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ABSTRACT: Doping is a key process by which the concentration and type of
majority carriers can be tuned to achieve desired conduction properties. The
common way of doping is via bulk impurities, as in the case of silicon. For van der
Waals bonded semiconductors, control over bulk impurities is not as well
developed, because they may either migrate between the layers or bond with the
surfaces or interfaces becoming undesired scattering centers for carriers. Herein,
we investigate by means of Kelvin probe force microscopy (KPFM) and density
functional theory calculations (DFT) the doping of MoTe, via surface charge
transfer occurring in air. Using DFT, we show that oxygen molecules physisorb on
the surface and increase its work function (compared to pristine surfaces) toward
p-type behavior, which is consistent with our KPFM measurements. The surface
charge transfer doping (SCTD) driven by adsorbed oxygen molecules can be
easily controlled or reversed through thermal annealing of the entire sample.
Furthermore, we also demonstrate local control of the doping by contact
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electrification. As a reversible and controllable nanoscale physisorption process, SCTD can thus open new avenues for the emerging

field of 2D electronics.
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B INTRODUCTION

Due to the plethora of properties revealed when the material
dimensionality is reduced, tremendous interest was generated
by the discovery and integration of graphene and other two-
dimensional (2D) layered materials into new structures for
advanced electronic,'™* optoelectronic,”® and sensing applica-
tions.””'* Enabled by recent developments in the synthesis of
high-quality 2D sheets,'" transition metal dichalcogenides
(TMDCs) show remarkable flexibility in terms of composi-
tion,">"? crystal structures,"*™'° mechanical,'” electronic,'®
and optoelectronic properties.”*° For example, molybdenum
dichalcogenides displa?}f unique properties such as high
electronic mobilities,”*' excellent on/off current ratios,’
indirect to direct band gap transition as a function of
thickness,** and ambipolar field-effect transistor behavior,>**
among others. Full integration of TMDCs in device
applications requires a reliable control and tuning of their
electronic properties. Also, being intended exclusively for 2D
applications, it is essential to understand the interface
properties of such materials, e.g.,, how the charge transport is
affected by layer thickness, doping, and Schottky contact
barrier. Due to a strong Fermi level pinning near the
conduction band (promoted especially by sulfur vacancies),
the MoS, exhibits n-type conduction, independent of the metal
contact.” In contrast, MoTe, manifests ambipolar behavior in
part due to the energy level of the Te vacancies located in the
middle of the bandgap.25 Therefore, a more effective and
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versatile control of the polarity and Fermi level tuning could be
expected for MoTe, via surface processes, in particular through
surface charge-transfer doping (SCTD).”*™*"

For bulk semiconductors, substitutional doping is the
method of choice to control the charge transport by replacing
host atoms with impurities of different valence. However,
producing charge doping by substitutional impurities is
inadequate for TMDCs due to the lack of control over the
dopant concentration in each layer of the material. A viable
and nondestructive alternative for charge doping in 2D
materials is SCTD, in which a charge transfer occurs to or
from the atoms or molecules adsorbed on the surface of the
material. This charge transfer is driven by the inequality
between the electrochemical potential of the surface adsorbates
and the Fermi level of the material. Depending on the reducing
or oxidizing action of the adsorbates with respect to that
material, an n-type or p-type doped surface region can be
formed. The SCTD was extensively investigated on graphene
for controllable charge doping™ and band gap opening,®” with
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Figure 1. Schematic of the PeakForce KPFM operation at the contact between a metallic tip and a semiconductor sample. Energy band alignment
is shown (a) when there is no applied bias between the tip and the sample and (b) under a dc bias V. applied on the tip to compensate for the
work function difference between the tip and the surface. Mechanical and electrical modulations of the PeakForce KPFM in the lift mode, (c) with
and (d) without the applied feedback. Panels (e) and (f) show the frequency spectra of the cantilever deflection corresponding to (c) and (d),
respectively. The sidebands due to the electrical modulation are at @, + w,, and @, + 2w,, when no feedback is applied (e) and remain only at @,

+ 2w,, when feedback is acting on the ones at o, + w,, (f).

applications in electronic devices’' and sensors.” SCTD is also
relevant for tuning the electrical and optical properties from
the perspective of fabricating complementary integrated
circuits, sensors, optoelectronic, photovoltaic, and other
devices.”>*" In terms of materials, SCTD doping was reported
for MoS,,**® MoTe,,*’~*" and black phosphorus.** Due to air
adsorption, a gradual change in conductivity (from ambipolar
to p-type) was also observed over a period of 100 days on
MoTe, field-effect transistors exposed to air."’ Similarly, the
ambient exposure for a prolonged period was found to be
responsible for the surface charge accumulation in MoS, flakes
due to a slow oxidation of the outer layers;“’45 in this last case,
the surface charge accumulation was in terms of electrons,
making the MoS, surface highly n-doped and promoting a
surface-dominant 2D current transport.

In previous works, the effect of SCTD on TMDCs was
inferred mostly from transport measurements® > *' and
photoelectric characterizations, e.g, Raman, photolumines-
cence, and XPS measurements,”””***** which predominantly
show the bulk response of materials. As device miniaturization
continues, the surface contribution to the electrical response of
low-dimensional materials becomes comparable or even
surpasses the bulk contribution. Moreover, in device-level
measurements the electronic properties of the 2D TMDCs
may often be compounded with those of the contacts, and it is
not straightforward to distinguish or control the extent to
which the surface alone contributes to electrical characteristics.
Therefore, it is crucial to understand how 2D TMDCs can be
doped reliably, controllably, and inexpensively via SCTD; a
recent report by Luo et al.*® also identifies a need for direct
work function measurements to complement device-level
studies. Here, we bring key evidence of inducing and tuning
the p-doping of MoTe, via exposure to ambient air by

measuring and analyzing the work function variations of this
TMDC as the surface adsorbate coverage is varied globally (via
annealing) or locally (via contact electrification). On the basis
of corroborating density functional theory (DFT) results with
experimental measurements, we argue that the main
mechanism of p-doping is the adsorption of oxygen molecules
accompanied by electron transfer from the substrate, rather
than thgﬁc;)éygen—water redox couple reported in other SCTD
studies.”

B RESULTS AND DISCUSSION

The work function of a surface is directly related to its electric
properties; specifically, its variations are proportional to the
areal density of electrostatic dipoles formed by surface charge
transfer in the presence of adsorbates (see the “Materials and
Methods” section). We have used Kelvin probe force
microscopy (KPFM) to observe in detail the effects of
SCTD on MoTe, flakes of various thickness, ambient
exposure, and nanoscale electrostatics. KPFM is an extension
of the electrostatic force microscopy,”’ designed for more
versatile measurements of the contact potential difference
(CPD) between a conductive AFM tip and a sample. CPD is
defined as (@, — @g)/e, where @y, and Dy are the work
functions of the tip and the sample, respectively, and e is the
elementary charge. The work function of the sample depends
on a variety of parameters, including adsorption layers, surface
charges, doping, and surface band bending. In Figure 1, these
surface changes in the work function of a semiconductor
probed by KPFM are described generically as a surface
potential, @ .. Figures la,b show the alignment of the energy
bands of a metallic tip and an n-type semiconductor when the
KPFM balances the CPD between the tip and the surface of
the semiconductor. This balancing is the main functionality of
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Figure 2. (a) Schematic stacking of MoTe, sample on Au substrate deposited on a silicon chip, as used in the KPFM measurements. (b) AFM
topography (25 ym X 25 ym) of a 45 nm thick MoTe, flake. (c) AFM image at a smaller height scale, revealing few-layer MoTe, flakes next to the
thick flake, shown in black. The lower panel of (c) shows the height profile taken along the dashed line, wherein the red line levels show the height
differences between various layers of the thin flakes. (d, e) Maps of the surface potential difference (d) before annealing and (e) after annealing,
with the lower panels indicating surface potential variations along the dash lines in (d) and (e), respectively. The surface potential measurements
are with respect to that of the Au substrate, considered as reference. (f) Map of the tip—sample adhesive force over the scanned area shown in (a).

the technique and translates into a direct current (dc) voltage
measurement, Vy, that cancels out the electrostatic potential
difference between the tip and surface through the feedback
loop of the KPEFM. In the following, the scans are discussed in
terms of V. measured by PeakForce KPFM method (see the
“Materials and Methods” section and section 1 in the
Supporting Information).

