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Local Manipulation of the Energy Levels of 2D TMDCs on
the Microscale Level via Microprinted Self-Assembled

Monolayers

Sarah Griitzmacher, Max Heyl, Marco Vittorio Nardi, Norbert Koch,

Emil J. W. List-Kratochvil,* and Giovanni Ligorio*

2D transition metal dichalcogenides (TMDCs) are atomically-thick
semiconductors with great potential for next-generation optoelectronic
applications, such as transistors and sensors. Their large surface-to-volume
ratio makes them energy-efficient but also extremely sensitive to the
physical-chemical surroundings. The latter must be carefully considered when
predicting the electronic behavior, such as their energy level alignment, which
ultimately affects the charge carrier injection and transport in devices. Here,
local doping is demonstrated and thus adjusting the opto-electronic
properties of monolayer TMDCs (WSe, and MoS,) by chemically engineering
the surface of the supporting substrate. This is achieved by decorating the
substrate by microcontact printing with patterns of two different
self-assembled monolayers (SAMs). The SAMs posses distinct molecular
dipoles and dielectric constants, significantly influencing the TMDCs
electronic and optical properties. By analyzing (on various substrtates), it is
confirmed that these effects arise solely from the interaction between SAMs
and TMDCs. Understanding the diverse dielectric environments experienced
by TMDCs allows for a correlation between electronic and optical behaviours.
The changes primarily involve alteration in the electronic band gap width,
which can be calculated using the Schottky-Mott rule, incorporating the
dielectric screening of the TMDCs surroundings. This knowledge enables
accurate prediction of the (opto-)electronic behavior of monolayer TMDCs for
advanced device design.

1. Introduction

Due to unique optical and electronic
properties, 2D transition metal dichalco-
genides (TMDCs) are emerging as a
potential alternative to silicon tech-
nology for next generation opto- and
nano-electronic applications.['*] When
going from the 3D bulk to the 2D mono-
layer (ML), TMDCs transition from
indirect to direct band gap semiconduc-
tors, enabling (semi-)transparent and
mechanically flexible architectures.[*>]
This renders them promising materials
for device applications spanning all
realms of electronics and optoelectron-
ics. It is the atomic-scale thickness of
the TMDCs that allows for ultra-short
channels and hence energy-efficient
field-effect transistors for integrated
circuits.l®) Their ability to transport both
electrons and holes opens the door to
new design opportunities for ambipo-
lar logic electronics.”°l Furthermore,
TMDCs exhibit exotic physics such as
unconventional quantum Hall effect and
quantum  transport phenomena,*"]
valley degrees of freedom,!12l
and complex exciton physics(*12-16]
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The doping techniques for the 3D bulk silicon, established
over the past seven decades,!'”! allows for the transition from
intrinsic-to-extrinsic semiconductor nature, which is neces-
sary for modern day technologies. Before TMDCs are ready
to substitute silicon in electronic applications, suitable dop-
ing techniques for 2D materials must be found. Due to the
large surface-to-volume ratio of 2D TMDCs “the interface is
the device.” Changing the interface between the TMDC and
its environment has a drastic effect on the TMDC'’s electric
and optical behavior, such as their work function(®),8-2¢]
their electronic band gap (E,),>'*¥7% and  their
photoluminescence (PL).31-]

The tuning of the physico-chemical interactions that occur be-
tween the TMDC and substrate is a practical approach to design
high-performance TMDC-based devices.[?1:22243236] An interface-
mediated doping can be achieved via chemical modification of
the substrate supporting the TMDC. For this, self-assembled
monolayers (SAMs), that is, densely packed organic surfactants
with a thickness of a single molecular layer, prove to be a promis-
ing candidate. This simple and low-cost approach lies in the
wide spectrum of commercially available SAMs, where the an-
choring group can be chosen to match the substrate and the
molecular structure determines the interaction with the TMDC.
Shown when the chemical structure of the SAM-molecule can
carry a permanent electric dipole, whose average orientation de-
termines the electrostatic potential landscape of the substrate
surface.l?32>37:38] Depending on the dipole orientation, the Fermi
Level (Ej) of the TMDC transferred on the modified substrate is
shifted within the E,.[® In case of an upward dipole orientation,
the Ej is shifted toward the conduction band, thereby increas-
ing the electron concentration in the TMDC. A downward dipole
orientation shifts the E;. toward the valence band, increasing the
hole concentration. However, the surface dipole of the SAMs does
not only shift E; of the TMDC but also has a profound effect on
the TMDC carrier mobility, the Coulomb interaction potential be-
tween electrons and holes, varying the exciton binding energies,
and the electronical band gap; This is due to dielectric mismatch
between the 2D semiconductor and its environment.***°! There-
fore, to predict the substrate dependent electronic and optical be-
havior of the TMDC the influence of the dielectric environment
must be carefully considered.

