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ABSTRACT: The effect of air exposure on 2H-WSe,/HOPG is determined via e
scanning tunneling microscopy (STM). WSe, was grown by molecular beam epitaxy o *r‘ W

i

on highly oriented pyrolytic graphite (HOPG), and afterward, a Se adlayer was
deposited in situ on WSe,/HOPG to prevent unintentional oxidation during
transferring from the growth chamber to the STM chamber. After annealing at 773
K to remove the Se adlayer, STM images show that WSe, layers nucleate at both 1 e i (1
step edges and terraces of the HOPG. Exposure to air for 1 week and 9 weeks idation of dge IR
caused air-induced adsorbates to be deposited on the WSe, surface; however, the '
band gap of the terraces remained unaffected and nearly identical to those on
decapped WSe,. The air-induced adsorbates can be removed by annealing at 523 K.
In contrast to WSe, terraces, air exposure caused the edges of the WSe, to oxidize
and form protrusions, resulting in a larger band gap in the scanning tunneling ol B
spectra compared to the terraces of air-exposed WSe, monolayers. The preferential '
oxidation at the WSe, edges compared to the terraces is likely the result of dangling

edge bonds. In the absence of air exposure, the dangling edge bonds had a smaller band gap compared to the terraces and a
shift of about 0.73 eV in the Fermi level toward the valence band. However, after air exposure, the band gap of the oxidized
WSe, edges became about 1.08 eV larger than that of the WSe, terraces, resulting in the electronic passivation of the WSe,.
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I ayered transition metal dichalcogenides (TMDs) have generation, valley pseudospin effects, etc.'~® Furthermore, the

attracted widespread attention in the scientific com- two-dimensional (2D) topology of these layered materials
munity for electronic device applications because their enables heterojuction stacking without inducing lattice
electrical properties can range from superconducting to metallic mismatch and strain between the layers. This feature makes
to semiconducting with a band gap spanning from far IR to possible the fabrication of transistors and diodes scaled to
near UV. TMDs exhibit distinct layer dependence in their
electronic and optical properties, including band gap (eg, Received: December 7, 2015
monolayer (ML) TMDs have larger band gaps than multi- Accepted: March 18, 2016
layer), indirect-to-direct band gap crossover, harmonic Published: March 18, 2016
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Figure 1. Large-area STM images of WSe, growth on HOPG and schematic diagrams. (a) Large-area STM image of ML and BL WSe, grown
along the step edge of HOPG (Vsamp1e= 2V, Iy: 20 pA). (b) Corresponding line trace along the dashed line in (a). In the corresponding
schematic, the height of ML WSe, is assumed to equal 0.7 nm, while the height of ML carbon is assumed to equal 0.3 nm. (c) Large-area STM

image of ML and BL WSe, grown at the step edge of HOPG (V;

ample*

2V, Iz 20 pA). (d) Corresponding line trace along the dashed line in

(c). (e) Three-dimensional STM image of a WSe, flake on HOPG, corresponding to (a).

atomic thicknesses with tunable band gaps and excitonic
effects.” ™" Among the TMDs, WSe, is interesting because of
its electronic properties such as a large spin—orbit coupling of
>400 meV,"” valley coherence,"> small direct—indirect gap
crossover energy observed by photoluminescence (PL),"
transistors with controlled ambipolar behavior,> moderate ML
mobility of ~250 ¢cm?/V s, and bulk mobility as high as 500

1,3,15
cm?/V 8.5
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Various TMD growth methods, characterization of physical
properties, and device applications have been intensively
pursued by multiple research groups. Initial investigations on
2D TMDs focused on exfoliated bulk crystals that were
naturally formed or grown by chemical vapor transport (CVT)
or chemical vapor deposition (CVD).'™"® Molecular beam
epitaxy (MBE) has been employed more recently to grow high-

DOI: 10.1021/acsnano.5b07698
ACS Nano 2016, 10, 4258—4267


http://dx.doi.org/10.1021/acsnano.5b07698

ACS Nano

(©

WSe, ML

\ 2.18+0.03 eV
i\ 1.56+0.02 eV

dl/dv/I/vV

-1 0 1 2
Sample Bias (V

Figure 2. UHV atomic resolution STM image and STS of decapped MBE WSe, on HOPG. (a) STM image of hexagonal moiré pattern and
corresponding Fourier transform (Vsample: 2V, I;: 60 pA). (b) Atomically resolved STM image showing hexagonal atomic arrays of Se atoms

in WSe, and corresponding Fourier transform (Vsample:

1.5V, I1: 80 pA). As the sample bias is changed, the moiré pattern disappears in (b).

