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Carrier doping of MoS, nanoflakes was achieved by functional self-assembled monolayers (SAMs) with different dipole moments. The effect of SAMs on the charge
transfer between the substrates and MoS, nanoflakes was studied by Raman spectroscopy, field-effect transistor (FET) measurements, and Kelvin probe microscope
(KFM). Raman data and FET results verified that fluoroalkyltrichlorosilane-SAM with a large positive dipole moment, acting as hole donors, significantly reduced the
intrinsic n-doping characteristic of MoS, nanoflakes, while 3-(trimethoxysilyl)-1-propanamine-SAMs, acting as electron donors, enhanced the n-doping
characteristic. The additional built-in electric field at the interface between Si0, substrates and MoS, nanoflakes induced by SAMs with molecular dipole

moments determined the charge transfer process. KFM results clearly demonstrated the charge transfer between MoS, and SAMs and the obvious interlayer

screening effect of the pristine and SAM-modified MoS, nanoflakes. However, the KFM results were not fully consistent with the Raman and FET results since the

externally absorbed water molecules were shown to partially shield the actual surface potential measurement. By eliminating the contribution of the water

molecules, the Fermi level of monolayer MoS, could be estimated to modulate in a range of more than 0.45—0.47 eV. This work manifests that the work function of

MoS, nanoflakes can be significantly tuned by SAMs by virtue of affecting the electrostatic potential between the substrates and MoS, nanoflakes.

KEYWORDS: MoS, nanoflakes - self-assembled monolayer - surface potential - charge transfer - Kelvin probe microscopy

ransition metal dichalcogenides (TMDs)

have been receiving considerable atten-

tion since they present a wide range
of electronic, optical, mechanical, and ther-
mal properties.'? In the past few years, as
significant layered semiconductor nanoma-
terials, monolayer or few-layer TMDs nano-
flakes have been extensively investigated,
and they are also regarded as perfect can-
didates for future electronic devices.> > Be-
cause of the easy exfoliation from natural
crystals, molybdenum disulfide (MoS,), a
representative TMD, attracted great scientific
and engineering interest most recently.>”
MoS, crystals are composed of S—Mo—S
units, stacked with each other via van der
Waals interaction. Bulk MoS, has an indirect
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bandgap of 1.2 eV, while monolayer MoS,
presents suitable direct bandgap of 1.8 eV.2
Since the bandgap of MoS; nanoflakes varies
with their thicknesses, MoS, nanoflakes
with different thicknesses exhibit excellent
photodetection in a wide range of spectral
responses from UV to near IR°~' On the
nanoscale, the electrical contacts play an im-
portant role in the performance of functional
nanodevices based on MoS, nanoflakes.’®
Therefore, in order to control the contact bar-
riers, the work function of MoS, nanoflakes
with different layers should be essentially con-
sidered to modulate the energy level align-
ment at the interface between MoS; and metal
electrodes. According to references,''® con-
tact resistance induced by Schottky barriers
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Figure 1. Schematic illustration of modifying SiO, substrates with functional self-assembled monolayers. Three kinds of
silane coupling agents were used: octyltrichlorosilane (CgH17SiCls); 3-(trimethoxysilyl)-1-propanamine (NH,(CH,);Si(OCH3)3);
and trichloro(1H,1H,2H,2H-perfluorooctyl)silane (CF3(CF5)sCH,CH,SiCl3).

impedes the charge transfer at electrical contacts,
thereby lowering the performance of MoS, devices. A
few reports have concentrated on tuning the charge
transfer and lowering the contact barriers at the elec-
trical contacts by choosing metal electrodes with
appropriate work function.'*”"7 Recently, the inter-
layer screening effect of MoS, nanoflakes has been
demonstrated and the work function of MoS, nano-
flakes varied with the number of layers.'®?° However,
the lack of active modulation of the work function of
MoS, nanoflakes hinders the optimization of electrical
contacts.

Self-assembled monolayers (SAMs) of organic mol-
ecules are ultrathin molecular films, which are sponta-
neously constructed at the interface between the
substrates and organosilanes through chemical or
physical reactions.?’ ~2* During the past few decades,
SAMs have attracted technological attention for sur-
face and interface engineering since they can easily
tune the surface energy, dipole moment, and chemical
reactivity of the surface by functional groups.?>?* As a
buffer layer, SAMs have been used to tune the work
function of graphene and the energy level alignment
of organic nanodevices by modulating the holes or
electron injection.>*3° Because of the atomic thick-
ness of two-dimensional nanoflakes (such as graphene
and MoS,), the charge transfer between functional
SAMs and nanoflakes may be more significant and
effective, and it is expected to effectively tune the
work function of ultrathin nanoflakes by SAMs. In this
work, we tuned the work function of MoS, nanoflakes
by modifying SiO, substrates with functional SAMs
with different dipole moments. SAMs were successfully
formed on SiO, substrates, which were characterized
by atomic force microscope (AFM) and X-ray photo-
electron spectroscopy (XPS). The effects of SAMs on
charge carrier modulation of MoS, nanoflakes were
investigated by Raman spectroscopy, field-effect transis-
tor (FET) measurements and Kelvin probe microscope
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(KFM). Raman spectra and FET results have demonstrated
the carrier modulation of MoS, induced by self-assembled
monolayers. KFM successfully demonstrated the charge
transfer between MoS, and SAMs and the obvious inter-
layer screening effect of the pristine and SAM-modified
MoS, nanoflakes. In order to eliminate the effect of the
water molecules, humidity and annealing experiments
were conducted to amend the KFM results.