In this work, we demonstrate that the electronic and optical
behavior of the TMDCs results from the combined effects of elec-
trostatic surface potentials and dielectric screening. We demon-
strate the importance of understanding the interaction at the
TMDC/substrate interface to correctly predict this behavior. For
this purpose, we investigated WSe, and MoS, on two different
substrates modified with two different SAMs. We show that both
electrical and optical behaviors are modified by the SAMs and
that the modulation of the dielectric environment must be taken
into consideration for a comprehensive understanding of the ob-
served phenomena.

2. Results and Discussion
2.1. Lateral Functionalization of Substrates with SAMs

Microcontact printing (uCP) was employed as tool for the sur-
face modification of the substrates (Si/SiO, wafers, 300 nm ox-
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ide layer) to achieve microscale lateral features of two differ-
ent SAMs. The reader is referred to the Experimental Section
for details regarding the sample preparation and measurement
procedures.

Figure 1a shows a schematic representation of the uCP process
of octodecytrichlor-silane (OTS) and the chemical structure of the
SAM-molecule. OTS (CH;(CH,),,SiCl;) consists of a C,4 carbo-
hydrate chain with an anchoring silane group, which is ideal to
bind to the Si/SiO, substrate. The molecule exhibits a length of
2.4 nm.*® The chemical modification of the substrate was inves-
tigated using scanning force microscopy (SFM). Figure 1b dis-
plays the SFM image of the modified substrate, where the printed
features of the OTS-SAM have a 10 um line width, correspond-
ing to the topography of the PDMS stamp. The SAM lines are
elevated with respect to the surface of the substrate by 1.1 nm.
The inset line in the image reports the height that was mea-
sured locally. The thickness of the ML was reproducible both
from batch to batch as well as within each batch, with a variance
of 0.1 nm. The discrepancy between the theoretical length of
the molecule (2.4 nm) and the SAM-height, which has been ex-
perimentally measured (in our case 1.1 nm) has often been re-
ported in literature.®®*42] This is usually attributed to two main
causes. The first is the tilt angle of the molecules with respect
to the surface, which depends on the density of the SAM. The
second results from measurement underestimation of the thick-
ness. For this task SFM is a common experimental method em-
ployed but seems to systematically display lower values for the
SAM-height. This has been attributed to measurement artifacts
arising from the different adhesion forces experienced by the
SFM cantilever on OTS with respect to SiO,, the former being
hydrophobic and the latter hydrophilic.*® To be certain that the
SAM fabricated via uCP has the same effect on the substrate sur-
face, specifically the surface energy, as high-density SAMs pro-
duced via chemical bath deposition, we experimentally compared
samples fabricated with the two different methods via contact
angle measurements (CA). For the sample fabricated via chem-
ical bath deposition, a Si/SiO, substrate (cleaned via sonication
and treated via oxygen plasma to activate the surface) was im-
mersed overnight into an OTS solution. The sample produced via
UCP was prepared with a stamp with no features to achieve full
coverage of the sample. The CA measured for the two samples
is 111.7° + 0.2° and 109.5° + 0.4°, respectively (see Figure S1,
Supporting Information). Although the uCP sample displays a
slightly smaller CA with respect to the CBD sample, both values
are in good agreement with literature values for OTS deposited
via CBD, which have been measured around 110°.[3-¢] Values
for vapor-deposited OTS are typically lower, due to less compact-
ness of the SAM, and are measured around 100°.14748] Therefore,
despite the small difference in the CA between the two samples,
we consider the change in surface energy of the substrate (and
hence the achieved coverage) to be very similar for both 4CP and
CBD samples.

The presence of the OTS-SAM was additionally confirmed
via X-ray photoemission spectroscopy (XPS), performed on sub-
strates printed in an analogous way. To meet the lateral detection
limitation of XPS, stamps without features were employed for
full coverage of the substrate. To avoid substrate charging during
the measurements, highly doped Si substrates with a native oxide
layer (~ 3 nm) were chosen.
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Figure 1. a,e) Schematic of microcontact printing of OTS and its chemical structure; backfilling via chemical bath deposition of FTS. b,f) SFM image of

OTS-SAM and OTS/FTS-SAM pattern, respectively. The inset lines represent the height measured locally. ¢,g) KPFM images of OTS-SAM and OTS/FTS-

SAM pattern, displaying a difference in CPD of AgngM ors = —0.2eVand AK;’FMOTS = 0.8 eV, respectively. The inset lines represent the CPD measured
locally. d,h) Secondary electron cutoff (SECO) and valence band spectra of OTS and FTS on native SiO, oxide, respectively. The difference in work

SECO
function for the two SAMs on SiO, is A= .o = TeV.