(c) (dI/dV)/(1/V) of ML (black) and bilayer (red) WSe,, showing electronic band gaps of 2.18 + 0.03 eV for ML WSe, and 1.56 + 0.02 eV

for BL WSe,.

purity, electronic grade crystals of 2D materials, such as MoSe,,
HfSe,, and SnS.""™**

To realize the potential applications of layered TMDs, such
as optoelectronic or logic devices, layered TMD materials are
typically exposed to ambient air during device fabrication;
therefore, it is critical to understand the effect of air exposure
on the structural and electronic properties of layered TMDs.
However, studies on the air stability of TMD materials are
rare,”* and the effect of air on the surfaces properties, such as
the morphology or band structure, has not been fully
understood at the atomic scale.

In the present study, the material properties of MBE-grown
WSe, are characterized on the atomic scale by scanning
tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS) at 100 K before and after air exposure, thereby
elucidating the effects of air exposure on the morphology and
electronic band gap of WSe,. WSe, was grown on highly
oriented pyrolytic graphite (HOPG) via MBE using elemental
sources in ultrahigh vacuum (UHV), after which a Se capping
layer was deposited in situ on the WSe,/HOPG to prevent
unintentional oxidation of the WSe, surface during transfer
from the MBE to the UHV STM. After the Se-capped WSe,/
HOPG sample was transferred, the Se capping layer was
sublimated by annealing at 773 K in the UHV STM. On the
basis of the STM imaging, a very low defect density in the MBE
WSe, is observed; this low density can be attributed to growth
in high vacuum using high-purity elemental sources. The
electronic band gap (E,) was determined for ML and bilayer
(BL) WSe, using sTs.2825 Exposure of the MBE WSe,/HOPG
to the ambient air induced oxidation of the edges of WSe,, as
measured by STM and STS, while the terraces of WSe,
remained nearly unaffected.

RESULTS AND DISCUSSION

The STM images in Figure 1 show that both HOPG step edges
and terraces provide nucleation sites for WSe, growth. In
Figure la, nucleation and growth at a multiatomic step edge of
HOPG are shown. Although some islands of WSe, grow on the
terrace of HOPG, there is a complete coverage of WSe, along
the HOPG step edges, forming “sawtooth-shaped domains”,
indicated by the white arrows in Figure la. Once WSe, is
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initially nucleated at both the upper and lower HOPG step
edges, each WSe, layer grows laterally, propagating from the
HOPG step edges to the internal HOPG basal planes. The
position of this HOPG step edge is marked with a dashed
orange line in Figure 1b. The height of the deposited WSe, is
0.79 + 0.02 nm, consistent with the three-atomic-layer (Se—
W—Se) thickness of single ML, as shown in the line trace of
Figure 1b.> Comparing the height of ML WSe, on the upper
HOPG terrace (purple arrow) to the height of ML WSe, on the
lower HOPG terrace (yellow arrow), a 1.58 = 0.03 nm height
difference is calculated (Figure 1b), indicating that a five-
carbon-atomic-layer HOPG step edge nucleated the WSe,
growth. This is also illustrated in the schematic diagram
superimposed with the line scan corresponding to the dashed
line in Figure la. Additional information regarding the MBE
growth and characterization using reflection high-energy
electron diffraction (RHEED) and Raman spectroscopy is
provided in Figure S1 of the Supporting Information.

The step flow growth of WSe, at the HOPG step edges is not
the only growth mode that occurs during MBE growth of
WSe,. Nucleation of WSe, can also occur on terraces of
HOPG, as shown in Figure 1c and d. In Figure Ic, large islands
of WSe, ML with variable lateral size (40 to 100 nm diameter)
are observed on the HOPG terrace, likely facilitated by defects
present on the HOPG terrace, and BL growth is initiated at
nearly the center of the WSe, ML islands, as indicated by the
light blue arrows. The line trace shown in Figure 1d indicates a
layer height of 0.83 + 0.01 nm, consistent with the three-
atomic-layer (Se—W—Se) ML thickness. Statistically, approx-
imately 56% of nucleated WSe, MLs occur at the HOPG step
edge, with the remainder nucleating on the HOPG terraces. In
summary, both HOPG step edges and terraces can provide
nucleation sites for WSe,, as shown in the three-dimensional
STM image in Figure le.