The 2H-phase MoTe, flakes were mechanically exfoliated
and deposited on Au-coated Si chips [Figures 2a—f].
Variations in the thickness of the flakes were observed under
100X optical magnification and measured precisely from AFM
topographical scans. Figure 2b shows a typical AFM top-
ography image around a 45 nm thick MoTe, flake (blue) on
Au (yellow). Zooming to a smaller scale [Figure 2c] reveals
image contrast due to other thinner flakes of MoTe, either on
their own or on top of others. Indeed, small triangular layers
on top of larger and thinner MoTe, layers can be resolved in
the topography image and in height profiles [Figure 2c].
Further details of the topographic characterization, including a
schematic color map of the domains of different thickness, are
presented in section 4 of the Supporting Information. The
MoTe, flakes also give contrast in the adhesion map obtained

in the PeakForce tapping (PFT) mode [Figure 2f], where they
are easily identified on the Au substrate due to the difference in
adhesive properties.

The topography images in Figure 2 were acquired in the first
pass of the PeakForce KPFM scans. In the second pass of these
scans, the KPFM maps provided the CPD contrast between
the tip and the scanned surface. Because @y, is the same over
the entire scan, the measured contrast corresponds in fact to
the CPD between the Au substrate and the MoTe, flake [refer
to Figure 2d]. We note that the surface potential of the flakes
varies with their thickness, both before and after annealing.
This dependence may not solely be attributed to the number
of layers, because it involves the effect of the substrate as well.
For small numbers of layers, it is expected that the Au substrate
effect dominates. Indeed, the measured values [Figures 2d,e]
indicate that the thin flakes (2—3 layers; 2L and 3L) have a
surface potential comparable to that of the Au substrate (5.1
eV), and the single layer (1L) is at a surface potential above
that of the Au substrate by 0.1 eV. For the 45 nm thick MoTe,,
we record a surface potential around 4.9 eV, indicating that the
effect of the Au substrate has not decayed significantly, since
the surface potential values for MoTe, flakes are still well
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above the 4.1 eV work function of bulk MoTe, " After
annealing, some adsorbates leave the surface of the flake, and
the surface potential decreases. Figures 2d,e for a 45 nm thick
flake show a decrease (via annealing) of the work function by
0.2 eV. The 1L and 2L work function decrease is ~50 meV,
i.e., 4 times smaller than that of the 45 nm thick flake. Recent
works have addressed the effect of ambient environment and
thickness on the n-type versus p-type response of FET made of
MoTe,** but no quantitative reasoning was developed in
detail in connection to their surface and electronic properties.
Evidence of doping by surface charge transfer in common
TMDCs*> ™ and other systems’” suggests that surface charge
transfer may play a role in determining the electronic
properties of MoTe,. We investigate here the physical origins
of the variations in work function and conduction type
occurring in MoTe, in ambient air, as well as possible ways to
control such variations, locally or at the scale of the entire
surface.

Focusing first on the effects of the ambient environment, we
assess the role of surface adsorbates by modifying their surface
coverage (experimentally) and by computing their electronic
and adsorption properties. To vary the coverage on the surface,
we performed annealing experiments during which the samples
were held at 150 °C for 30 min to remove some of the
adsorbates. The duration of 30 min was sufficient to produce
significant variations of the surface potential. The annealing
temperature was chosen not only to be smaller than the
temperature of the 2H to 1T’ phase transition (~850 °C)*
but also to be safely below temperatures at which surface
defects could be generated (~200 °C).*” We performed
KPFM on the same flakes before and immediately after
annealing, with the same AFM tip and settings. The pre- and
postannealing KPFM maps are shown in Figures 2d,e,
respectively; the main difference immediately after annealing
is a decrease of about 0.2 €V in the surface potential of the 45
nm thick MoTe, flake [Figure 2e]. Despite substrate effects,
we observed that there is a measurable decrease in surface
potential after annealing for any of the layer thicknesses
investigated. The surface potential of the flakes does not reach
its bulk value even after annealing, which indicates that not all
the adsorbates had been removed during annealing. These
observations of surface potential [Figures 2d,e] amount to a
reduction of the p-doping of the surface via annealing,
suggesting that the adsorbates control the doping.

To further test that adsorbates affect the surface properties
and doping, we have monitored the surface potential of a thick,
large flake (125 nm thick, covering an area of about 15 ym X
15 ym) for a month after annealing to see whether it recovers
the values before annealing, which would happen if the
adsorbate coverage reaches the level it had prior to annealing.
The sample was maintained in ambient at 20 °C and 45%
humidity without any extra gas pumping, and the PeakForce-
KPFM scanning was performed with the same tip and settings.
We have indeed found that the surface potential recovers its
preannealing value and does so in an exponential manner with
a characteristic time of the order of 20 days (Figure 3). Such
slow recovery suggests that the large variation measured in the
surface potential of the MoTe, flakes exposed to air is primarily
due to SCTD from weakly adsorbed molecules, rather than to
the surface states of MoTe, that would be caused by Te
vacancies.”

To gain insight into the role played by potential Te
vacancies and potential chemical oxidation (either at vacancies

a -
(@) 4.9 Before After annealing
annealing .
— Fit: @, - AG*Exp(-t/t)
i 4.8 i
)
@
o
S 474
4.6 T T T T T 1
0 5 10 15 20 25

-5
Time (days)
b -
() 53 Before annealing: O 1L; m ML
52_% After annealing: o 1L; e ML
< 51 —Q
3 C
< 50471 " g .
g = " a1
e‘Eo 4.9 4 [ | = -
4.8 - °
[ ]
4.7+ d ! <?
4.6 T T T T T 1 [ T T T T T 1

0 10 20 30 40 50 110 120 130 140
Thickness (nm)

Figure 3. (a) Variation in the surface potential of a 125 nm thick
MoTe, flake after it was annealed at 150 °C for 30 min. The surface
potential of the flake before annealing (green area) was about 4.8 eV
and the slow recovery of the surface potential to its preannealing value
was tracked over a time of 25 days (blue region). As shown, the
recovery dependence was fitted by an exponential decay with @, =
4.87 + 0.05 eV, A® = 0.21 + 0.03 eV, and 7 = 20.5 + 5.7 days. All
uncertainties represent one standard deviation of the calculated
values. The statistics is based on at least 50000 measurements
extracted from surface potential maps (512 pixels X512 pixels) of
areas encompassing the flake. (b) Variation in the surface potential of
MoTe, flakes of various thickness before and after annealing at 150
°C for 30 min (1L and ML denote single- and multilayer flakes,
respectively). The encircled points correspond to the flake measured

in (a).