To investigate the electrical modification of the substrate
by the SAM, Kelvin probe force microscopy (KPFM) was per-
formed. Figure 1c shows the KPFM image acquired simultane-
ously during the SFM image, reported in Figure 1b. The SAM
pattern is confirmed in contrast to the contact potential differ-
ence (CPD). OTS exhibits a larger CPD compared to SiO, with

Siotors = — 0.2€V, which is in good agreement with liter-
ature values®®! The inset line in the image displays the CPD
measured locally. To gain further information about the elec-
tronic properties of the SAM-modified surface, the secondary
electron cutoff (SECO) and valence band (VB) were investi-
gated via ultraviolet photoemission spectroscopy (UPS). These
measurements were performed on the same substrates inves-
tigated via XPS (see above). Figure 1d displays the SECO and
VB spectra of OTS, from which the work function (@ =
3.5 eV) and the hole injection barrier (HIB = 2.4 eV) were
extrapolated.

After the successful patterning of OTS, the second SAM
was deposited into the gaps via backfilling. This was achieved
by immersing OTS-patterned substrates into a trichloro(1,1,2,2-
perfluorooctyl)silane (FTS) solution. Figure le shows the back-
filling procedure and the chemical structure of the molecule.
FTS (CF,(CF,)s(CH,),SiCl;) consists of a perflourated C; carbon
chain, a (-CH,), spacer group and an anchoring silane group.
The molecule exhibits a length of 1.4 nm[“>-!) In order to clearly
differentiate the two SAMs, the following results report samples
fabricated employing a stamp with an asymmetric pattern. The
OTS-SAM is printed in squares (20 X 20 pm?), connected diag-
onally by lines (2 um width). The FTS-SAM fills the octagonal
gaps. Figure 1f shows the SFM image, where the OTS-SAM is
visible in the elevated brighter areas, as expected by the larger
length of the OTS (C,4) with respect to the FTS (Cg) molecule.
The inset line in the image displays the height measured locally
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and shows a difference of 0.3 nm between the two SAMs. Given
the height of 1.1 nm measured for OTS, the height of FTS can
be calculated to be 0.8 nm. This is in good agreement with lit-
erature values, where FTS is reported to form an ML of 0.9-
1 nm.[*-1] Additionally, the result was reproducible with a vari-
ance of +0.1 nm from batch to batch. To prove that the pattern has
high quality over a large area, images were taken with scanning
electron microscopy at a larger scale at random positions on the
substrate. Typical images can be found in Figure S2, Supporting
Information.

XPS was performed on FTS-treated, highly doped Si sub-
strates with a native oxide layer. The results (for both OTS and
FTS) can be found in the supplementary information (Figure
S3, Supporting Information) and report the spectra for carbon
[C(1s)] and fluorine [F(1s)]. For OTS the C(1s) core level con-
sists of one peak centered at 287 eV, attributed to the -CH,
and —CHj, carbons. For FTS the C(1s) core level consists of
two main components with binding energies at 287 eV and
293 eV, which are assigned to the —-CH, and —CF, /-CF, groups,
respectively.

Figure 1g displays the KPFM image acquired simultaneously
during the SFM image reported in Figure 1f. The two SAM re-
gions are clearly discernible, as the FTS-SAM exhibits a larger
CPD compared to the OTS-SAM ( AKFEM = 0.8 eV). The inset
line in the image displays the CPD measured locally. To confirm
these results, UPS was performed on FTS on Si/SiO, (native ox-
ide) substrates, analogously prepared to those of OTS. The SECO
and VB spectra can be seen in Figure 1h. The obtained values
(Prrs = 4.5 eV, HIB = 1.3 eV) are in good agreement with the
KPFM measurements ( AL = 1eV).

The ability of SAMs to change the work function (®) of a sub-
strate is due to the change of the surface dipole induced by their
electrostatic potential. Every adsorbed species with a permanent

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a,f) Schematic of the cross section of the prepared samples. SiO, substrates with OTS- and FTS-SAM pattern with TMDCs transferred on top.
The topmost part of the figure refers to WSe,, while the bottommost to MoS,. b,g) KPFM images of the samples showing the SAM pattern, displaying

a difference in CPD of A\:/TSSE_ZOTS =0.4eV and A2/|T035_20T5 = —0.2 eV. The inset lines represent the CPD measured locally. c,h) UPS (secondary electron
cutoff and valence band spectra) of WSe, and MoS, transferred on OTS and FTS. d,i) PL map of WSe, and MoS, transferred on OTS/FTS pattern. The

brightness of every pixel represents the local PL intensity integrated between 1.4-1.9 eV and 1.6-2.1 eV, respectively. e,j) Averaged PL spectra of WSe,

and MoS, on OTS and FTS.

dipole causes a change in the work function, according to the
Helmholtz equation:

A(Dsub = (1)

where A®, represents the change in ¢ of the substrate in-
duced by the SAM, q the elementary charge, N the packing
density, u, the permanent dipole moment of the SAM perpen-
dicular to the surface, ¢, the permittivity of free space and
€say the relative permittivity.?>*] Due to the strongly polar
C-F bond compared to the lightly polar C-H bond, perflourated
molecules, such as FTS, display a larger, downward orientated
molecular dipole moment. The value of a comparable molecule
(CF,(CF,),(CH,),Si(OCH,);), which is longer by only two —CF,
groups than our FTS molecule, is ppgay = 3.41 D. OTS, on the
other hand, displays an upward orientated molecular dipole mo-
ment with a value of ugrs = 0.94 D.*®! The difference in direction
and magnitude of the dipole moments of the two molecules ex-
plains the larger shift in @, induced by FTS compared to OTS.
The experimental results are in good agreement with calculated
values for Equation (1), considering values from literature for N,
Usay and €gay (for OTS and FTS, see also below for further detail
on €). A schematic of the effect of the direction and magnitude
of the dipole orientation of the SAMs to the @, is shown in
Figure S4, Supporting Information.

It can be concluded that the work function of the substrate was
successfully modified by the deposition of two different SAMs
with different dipole moments. The influence of the surface mod-
ification on transferred TMDCs was investigated next.
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2.2. Work Function and Photoluminescence Modulation of
TMDCs by SAMs

ML WSe, was transferred onto the SAM-patterned substrates
to investigate the effect of the SAMs on their electronic and
optical properties. ML-WSe, were obtained following the pre-
viously reported thermally activated metal-mediated exfolia-
tion process.*>>3] The presence and quality of the WSe, MLs
were confirmed via Raman spectroscopy and optical microscopy
(Figures S5 and S6, Supporting Information). The Raman spec-
tra displays the in-plane vibration E',, and the out-of-plane
vibration A,, frequency, which is typical for ML WSe,, cen-
tered at 248.5 and 260.7 cm™, respectively. Figure 2a displays
a schematic representation of the side view of the sample con-
sisting of the Si/SiO, substrate, patterned with OTS/FTS-SAMs
and ML-WSe,.

KPFM measurements were performed to gain information
about SAM-induced changes in the work function of WSe,.
Figure 2b shows the KPFM image of WSe, deposited on the
OTS/FTS square pattern (shown in Figure 1f,g). The presence
of the SAM pattern underneath the ML-WSe, is clearly visible in
the contrast in the color-mapped CPD. The darker squared area
corresponds to WSe, on OTS and the brighter area to WSe, on
FTS. The inset line in the image is the CPD measured locally.
The difference between the two areas is Ad)\lf/TSSeZ ors = 0.4eV.To
ensure that the measured CPD originates solely from the inter-
action between WSe, and the SAMs, and is independent from
the substrate, the measurements were repeated on a different
insulating substrate, Al,O5. The results on Al,O; are in perfect
agreement with those on Si/SiO, and are reported in the SI
(Figure S7, Supporting Information). Hence, it is demonstrated
that the change in the work function of WSe, (®%5¢) originates
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from the ML/SAM interaction, as it has previously been reported
by Others.[22'25'26'36'39’54_57]

Quantitative information about the change of ®¥5¢ on OTS
and FTS was gained via UPS measurements. For this, OTS and
FTS were deposited on highly doped Si substrates with a na-
tive oxide layer before ML-WSe, was transferred on top. From
the SECO measurements, which are displayed on the left side

. . WSe WSe
of Figure 2c, the work function ®_* = 4.3eV and @, =

4.0 eV are obtained. The difference in @,* compared to @ -’ of
0.3 eV is in excellent agreement with the KPFM measurements.
From the VB measurements (right side of Figure 2c) the hole
injection barrier HIBY S = 0.9 eV and HIB) >’ = 1.1eV are
extrapolated.

The values of HIB, which correspond to the difference between
the VB onset and Ep, can be used to predict the n-/p-nature of a
semiconductor if the value of E, is known. For bulk semiconduc-
tors, such as silicon or organic thin film interface phenomena
do not affect the n-/p-nature of the material. Therefore, E, can
be assumed constant and independent from the environment.
In contrast, for 2D-semiconductors the chemical environment
has a profound effect on the electronic structure such that E, is
strongly affected by interface phenomena of the substrate. It has
been demonstrated that the dielectric properties of the substrate
strongly influence the electronic energy levels of TMDCs, such
as @, HIB and E, ['¢21:27:31.344038] For this reason, a large range of
values for Eg of 2D-TMDCs can be found in literature, and in the
case of WSe,, it ranges from 1.60-1.95 eV. Consequently, choos-
ing only one value for E, to estimate the n-/p-nature of WSe, on
both OTS and FTS would lead to a wrong prediction, as the spe-
cific environment must be regarded.