The MBE-deposited WSe, layer has a hexagonal structure
and low defect density, evident in the STM images in Figure 2.
In Figure 2a, STM image shows the moiré pattern of ML WSe,.
The moiré pattern is observed because the electron orbitals of
WSe, and HOPG overlap, resulting in periodic potential wells
that give rise to a hexagonal array of protrusions in the STM
images and corresponding dots in the Fourier transform
(FT).>**” Based on the moiré pattern, the rotation angle is

DOI: 10.1021/acsnano.5b07698
ACS Nano 2016, 10, 4258—4267


http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07698/suppl_file/nn5b07698_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b07698

ACS Nano

(a) PAir exposed WSe, for a week (b) B

(e)

Q
Q@
¢

Annealing
Desorption of
H,0, O, or hydro
carbon

Figure 3. UHV STM image of WSe,/HOPG after air exposure for 1 week. (a) Large-area STM image of the air-exposed WSe, surface (V.

.‘<——

. 20§1m

@ Air exposure

® H,0, O, or hydro

—606-6666060606¢

&
©

Air induced
adsorbates

< ®

—eo— Air exposed ML
—eo—Air exposed BL
—e— Air induced adsorbates

. ML:2.15+0.03 eV

~
()
-’

L:1.62+0.03¢

—
X Adsorbates:

1.32 £ 0.02 eV,
—

)

dl/dv/1/vV

-1
Sample Bias (V)

0 1

—e&— Air exposed ML,
after annealing at 523 K

®

Adsorption of

carbon

ML:2.10+0.04 eV

dl/dv/I/v

‘3
®

-1 0 1
Sample Bias (V)

sample?

2V, I: 10 pA) without annealing. (b) Expanded STM image of the WSe, surface exposed to air for 1 week (Vsample: 2V, I: 20 pA). Air-induced
adsorbates are marked by yellow arrows. (c) STS of air-exposed ML and BL WSe, and air-induced adsorbates. (d) STM image of air-exposed

WSe, surface (V,

ample*

2V, I: 10 pA), after annealing at 523 K for 30 min. (e) Schematic of the adsorption and annealing induced desorption

of air-induced adsorbates. (f) STS of air-exposed ML WSe, after annealing at 523 K for 30 min.

calculated to be ~2°; the details of this calculation are described
in the Supporting Information. The atomic resolution STM
image and the associated FT image in Figure 2b reveal
hexagonal arrays of the top Se layer of the three atomic planes
in WSe,. Although each atom has a different local density of
states (LDOS), as shown by different brightness in the STM
image, noticeable point defects or dislocations are not observed.
The variation of LDOS can result from different interactions
between WSe, and carbon atoms or defects states of the HOPG
substrate. The lattice parameter of WSe, is measured from
STM line traces to be 0.32 + 0.01 nm (Figure S4), in good
agreement with previous crystal structure data.”®

The quasi-particle band gap of ML and BL WSe, was
measured using ST 232930 Figure 2c shows the averaged (dI/
dV)/(I1/V) versus V on a basal plane of WSe,, far away from
step edges of the second WSe, layer. The differential
conductance dI/dV is normalized by dividing by I/V.>" Each
(d1/dV)/(I/V) is averaged from 10 individual dI/dV spectra.
After converting into (dI/dV)/(I/V), a fitting method
described in previous STM/STS studies was employed to
extract the band gap.’"** As shown below, the error is reported
as the standard error obtained by the fitting process. It is noted
that the uncertainties provided by the present fitting in STS are
statistical uncertainties, using the least-squares fitting.”” There-
fore, the given uncertainties can be much less than the thermal
broadening in STS. Simulated fits to the STS data are included
in Figure 2c as the dashed lines. From the dI/dV spectra on ML
WSe,, the conduction band minimum (CBM) is estimated as
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+1.08 + 0.02 V, while the valence band maximum (VBM) is
estimated as —1.10 + 0.01 V. Hence, the quasi-particle band
gap for ML WSe, is determined to be 2.18 & 0.03 eV, which is
close to the reported theoretical value.”” Employing the same
method, the band gap of BL WSe, was also obtained; the CBM
is positioned at +0.73 + 0.01 V, while the VBM is located at
—0.83 + 0.01 V. Therefore, the band gap of bilayer WSe, is
determined to be 1.56 + 0.02 eV.'***** It is noted that in all of
our measurements of ML and BL the spectra reveal
conductance extending from the band edges into the band
gap, suggesting some sort of “band tail” states. The origin of
this in-gap conductance is unknown at present; it greatly
exceeds any effect of Fermi tails at 100 K in the STS
measurements, which are fully included in the theoretical fit
function.