or on Te sites on the surface) in the doping of our samples, we
perform XPS measurements on MoTe, samples before and
after annealing. The details of XPS characterization and
analysis are described in the “Materials and Methods” section.
The main results of this XPS analysis are summarized in Figure
4 and Table 1. Figure 4 shows the XPS spectra Mo 3d, Te 3d,
and O 1s levels for a typical sample, before and after the
thermal annealing. XPS reveals that there is a significant
amount of oxygen on the surface, as indicated by the O 1s
electrons observed for the sample before annealing. The
Te:Mo atomic ratio is very close to the stoichiometric 2:1,
indicating a negligible amount of vacancies on the surface.
Even if there were Te vacancies, then these would be
passivated quickly by oxygen or perhaps OH, since the energy
released in such passivation is very large (Table S2). The
samples we used, however, do not oxidize easily. This
observation was reported in previous work’' that we carried
out on samples from the same batch. The Mo and Te
abundances were not affected by the annealing. As summarized
in Table 1, our analysis of XPS peaks gives binding energy
peaks at ~228 eV for Mo 3ds,,, ~573 eV for Te 3d;,, and
~532 eV for O 1s. These values are very close to the literature
reported values for pure 2H phase MoTe,, where the Mo 3d;,
peak is at ~228.5 eV and Te 3d;), at ~573.0 eV.>* There is no
molybdenum oxide [Mo 3d;/, peak located at ~230 eV,
vertical dashed line in Figure 4a] 33 or tellurium oxide [vertical
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Figure 4. Typical XPS spectra for core (a) Mo 3d, (b) Te 3d, and (c)
O 1s levels, before and after thermal annealing. The spectra indicate
the absence or near absence of Mo—O and Te—O bonds, which
would correspond to Mo 3d;,, and Te 3d;,, peaks at 229.6 and 576.5
eV, respectively; the vertical dash lines represent the binding energy
values from literature® ™" corresponding to (a) Mo—O bonds and
(b, ¢) Te—O bonds.

lines in Figures 4b,c corresponding to the Te 3ds;, peak at
~576.5 eV and the O 1s peak at 530 eV]*>** observed on the
surface, neither before nor after annealing. The elemental
analysis is summarized in Table 1. This analysis reveals that
after annealing, the oxygen was largely removed from the
surface, as the O/Mo atomic ratio was reduced from ~24:1 to
~5:1 (Table 1). This oxygen may be in the form of O, and
water molecules, but also can be bound in organic molecules
left on the surface from the exfoliation process. Our analysis
also shows that the atomic ratio between Te and Mo is very
close to the ideal 2:1 value, both before and after annealing
(Table 1), which is another indication that oxides (Mo—O and
Te—O bonds) are not present in a significant amount.

Next, we investigate the possible physical origin of the p-
doping in our experiments. Since the samples do not depart
significantly from the ideal Te:Mo stoichiometry, there are no
Te vacancies and hence no catalytic sites. Thus, the oxygen
reduction reaction” in gas-phase oxygen cannot occur, so this
reaction is not a factor in removing electrons from the sample.
Another possible avenue for doping modulation is surface
charge transfer doping®”***° enabled by oxygen solvated in the
water wetting the surface, which leads to a H,0/0, redox
couple that drains electrons from the surface in order to
achieve reaction equilibrium. Under our well-controlled
conditions (ambient temperature 20.0 + 0.1 °C, humidity
45.0 + 1%), the dew point for water vapor is 8.3 °C,”” meaning
that if the temperature of the MoTe, surface were to drop
below 8.3 °C then water molecules would condense forming
either liquid droplets or liquid film on MoTe, In our
experiments, the temperature of the substrate with MoTe,
flakes never drops below 19.9 °C; therefore, any water
adsorbates must be in gaseous state because the flakes are

always above the dew point. Since water is in gaseous state, the
H,0/0, redox couple is not operational as a doping
mechanism because there are no solvated oxygen molecules
and/or protons.””***° Hence, we have to focus the
investigation into the p-doping mechanism on gas-phase
adsorbates.

To provide insight into which adsorbates may contribute to
doping and how, we have carried out DFT calculations
(Materials and Methods) of structure, charge transfer, induced
dipole density, and work function for MoTe, samples in the
presence of H,O, OH, and O,. Oxygen and water molecules
are ubiquitous in air in our experimental conditions, while
hydroxyls could be formed if water molecules were split due to
reactions with possible surface defects (Te vacancies or flake
edges) that expose Mo atoms. XPS analysis revealed that
nitrogen could be present, but at a significantly lower
concentration than oxygen; hence, we did not carry out DFT
calculations for nitrogen molecules on the surface. For samples
without Te vacancies, we expect H,O and O, to be
physisorbed, while hydroxyls may only be chemisorbed due
to their high reactivity. These expectations are born out in the
DFT calculations carried out for situations corresponding to
25% adsorbate coverage (this choice for coverage value was
made to keep calculations simpler). Figures Sa—c show some
possible adsorption configurations for H,O, hydroxyl, and O,,
along with the adsorption energies and relevant distances from
the adsorbates to the surface. We are not necessarily looking
for the most stable configurations as much as we are interested
in finding situations where adsorption (i) is energetically
favorable, and (ii) produces a charge transfer that is consistent,
at least qualitatively, with the work function changes
determined in our experiments. This is because in our samples
at room temperature and ambient conditions it is unlikely that
one type of adsorbate in only one configuration is present on
the surface; rather, a mixture of water and oxygen will be
present in various configurations with favorable adsorption
energies, amounting collectively to an overall induced surface
dipole pointing into the surface.

We adopt the convention that a positive adsorption energy
indicates binding with the surface, i.e., adsorption energy is
defined as the difference between (i) the energy of the surface
and a separate molecule (or radical) and (ii) the energy of the
surface with the adsorbate on it (section 2 in the Supporting
Information). The strongest binding occurs for OH (chem-
isorbed at a distance of 2.06 A), and the weakest binding
occurs for H,O (physisorbed at a distance of 3.67 A). The
oxygen molecule has a stronger adsorption than water, but it is
still physisorbed at a distance of 3.56 A. Tables listing distances
and adsorption energies for 1—3 ML of MoTe, are included in
section 2 in the Supporting Information.