In a previous report,*°] we were able to accurately predict
changes in E, of MoS, due to substrate-induced dielectric screen-
ing by extending the Schottky—Mott rule. The Schottky—Mott
rule in its simplest form approximates the Schottky barrier
heights (®y), which are the potential energy barriers formed at
a metal-semiconductor interface between the metal work func-
tion and the edges of the valence and conductions bands of
the semiconductor.®”! The sum of the two potential barriers
corresponds to E,. Despite the correct prediction of the band
bending at the metal-semiconductor interface, the Schottky—Mott
model has experimentally been shown to give false predictions,
when used for TMDCs. This is due to fact that the model does
not take physiochemical interactions between the metal and the
semiconductor into consideration. These are largely enhanced
in TMDCs in the ML limit, due to the largest surface-to-volume
ratio.[">1¢?8%] The prediction of the E, based on the Schottky—
Mott rule must therefore be corrected with a term that considers
these interactions and is expressed by:

Eg(er) = Eg ( £ = oo) +afe, (2)
where E,(e,) is the band gap of TMDC material on a substrate
with the dielectric constant ¢,, E,( ¢, = o) is the single-particle
band gap of the TMDC on a substrate with infinite dielectric con-
stant (€, = o0) and « is an empirical constant. Employing the
extended Schottky—Mott rule we were able to predict with an ex-
cellent accuracy the E, of MoS, on both metallic and insulating
substrates.[] Based on these findings, we cannot simply take val-
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Table 1. Calculation of the energy level of WSe, and MoS, on OTS and FTS
considering the expanded Schottky—Mott rule. Values for E, (e, = o) are

taken from literature.l%] E, (¢,) was calculated according to Formula 2. All
values are given in eV.

® HIB E(e=oc) Ele) EB  %E(e) A
WSe, OTS 40 1.1 1.75 210 1.00 1.05 ~0.05
WSe, FTS 43 09 1.75 225 135 113 0.23
MoS, OTS 40 20 1.90 224 025 112 -0.88
MoS, FTS 38 20 1.90 240 040 1.20 —0.80

ues for the E, of WSe, from literature, nor can we assume E, to
be constant on the two, chemically extremely different SAMs.

Table 1 reports the energy level values for WSe, (and MoS,, see
below) on the two different SAMs. The work function @ of the
TMDCs on the two different SAMs is obtained via UPS (SECO
onset). The HIB is also obtained via UPS. The electron injection
barrier (EIB) is calculated as the difference between the calcu-
lated value of E,(e,) and the measured HIB. The calculation of
E,(e,) is based on the extended Schottky—Mott rule. The values
for E, (e, = o) are taken from literature considering TMDCs on
metal (1.75 eV for WSe, and 1.90 eV for MoS,).[%) The empirical
value « is 0.9 eV for MoS,.2% Due to similar polarizabilities of
We and Mo and Se and S, we use the same value for WSe,. Lit-
erature values for ¢, for OTS range from 2.3-3.0, and those for
FTS from 1.7-1.9.1°"%*] Calculating E,(e,) for WSe, with the ex-
tended Schottky—Mott rule we obtain values of 2.10 + 0.05 eV for
OTS and 2.25 + 0.03 eV for FTS. See below for the calculations
for MoS,.

In an intrinsic semiconductor the Ey lies in the middle of the
band gap (we indicate this value with the symbol ¥ E,). Hence, to
obtain quantitative information about the different doping levels
of the TMDC on the SAMs we calculated the difference between
Y2 E, and the HIB, which we call A. The closer the absolute value
is to zero, the more intrinsic the TMDC is. A positive value cor-
responds to a p-doped TMDC, while a negative value to that of an
n-doped TMDC.

With the calculated values for E(e,), we obtain A =
—0.04 eV for WSe, on OTS A = 0.23 eV for WSe, on FTS.
Thus, WSe, is p-doped on FTS and intrinsic on OTS. Figure 3a
schematically summarizes the energy level discussed above.

To confirm these results, PL measurements were performed.
The PL originates from the radiative relaxation of photo-
generated electron-hole pairs (excitons). If the TMDC is p- or
n-doped, an additional hole or electron can bind to the exciton,
generating a trion, which decreases the PL intensity.[32:33:35.65.66]
Thus, there is a direct correlation between the doping level of a
TMDC and its PL intensity. The intensity has its maximum for
an intrinsic TMDC and decreases with increasing p/n-doping.