To investigate the effect of air exposure on WSe,/HOPG,
the sample was removed from the UHV chamber and exposed
to ambient air for 1 week. As shown in Figure 3a, air exposure-
induced adsorbates, detected as bright features in STM, are
present on both the terraces and step edges. As shown in the
expanded STM image in Figure 3b, the diameter of the air-
induced adsorbates varies from ~1 to ~10 nm. It is reasonable
to assume that hydrocarbons, H,0, and O, are adsorbed on the
WSe, surface during air exposure. By comparing the band gaps
measured in Figures 2¢ and 3¢, it is clear that the air-induced
adsorbates do not perturb the band structure of the ML and BL
WSe,; the band gaps of air-exposed ML (2.15 + 0.03 eV) and
BL WSe, (1.62 + 0.03 V) are nearly identical to the band gap
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Figure 4. UHV STM image and spatial (dI/dV)/(I/V) spectra of ML and BL WSe, before and after air exposure for 9 weeks. The images/
spectra taken after air exposure were measured after the sample was annealed in UHV to remove air adsorbates. (a) Large-area STM image of
WSe, surface exposed to air for 9 weeks (Vsample: 2V, I: 15 pA). (b) High-resolution STM image of a WSe, ML terrace after air exposure
(Viampte: =1V, Iz 120 pA) and corresponding Fourier transform. (c) STS of a WSe, ML before and after air exposure. (d) Subset of (dI/dV)/
(I/V) spectra taken along the dashed black line in the STM image in (d), before air exposure. The measured band gaps by STS are 1.54, 1.70,
2.16, 2.23, 1.06, and 0 eV from bottom to top with a maximum error of +0.04 V. (e) Subset of (dI/dV)/(I/V) spectra taken along the dashed
black line in the STM image in (e), after air exposure. The measured band gaps by STS are 1.51, 1.64, 2.01, 2.05, 0, 2.34, and 2.03 eV from

bottom to top with a maximum error of + 0.05 eV.

of pristine decapped WSe,. Note that both ML and BL WSe,
STS spectra were taken at locations within 1 nm of adsorbates.
The air-induced adsorbates themselves (blue spectra in Figure
3c) have a smaller band gap than both ML and BL WSe,;
therefore, the adsorbates are more likely to be adsorbed
hydrocarbon, H,O, or O, and not oxidation of WSe,. If the
WSe, terraces were oxidized, the band gap would be larger (see
Figure S11).

The air-induced adsorbates can be removed from the WSe,
surface by annealing, consistent with reversible adsorption of
molecular chemisorbates. As shown in Figure 3d, annealing at
523 K for 30 min induces desorption of most of the adsorbates
from the WSe, terrace, indicating weak adsorbate binding. Only
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a few adsorbates remain along the step edge of WSe,. As shown
in Figure 3f, after desorption of adsorbates from the WSe,
surface, the band gap of ML WSe, (2.10 + 0.02 eV) does not
change, compared to the band gap of pristine WSe, ML (2.18
+ 0.03 eV), as shown in Figure 2c. It is noted that additional
annealing at 723 K for 30 min does not induce topological
degradation or perturbation of the band gap, as shown in Figure
S9 of the Supporting Information. The proposed adsorption
and annealing-induced desorption of hydrocarbons, H,O, and
O, on WSe, terraces are depicted in the schematic diagram of
Figure 3e.