RESULTS AND DISCUSSION

The schematic illustration of sample preparations is
shown in Figure 1. First, p™" silicon wafer with a
300 nm-thick thermal oxide layer was cleaned by
piranha solution in order to remove the residues and
make the wafer covered with hydroxyl group (—SiOH).
Then the silicon substrates were dipped into the solution
containing silane coupling agents for several hours; thus,
SAM:s could be formed spontaneously at the solid—liquid
interface through the reaction with hydroxyl group
through cross-linking.?> Three kinds of silane coupling
agents, octyltrichlorosilane (OTS, CH;—SAM), 3-(trimetho-
xysilyl)-1-propanamine (APTMS, NH,—SAM), and trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (FOTS, CF;—SAM), were
chosen in our experiments with the consideration of their
different dipole moments and polarities>**' Generally,
CHs-terminated SAMs have little contribution to carrier
doping due to the slight dipole moment. SAMs with NH,-
functional group have lone pair electrons, and these
groups exhibit electron-donating characteristics. Because
of the large electronegativity of F atoms, CF;—SAMs have
large hole-doping ability. Subsequently, MoS, nanoflakes
were transferred to SAM-modified substrates by mechan-
ical exfoliation from bulk MoS, crystals.

To reveal the components of SAMs, XPS analysis was
first conducted to characterize the chemical states of
elements contained in SAMs. The binding energy for
each sample was calibrated by the peaks at 103.6 and
532.8 eV, originating from Si2p and O1s of the pristine
SiO, substrate, respectively. All the peaks on the survey
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Figure 2. XPS spectra for OTS, APTMS, and FOTS SAMs. (a) Survey spectra within the range of 0—800 eV. (b) High resolution
spectra of C1s peak for three SAMs. (c) The fitting (—CF,— and —CF5;—) spectra of C1s peak for FOTS.

spectra of three SAMs in the range of 0—800 eV were
assigned to their corresponding elements contained in
each SAMs molecule, as shown in Figure 2a.

The N1s in APTMS and F1s in FOTS are located at
401.2 and 688 eV respectively. The absence of chlorine
signal in FOTS indicates the complete hydrolysis of
chlorine, and the byproducts were removed by the
washing process.! The chemical state of carbon atoms
in three kinds of SAM molecules was examined, and
the obvious chemical shifts of C1s were observed, as
presented in Figure 2b. The C atoms in OTS are
composed of —CH,, and the C1s in OTS was assigned
to carbon in —CH,. Likewise, the C atoms in APTMS are
also composed of —CH,; therefore, the C1s peak has
little shift compared to the C1sin OTS, locating at about
285.0 eV.However, C1s peak in FOTS has larger positive
chemical shifts than C1s from —CH,, which stems form
the strong electronegativity of F atoms.>*3? Because of
the presence of —CF, and —CFs groups, the C1s peaks
in FOTS contain three components through deconvo-
lution: one at 285 eV denoting —CH, group, another at
291.8 eV denoting —CF, group, and the third at 293.1
eV denoting —CF5 group.®® By calculating the fitted
areas of C—F peak in Figure 2¢, the carbon content ratio
of —CF, to —CF; is about 4.48, lower than the original
—CF,/—CF3=5in the molecules of FOTS, which may be
caused by the decomposition of C—F bonds irradiated
by X-ray during the XPS measurements.

Further, we used AFM to characterize the topogra-
phies of SAMs, as shown in Figure 3. It should be noted
that it is easier to introduce the large bulges (see
Figure 3b,c) because of the cross-link reactions with
other SAMs precursors when self-assembled mono-
layers are fabricated in liquid atmosphere. The AFM
topography of OTS SAM is shown in Figure 3a. OTS is
composed of island-like aggregates, leading to a rela-
tively rough surface3**> Generally speaking, OTS re-
acts directly with the OH group on silicon oxide surface,
but it appeared to be hydrolyzed easily and, as
a consequence, reacted with other OTS molecules
to form large and island-like aggregates.>* As shown
in Figure 3b, compact APTMS film with relatively
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nonuniform bulges was formed. The large bulges
may be caused by the activity of the terminated NH,
group: it can react with Si—OH and Si—(OH); (the
headgroup of hydrolyzed APTMS molecules in the
presence of absorbed water molecules).>® Note that
since the hydrolysis of FOTS is quick because of the
sensitivity to small amounts of water, it is difficult to
control the formation of FOTS SAM.*” In Figure 3c, it
can be seen that the substrate was not fully covered
with FOTS, while FOTS was relatively flat. From the
topographic profile in the inset of Figure 3c, the
thickness of FOTS SAM is approximately 1.3 nm, which
is consistent with the height of a single FOTS
molecule.3' The roughnesses of SiO,, OTS, APTMS,
and FOTS are 0.46, 0.86, 0.54, and 0.63 nm, respectively.
The contact angle of silicon oxide substrate modified
by piranha solution is less than 30° (see Figure S1b,
Supporting Information), indicating that the substrates
were perfectly covered with hydroxyl group (—OH).
Through measuring the wettability of SAMs, the water
contact angles are about 53°, 109°, and 120° for APTMS,
OTS, and FOTS, respectively, as shown in Figure 3d, in-
dicating that APTMS is hydrophilic while OTS and FOTS are
hydrophobic, consistent with previous works. 362