Figure 2d shows the PL map of WSe, deposited on the SAMs.
Each pixel of the image represents the local PL intensity inte-
grated between 1.4 and 1.9 eV. The SAM pattern is visible in
an enhanced PL intensity of WSe, on the OTS-SAM. Figure 2e
shows the averaged PL spectra (over a region of 20 X 20 um?)
for WSe, on FTS and OTS. The PL intensity for WSe, on OTS
is approximately twofold larger than that of WSe, on FTS, in-
dicating that WSe, on FTS has a higher trion to exciton ratio.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a,b) Schematic of the energy level of WSe, and MoS,,
respectively, on OTS- and FTS-SAM. c) Schematic of the correla-
tion between the PL intensity and the doping level of WSe, MoS,.
The PL intensity decreases with increased doping level for both
TMDCs.
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This suggests a more intrinsic nature for WSe, on OTS with re-
spect to WSe, on FTS. This is confirmed by the peak deconvo-
lution displayed in Figure S8, Supporting Information and sum-
marized in Table S1, Supporting Information. The PL signal was
deconvoluted into two peaks. The main peak is attributed to the
neutral exciton peak denoted as X° and the smaller peak is at-
tributed to the either negatively or positively charged trion peak,
denoted as X~ and X*. UPS measurements indicate on OTS a
close to intrinsic, yet slightly n-doped character for WSe,. Hence,
the PL deconvolves in a X° peak and a small X~ peak. The X~
peak is redshifted with respect to the X° peak by 45 meV. UPS
measurements indicate on FTS a p-doped character for WSe,.
We therefore deconvolve the PL in a X° peak and a positively
charged trion peak X*. The X* peak is redshifted with respect
to the X° peak by 30 meV. It can be noted that although the main
peak stays almost in the same position, the peak attributed in the
trions changes in position by 15 meV, which we associate with
the different (negatively/positively charged) trion nature. As A
for OTS is almost zero, indicating that the E; lies at 12E,, while
A for FTS is 0.23, indicating that the E; lies above }2E,, predict-
ing a p-doped character. Figure 3¢ schematically summarizes the
correlation between the PL intensity and the n-/p-nature.

To confirm our results all experiments were repeated with
MoS,. Figure 2f displays a schematic of the side view of the sam-
ple. Analogous to the WSe,, MoS, was transferred onto OTS/FTS
patterned Si/SiO, substrates. The quality of the MoS, MLs was
ensured via Raman spectroscopy and optical microscopy (Figures
S5 and S6, Supporting Information). The Raman spectra show
the in-plane vibration E',, and the out-of plane vibration A,,
frequency, which is typical for ML MoS,, centered at 390.2 and
408.5 cm™!, respectively. Figure 2g displays the KPFM image
of MoS, on the FTS/OTS square pattern where the color pat-
tern is the graphical representation of the CPD. MoS, exhibits
a larger CPD on the OTS compared to FTS with an absolute
value difference of 0.2 eV. This result is confirmed by UPS mea-
surements conducted on MoS, on FT'S and OTS. The SECO and
VB spectra can be found in Figure 2f. Values of CDIEATOSS *= 3.8¢eV,

N = 4.0 eV, HIBY™ = 2.0 eV and HIB)": = 2.0 eV were
extrapolated from the spectra. The difference of the work func-
tion of AQMP2 = —0.2 eV is in excellent agreement with the
KPFM results.

Figure 2j displays the PL-map of ML-MoS, on the OTS/FTS
pattern, where the PL intensity is increased on FTS with respect
to OTS. The averaged spectra (over a region of 20 x 20 um?) are
displayed in Figure 2k where its PL intensity is ~ 3% lower on OTS
compared to FTS. Because MoS, is a naturally n-doped semicon-
ductor its PL intensity increases as the TMDC is p-doped. This
is due to a decrease in negative trions and thereby an increase in
radiative decay of excitons as seen in the deconvolution of the PL
spectra (Figure S8, Supporting Information).[32-3565661 UPS mea-
surements indicate a strong n-type character for MoS, on both
OTS and FTS. The PL signal measured was therefore deconvo-
luted into the X° and the X~ peak for both spectra, where the X~
peak is redshifted with respect to the X° peak by 42 and 39 meV
on OTS and FTS. Hence, the PL data confirms the p-doping effect
of the FTS-SAM on ML-MoS,, consistently with what is reported
in literature.[1819.24.54-57,67,68]

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

51801 SUOWILLIOD SAIRBID) 3|ded! [dde au) Aq pousenob e sopp e YO ‘88N J0 S9N 10} ARRIQIT 8UIIUO ]I UO (SUOTIPU-PUE-SLLLB) WD A8 W ATeJd]1[BUIU0//ScL) SUOIPUOD PUE S | 81 305 *[202/20/62] U0 ARIGIT 8UIIUO ABIIM *INd UILISE WNUSZ-Z)0UWPH Ad 92Z00SZ02 IWPE/Z00T OT/I0P/LIC" A3 1M AZeiq 1PUIIUO//SIY WO} POPEOUMOQ *£Z ‘E20Z ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

Table 2. Overview of A, the difference between Y2 Eg and the HIB, the re-

spective value for y, and the resulting doping nature of the TMDCs on OTS
and FTS.

Alev] v [%] Doping nature
WSe, OTS —-0.05 -5 Intrinsic
WSe, FTS 0.23 20 P
MoS, OTS —-0.88 —-78 n
MosS, FTS —-0.80 -67 n

As for WSe, the measurements were repeated on Al, O, to en-
sure that the measured CPD originates solely from the interac-
tion between MoS, and the SAMs and is independent from the
substrate. Once again, the results on Al,O, are in perfect agree-
ment with those on Si/SiO, and are reported in the SI (Figure S7,
Supporting Information).