We have also calculated the change in work function due to
the presence of each adsorbate on the surface. Not surprisingly,

Table 1. Results of XPS Spectra Analysis Showing the Peak Positions of Core Electrons and Atomic Ratio to Mo before and

after Sample Annealing

element level peak position before annealing (eV) peak position after annealing (eV)  atomic ratio to Mo (before) atomic ratio to Mo (after)
M Mo 3ds), 228.18 + 0.05 228.30 + 0.03 ) )
o

Mo 3ds,, 231.27 + 0.04 231.41 + 0.04
Te 3ds), §72.87 + 0.0S 57298 + 0.04

Te 1.99 + 0.17 2.01 £ 0.07
Te 3ds), 583.23 + 0.04 583.40 + 0.04

o O 1s §32.07 + 0.07 §32.22 + 0.0S 242 + 1.87 5.14 + 043
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Figure S. Possible favorable adsorption configurations for (a) H,O, (b) OH, and (c) O, on a 3 ML MoTe, surface at 25% coverage (only the top
MoTe, layer is shown, for clarity); the isosurfaces show the transferred electron density, with positive and negative values colored yellow and blue,
respectively. The adsorption energy, distance, and work function change are included under each potential energy. For reference, the work function
of the bare MoTe, 3 ML surface is 4.7 eV at the level of theory used here. Work function changes (from the bare surface value) can be understood
from the competition between the dipole density D due to the permanent moment of the adsorbate (pointing away from the surface) and the
induced dipole density p (pointing into the surface, and due to the electron transfer to the adsorbate). (d—f) Plane-averaged electron density
Ap(z) transferred in the presence of (d) H,O, (e) OH, and (f) O,. (g—i) Dipole integral (z) (“Materials and Methods” section) for (g) H,O, (h)
OH, and (i) O, on MoTe,. The dipole density induced at the surface is p = e lim #7(z). Negative values for p signify that the induced dipoles
z—00

point into the surface. The vertical dotted lines in (d—i) corresponds to the location of the top Te layer, and the vertical colored bands show the

extent of the adsorbates along z.

the polar adsorbates OH and H,O decrease the work function
due to their permanent electric dipole oriented away from the
surface. While for either OH and H,O there maybe be an
effective charge transfer with the surface, its effect on the work
function is obliterated to a large extent by their permanent
dipole pointing outward. In general, the calculated and the
measured values of the work function are the result of a
competition between the density of permanent dipoles [D in
Figures Sab] and the surface dipole created via electron
transfer to or from the adsorbates [p in Figures Sa—c]. In the
case of adsorbed water (configuration in Figures 5), the value
of the induced dipole density p is rather small, and the
contribution of permanent dipoles to the work function
dominates and decreases the work function. For OH, the
(opposite) permanent and induced dipole densities are of
similar magnitude at this coverage, which is why in this case
the work function is close to that of the bare surface and hence
inconsistent with the KPFM measurements. The presence of

OH on the surface is also ruled out by the XPS measurements,
which show no shift in the O 1s level and no Te—O bonds, i.e.,
no shifts in the Te 3d peaks (Figure 4). The O, molecule is not
polar, so no permanent dipole exists (D = 0). From the DFT
calculations, we have found that physisorption of oxygen
molecules on the MoTe, surface significantly increases the
work function (from 4.7 eV without oxygen, to 5.3 eV for 25%
oxygen coverage). This work function change is consistent
with an electron transfer from the surface to the adsorbate.
When computing the electron transfer density (Materials and
Methods), we have found that for all adsorbates the transferred
electron density has an oscillatory character [Figures Sd—f],
which makes it difficult to assess whether electrons were (or
were not) effectively transferred to or from the surface.
Certainly, our computed work function variations point to that
conclusion, but a direct, independent confirmation based on
the induced surface dipole and its direction is still necessary.
To this end, we have computed the density of the induced
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Figure 6. Time evolution of a +10 V charged patch over an MoTe, flake: (a) Topography of the flake with an extra monolayer delimited by crosses
and dashed border in the upper part of the flake. (b) KPFM surface potential over (a). (c) Relaxation of the surface potential after contact
electrification over the black and red triangle shown in (a) and (b); (d—g) KPFM surface potential evolution after contact electrification.

dipoles, which is proportional to the asymptotic value of the
dipole integral (see the “Materials and Methods” section)
plotted in Figures Sg—i. For the case of water, the dipole
integral is nearly zero, as the electron density transferred is 2
orders of magnitude smaller than those for OH or O, [Figures
Sd—f]. For OH and O,, the dipole integrals are negative
[Figures Sh,i], providing direct evidence that electron transfer
occurs from the surface to OH and O,, hence rendering the
surface p-type. By comparing the computed work function
variations with those from experiments, we note that only the
adsorption of O, increases the work function, which is
explained by the lack of a permanent dipole for oxygen.
Although we have not carried out an extensive study of all
possible energy configurations for O, on MoTe,, oxygen is
more electronegative than Te (bounded to Mo); hence, some
electronic charge will always transfer from MoTe, to O,
molecules, rendering the surface p-doped. The computed
work function increase of 0.6 eV at 25% oxygen coverage is
higher than that recorded experimentally (0.15 eV difference
before and immediately after annealing in Figure 3), likely
because in experiments the coverage associated with
physisorbed oxygen molecules is smaller than that assumed
in the DFT calculations. Nevertheless, the DFT-calculated
increase of @y, is comparable with the average difference

(0.7—0.8 eV) between the work function of long-term air-
exposed flakes measured by KPFM and the reported bulk value
of the work function of MoTe,.

Inherently modified by the electronic state of the surface, the
surface potential of the air-exposed MoTe, flakes shows
significant variations as the MoTe, flakes change in thickness.
At very small thickness, the electron-depleted regions created
by SCTD can extend across the flake’s thickness and morph

into an inversion region, with the Fermi level pushed very close
to the valence band. Indeed, the surface potential showed a
monotonous increase with the decrease in thickness, from
about 4.8 eV on flakes thicker than 100 nm to about 5.0 eV on
flakes of S nm in thickness (refer to the preannealing values in
Figure 3). Furthermore, the surface potential measured over
monolayers was slightly above that of the Au substrate, which
suggests a complete screening of the monolayer MoTe, flakes
by the adsorbed molecules. A decrease of ~200 meV was
measured in the surface potential of few MoTe, flakes of
various thickness right after annealing (refer to Figure 3). The
fact that the change in the surface potential after annealing was
independent of thickness indicates an exclusive surface
response expressed by the outer layers of the flakes. These
observations are consistent with the previous field-effect
transistor characteristics’’ measured on MoTe, flakes from
the same batch as the ones investigated in this study. As a
function of thickness, it was found that the field-effect
transistors made on flakes thicker than 65 nm are n-type. On
flakes with thickness in between 65 and 1S nm, they show an
ambipolar response, and on flakes thinner than 10 nm, they are
p-type.”®

Being restricted to the top layers of the flakes, SCTD can be
controlled not only globally (by annealing, as discussed above)
but also locally. One way to do this would be using scanning
probe microscopy. A conductive AFM tip brought into contact
with a flake will inject (remove) electric charges to (from) the
flake, depending on the bias voltage between the tip and
sample. The AFM mode used for contact electrification was
PFT AFM that operates in an intermittent contact mode to
reduce the contact time as much as possible and avoid the
damage that would be produced by friction in a full-contact
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scanning mode. Over a scanned area, a positively biased tip
(with the sample grounded) will release the negatively charged
adsorbates, which in turn will induce charge redistribution in
the subsurface region. With the molecular layer removed from
the scanned area, the surface potential will experience a
decrease from the value set initially by SCTD, signaling a less
p-doped region. The minimum bias voltage at which notable
changes in the surface potential of the charged area were
observed was about 3 V, and most of our contact electrification
experiments were done with +10 V on the tip. No changes in
the surface potential were made when negative biases up to
—10 V on the tip (sample grounded) were tried on long-time
air-exposed flakes. This is likely because the surface is already
negatively charged, and a negatively biased tip would not
diminish the adsorbate coverage.

