phase borophene. (b) Bare-tip, and (c) CO-STM images of an
undulated vi/5-30° phase borophene. The yellow circles in ¢ indicate the staggered HH
pattern. (d) Schematic of the undulations resulting from a lattice mismatch between
borophene and Ag(111). (e) CO-STM image of the phase boundary between a vi/6-30° (left)
and a v1/5-30° phase borophene. (f-i) CO-STM images of vi/5-30°-structured line defects in
v1/6-30° phase borophene with different widths. The yellow circles denote the staggered
arrangement of the HH patterns, and the structure schematics are given in the bottom row.
Ve=-3mVinbandc,-7mVineandf, -l mVing,4 mVinh, and -7 mV ini.

As established previously, intermixing of vi/s and vi phase borophene takes place when
the two phases have rotationally aligned HH rows.*?” It would thus be expected to have vi/5-30°
phase borophene (schematically shown in Fig. 4.17a) intermixed with v16-30° at appropriate
growth conditions. Indeed, at a higher growth temperature (~550°C), an undulated structure
appears as shown in the bare-tip STM image in Fig. 4.17b, previously known as the striped phase!'!
and assigned as induced by Ag surface reconstruction under a vi/6-30° sheet.**? Fig. 4.17¢ is the
CO-STM image of the same region as in Fig. 4.17b, and we determine that this phase adopts the
viss sheet structure as evidenced from the staggered arrangement of protrusions (yellow circles)
representing the HH lattice. Instead of a brick-wall type Moiré pattern seen in the vis phase, the
large-scale undulation comes from a ~4% larger inter-HH spacing along the HH rows than the

interatomic spacing of the underlying Ag, which is reproduced qualitatively in Fig. 4.17d by
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in images in the red and green

squares. (b) CO-STM image of the vi/5-6° phase borophene. (c) Schematic of rotationally
-6° phase borophene with overlaid

atomic structure. () CO-STM image of a vi/5-22° phase borophene with self-assembled vi6-

0
22°-structured line defects. (f) Qualitative phase diagram of borophene growth with respect

0

5
0
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and 22 mV in e.

190 mVina, -2 mVinb,

Figure 4.18. Imaging rotationally incommensurate phases of borophene with functionalized

probes. (a) Derivative image of bare-tip STM topography of a vi/s (left) and v1/5-6° (right)
incommensurate borophene phases, where o denotes the angle by which the sheet is rotated

phase borophene domains. The insets are the zoomed
from vi/5s phase borophene. (d) CO-AFM image of the vis

to temperature. Vs

rotating a vi5 phase borophene by 30° on Ag(111). The coexistence of such structure with vi/6-30°
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phase borophene with parallel HH rows and a seamless phase boundary is shown in the CO-STM

image in Fig. 4.17e, confirming a rotation angle of 30° and thus the phase as vi/5-30°. Since phase
intermixing starts with line defects in each phase adopting the structure of the other phase,**” we
identify various vi/5-30°-structured line defects in vi-30° phase borophene with different widths
as shown in the top row of Fig. 4.17f-i (CO-STM images). The yellow circles denote the staggered
HH pattern in the v1/5-30° regions, while the corresponding structures are given in the bottom row.

From vis, vi/5 to vi/6-30° and v1/5-30° phase borophene, all could be considered rotationally
commensurate since the HH rows are aligned along high symmetry directions of the Ag(111)
surface. At similar conditions where v1/6-30° and vi/5-30° phase borophene grow, a new structure
is observed as shown in the derivative image of bare-tip STM topography in Fig. 4.18a. As seen
in the zoomed-in inset images, the borophene domain on the left is vi/s phase borophene with a
characteristic brick-wall type Moir¢ pattern (red square), whereas the domain on the right shows a
distorted brick-wall type Moiré pattern (green square), suggesting a different phase from what has
been observed so far. The CO-STM image of such domain shown in Fig. 4.18b reveals a HH
lattice with staggered protrusions (red arrows), again, indicative of vi/5s borophene sheet. Due to
the ~36° (instead of 30° for vi/5) angle between the directions of HH rows and Ag atomic chains
(vertical direction, Fig. 4.18a), such borophene sheet is the vi/s phase rotated by 6° and is thus
denoted as v1/5-6°. Such rotationally incommensurate vi5 sheet is generally depicted in Fig. 4.18¢
as vi5-a,, where o is the rotation angle by which the sheet deviates from the vi/5s phase. CO-AFM
image of such phase with an overlaid atomic structure in Fig. 4.18d confirms the assignment as a
viss sheet. In addition to a=6°, other rotationally incommensurate phases such as v1/5-9° and vys-
22° phase borophene have been observed (Fig. 4.19). As an example, the CO-STM image in Fig.