To mimic the asymptotic state of 2D materials during device
process and testing, WSe,/HOPG was also exposed to ambient
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Figure 5. UHV STM image and (d1/dv)/(1/V) of the WSe, edge after exposure for 9 weeks to ambient air. The images/spectra taken after air
exposure were measured after the sample was annealed in UHV to remove air adsorbates. (a) STM image of decapped WSe,. Surface (Vsmple:
2V, I: 20 pA). (b) STM image of air-exposed WSe, (Vsample: 2V, I: 15 pA). (c) Expanded STM image of the yellow rectangle from Figure 4b

and corresponding line trace (Vsamplé

2V, I: 20 pA). The edge of the WSe, ML is decorated by oxidation features. (d) (dI/dV)/(I/V)

obtained at the WSe, ML edge exposed to air for 1 and 9 weeks (purple and blue curves, respectively). (e) Detailed view of STS from —2.9 to
—0.5 V (right) and from 0.5 to 2.9 V (left). The air-exposed WSe, ML terrace is included in (e) for comparison of the band gap.

air for 9 weeks. After air exposure, the sample was transferred
into an UHV chamber and annealed at 773 K for 20 min to
remove ambient hydrocarbons, H,0, or O,, thereby enabling
stable STM and STS measurements. The large-area STM image
in Figure 4a shows the air-exposed ML and BL WSe, on
HOPG. In the atomic resolution image of Figure 4b, the
hexagonal crystal structure of the top Se layer is confirmed and
there are no apparent defects, such as vacancies, dislocations, or
interstitial impurities. The FT image of Figure 4b displays
prominent hexagonal peaks assigned to the topmost Se layer,
consistent with the STM image. The band structure of the air-
exposed ML WSe, is also confirmed by STS in Figure 4c; the
VBM is —1.06 + 0.03 V and the CBM is +1.01 + 0.02 V, giving
a band gap of 2.07 & 0.05 eV. Comparing the STS of the as-
decapped WSe, ML terrace (2.18 eV), the band gap of the air
exposed WSe, ML terraces decreased by only 0.11 + 0.08 eV;
therefore, the band gap of the WSe, ML terrace remains nearly
constant, even after air exposure for 9 weeks.

Spatial variations in the WSe, band structure are detected by
measuring the dI/dV spectra from the bilayer WSe, to the edge
of ML WSe, both before and after air exposure. First, the data
before air exposure (i.e., as-decapped, Figure 4d) are discussed.
The black, dashed line on the STM image indicates the location
along which the tunneling spectra were recorded. The black
spectrum at the bottom of Figure 4d corresponds to the band
structure of BL WSe,, while the orange spectrum at the top
corresponds to the band structure of bare HOPG; the position
of the Fermi level (0 V) is marked as the purple dashed line. As
the STM tip is moved from BL WSe, to ML WSe, to HOPG,
STS spectra were acquired sequentially. The fitted STS curves
are also included as dashed lines in Figure 4d. Starting with BL
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WSe,, two dI/dV spectra were recorded (black and red) with a
band gap in the range of 1.54 + 0.02 to 1.70 + 0.03 eV,
consistent with the STS results in Figure 2c. It is noted that the
STS curve closest to the edge of the WSe, BL (red curve) has a
Fermi level slightly shifted toward the valence band. This shift
could possibly arise from defect states near the edge of the
WSe, BL. As the STM tip is moved toward the ML WSe, area
adjacent to the edge of the BL WSe,, the Fermi level shifts
significantly away from the VBM. The measured band gap of
the ML WSe, is in the range of 2.16 + 0.02 to 2.23 + 0.02 eV,
as shown by the blue and green STS curves. At the step edge of
the WSe, ML, the band gap decreases to 1.06 + 0.04 eV and a
large DOS is observed near the Fermi level. This edge state of
WSe, will be discussed in further detail below. Beyond the step
edge of ML WSe,, a zero band gap is observed in the (dI/dV)/
(I/V) spectrum (orange), consistent with the bare surface of
HOPG. The symmetric linear dispersion of the measured
LDOS on HOPG is consistent with prior STM/STS
results.' 3%