Figure 6 shows the contact electrification of a MoTe, flake
over a rectangular patch of 0.5 ym X 0.5 um that was
performed at +10 V on the tip and flake grounded through
direct contact with the Au substrate. From regular scanning, a
single layer was found to sit on top of large flake (50 nm thick,
10 pm’® large) and loosely detached around its edges; this
monolayer is marked by crosses and particles along its border
in Figure 6a. Further topographic and KPFM analysis,
including average height profiles and surface potential profiles,
demonstrate that there is indeed one monolayer in the region
marked by crosses in Figure 6a (refer to section S in the
Supporting Information). The charging patch was written half-
and-half over the monolayer and the nearby compacted flake
[black triangle over the thick flake, and red triangle over the
top monolayer in Figure 6a]. Prior to contact electrification,
the KPFM mapping [Figure 6b] indicates a slight increase in
the surface potential over the monolayer due to the extra
charges brought by the adsorbates underneath the monolayer.
After contact electrification, the change in the surface potential
was monitored for few days by repeatedly performing KPFM
scanning over a large area containing the charged patch, with
the same tip and at the same conditions. Selected KPFM maps
are shown in Figures 6d—g, documenting the recovery of
surface adsorbates over time. The adsorbates recover faster
over the detached monolayer compared to the compacted flake
area of the patch, presumably due to their access to flake edges
and under the surface. The entire process is summarized in
Figure 6¢, where the measured changes in the surface potential
over the two halves of the charged patch are shown separately.
It is also interesting to note that the recovery process exhibits
two different time scales in both cases. In the first stage, a faster
recovery of about 100 meV in the surface potential occurs over
a time interval of about 0.5 days [left side of Figure 6¢c]. A
second, slower stage occurs over a time scale of 10—15 days
after the first day from charging and recovers by 25 to 50 meV
[refer to the right side of Figure 6¢]. The associated time
constants are included in Figure 6¢ for both triangular areas
during both stages of recovery. The physical origin of the two-
stage recovery process after contact electrification likely stems
from the fact that large voltages (+10 V) lead to two kinds of
charging: the first by removing the oxygen molecules
physisorbed on the surface and the second by having electrons
tunneling from the sample to the tip. When the tip is removed,
the faster process is the equilibration of the electronic density
across the sample, whereby electrons from regions next to the
charged patch and from the lower layers flow toward the
depleted patch. The spatial charge redistribution induced by
contact electrification was also probed by the tip-to-sample

contact current measurements (section 3 in Supporting
Information). The second process is a slow readsorption of
oxygen molecules, which is similar to that encountered after
annealing. While the reabsorption was not monitored daily
after 8 days from the contact electrification, we have confirmed
that surface potential was back to the original values [as in
Figure 6b] in a KPFM scan made after 25 days.

Once some of the adsorbates are partially removed from
MoTe, surfaces by either thermal annealing or contact
electrification and the surface charge is decreased to a certain
degree, the contact electrification can be used to modulate up
and down the local surface potential. To illustrate that the
recovery process could be accelerated, we have carried out
additional contact electrification experiments in which we
applied bias voltages in several stages and analyzed the maps of
the surface potential after each stage. The recovery occurs on a
faster time scale (less than 2 h), as shown in section 4 of the
Supporting Information. Another possible way to carry out
restoration could be to give up the strictly controlled
environment (temperature and humidity) and flow oxygen in
argon carrier gas in the vicinity of the surface; this would target
recovery for the entire surface. Such approach, however, would
require tedious calibration of the oxygen content and time/
exposure to ensure similar adsorption on the surface. Unlike
the air-exposed MoTe, surface on which only positively biased
AFM tips had induced changes in the surface potential, on
partially adsorbate-saturated areas, it was possible to either
decrease (by a positively biased tip) or increase (by a
negatively biased tip) the local surface potential as illustrated
in section 4 of Supporting Information. This demonstrates the
possibility of creating adjacent rewritable regions of different
charge density and variable surface potential that can be used
for nanoscale complementary logic electronics.*”~®'

B CONCLUSION

The results presented here complement the current literature
on controlled doping TMDC:s in several ways. First, our results
demonstrate controlled p-type doping by physisorbed oxygen
on stoichiometric surfaces (with no vacancies). In contrast,
previous works™” attributed n-type doping on MoTe, to Te
vacancies, and the switch to p-type doping to H,O/O, redox
couple occurring in air. While vacancies are effectively n-type
dopants, we have shown here via XPS characterization that
there is no significant amount of vacancies (passivated or not
by oxygen) and, using DFT calculations, that physisorbed
neutral O, molecules on a MoTe, surface with no vacancies
drain electron density from the surface, making it p-type. We
have performed DFT calculations for the case with vacancies as
well (section 2 in Supporting Information), and found that the
adsorption energy of O, is significantly larger on a Te vacancy,
3.47 eV, compared to 0.13 eV adsorption energy of O, on
pristine MoTe,. Such a large value of the computed adsorption
energy of O, on a Te vacancy ensures that a temperature of
150 °C cannot lead to any desorption of the O, molecules
from the vacancies; hence, there would not be any reversibility
of the SCTD process such as that we have shown in Figure 3a.

Another aspect in which this work complements the
literature is that we present a direct assessment of the charge
transfer at the MoTe, surface, both experimentally (via work
function measurements) and theoretically (via DFT calcu-
lations). Most literature reports use more “downstream”
measurements such as transport measurements (or I/ %4
characteristics)3’7_39 or photoelectric characteriza-
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tions.*>****** As such, our results provide an important piece
of the puzzle in that it is a direct evidence of SCTD process
and its tunability via oxygen concentration on the surface.
Furthermore, we also illustrate local control of the surface
charge doping by contact electrification using the probe of an
electrostatic force microscope as a floating gate. After
annealing or contact electrification, the air-exposed MoTe,
surfaces exhibit a slow reversal processes of readsorption of
oxygen, restoring of the p-type doping. These investigations
can complement typical field effect transistor measurements
used to extract electronic transport properties of devices based
on 2D materials. As a reversible and controllable nanoscale
physisorption process, SCTD can thus open new avenues for
the emerging field of 2D-TMDC electronics.

B MATERIALS AND METHODS

Sample Preparation. MoTe, flakes used in this work were
mechanically exfoliated from bulk single crystals that were grown by
chemical vapor transport (CVT) method using polycrystalline MoTe,
powder and TeCl, (ca. S mg/cm?) transport agent sealed in evacuated
quartz ampules. Temperature in the hot and cold zones was 800 and
700 °C, respectively. Growth duration of MoTe, crystals was 140 h.
This method produced pure 2H phase of MoTe, as confirmed by X-
ray powder diffraction (XRD), transmission electron microscopy
(TEM), and Raman spectroscopy.58

KPFM. The PF-KPFM mode implemented on MultiMode Bruker
AFM (Bruker, Santa Barbara, CA, USA) was used in this work to
perform surface potential measurements. A detailed description and
illustration of the mechanical and electrical modulations driven during
a PF-KPFM is discussed in section 1 of Supporting Information. In all
the measurements, the Au substrate supporting the MoTe, flakes was
ground, and the KPFM signals were routed through the conductive
AFM probe. The quantitative assessment of the KPFM measurements
was probed on scans on a reference sample consisting of strips of Au
and Al patterned on an n-doped Si substrate (Bruker, Santa Barbara,
CA, USA). The average CPD between Au and Al was 0.80 eV with a
standard deviation of 0.05 eV, which is close to the difference between
the work functions of the two metals, 5.1 eV for Au and 4.2 eV for AL
Several conductive AFM probes were used during the measurements.
They were either Ptlr probes (SCM-PIT from Bruker, Santa Barbara,
CA, USA, with nominal frequency around 60 kHz and spring constant
around 1 N/m) or diamond-coated probes (DCP from K-TEK,
Wilsonville, OR, USA, with nominal first resonance frequency around
150 kHz and spring constant around 10 N/ m). No significant
differences were observed in the measured CPD with the two sets of
the AFM probes used, and systematic checks were performed on the
Au/Al reference sample to ensure the consistency of the measure-
ments. Unless specified, most of the contact electrifications were
performed by applying +10 V on the tip (sample ground) during
PeakForce tapping (PFT) scans over delimited areas at 1 s per scan
line and 512 X $12 pixels per scan. The PFT mode was preferred to
the contact mode because of its intermittent contact operation; no
material damage was observed over the biased areas. In each KPFM
scan, the lift height was minimized as much as possible such that the
AFM tip was just few nanometers above the surface during its
oscillation in the lift mode.