4.18e resolves the HH lattice of a v1/5-22° phase borophene with periodically self-assembled vi/6-
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22° line defects in the middle, as evidenced by the staggered and aligned HH patterns indicated by
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tip STM topography of a vi/s

phase on the right. Since the HH row direction is ~52°
atomic chain direction (yellow arrows), the rotation angle o with respect to vis is thus 22°.
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Figure 4.19. Additional images of vi/s
scale derivative image of bare

with a vs/»1-22°

in derivative

domain shown in (a). The yellow arrow

The inset shows the zoomed-in image of the region in the red square. (b) Zoom

-22° phase

scale derivative image of

bare-tip STM topography of a vi/5-9° phase borophene neighboring a vi/5s phase borophene.

rotated) to the Ag atomic chains,

phase borophene and the Ag atomic chains is
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the yellow circles, respectively. Equivalently, the self-assembled line defects form a v4/21-22° phase

(another example is shown in Fig. 4.19), a borophene sheet that is observed previously in non-
rotated borophene growth (i.e., a=0)*". Based on the observations discussed above and established
previously, the phase diagram of borophene growth with respect to temperature could be
qualitatively summarized as in Fig. 4.18f, where each phase is represented by an oval and
overlapping ovals indicate coexistence. As temperature increases, a partial growth transition from
rotationally commensurate phases to incommensurate phases takes place with multiple phases
coexisting at high temperatures. The existence of rotationally incommensurate phases further
supports that borophene layers are chemically discrete from the underlying Ag surface.*>

In summary, we have utilized CO-functionalized scanning probes to image and determine
the atomic lattice structures of various borophene polymorphs. Compared to CO-AFM, we identify
CO-STM as an alternative and comparatively more accessible technique to unambiguously
determine borophene structures. With these methods, we verified proposed structure models of
borophene, and for the first time we have resolved features consistent with boron-boron covalent
bonds. The structures of the previously observed rectangular lattice and striped phase borophene
have been clarified. Interestingly, vi/5 and vi/s sheets are shown to be the unifying structures for all
the observed phases so far, and a partial growth transition from rotationally commensurate vi5 and
v1/6 phase to rotationally incommensurate phases takes place at high temperatures. The knowledge
gained in this work highlights the utility of CO-AFM and CO-STM in fundamentally
understanding emerging nanomaterials. Given the large number of computational reports on this
new material with various atomic models, this study unambiguously sets the foundation on the

structures of borophene polymorphs grown at different temperatures. This blueprint for borophene
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growth and characterization will guide the on-going experimental and theoretical work around

borophene and other emerging synthetic 2D materials towards realistic applications.

4.4 Non-Covalent Functionalizations of Borophene: a Borophene-Organic Lateral
Heterostructure

As an emerging 2D material, borophene has thus far only been studied in isolation, whereas
nearly all technological applications will require the integration of borophene with other materials.
Of particular interest are electronically abrupt lateral heterostructures, which have been widely

196,454-457

explored in other 2D materials due to their novel electronic properties. For example,

atomically well-defined lateral heterostructures between graphene and hexagonal boron nitride ***
have revealed spatially confined boundary states with STS.*>® It should be noted, however, that
methods for experimentally realizing atomically clean and abrupt lateral heterojunctions remain
challenging for many 2D material systems. 96433457439 For example, the growth front of the first
2D material can be easily contaminated, which can disrupt the subsequent growth of the second
2D material and/or lead to ill-defined interfacial regions. Alloying and intermixing during the
growth of 2D material lateral heterostructures also prevents abrupt interfaces.*>6-460

Here, we report the first experimental demonstration and characterization of a borophene
lateral heterostructure with the molecular semiconductor PTCDA. Initially, submonolayer
homogeneous-phase borophene is grown on Ag(111) on mica substrates by electron-beam
evaporation of a pure boron source. Subsequent deposition of PTCDA results in preferential

assembly on Ag(111), ultimately resulting in the presence of dense and well-ordered PTCDA

monolayers that form lateral heterostructures with the borophene flakes. PTCDA is known to self-

461 462

assemble on a variety of substrates including metals,*! semimetals,*¢> semiconductors,*
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oxides,*** and salt crystals.*6> The fact that it does not self-assemble on borophene is thus initially

unexpected, but leads to the desirable formation of lateral heterostructures with borophene.

It has been reported that the electronic properties of self-assembled monolayers can be
tuned by neighboring materials.*®¢ In particular, the noncovalent interaction of PTCDA with silver
substrates leads to a delocalized 2D band state with a parabolic dispersion.*’ It should also be
noted that noncovalent van der Waals interactions are prevalent in electronic devices based on
2D321468 and mixed-dimensional heterostructures®?® as discussed in CHAPTETR 1. For example,
van der Waals coupled organic lateral heterostructures have been demonstrated as gate-tunable p-
n diodes.** It has also been reported that van der Waals coupled electronic states play an important
role in determining the electronic structure and optical properties of double-walled carbon
nanotubes.*®® For the case of borophene and PTCDA, in situ XPS verifies the absence of covalent
bonding between borophene and PTCDA since the B 1s peak remains virtually unchanged
following the formation of borophene/PTCDA lateral heterostructures. Using molecular dynamics
(MD) simulations, we demonstrate that these observations are consistent with a lower adsorption
enthalpy of PTCDA on borophene and the formation of a hydrogen bonding network between
adsorbed PTCDA molecules. UHV STM and STS measurements further show that these lateral
borophene/PTCDA heterostructures are electronically abrupt at the molecular-scale. In addition to
elucidating the unique chemistry of borophene, this work has clear implications for borophene-
based nanoelectronics.