The extended Schottky—Mott rule was applied to calculate the
energy gap of MoS, as a function of the dielectric constant of the
underlying SAMs, to predict the degree of doping induced by the
latter. The energy level values for MoS, on the two different SAMs
are reported in Table 1. We obtain two different values for E,(e,)
for MoS,, 2.24 +0.04 eV for OTS and 2.40 + 0.03 eV on FTS. With
these values we calculate the parameter A, which is the difference
between }2E, and HIB, to be —0.88 eV for OTS and —0.80 eV for
FTS. As a reminder, the closer the absolute value of A is to zero,
the more intrinsic is the TMDC. A positive value corresponds to
a p-doped TMDC, while a negative value to that of an n-doped
TMDC. Thus, MoS, is less n-doped on FTS compared to OTS.
These predictions are once again consistent with the observation
in the PL-mapping (displayed in Figure 2j).

Figure 3a,b displays the energy level of WSe, and MoS,, re-
spectively, aligned at the E; with FTS and OTS on Si/SiO,. Ap-
plying the extended Schottky—Mott rule, E, of WSe, on the OTS-
SAM is smaller compared to that of WSe, on FT'S by 0.2 eV. The
HIB of 1.1 eV of WSe, on OTS places its E; 0.05 eV above the
middle of the band gap (2 E,). For WSe, on FTS, E; is positioned
0.23 eV beneath 2 E,. For MoS,, E, on the OTS-SAM is smaller
compared to that of MoS, on FTS by 0.15 eV. The HIB of 2.0 eV
of MoS, on OTS places its E; 0.88 eV above the middle of the
band gap (%2 E,). For MoS, on FT, E is positioned 0.80 eV above
Y2 E,.

We introduce the variable y (defined as 1/%
tatively describe the n-/p-character of WSe, and MoS$ , on the two
different SAMs. For an intrinsic TMDC, y equals 0%. For a n-
doped TMDC, y ranges from —100% to 0% (—100% corresponds
to Ep pinned at the CB edge). For a p-doped semiconductor y
ranges from 0-100% (100% corresponds to E; pinned at the VB
edge). Applying this to WSe,, its doping level is 20% on FTS and
—5% on OTS. For MoS,, it is —67% on FTS and —78% on OTS.
An overview is given in Table 2. We conclude that the doping ef-
fect is stronger on WSe, compared to MoS,. This is explained by
the strongly locally bound electrons in MoS,, arising from sul-
fur vacancies. The weaker, electrostatic forces of the SAMs have
less effect on the modification of the electrostatic landscape with
respect to WSe,.

Figure 3c displays a cartoon of the correlation between the dop-
ing level and the PL intensity. FTS has a p-doping effect on both

- 100) to quanti-
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TMDCs, moving them further toward higher y values (from left
to right on the x—axis). This results in a lower PL intensity for
WSe, on FTS compared to OTS, as its n-/p-nature changes from
intrinsic to p-doped. For MoS,, on the other hand, it results in a
higher PL intensity on FT'S compared to OTS, as it changes from
n-doped to more intrinsic.

3. Conclusion

In conclusion, we presented a simple, low-cost procedure to
achieve the local manipulation of the energy levels of TMDC MLs
on the microscale level. This relies on the chemical functionaliza-
tion of substrates such as SiO, with SAMs fabricated via micro
contact printing. Through this technique and by selecting two dif-
ferent molecules for the SAMs (OTS and FTS), the surface sub-
strate properties, such as its interfacial electric dipole and dielec-
tric constant, can be controlled on microscale lateral dimension.
By doing so, it is possible to engineer the surface properties of the
substrate carrying the TMDCs and locally modify their electronic
and optical properties. Furthermore, we have repeated our exper-
iments also employing Al, O, substrates and thereby demonstrat-
ing that the observed effects originate solely from the interactions
between the TMDC and the SAMs, independent of the support-
ing substrate. Our results for WSe, and MoS, on patterns of FTS
and OT'S can be understood by considering not only the modifica-
tion induced by the SAMs with respect to the surface dipole, but
also the dielectric properties. We show that the different dielec-
tric screening of the two SAMS results in a change in the electric
band gap width of the two TMDCs. We thereby confirm the neces-
sity of employing a more general expression of the Schottky—Mott
rule for the correct prediction of the energy levels of TMDCs.

4. Experimental Section

Sample Cleaning:  Highly doped Si wafer (Sigert Wafer, <100>, 525 um
thickness) with a thermal grown oxide layer (300 nm) were cleaned in an
ultrasonic bath in deionized water, acetone, and isopropyl alcohol and then
dried under nitrogen flow. Afterward, the substrates were plasma cleaned
(0.35 mbar O,, 5 min, Diener Plasma cleaner) to remove hydrocarbon con-
tamination and activate the SiO, surface for SAM formation.