X-ray Photoemission Spectroscopy (XPS) Measurements.
All of the XPS spectra were acquired on mechanically exfoliated flakes
placed on Au substrates. In the mechanical exfoliation process,
organic species adhere to the sample and have been analyzed
separately: The peak locations of Mo and Te 3d levels remain the
same regardless of the annealing, which indicates that the organic
species play no significant role in chemical passivation or doping. XPS
data were acquired with a Kratos Axis UltraDLD XPS/UPS system,
using the monochromatic Al Ka line. The base pressure of the
analysis chamber is 107 Torr. Calibration of XPS spectra in the
pristine sample was done with the C—C bond in C 1s peak and set to
BE = 284.5 eV with all the spectra shifting to lower binding energy by

0.4 eV. The peak positions for the after annealing sample were shifted
by the same amount for consistency. The C peak comes from the
adventitious carbon contamination and it is commonly observed in
noncarbonous samples. The C 1s peak before the annealing shows the
presence of organics in the form of C—C, C—0O, and C=O0 bonds.
Thermal annealing largely removes the C=O bonds and C-O,
indicating the removal of surface oxide, while the C—C components
are still present on the surface. All samples were characterized at
normal takeoff angle. The XPS spectra are fit using GL(30) (70%
Gaussian, 30% Lorentzian functions). The Fermi level was calibrated
using atomically clean gold, and the presented spectra were calibrated
with respect to the Fermi level at zero binding energy. Thermal
annealing at 150 °C for 15 min was performed inside the transfer
chamber with a base pressure of ~107" Torr.

Density Functional Theory Calculations. We have performed
all the DFT calculations within the framework of the generalized
gradient approximation (GGA) as implemented in the Vienna Ab-
initio Simulation Package (VASP).®* We have also incorporated the
D3 functional of Grimme et al%® to describe the van der Waals
interactions between layers and those between the adsorbates and the
MoTe, slab; the adsorbates are placed symmetrically on each side of
the slab. As such, no dipole corrections are necessary. All calculations
were carried out without spin polarization; we have repeated some of
the calculations using spin-polarization, and found no significant
changes in the results. We use projector-augmented wave (PAW)
pseudopotentials®® to perform structural relaxations, as well as work
function calculations. We use a plane-wave energy cutoff of 540 eV
(600 eV) and I'-centered S X S X 1 grid (10 X 10 X 1 grid) for the
structural relaxations (work function calculations), and a force
criterion of 1072 eV/A for ionic convergence. We introduce a
vacuum spacing of 18 and 27 A along the c-axis for the structural
relaxations and work-function calculations, respectively, in order to
avoid undue interaction effects between adjacent periodic images of
the computational cell.

In order to compute the work function, we calculate the surface
average electrostatic potential V(z) in the supercell as a function of
the coordinate z perpendicular to the surface. The value of this
potential in the middle of the vacuum spacing represents the potential
far away from the surface z = 00), from which we subtract the energy
of the Fermi level Ep,,.,; to obtain the work function, ® = lim,_, ,, V(z)
— Epemi We compute the transferred electronic density Ap(r) in the
presence of adsorbates as

Ap(l‘) = pads/MoTeZ (1‘) - ppristineMoTez (l‘) - /Zids(r)

where r = (%, y, z) is the location in the computational cell, and the
terms of the right-hand side correspond to the relaxed adsorbate on
the surface (pu49/more,); to the surface alone with the adsorbate

removed and no relaxation pyir.,), and adsorbate alone with the

surface removed and no relaxation (p,). Since the transferred
electron density usually displays oscillations van der Waals bonded
systems® ™% [also shown in Figure 5d—f], it is necessary to compute
the electrostatic dipole density in order to investigate if indeed net
electronic charge has been transferred upon adsorption of adsorbates.
Following approaches similar to those in other 2D literature,*>*® we

first compute the function (dubbed here the dipole integral)
n(z) = _-I()OOZA p(z) dz, in which Ap(z) is the plane-averaged

transferred density and the integration limits are from the middle of
the surface slab (lower limit 0) to the middle of the vacuum spacing in
the supercell (upper limit, symbolically written as o). The induced
dipole moment density will then be p =e lim 7(z) = e n(c/2),

z—= 00
where e is the elementary charge and the last equality assumes that the
domain of z coordinates in the supercell ranges from 0 to ¢ (both
these values representing the midpoint of the surface slab). With the
above definition for the dipole integral, a positive (negative) induced
dipole density p implies that electrons are transferred to the surface
(to the adsorbate), and the dipole points away (toward) the surface.
In the absence of permanent dipoles, the change in work function
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from a bare surface to one with adsorbates is proportional to the

. . . __r .
induced dipole density @,y po1e, = PoristineMoTe, = - where g is

the permittivity of vacuum.

B DISCLAIMER

Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such
identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor
does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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1. PeakForce Kelvin probe force microscopy (PF-KPFM) measurements

The KPFM used in this work was the frequency modulation KPFM implementation in the peak-
force tapping (PFT) mode of a Bruker Multimode AFM (Bruker, Santa Barbara, CA, USA), the so-called
PeakForce KPFM.! A detailed description and illustration of the mechanical and electrical modulations
driven during a PF-KPFM scan line are shown in Figure S1. PeakForce KPFM works in a dual-pass
scanning line mode, with topography and mechanical tip-sample tapping interaction resolved in the first
pass and V., measurement in the second pass when the tip is lifted at some height above the surface and
follows the topographical profile determined in the first pass. In the first scanning pass, the AFM operates
in PFT mode with the piezo scanner mechanically vibrated in the z-direction at a set frequency (e.g., 2 kHz)
and feedback on the peak magnitude of the contact force. In the second pass, the cantilever is mechanically
oscillated at its first resonance frequency w; and electrically modulated by an ac bias at w,, (usually 2 kHz),
V,esin(wpyt). As the result of this modulation, two sidebands emerged at w; * w,, in the frequency
spectrum of the cantilever deflection and their cancelation is made by adjusting the dc component, V., of
the bias voltage on the cantilever. This is in fact the nullification of the electrostatic force (in amplitude
modulation KPFEM) or its force gradient (in frequency modulation KPFM) between the plates of the tip-
sample capacitor. The voltage V;. measured by PeakForce as KPFM potential was with the frequency
modulation applied on the tip and the Au substrate grounded, so Vepp = —Vy.. In this configuration, an
increase (decrease) in the measured V. corresponds to a decrease (increase) in the surface potential.
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Figure S1. Schematic of PF-KPFM operation with signals from one of the scans over a MoTe, flake on Au substrate.
In the main scan line, the piezo scanner is driven by a 2 kHz mechanical oscillation with feedback on the peak force
experienced by the cantilever. Extra resonances (due to the compliance of the cantilever used) appear in between taps
at the first resonance of the cantilever with no influence on scanning. In the lift scan, the cantilever is raised at a given
height and follows the topography acquired in the main scan. Additionally, during the lift, the cantilever is driven
mechanically at its first resonance frequency w, and electrically at a modulation frequency of w,, = 2 kHz and a dc
KPFM voltage. The KPFM voltage is obtained from the feedback signal that cancels out the components at w; * w,.
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In the KPFM measurement configuration described above, the CPD between the tip and sample,
the CPD between MoTe, flakes and Au can be directly obtained from a KPFM map over a region
encompassing MoTe; flakes and exposed Au areas, without the need of knowing the work function of the
AFM probe. The quantitative assessment of the KPFM measurements was probed on scans on a reference
sample consisting of strips of Au and Al patterned on an n-doped Si substrate (Bruker, Santa Barbara, CA,
USA).! The average CPD between Au and Al was 0.80 eV with a standard deviation of 0.05 eV, which is
close to the difference between the work functions of the two metals, 5.1 eV for Au and 4.2 eV for Al.