Similar as before, the growth of submonolayer borophene (vi/5s phase in this case) is
achieved by electron-beam evaporation of a pure boron rod that is directed toward a Ag(111) thin
film (~300 nm thick) on mica substrate in UHV. To functionalize borophene with organics,

deposition of PTCDA is achieved by thermally evaporating PTCDA molecules from an alumina-
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Figure 4.20. Borophene/PTCDA lateral heterostructure. (a) Large-scale STM image of a
borophene/PTCDA lateral heterostructure and the cross-sectional profile along the white
dashed line (Vs=—1.7 V, I;= 90 pA). Borophene to PTCDA step edges, Ag to PTCDA step
edges, and Ag atomic step edges under PTCDA and borophene are indicated by the yellow,
gray, green, and blue arrows, respectively. Inset: PTCDA molecule structure. (b) Schematic
of a borophene/PTCDA lateral heterostructure. (c) Unit cell of the PTCDA herringbone
structure. (d) STM image of a borophene/PTCDA lateral heterostructure with the green,
yellow, and blue boxes indicating regions of PTCDA, borophene, and Ag, respectively (Vs
=-1.1 V, ;=90 pA). (e to g) STM images of the square regions indicated in (d). The pair
of yellow and blue arrows indicate the lattice orientations of borophene and Ag(111) ((e):
Vs=—0.45V, I;= 140 pA, (f): Vs=—1.1 V, ;=500 pA, (g): Vs=-70 mV, [;= 6.1 nA).

coated crucible. Fine-tuning of the evaporation temperature and duration allows precise, layer-by-
layer growth of self-assembled PTCDA on Ag(111). Fig. 4.20a shows a large-scale STM image
following PTCDA deposition onto a submonolayer borophene on Ag(111) substrate. The large
triangular-shaped domain at the lower half of the image is a bare borophene island surrounded by
a PTCDA monolayer and a small patch of clean Ag(111).

The preferential assembly of PTCDA on Ag(111) compared to borophene leads to the

spontaneous formation of borophene/PTCDA lateral heterostructures. Due to the presence of steps
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in the underlying Ag(111) substrate, the geometry of the borophene/PTCDA lateral heterostructure

is better understood through the cross-sectional profile along the white dashed line (Fig. 4.20a),
where each step height has been labeled. The measured step heights of 2.4 A across the PTCDA
layer (green arrow) and borophene region (blue arrows) correspond to a single atomic step height
on Ag(111) (2.36 A) #7° as a result of the carpet-mode growth of PTCDA and borophene over Ag
step edges. The apparent step height of 2.3 A from borophene to monolayer PTCDA (yellow arrow)
is explained by the sum of the 0.7 A step height from borophene to Ag (111) and the 1.6 A step
height from Ag(111) to monolayer PTCDA (gray arrow). Therefore, the borophene/PTCDA lateral
heterostructure consists of borophene laterally interfacing with a monolayer of self-assembled
PTCDA on Ag(111) as shown schematically in Fig. 4.20b. This situation is analogous to the
preferential assembly of meso-tetramesitylporphyrins on clean Cu(001) compared to nitrogen-
modified Cu(001), which has been attributed to the lower polarizability of nitrogen-modified
Cu(001) and thus decreased van der Waals interaction with non-covalently bonded molecular
adlayers.*”!

The self-assembly motif adopted by PTCDA on Ag(111) is the well-known herringbone
structure.*¢7472 Fig. 4.20¢ shows the unit cell of this structure, which is more directly observed in
Fig. 4.20d and e. In particular, the green, yellow, and blue squares in Fig. 4.20d highlight regions
of PTCDA, borophene, and bare Ag, respectively. The zoomed-in STM images of each region are
shown in Fig. 4.20e-g, with the unit cell of PTCDA schematically overlaid in Fig. 4.20e. The
relative lattice orientation of homogeneous-phase borophene and Ag(111) is denoted by the pairs
of yellow and blue arrows in Fig. 4.20f-g, which are parallel to each other and thus indicate registry

between the two materials.
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To explore the effect of competing adsorption on the self-assembly of molecules on

heterogeneous substrates, in collaboration with Zonghui Wei from Prof. Erik Luijten’s group at
Northwestern University, we employ MD simulations at a fixed temperature 7 = 300 K, which
matches the experimental conditions. Since we are interested in large-scale collective effects that
are not accessible through ab initio calculations, we reduce the PTCDA molecules to a coarse-
grained representation capable of forming lateral hydrogen bonds as well as adsorption on the
substrate. The Ag(111) substrate is represented as a hexagonally close-packed lattice, with inter-
atomic spacing 2.898 A. The excluded-volume interactions are modeled with shifted-truncated
Lennard-Jones (LJ) potentials and the attractions are represented by LIJ potentials. Whereas the
hydrogen bonding strength is kept fixed, we systematically vary the enthalpy of adsorption per
molecule, AH.4s, which we define as the magnitude of the relative enthalpy AH(z) = H(z) — H(x)
upon adsorption at z = zg. The relative Gibbs free energy AG(z) and entropy AS(z) are similarly
defined. Here, z is the distance from the substrate and zg is the position where AG(z) takes its
minimum. To set the scale of AH.gs, we first quantify the loss of entropy upon adsorption of a
single coarse-grained PTCDA molecule via thermodynamic integration. As shown in Fig. 4.21a,
at AHaas! 1= 10ksT we find a Gibbs free energy of adsorption AGags of approximately 4kg7,
implying an entropy loss ~6kg for a fully adsorbed PTCDA molecule. The functional form of the
entropy loss (namely, logarithmic in surface separation z—zg) can be rationalized through
estimation of the loss in degrees of freedom upon adsorption.