Microcontact Printing of SAMs:  The stamp, employed for the uCP, were
fabricated with a mixture of PDMS (Sylgard 184, Dow Corning) and a cross-
linker (Sylgard 184, 10 m%). The two were mixed in a container and stirred
for 1 min. The mixture was evacuated for 5 min at 1072 mbar to remove air
bubbles. Afterward, the mixture was cast over a stamp master, which was
patterned with the features to be replicated on the stamp. The curing of the
stamp occurred with a baking step (100 °C, 1 h). For the “SAM-ink,” OTS
(160 uL) was diluted in hexane (20 mL). The stamp was dipped into the
ink (15 s), dried under nitrogen flow (30 s), and pressed onto the freshly
plasma-cleaned substrates (10 s). The samples were placed on a hotplate
(100 °C, 5 min), and cleaned with a Q-tip (dipped in hexene) followed by
sonication in hexene and acetone. For the backfilling with FTS, the samples
were placed in a FTS solution (60 ug FTS in 20 mL hexene) for 1 h, before
being placed on the hotplate (100 °C, 10 min).

Chemical Bath Deposition of SAMs (For Reference Purposes): Cleaned
Si/SiO, substrates (see above) were immersed overnight into an OTS so-
lution in hexane (20 mm). The samples were placed on a hotplate (100 °C,
5 min), cleaned with a Q-tip (dipped in hexene) followed by sonication in
hexene and acetone.

Metal Exfoliation Substrates: The fabrication of a smooth gold surface
needed for metal-assisted exfoliation follows the procedure as previously
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reported.’231 150 nm Au and 1000 nm Cu were deposited on Silicon
wafers (Sigert Wafer, <100>, 525 um thickness) via physical vapor depo-
sition (~ 1.0 A s~1 at 107® mbar). Glass substrates were fixed onto the
metal-coated Si wafers with UV-curable epoxy resin (Osilla Encapsulation
Epoxy S132).

Metal-Assisted Exfoliation: WSe, and MoS, (2D semiconductors, syn-
thetic crystal) were cleaved with heat-resistant Kapton tape and trans-
ferred onto the freshly template-stripped metal substrate. After annealing
(200 °C, 60 s) the Kapton tape was removed from the substrate, leaving
ML-WSe, and ML-MoS, on the gold substrates.

Polystyrene-Assisted Transfer: WSe, and MoS, on Au were trans-
ferred following a reported process.[?] Polystyrene (Sigma Aldrich,
My, ~ 280.000, 90 mg mL~" in toluol) was spin-coated (3000 rpm, 60 s)
onto the TMDC/Au substrates following a curing step (80 °C, 10 min).
The samples were left on a metal etchant (Kl, /I, Sigma Aldrich) until
the polystyrene/TMDC film floated on top of the solution (~ 48 h). To
clean off etchant residue the film was transferred onto deionized water.
For the transfer, the film was placed onto isopropyl alcohol and fished out
with the target substrate. The samples were dried at room temperature
(~ 2 h) followed by an annealing step (150 °C, 30 min). The polystyrene
was removed with hot toluene (90 °C) followed by rinsing with acetone
and isopropyl alcohol.

Contact Angle Measurements: Static contact angle measurements
were carried out (DSA100E from Kriiss) using the sessile drop method
with de-ionized water.

Scanning Force and Kelvin Probe Force Measurements:  SFM/KPFM was
performed in air with a Brunker Dimension Icon using PeakForce Tapping
with a PFEQNE-AL tip (Brunker).

Raman and Photoluminescence Measurements: Raman and PL spec-
troscopy were performed using a confocal microscope setup (Horiba Ltd.)
with a 532 nm Laser excitation source and 20x objective (~ 3 um laser
spot size) using an 1800 L mm~" and 600 L mm™" grating, respectively.
The measurements were performed in ambient conditions.

Photoemission Measurements: UPS measurements were conducted
using a monochromated helium discharge lamp (HIS 13 FOCUS GmbH,
photo energy of 21.22 eV) in an ultrahigh vacuum system (1 x 10~° mbar).
A monochromator was used to eliminate visible light and reduce UV flux.
All measurements were conducted in normal emission using a hemispher-
ical electron analyzer (SPECS Phoibos 100). For the SECO spectra a bias
(=10 V) was applied to the samples. XPS measurements were performed
with a JEOL JPS-9030 (Jeol Ltd.) employing an Al electrode as photoexci-
tation source (hv = 1486.7 eV).

Scanning Electron Microscopy:  SEM measurements were performed on
a RAITH eLINE Plus microscope operating at 10 kV.

Statistical Analysis:  SFM and KPFM images were processed with the
Gwyddion software. For UPS and PL measurements the Igor Pro 7 software
from wavemetrics was used.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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