Several conductive AFM probes were used during the measurements. They were either Ptlr probes
(SCM-PIT from Bruker, Santa Barbara, CA, USA, with nominal frequency around 60 kHz and spring
constant around 1 N/m) or diamond coated probes (DCP from K-TEK, Wilsonville, OR, USA, with nominal
first resonance frequency around 150 kHz and spring constant around 10 N/m). The Ptlr probes have sharper
tips and provide a better spatial resolution, whereas the diamond coated probes are more robust and were
used in contact electrification measurements. No significant differences were observed in the measured
CPD with the two sets of the AFM probes used, and systematic checks were performed on the Au/Al
reference sample to ensure the consistency of the measurements. Unless specified, most of the contact
electrifications were performed by applying +10 V on the tip (sample grounded) during PeakForce Tapping
scans over delimited areas (either micrometer or half-micrometer size) areas at 1 s per scan line and 512 X
512 pixels per scan. The PeakForce Tapping mode was preferred to the contact mode because of its
intermittent contact operation; no material damage was observed over the biased areas. In each KPFM scan,
the lift height was minimized as much as possible such that the AFM tip was just few nanometers above
the surface during its oscillation in the lift mode.

2. Density functional calculations of MoTe; with adsorbates

We have performed DFT calculations at the level of generalized gradient approximation® with the D3 van
der Waals correction® for H.O, OH, and O, adsorbed on MoTe; in order to assess the effect of these
adsorbates on work function of surfaces with 1, 2, and 3L, at 25% areal coverage. The adsorbates are
disposed on both faces of the slab, and slabs with vacancies were considered as well; in the latter case, the
adsorbates were placed directly above the vacancy and allowed to relax. 1 L with vacancies on both sides
is unstable at this coverage. The main text reports only the values for 3. We include here the work function
(Table S-I), adsorption energies (Table S-1I), and distances to the upper Te atomic plane (Table S-III) for
the all computed cases. The adsorption energy AE,,, is defined here as

AEads = Epristine MoTe, + Eads — Lads/MoTe, »

where Epristine MoTe,» Eads and Eqqs/MoTe, - are the energy of the slab without adsorbate, the energy of the
adsorbate by itself (in the absence of substrate), and the energy of the system consisting in the adsorbate
relaxed on the substrate, respectively. By this convention, the adsorption energy is positive if adsorption is
thermodynamically favorable.



Table S1. Calculated work functions (eV) for MoTe; slabs.

bare H,O OH (00 vac vac+H,O | vac+OH | vac+0O,
1L 4.79 3.29 4.58 5.88 4.58 - - -
2L 4.74 3.15 4.55 5.81 4.44 4.74 4.44 5.45
3L 4.66 3.12 4.46 5.25 4.52 5.66 4.52 5.25

Table S2. Adsorption energies (eV) for MoTe; slabs.

H,O OH 0 vac+H,O | vac+OH | vac+0O,
1L 0.037 1.53 0.13 - - -
2L 0.040 1.89 0.13 0.33 5.10 3.47
3L 0.040 1.22 0.13 0.25 5.12 3.47

Table $3. Distances (A) to the Te atomic place for MoTe; slabs. Distances are measured from the top Te atomic

plane to the closest O atom. A negative value signifies that the (closest) O atom is below the Te plane.

H,O OH 0 vac+H;O | vac+OH | vac+0O;
1L 3.653 1.969 3.488 - - -
2L 3.700 2.059 3.501 1.691 —-0.396 | —0.741
3L 3.670 2.059 3.559 1.839 —0.396 | —0.742

The water molecule relaxed with the O atom towards the surface for bare surfaces. When the H,O
molecule was placed above the vacancy, it relaxed with the H atoms pointing down, i.e. reverted the
direction of its permanent dipole. This is reflected in the work function change from 3.12 eV (HO on 3 L)
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to 5.66 ¢V (H,O on a Te
vacancy, 3 L, flipped dipole)
values in Table S-I. The
work function values of
MoTe; determined in Table
S-I are in reasonable
agreement with a recent
experimental estimation,* as
well as with our own
measurements. The work
function decreases with the
number of layers, and
increases when  oxygen
molecules are adsorbed:
these trends are seen in our
experiments, and the
numerical differences stem
primarily from the fact the
oxygen coverage in
experiments and  DFT
calculations are not the same.

3. Current mapping over
surface charge-transfer
doped areas

The removal of the negative
charges and negatively
charged adsorbates during
scanning with a positively-
biased tip (sample grounded)
has also been confirmed by
current-AFM mapping
(Figure S2). After the
topography of the top of a
thick MoTe; flake was
imaged in  PeakForce
Tapping (Figure S2.a), a
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Figure S2. (a) AFM topography of a thick unannealed MoTe, flake. (b) KPFM
surface potential after charging over a 1 um X 1 um patch (tip bias at +10 V);
the change in the surface potential is shown with respect to the uncharged area.
(c) Averaged-contact PF-TUNA current map over the area shown in (a) and (b)
with clear reduction in the contact current over the charged area. (d) Average
profile of the contact current over the box highlighted in (c). (e) Schematic of
the current measurement and charge distribution for an unannealed area with
negatively charged adsorbates (left) and an area where the negative charges
were removed via scanning with a positively-biased tip (right).

1 um X 1 pm area was selected and scanned again with a +10 V biased tip. Subsequently, the decrease in
the surface potential over the charged area was demonstrated by imaging the surface potential over a region
that includes the charged area (Figure S2.b). As discussed in the main text, the decrease in the surface
potential indicates a removal of the surface adsorbates. Along with the adsorbates, some of the negative
charges are also removed. As a result, a reduction in the tip-sample contact current is expected; indeed, this
was observed in current-AFM mapping (Figure S2.c) over the same area imaged by KPFM (Figure S2.b).
The current-AFM mapping was performed with the PeakForce Tunneling AFM (PF-TUNA)> module of
the MultiMode AFM (Bruker, Santa Barbara, CA, USA).! A diamond coated AFM probe (DCP from K-
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TEK, Wilsonville, OR, USA) was used for the PF-TUNA current mapping under a bias voltage of —8 V
on the sample (Figure S2.e).