To confirm the calculation of AG(z), we directly probe the probability of finding a single
molecule within a certain distance from the substrate. Specifically, for a threshold zp = 5.635 A,
we find a ratio P(z > z0)/P(z < zo) = 10.99, in relatively good agreement with the value 11.76

computed by integration of AG(z). As AHags is increased from 10ks7 to 16ksT and 22ksT, AGads
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Figure. 4.21. Molecular dynamics simulation results. (a) AG(z), AH(z), TAS(z) as a function
of center-of-mass distance z to the homogeneous substrate of a single PTCDA molecule
with AHads = 10ksT. (b) AGads and probability ratio of finding a molecule beyond and within
a threshold zo = 5.635 A from the substrate, as a function of AH,qs. (c) Surface coverage as
a function of AHags. Inset: simulation snapshots of PTCDA adsorption and self-assembly on
homogeneous Ag(111) substrates at different AHa.gs. (d) Self-assembled structure of
PTCDA on heterogeneous borophene/Ag(111) substrates with AHaasp = 10ksT, 16ksT,

18ksT, and 22kgT.

increases accordingly and the probability of finding a single PTCDA molecule near the surface is

greatly enhanced in Fig. 4.21b. Whereas this follows immediately from the Boltzmann distribution,
the situation is more subtle if upon adsorption molecules interact laterally and form a regular
surface packing. Thus, we examine self-assembly of PTCDA moleculeslJon a homogeneous
Ag(111) substrate as a function of AHa.ds. For molecular adsorption enthalpies of 10kg7 and 164g7,
we find only moderate adsorption levels (Fig. 4.21¢), as expected from the significant entropy loss
upon adsorption. As AHags 1s increased to 18ks7, we observe significant surface coverage, with the

adsorbed molecules arranged in the herringbone structure found experimentally in Fig. 4.20d,e
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(inset of Fig. 4.21¢). Increase of AHags to 22ksT and 38ksT does not lead to an appreciable change,

but at even higher adsorption enthalpy (60ksT), a large number of defects are observed. We note
that these adsorption enthalpies leading to almost full surface coverage are within the range found
in density functional theory calculations (0.5-3 €V),*’? and we proceed to employ AHads.ag = 38ksT
for the study of competing adsorption on borophene/Ag(111) surfaces. The abrupt increase in
surface coverage as a function of AHags is consistent with a first-order transition (Fig. 4.21c¢).

To model the formation of lateral heterostructures on heterogeneous substrates of
borophene grown on Ag(111), we add a second hexagonally close-packed lattice layer partially
covering the original substrate, to represent a borophene island (yellow islands in Fig. 4.21d).
Within the context of our coarse-grained model and considering that the atomic structure of
homogeneous-phase borophene is not well-established, we choose the same structure for the
borophene island, to focus on the energy barriers posed by domain edges and, most importantly,
the role of competitive binding. The latter is investigated by fixing AHags,ag on Ag(111) at 384T
per molecule and then systematically varying the adsorption enthalpy on borophene, AHagss. As
illustrated in Fig. 4.21d, PTCDA molecules self-assemble on Ag(111) in all cases and gradually
adsorb and self-assemble on the borophene island as AHaqs s is increased. As expected, negligible
adsorption takes place for AHadss below 18ksT. However, even for AHags s = 18ksT, where we find
full coverage and self-assembly for a homogeneous substrate, low, unordered coverage occurs on
the borophene, owing to the competing adsorption by the Ag(111) substrate. Moreover, the energy
barrier at the boundary causes the coverage on Ag(111) to terminate abruptly at the edge of the
borophene island. Only when AH.gsp is increased to 22kg7, self-assembly occurs on both
substrates. It is important to note that for the study of competitive binding the total number of

PTCDA molecules in the system must be limited to the amount needed for full coverage of the
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Ag(111). Since our model does not permit multi-layer adsorption, at higher PTCDA availability

adsorption on borophene will occur as well once the Ag(111) is fully covered and AHags is
increased to a sufficiently high level. Interestingly, the hydrogen bonding responsible for the
formation of the herringbone structure plays a role in suppressing accumulation of PTCDA on the
less adsorbing substrate, since at dilute coverage molecules cannot form lateral hydrogen bonds
(Fig. 4.21d, second and third panel). Therefore, within the limitations of the coarse-grained model
and the assumption that differences in adsorption are not governed by surface geometry, we find
that a PTCDA adsorption enthalpy on borophene of less than ~16ks7 (0.4 eV), combined with a
differential in PTCDA adsorption enthalpy between Ag(111) and borophene of several kT
(~0.1 eV), is sufficient to fully explain the experimental observations.

Fig. 4.22a displays in situ XPS spectra of borophene before and after PTCDA deposition.
Consistent with the absence of PTCDA on the borophene surface, the B 1s core-level peak is
essentially unchanged following PTCDA deposition with the exception of a small downshift (<
0.2 eV) to lower binding energy. On the other hand, in response to the PTCDA monolayer on the
surrounding Ag(111) surface, the C 1s spectrum in Fig. 4.22b shows a significant increase in peak
intensity, where the two sub-peaks at 284.3 eV and 287.6 eV correspond to the perylene core and
carbonyl groups in PTCDA.*”* The small presence of C preceding PTCDA deposition can be
attributed to trace amounts of adventitious carbon for Ag on mica. In Fig. 4.20a, relatively few
individual PTCDA molecules are present atop borophene primarily at points that align with
underlying Ag step edges. Charge transfer between metallic borophene and these sparsely
adsorbed PTCDA molecules, as well as the PTCDA molecules at the borophene/PTCDA lateral