A similar band structure transition from bilayer to monolayer
also can be observed on the air-exposed WSe,/HOPG, Figure
4e. In this case, spectra are also collected along the black dashed
line shown in the STM image of Figure 4e. Here, an air-
exposed WSe, island spans across a monatomic HOPG step
edge. Starting from the bottom spectra, two STS curves were
obtained on air-exposed BL WSe,, and both band gaps are
similar to the band gap of the as-decapped WSe, BL in Figure
4d. As the STM tip moves to the WSe, ML near the edge of the
bilayer WSe,, the band gap increases, consistent with that of the
WSe, ML. However, when the STM tip is positioned on the
WSe, ML located directly on the monatomic HOPG step edge,
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Figure 6. UHV STM and STS of WSe, edges and proposed oxidation model in the ambient air. (a) Left: Large-scale STM image of the edge of
the WSe, ML before air exposure (V,: 2 V, I;: 20 pA). Right: 3D rendered STM image showing the smooth edge of the WSe, layers. (b)
Expanded STM images of the blue rectangle in Figure 5a (V,: —1V, I,: 40 pA) and corresponding line trace along the dash line in Figure Sb.
An expanded 3D rendered STM image of the edge of WSe, is shown on the right. (c) STS spectra recorded at the edge of the WSe, ML and
the terrace of the WSe, ML, both before air exposure. (d) Proposed schematic of WSe, edges before exposure to air. (e) Proposed schematic
of oxidation of WSe, edges in ambient air. Oxide at the edge contains C and Se (black and yellow balls). (f) 3D rendered STM image of an

oxidized edge of WSe,.

the band gap decreases to nearly 0 eV and a linear dispersion of
the band structure is observed (pink curve). It is likely that the
electronic structure of the WSe, ML is perturbed by the
dangling bonds of the underlying HOPG step edge. This
localized DOS of the HOPG step edge is explained in Figure
S8. When the STM tip is moved far from the WSe, ML/HOPG
step edge, the STS curves are consistent with those
representing the original band structure of the WSe, ML.
Therefore, the spatially resolved band structure measurements
before and after air exposure show that the terraces of the MBE
WSe, ML and BL appear to be nearly inert to the air exposure.

Although the terraces of WSe, are left nearly unaftected upon
air exposure and UHV annealing, oxidation of the WSe, edges
is observed. As seen in Figure Sa, the WSe, ML before exposure
to ambient air (i.., as-decapped) has clean and smooth step
edges. However, after exposure to the ambient air and
subsequent UHV annealing, the edges of the WSe, ML are
decorated by air-induced protrusions, as seen in Figure Sb, with
a height of 0.83 + 0.03 nm, as shown in a line trace in Figure
Sc. These protrusions can also be observed at the edge of the
WSe, BL after air exposure, as shown in Figure S10.

The STS spectra in Figure Sd and e show that the air-
exposed edge states have a larger band gap compared to the air-
exposed terraces, consistent with the formation of a metal oxide
with a relatively large band gap. In Figure 5d, the air-exposed
ML WSe, edge for both 1 week (3.12 + 0.02 eV) and for 9
weeks (3.15 + 0.03 eV) have nearly identical band gaps. As
shown in Figure Se, the (dI/dV)/(I/V) is displayed for both
the air-exposed WSe, ML edge and the air-exposed WSe, ML
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terrace for 9 weeks so that the band gaps can be compared. As
the position of the STM tip is moved from terrace to edge, the
VBM to Fermi level energy increases by 0.61 + 0.04 V, while
the CBM to Fermi level energy increases by 0.47 + 0.04 V from
0 V; therefore, the band gap of the air-exposed edge is larger by
1.08 + 0.08 eV than band gap of air-exposed terrace. This 3.15
+ 0.03 eV band gap at the air-exposed edge is very close to the
theoretically calculated band gap of monoclinic WO; or the
band gap of sub 2 nm WO; quantum dots.”” >’ Combining
STM and STS results, it can be concluded that the air exposure
of WSe,/HOPG induces selective oxidation of the WSe, edges.

To better understand the oxidation process in air, the bare
WSe, edges were characterized with STM and STS before air
exposure (i.e, the as-decapped WSe,). In Figure 6a, typical
WSe, ML and BL edges are displayed in empty-state STM
imaging; both ML and BL possess smooth, clean edges, similar
to Figure 5a. A 3D rendered STM image also shows clean and
rectangular edges of the WSe, layer, without observable
corrugation along the edge of the WSe,. However, a higher
resolution filled-state image of the edge of WSe, BL in the blue
square in Figure 6a reveals a bright rim along the edge, shown
as a green dashed line in Figure 6b. The 3D rendered STM
image also confirms that the edge contour is higher than the
internal terrace. From a filled-state STM image, the line trace
indicates the height of the edge contour as 0.28 + 0.02 nm,
which is similar in height to dangling bonds on the Si (001)
surface. "' Although similar bright brims are also observed
along the step edge of bare HOPG (Figure S8), there are two
reasons that the bright brims along the WSe, edges cannot
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originate from the HOPG step edges: (1) the bright brims
observed at the HOPG step edges are shown in the empty-state
imaging and (2) WSe, edges are positioned not only at the
HOPG step edges but also at the HOPG terrace.