4. Nanoscale patterning of the surface potential of MoTe; flakes

As detailed in the main text, on long-term air-exposed MoTe, flakes, the surface potential can only be
decreased by contact electrification with positively biased tip, through the removal of the negatively-
charged adsorbates. No increase in the surface potential was obtained with negatively biased tips on long-
term air-exposed MoTe, flakes. However, when some of the adsorbates were removed by thermal annealing
(150 °C for 30 minutes), it was possible to either decrease (positively biased tip and sample grounded) or
increase (negatively biased tip and sample grounded) the surface potential of the flakes (refer to Figure S3).
This is because, once some of the adsorbed molecules were removed and the surface potential reduced by
annealing, it was possible to modulate the surface potential further by contact electrification: more
negatively charged adsorbates were removed with positive voltages on the tip and some negative charges
were transferred from the tip to the sample with negative voltages on the tip. The extra negatively charged
patch (dark square in Figure S3.c) has a shorter lifetime than the positively charged patches (light yellow
squares in Figure S3.b, c, and d). This demonstrates the possibility of creating adjacent rewritable regions
of different charge density and variable surface potential that can be used for nanoscale complementary
logic electronics.5®

’ eV
‘ 0.0

0.2

03

-0.4
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Figure S3. KPFM surface potential over an annealed MoTe, flake on Au substrate (with Au as zero reference): (a)
before charging; (b) after 30 min from +10 V charging (brighter patch on the flake); (c) after 2 h and 40 min from +10
V charging (brighter patch on the flake) and 10 min after -10 V charging (darker patch on the flake); (d) after 5 h from
+ 10 V charging (brighter patch on the flake) and 3 h and 30 min after the -10 V charging (no visible contrast at the
negatively charged location). Each image covers an area of 16 um x 4 pum and all images share the same color scale
bar shown on the right side of the figure.

Furthermore, the surface potential of the same area of a MoTe, flake can be modulated back and
forth by contact electrification performed at various bias voltages. Figure S4a shows the surface potential
over a region of 5umx5pum of a long-term air-exposed MoTe2 flake right after a +10 V contact
electrification. The contact electrification was done in PFT (tip biased at +10 V and sample grounded) over
an area of 1 um x 1 um (the upper left corner of the image). After the contact electrification, the surface
potential of the scanned area decreased by about 300 meV (bright patch in Figure S4a) with respect to the
surface potential of the uncharged flake. The surface potential of the charged area was then mostly restored
by a subsequent contact electrification performed over the same area, but with the tip biased at -5 V. As
shown in Figure 4Sb, the restoration of the surface potential was not complete, and some alterations were
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still present even after a subsequent —10 V electrification over the same area (refer to Figure S4c). It was
only after a second contact electrification at —10 V that no differences were observed anymore between the
charged and uncharged areas (Figure S4d). It is therefore possible to modulate back and forth the surface
potential of a free-absorbent MoTe; surface by different voltages of positive and negative polarity and
control the local surface charge doping. Each PFT scan for contact electrification mapping was performed
in about 8 min and each KPFM scan for surface potential imaging in about 16 min.

(a) (b)

Figure S4. KPFM surface potential over a 90 nm thick and long-term air-exposed MoTe; flake (no annealing): (a)
right after +10 V charging. The charging was done by contact electrification with the AFM tip biased at +10 V while
scanning in PFT over an 1 ym x 1 um area located in the upper-left corner of the image (brighter patch); (b) after —5
V charging over the charged area shown in a); (c) after an additional —10 V charging over the same area; d) after a
second additional —10 V charging over the same area. Each image covers an area of 5 um x 5 um and all images have
the same color scale bar. The surface potential is scaled with respect to that of the uncharged area.
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5. Stack structure of MoTe; flakes from KPFM contrast

The stack structure of the MoTe, flakes can be easily identified from the KPFM color contrast in
corroboration with topography and/or mechanical contrast (see the main text for discussion). Here we give
further details for two examples that were used in the main text for the identification of some few-layer
flakes.

A) One and two-layers MoTe; flakes.

In the example discussed in Figure 2, the KPFM image shows strong contrast between a 45 thick and one-
layer (1L)/ two-layers (2L) MoTe; flakes. On the scale used to show this contrast (Figure S5a), there does
not appear to be sufficient contrast to distinguish between 1L and 2L flakes. However, once the scale bar
is reduced, the 2L regions can be easily distinguished in Figure S5b, with blue associated to 1L and red to
2L. Some enhancement (red towards yellow in Figure S5b) in the surface potential around the edges of the
2L regions can be attributed to detachments and/or charge/particle accumulation. On the reduced color scale
of the Figure S5b, the KPFM contrast of the 45 nm thick flake is saturated (bright yellow). The height
difference between 1L and 2L regions is shown along a scan line (dashed line in Figures S5a and b) in
Figure S5c (same as in Figure 2 of the main text). By corroborating the information from topography,
mechanical contrast (Figure 2b in the main text), and KPFM, the stack structure of the flakes imaged is
shown in Figure S5d in the form of colored domains.

-0.4 -0.2 0.0 eV

[

(c)s0 -

F N\
Au substrate 1L MoTe,

0 5 10 15 20 25 45 nm thick MoTe,  mmmm 2L MoTe,
Distance (um)

Figure S5. (a) and (b) KPFM maps over MoTe; flakes on Au substrate: in (a), a strong contrast is observed between
Au and a 45 nm thick MoTe; flake and in (b) the color scale was reduced to enhance the contrast between 1L and 2L
MoTe; flakes. (c) The height profile across the dashed line shown in (a) and (b) showing the height difference between
1L and 2L regions; (d) Color-coded stack structure of the regions identified within the area shown in (a) and (b).
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B) One-layer on top of bulk MoTe; flake.
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Figure S6. (a) Topography and (b) KPFM surface potential maps of MoTe; flake with an extra layer on top; (c) and
(d) average profiles across the same region delimited by a rectangular box (2.0 um x 0.8 um) in each of the maps
shown in (a) and (b), respectively. The direction along the average profiles is indicated by arrows on the short sides
of the box.

The extra layer on top of the bulk flake discussed in the Figure 6 of the main text is easily identified
in the upper part of the KPFM map by color contrast (Figure S6b). In the topography map (Figure S6a), the
layer is less visible due to the large topographical variations across the area (larger than what is shown in
Figure 5a of the main text) and occasional particles. The edges of the extra layer can still be distinguished
rationally in the topography maps by small ripples pointing up (these correspond to the darkest contrast in
the KPFM map), and by the string of particles aligned along these edges. On some regions across the border,
we made quantitative measurements of the average height profiles across rectangular boxes, on both
topography and KPFM maps. In the average height profile shown in Fig. S6c, a step height of about half a
nanometer was measured between the flat part of the bulk and the flat part of the extra layer. This is
consistent with the height of one MoTe, monolayer (=0.62 nm). The border is identified in Fig. S6c by a
large bump, which is due to the particles aligned along the border of the monolayer that are present inside
the rectangular box. Across the border, the average surface potential (Figure S6d) captured within the
average box shows a variation of about 30 meV, most likely due to the extra adsorbates underneath the
layer.

Disclaimer: Certain commercial equipment, instruments, or materials are identified in this paper to foster
understanding. Such identification does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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