heterojunction interface, presumably leads to the minor peak shift in the B 1s core-level spectrum.
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Consistent with this interpretation, charge transfer between PTCDA and conventional metallic

substrates, including Ag, results in the LUMO shifting below the Fermi level 461:467:472:474:475
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Figure 4.22. Spectroscopic properties of the borophene/PTCDA lateral heterostructure. (a)
In situ XPS spectra of the B s core-level, and (b) C Is core-level before and after the
formation of the borophene/PTCDA lateral heterostructure. (c) Differential tunneling
conductance spectra of Ag(111), borophene, and PTCDA. (d) STS map of a
borophene/PTCDA lateral heterostructure overlaid on a three-dimensionally rendered STM
topography image (Vs= —1 V, I;= 90 pA). (e) Spatially resolved STS spectra across the
interfaces of borophene/Ag, and (f) borophene/PTCDA. The vertical black lines in (e) and
(f) indicate the positions of the Ag surface state feature and the LUMO+1 orbital of PTCDA
far from the borophene/Ag and borophene/PTCDA interfaces, respectively.

To further probe electronic interactions between borophene and PTCDA, STS
characterization is performed on the borophene/PTCDA lateral heterostructure substrate.
Specifically, STS spectra are presented in Fig. 4.22¢ for clean Ag(111), borophene, and monolayer
PTCDA. The lineshape and features for the PTCDA STS spectrum agree well with literature
precedent for the highest occupied molecular orbital (HOMO, —1.7 ¢V), LUMO (-0.3 eV), and
LUMO+1 (0.8 eV).#7472475 Fig, 4.22d shows a rendered three-dimensional topography image of
the lateral heterostructure with superimposed STS mapping at a sample bias of —1 V. The relative

electronic DOS between borophene and PTCDA is in agreement with Fig. 4.22¢. The degree of
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interfacial electronic interaction is further explored by a series of STS spectra taken across both

the Ag/borophene and PTCDA/borophene interfaces with lateral displacements of 3.0 A and 3.8
A between adjacent points in Fig. 4.22¢ and f, respectively. In Fig. 4.22e, far from the interface,
both borophene and Ag(111) show characteristic bulk properties. A small upshift (~0.05 eV) of
the Ag surface state feature to higher energy is observed when approaching the interface from
Ag(111). The transition in the STS spectra from PTCDA to borophene is abrupt and takes place
within 1-2 nm in Fig. 4.22f, similar to the size of a PTCDA molecule. A small downshift of ~0.15
eV of the LUMO+I state is observed when approaching the junction from PTCDA, likely due to
the weak van der Waals interactions between the junction PTCDA molecules and borophene.
Compared to the additional features in the STS spectra and the large transition distance due to the
presence of edge states and transition regions at MoS edges and grain boundaries,!6>336:403 the
borophene/PTCDA lateral heterojunction is noteworthy in terms of its electronic abruptness at the
single nanometer length scale.

In summary, self-assembled borophene/PTCDA lateral heterostructures with structurally
and electronically abrupt interfaces have been realized by sequential deposition of B and PTCDA
on Ag(111). The borophene/PTCDA lateral heterostructures occur spontaneously, which is
consistent with molecular dynamics simulations that show that a higher enthalpy of adsorption on
Ag(111) and the lateral hydrogen bonding between adsorbed PTCDA molecules leads to
preferential assembly of PTCDA on Ag(111) compared to borophene. The weak chemical
interaction between borophene and PTCDA is further corroborated by in situ XPS measurements.
Molecular-resolution STM/STS shows that borophene/PTCDA lateral heterostructures are
electronically abrupt with a transition in the DOS from borophene to PTCDA occurring over the

length scale of a single PTCDA molecule.
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The borophene/PTCDA lateral heterostructure forms a metal/semiconductor lateral

heterojunction that has the potential to be exploited in an analogous manner to
metal/semiconductor junctions and graphene/organic junctions*’® for electronic applications (e.g.,
resistive switching based on metal/PTCDA/metal junctions*’”). For such purposes, transfer
schemes will need to be developed to realize borophene-based heterostructures on insulating
substrates. However, the development of a transfer scheme that does not chemically damage the
borophene itself is nontrivial due to the largely unknown chemistry of borophene. The laterally
interfacing PTCDA layers could also serve as a template for additional chemistry, thereby
facilitating the formation of other borophene heterostructures. Given the lack of knowledge on
borophene chemistry, the increasing interest in lateral heterostructures, and difficulties in obtaining

abrupt lateral interfaces free from contamination*>#4>

and alloy formation**¢ in other 2D materials,
this work represents an important step forward for emerging efforts in borophene-based

heterostructures.

4.5 Borophene Oxidation and Effective Passivation

To realize any borophene-based electronic applications, it is required to remove borophene
from its growth environment, i.e., UHV chambers. Furthermore, such atomically thin layers of
boron has to be isolated from the metallic growth substrate of Ag and withstand processing steps
necessary for device fabrications. Given the high reactivity of borophene in ambient

conditions,'!-1?

it is thus of vital importance to understand the oxidation of borophene and develop
an effective passivation scheme in UHV to mitigate borophene oxidation.