As shown in Figure 6¢, two major differences are observed in
the STS spectra taken at the edge of WSe, compared to bare
WSe, terraces. First, the DOS at the VB (approximately —1 V
sample bias) is increased at the edge of the WSe, ML (blue
arrow). This increase is consistent with the increased brightness
of the terrace edges in the filled-state STM images in Figure 6b.
The STS spectrum acquired at the edge indicates a band gap of
1.1 + 0.04 eV, with the Fermi level located relatively close to
the valence band. Comparing the as-decapped WSe, edge in
Figure 6¢ with the air-exposed WSe, ML edge in Figure 5d, the
band gap of the air-exposed edge is increased 3 times from the
band gap of the as-decapped edge. These differences in the
band structure at the step edges indicate the existence of new
electron states.

On the basis of the STM and STS data, two schematic
models for these new states along the WSe, edge are proposed
in Figure 6d. In case I, the dangling bonds from the atoms at
the WSe, edge might form enhanced VB states, which are
observed as a bright corrugation in the filled-state STM image,
similar to dangling bonds on the Si(001) surface.*”*" In case II,
dangling bonds cause the condensation of Se adatoms, which
form the thin layer at the step edge. Both models share the
common feature of electronic edge states along the outmost
atoms at the WSe, edge. However, the observation of electronic
edge state (case 1) is consistent with previous STM
measurements and DFT calculations on MoS, nanocrystals
showing that the edge of MoS, has a metallic band structure,
resulting in high reactivity with other molecules or catalytic
activities."*~*® Moreover, previous DFT calculations on MoS,
nanoclusters show that the DOS at edges is larger near the
Fermi level than the DOS of terraces in the projected p-orbital
DOS.* Therefore, it seems most likely that the WSe, edge
states are due to electronic defects of the edge atoms (case I),
rather than an excess Se adatoms (case II).

On the basis of the STM/STS results on WSe, edges,
together with previous DFT and experimental data, it is
hypothesized that the WSe, electronic edge states result from
dangling bonds that facilitate air-induced reactions; a schematic
model of the edge oxidation process is shown in Figure Ge.
Prior to oxidation, the WSe, edge is depicted as a half-selenided
W edge (i.e, W and one Se atom). Although Figure 6e displays
only a half-selenided W edge, other variations of the atomic
structures at the edge can exist, depending on the size of the
WSe, flakes or deposition conditions.*”***" In ambient air, the
dangling bonds of the outermost atoms are passivated by
adsorption of H,0, O,, or hydrocarbon molecules. Although
both Se and W are expected to oxidize to SeO, and WO,,
respectively, SeO, (selenium oxide) has a desorption temper-
ature much less than 773 K,*** and therefore the SeO,
products will desorb during UHV annealing at 773 K, leaving
WO, at the edge. It is noted that the WO, may not be pure and
may contain carbon (C), consistent with contaminated oxide,
as shown in Figure 6e, where the C or Se atom (black and
yellow ball, respectively) is modeled as being in the edge
oxide.”” Because the oxidized and annealed edge states have
high thermal stability, they persist after the UHV anneal and
can be detected by STM as protrusions decorating the edges of
the WSe,, as shown in a 3D rendered STM image in Figure 6f.
The basic model of air exposure and subsequent annealing
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forming WO, at step edges is consistent with all the STM and
STS data.