Figs. 4.23a,b show typical STM and STS images of as-grown borophene, where the

triangular-shaped borophene islands are immediately distinguishable from the STS map. In situ
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XPS spectra in Fig. 4.23¢ reveals the chemically pristine nature of borophene without any Bls

peaks associated with oxidized boron, which would otherwise appear at ~192 eV. Similarly,
minimum oxygen is detected in the Ols core level scan as expected from growth in UHV
conditions. After exposing the pristine borophene sample to ambient for 1 min, an obvious
oxidized boron peak is seen in the Bls core level spectrum together with a high Ols peak. No

obvious further changes are seen by further exposing the sample to ambient for another 5 min.
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Figure. 4.23. (a,b) STM and STS images of pristine submonolayer borophene. (c) In situ
XPS spectra of pristine borophene and borophene exposed to ambient for 1 min and 5 min.
(d) In situ XPS spectra of borophene exposed to increasing amount of molecular oxygen.

Such result is directedly indicative of the high ambient-instability of borophene towards oxidation.
To study the oxidation behavior of borophene in pure oxygen environment, a pristine borophene
sample is exposed to different doses of molecular oxygen in UHV. Fig. 4.23d demonstrates the
evolution of the Bls and Ols core-level peaks with increasing oxygen doses. While no detectable

oxidation of borophene is seen from Bls core levels up to 20k Langmuir (L, 1 L=10° Torr x 1 s)
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of oxygen exposure, the Ols peak gradually increases, which would be expected if any

physiosorbed oxygen molecules are present.

To further explore the possible reactions between borophene and oxygen at the nanoscale
beyond the detection limit of XPS, atomic-resolution STM images of borophene exposed to
different amounts of oxygen are given in Figs. 4.24a-g. Pristine vi/s phase borophene (Fig. 4.24a)

shows atomically flat surfaces with clean and abrupt domain edges. Exposure to increasing

Pristine b

O N A O N BN

| DOS|| Lg_ Distance (nm)

1nm 02 0 02 04
Low Sample Bias (V)

Figure. 4.24. (a-g) STM images of vi/5 phase borophene. (h) STM image of borophene with
well-defined particles. (i) A series of STS taken across pristine and oxidized borophene
edges, presented as heatmaps.

amounts of molecular oxygen leads to decoration of the edges and basal planes of borophene with

small particles, indicative of possible reactions with oxygen. While the density of particles at the
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After annealing at ~500°C

Figure 4.25. STM image of oxidized vi/5 phase borophene after annealing at 500°C for >30
min. The presence of the particles indicate that they are chemically bonded to borophene.

edges saturates after the exposure of 5k L oxygen in Fig. 4.24f, the particle density in the basal
plane continues to increase (Fig. 4.24¢g). Though the particles on the basal plane vary in size, a
large percentage of such particles are in the form of small and uniform round protrusions as shown
in Fig. 4.24h. The diameter of such well-defined particles is ~0.5 nm, indicative of either
physisorbed Oz molecules or chemically bonded O atoms. The fact that ~500°C annealing of such
oxidized sample do not fully remove those particles (Fig. 4.25) supports the assignment of
chemically bonded O atoms. Further DFT calculations would be required to unravel the true nature
of those particles. The electronic disturbance imposed by the oxidized borophene edges is
investigated as shown in Fig. 4.24i. A series of STS spectra taken across a pristine and an oxidized
borophene edges are presented as heatmaps on the top and bottom parts of Fig. 4.24i, respectively.
At positive sample biases, a sharp transition from low borophene DOS to high Ag(111) surface
state takes place across the pristine edge, whereas a sharp decrease of DOS at the oxidized edge is

seen, consistent with the expected more insulating nature of boron-oxides.
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Figure. 4.26. (a,b) Ambient AFM images of borophene encapsulated with 1.3 nm and 3.7
nm alumina. (c,d) Corresponding AFM phases images of (a,b), respectively. (e,f) Bls XPS
spectra of 1.3 nm and 3.7 nm alumina encapsulated borophene.

Our previous study has explored the possibility of evaporating Si in UHV as an capping
layer to passivate borophene. While such Si-passivated borophene remains pristine for a short
amount of time (2 days), oxidation eventually takes place likely due to the diffusion of ambient
species through the Si capping layer. Furthermore, the semiconducting nature of Si would
complicate any further electrical transport measurements performed on borophene. Therefore, it’s
highly desirable to identify a method of passivating borophene in UHV with a physically dense
and electrically insulating thin film. Since alumina has been shown in the past as an effective

passivation layer for BP, we explored UHV deposition of alumina on pristine borophene via
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electron beam evaporation from a Mo crucible. Figs. 4.26a,b show ambient AFM images of

alumina-passivated borophene with nominally 1.3 nm and 3.7 nm alumina. In both cases, the

capped borophene triangles are visible, suggesting highly smooth alumina layers, though the
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Figure. 4.27. (a-d) XPS spectra of Al2p, Ols, Mo3d, and Ag3d core levels, respectively.

borophene islands are more blurry under the thicker 3.7 nm alumina layer. The corresponding
AFM phase images are shown in Fig. 4.26¢,d. While no obvious phase contrast is seen in the case
of 3.7 nm alumina-passivated borophene (Fig. 4.26d), borophene triangles show distinct phase
contrast in the case of 1.3 nm alumina-passivated borophene (Fig. 4.26¢), suggesting incomplete
passivation. As a result, 15 min of ambient exposure of 1.3 nm alumina-passivated borophene
results in significant oxidation (Fig. 4.26e). On the other hand, minimum oxidation of borophene
with 3.7 nm alumina encapsulation layer is seen even after 3 months (Fig. 4.26f), confirming
successful passivation over long period of time. As expected, Al2p and Ols core levels show
obvious peaks (Figs. 4.27a.b). The absence of detectable Mo3d signals (Fig. 4.27¢) confirms that
no Mo (crucible material) is deposited onto the sample. As expected, no splitting or shift of Ag3d

peaks (Fig. 4.27d) is seen. Finally, we demonstrate the capability of producing high coverage
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Figure. 4.28. Ambient AFM images and optical microscopy image of alumina encapsulated
borophene over a large substrate.

encapsulated borophene over large areas (13 mm by 10 mm) in Fig. 4.28. The AFM images taken
across the sample surface show high-quality borophene growth with uniform coverages.

In summary, we characterized at the atomic scale borophene oxidation in pure molecular
oxygen environment, where oxidation was found to take place at both borophene edges and basal
planes, and developed an effective method of passivating borophene in UHV via electron beam
evaporation of alumina. Those advancements will likely facilitate the realization of borophene-

based applications in the near future.
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Chapter 5: Summary and Future Outlook

This chapter is based partially on the following publication:

X. Liu, and M. C. Hersam, Interface Characterization and Control of 2D Materials and
Heterostructures, Advanced Materials, 2018, DOI: 10.1002/adma.201801586.

5.1 Summary

In summary, I’ve demonstrated my PhD research work on characterizing and controlling
the properties of three emerging 2D materials and their heterostructures. In Chapter 1, I briefly
reviewed fundamental surface and interface phenomena and common nanoscale characterization
approaches. In Chapter 2, I showed the first experimental test of 2D BP thermal stability via in situ
S/TEM and spectroscopy methods, revealing a 400°C decomposition temperature. Taking
advantage of the ambient instability of BP and the high-spatial resolution of AFM, I utilized
CAFM to demonstrate nanopatterning and layer-by-layer thinning of BP using both DC and AC
biases on conductive and insulating substrates, respectively. This generalizable approach enabled
dramatic enhancement of current modulation in FETs made with AC CAFM-thinned BP channels.
In Chapter 3, I explored the intrinsic structure defects of rotationally commensurate monolayer
MoS; grown on EG, where 5 types of point defects and two types of GBs were atomically resolved.
The defects density was found to be much lower than rotationally incommensurate MoS: layers.
The integration of MoS2/EG with C8-BTBT resulted in well-defined vertical interfaces. The
structure of self-assembled C8-BTBT monolayers was illustrated, and it was illustrated that the
molecular layer was insensitive to structural defects and electronic perturbations in the substrates.
In Chapter 4, I interrogated line defects in borophene at the atomic scale, and revealed phase

intermixing at appropriate growth conditions. The line defects in each phase were found to adopt
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the structure of the other phase and energetically preferred spatially periodic self-assembly, giving

rise to equivalently new phases of borophene, blurring the traditional distinction between crystals
and defects. Low temperature STM/STS measurements further revealed a CDW modulated by line
defects. Using CO-functionalized probes, for the first time I revealed features that were consistent
with boron-boron covalent bonds. CO-STM was identified as an equivalently effective yet less
demanding technique in resolving the lattice structures of borophene. In an effort to integrate
borophene with other materials, non-covalent functionalization with PTCDA resulted in
spontaneous formation of a borophene/PTCDA lateral heterostructure with electronically abrupt
interfaces. Covalent modification of borophene was also investigated via UHV molecular oxygen
dosing. Finally, an effective in situ passivation scheme using Al,O3; was demonstrated, which

protected borophene from ambient oxidation for longer than 3 months.

5.2 Future Outlook

As the first 2D material, graphene has been studied for more than a decade, and still
unexpected and exciting new physics is being discovered now and then. Within the scope of the
material systems presented in this thesis, there are many foreseeable future directions that are
highly relevant to on-going research and thus worth further research efforts. Beyond the materials
we have been studying, we should remain open-minded and keep looking for new opportunities

offered by new materials.

5.2.1. BP and Bulk van der Waals Materials
While only a small fraction of the large family of layered van der Waals materials have

been studied in the form of exfoliated thin layers, a number of them share similar material
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characteristics with BP — they have potentially interesting or largely unexplored material properties,

but they are reactive in ambient conditions, and no bottom-up growth methods for producing
mono- and few-layer flakes have been developed yet. For device- and circuit-scale demonstrations,
the technical advantage of uniform thin 2D layers over mechanically exfoliated flakes is obvious.
More fundamentally, a great percentage of studies on such exfoliated materials concerns flakes
thicker than 5 nm, where the unique quantum confinement and resulting interesting physical
properties offered by a true 2D lattice becomes negligible. Therefore, the identification of bottom-
up growth methods via CVD, PVD, or MBE would not only open up new opportunities by
introducing materials that is otherwise not accessible in the 2D limit, but also enable
characterizations and reveal material properties that would not otherwise be possible. Taking BP
as an example, direct STM/STS characterizations of pristine mono- and few-layer samples have
not been achieved even after 5 years of its ‘rediscovery’ as a 2D material. One of the biggest
difficulties is surface degradation for samples prepared ex situ and transferred into UHV. Similarly,
in situ growth of high-quality vertical/lateral 2D heterostructures involving monolayer BP is not
possible due to surface and edge contaminations. Taking the existing knowledge of bulk phase
diagrams of phosphorus allotropes, opportunities exist for growing BP monolayers in UHV via
thermal cycling (e.g., graphitization of phosphorus-implanted SiC), compound decomposition
(e.g., thermal decomposition of InP, GaP wafers covered with graphene), and direct MBE growth
using valved P-sources in UHV on catalytic metal surfaces (careful decontamination setups might
be necessary). If such growth could be achieved, in situ growth of heterostructures would be
straightforward. Especially, CVD growth of BN would provide a high-quality capping layer that

protects BP from degradation.
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5.2.2. Synthetic 2D Materials