CONCLUSION

Molecular beam epitaxy was used to grow WSe, on HOPG, and
layers were subsequently characterized by STM and STS. The
samples were capped by an excess 20 nm Se adlayer after
growth and decapped for STM imaging. High-resolution STM
images show almost no observable vacancy defects and
dislocations on decapped WSe,, except near step edges.
High-resolution filled-state STM images revealed a distinct
corrugation along the as-decapped WSe, edges, while STS
displayed a narrower band gap and shifted Fermi level toward
the valence band compared with locations in the center of the
terraces. To investigate effects of air exposure on WSe, layers,
the WSe,/HOPG was exposed to ambient air for 1 week and 9
weeks. STM images reveal that the terraces of WSe, are nearly
unaffected; although air-induced adsorbates are deposited
across the WSe, surface, the band gap of air-exposed WSe,
ML is measured as 2.07 & 0.05 eV, nearly identical to 2.18 +
0.03 eV prior to air exposure, and atomic resolution STM
images display a hexagonal array of the topmost Se layer
without noticeable defects after the air exposure and UHV
annealing. In contrast, the WSe, edge is oxidized by exposure to
ambient air, involving a topographic transition along the edge
and a large band gap (3.15 + 0.03 V) of the edge, as measured
by STS. The selective reaction at the step edges results from the
existence of dangling bonds at the WSe, edge, which was
confirmed by STM and STS. The present results suggest air
exposure of WSe, results in oxidation of the WSe, edge, while
the terrace of WSe, is nearly inert to ambient air; therefore, air
oxidation of WSe, can potentially passivate the electronic edge
states, thus minimizing leakage current or electron—hole
recombination via the conductive edge states in pristine
WSe,, which is desired in devices.

METHODS

1. Deposition of a WSe, Layer on HOPG via Molecular Beam
Epitaxy in Ultrahigh Vacuum. HOPG substrates were gradually
heated to 1073 K over 15 min, held for 20 min at 1073 K, and cooled
to the growth temperature of 670 K. Once the growth temperature
was stabilized, elemental tungsten (W) from an e-beam source and
elemental selenium (Se) from a Knudsen cell were dosed
simultaneously to grow WSe,. The growth conditions were designed
based on prior MBE growth studies of MoSe,.”” A low W flux was
employed, confirmed by the RHEED pattern appearance of the first
layer of WSe, after ~40 min of growth. The Se flux was maintained at
a beam equivalent pressure of 1.1 X 1077 Torr. After growth, the
sample was annealed under a Se flux first at 773 K for 3 min and
subsequently at 873 K for 7 min. After annealing, the sample was
cooled to 263 K under a Se flux to cap WSe, with approximately ~60
nm of Se to protect against ambient in transport to a separate UHV
system for STM measurements.

2. Decapping Procedure of the Se Adlayer on WSe,/HOPG
in a UHV Chamber. The Se-capped WSe,/JHOPG samples,
transported in a home-built vacuum case, were introduced into a
UHV chamber through a load lock (base pressure: 5 X 107° Torr) for
performing STM/STS measurements. It is noted that the main and
STM chamber were held at <1 X 107*° and <5 X 107! Torr by ion
pumping. Prior to STM and STS measurements, the Se capping layers
were sublimated by annealing at 773 K for 3 h; samples were heated to
773 K at a 15 K/min rate. After annealing the samples at 773 K,
samples were cooled spontaneously.

3. Scanning Tunneling Microscopy and Spectroscopy in the
UHV Chamber. STM imaging and STS measurements were
performed by variable-temperature STM in the UHV chamber
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(Omicron. Inc.) at 100 K, using electrochemically etched W tips. After
removing the Se capping layers from the WSe,/HOPG samples, the
samples were transferred to the STM stages. Afterward, WSe,/HOPG
samples mounted into the STM stage were cooled to 100 K by liquid
nitrogen. The differential tunneling conductance (dI/dV) of WSe, was
probed by scanning tunneling spectroscopy at 100 K using standard
lock-in modulation techniques (lock-in modulation voltage: AV, =
20 mV, f = 500 Hz). In the STM system, the generation of tunneling
current between the metal tip and the sample is induced by applying a
bias to the sample. Prior to the measurement of all STS spectra, a2 V
sample—tip bias was used in constant current imaging with a 20—30
PA constant current; then the imaging and feedback loop were turned
off and an I—V measurement was recorded while varying the tip-to-
sample distance.

4. Air Exposure of the WSe,/HOPG Sample. After verifying the
as-decapped WSe, surfaces, WSe,/HOPG samples were transferred
from a UHV chamber into ambient air. After 9 weeks, the air-exposed
WSe,/HOPG samples were transferred into a UHV chamber, then
annealed at 773 K to remove hydrocarbon and adsorbed H,O or O,
for stable STM and STS measurements. STM and STS on the air
exposed WSe,/HOPG samples were performed by the same methods
as for the as-decapped samples.
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