A common characteristic of synthetic 2D materials (e.g., borophene, stanene, germanene)
is their ambient-instability and relatively strong interactions with the substrate. Taking the latest
synthetic 2D material borophene as an example, it has not yet been isolated from its growth
substrate Ag. Part of the difficulty is its high reactivity, which requires a passivation layer and
extremely clean and effective mechanical or chemical treatments to remove Ag. The important
role of the metal substrates in stabilizing such templated 2D material might fundamentally prevent
borophene from being detached from the growth substrates. However, effective passivation
schemes of borophene with alumina have only been developed recently, and thus great
opportunities exist in isolating borophene from Ag in the near future. Having borophene on other
dielectric or semiconducting substrates would immediately allow charge transport measurements,
for example, to test the predicted superconductivity. Quenching effect by the Ag substrate would
also be eliminated and thus many optical measurements could be performed more effectively.
Meanwhile, limited work has demonstrated functionalizations of borophene. Covalent chemical
functionalization with molecular ammonia or cracked ammonia may potentially lead to edge
passivation or conversion of borophene to BN. Depositing intercalation species like Si could
potentially lift borophene from the Ag substrate, creating quasi-freestanding borophene, which
would be ideal for both in situ STM/STS studies and transferring borophene off Ag. Alternatively,
growing borophene on submonolayer NaCl islands on Ag(111) may potentially lead to borophene
islands partially extended to NaCl surfaces due to the templating effect of edges, creating
borophene on insulators. Taking advantage of the selective self-assembly of organics on Ag(111)
around borophene as demonstrated in Chapter 4, mixed-dimensional heterostructures between

borophene and bottom-up GNRs could be achieved with appropriate molecular precursors. Within
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such lateral heterostructures, the anisotropic electronic properties of borophene could potentially

be probed due to the presence of GNRs likely coupling differently to different edges of borophene.
The possible reactions of borophene edges with radicals formed during GNR growth might be

mitigated by first passivating borophene edges using covalent chemistry.

5.2.3. Research Directions Enabled by New Capabilities

Unlike application-driven research, fundamental studies of condensed matter systems rely
heavily on instrumental capabilities. For example, moving from conventional semiconductors with
nearly free electrons to strongly correlated materials, the strong correlations produce intriguing
phenomena that reveal the important role of interactions. However, the bottleneck in
fundamentally understanding strongly correlated electronic matter lies in the lack of experimental
platforms that simultaneously provide complex artificial material synthesis and comprehensive
structural and electronic characterizations. The recent rise of 2D quantum materials (e.g., 2D
superconductors, ferromagnets, quantum spin Hall insulators) is partially made possible by
advancements in characterization techniques (e.g., better resolutions, commercial availability, ease
of use) in addition to increasingly powerful computational predictions, and the rising interest of
the community in technologies enabled by unconventional materials (e.g., topological quantum
computing). Including BP, TMDC monolayers, and borophene, more fundamental insights about
their band structures and evolvements upon chemical functionalization could be readily probed via
ARPES, which would be highly complementary to UHV STM/STS. Such technique is especially
useful when the material in study enters the quantum mechanical regime (e.g., at low-temperature
with phase transitions). Time-resolved ARPES further enables detection of transient states and

carrier dynamics. Another example is experimental characterizations that would be enabled by the
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premature yet highly versatile qPlus AFM technique. For example, the combination of MBE

growth of pristine 2D materials with qPlus-based UHV KPFM and contact resonance AFM would
uniquely reveal electronic and mechanical properties at the atomic level that are otherwise not
accessible by other means. Integration of scanning probe methods with other in situ techniques
such as charge transport measurements, ultra-fast optical spectroscopy, and magnetic
characterization will provide unprecedented fundamental insights at the space-time limit under

active and extreme conditions. The recent integration of UHV STM with magnetic spin

478,479 480,481

resonance and radio-frequency excitation is helping advance the temporal resolution
and chemical sensitivity of STM. Similarly, the combination of STM and Raman spectroscopy has
enabled UHV tip-enhanced Raman spectroscopy as a tool to probe surface chemistry down to the
single molecule limit.**? Any of the above-mentioned instrumental developments would deepen
the understanding of material properties and are thus highly rewarding.

Finally, the application of artificial intelligence to materials research*®?

is beginning to
reshape the discovery of new materials including 2D systems. For example, several developments
linking machine learning and data mining*** with scanning probe image recognition, analysis, and
interpretation have been demonstrated.**>*° Machine learning assisted material discovery,*!

design,*? and growth optimization*-4>

are also gaining momentum. With the vast number of
permutations for atomically thin materials and 2D heterostructures, this field is likely to continue

its broad impact on fundamental science and applied technology for the foreseeable future.
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