After transferring MoS, nanoflakes onto the SAM-
modified SiO, substrates, we intended to conduct
Raman spectra to study the effects of SAMs on the
resonance modes of MoS, nanoflakes (E291 and A,g).
For MoS, nanoflakes with different thickness, the out-
of-plane mode Ezg1 presents a red shift with increasing
thicknesses, while the in-plane A;4 shows a blue shift
(see Figure S2a, Supporting Information), which can be
explained in terms of enhanced dielectric screening of
long-range Coulomb interaction between the effective
charges.®® Then, we quantitatively compared the Ra-
man features of monolayer MoS, on the pristine SiO,
substrate with the counterparts on the SAM-modified
substrates, as shown in Figure 4a. In comparison with
monolayer MoS, on the pristine SiO, substrate (as a
reference), both resonance modes A,y and Eyy' of
monolayer MoS; on the OTS-modified substrate show
unnoticeable changes, indicating that OTS SAM has
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Figure 3. Typical AFM topographies and water contact angles of three kinds of self-assembled monolayers. (a—c)
Topographies of OTS, APTMS, and FOTS SAMs on SiO, substrates, respectively. (d) Water contact angles of three kinds of SAMs.
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Figure 4. (a) Raman spectra of monolayer MoS, on the pristine and SAM-modified SiO, substrates. (b) Peak frequencies of A, 4
and Ezg' modes (left Y axis) and line width of A, ; mode (right Y axis) of monolayer MoS, on the pristine and SAM-modified SiO,

substrates.

little effect on carrier transfer between monolayer
MoS, and OTS. However, A,y mode of monolayer
MoS, on the FOTS- and APTMS-modified substrates
presents blue shift by 1.7 cm™' and red shift by
1.6cm ™, respectively. Note that the spectral resolution
isabout 0.5 cm ™", and the blue shift and red shift of Aig
mode indeed reflect the distinct hole doping and
electron doping, respectively. In contrast, the Ezg1
mode of monolayer MoS, on SAM-modified substrates
keeps almost constant regardless of doping or undop-
ing. The line width of A;g mode decreased by hole
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doping, while it increased by electron doping, as
shown in Figure 4b. Considering that the strain can
also induce the shift and split of E,,' mode, and has
unnoticeable effect on A;4 mode, which is verified by
theoretical and experimental results,***' we deduce
that charge doping is attributed to the observed
Raman shift of A;4 since the Raman shift of resonance
modes induced by strain is not consistent with the
experimental observation in our work. Chakraborty**43
has demonstrated that the occupation of the bottom
of the conduction band at K-point states caused by

VOL.7 =

NO.9 = 7795-7804 = 2013

A N 72
A@JM\\@

WWww.acshano.org

7798



a) 10
( ) V,=1V m““““m“““
aadAA
08} e
s A = FOTS
< o6} 4 e SO, .
= ‘ s APTMS __ 00"
% A .-..
-~ 04k .\ v OT.S...
L)
'... YYVYYYYYVVy VYT VVY
0.2p A ..' v""
A ..o o
0ok A T hati Al
-60 0 20 4 60
v, (V)

f V. =1V
107
- : V=01V
< .
=~ A0 g
~'h ol
on
10°F o=

S,

60 40 20 0 20 40 60
v, (V)

-1.0 -0.5 0.0 0.5 1.0
v, (V)

Figure 5. (a) Transfer characteristics of few-layer MoS, nanoflakes (typical trilayer MoS, in our works) on pristine and SAM-
modified SiO, substrates. (b) The corresponding semilog plots of /45 versus V, for the devices with different SAMs treatment.
(c) Transfer characteristics of few-layer MoS, nanoflake on APTMS-modified substrates at V4 = 0.1 and 1V, respectively. (d)
The output characteristics of the corresponding device modified by APTMS.

electron doping was attributed to a significant change
in the electron—phonon coupling of the A;qy mode,
while the phonon of Ezg1 mode is weakly dependent
on doping. The effect of hole doping on A;4 mode is
similar. Since FOTS extracts electrons from MoS, mono-
layer, the carrier density decreases by 7.65 x 10" cm 2,
while the carrier density of MoS, monolayer on APTMS-
modified substrate increases by about 7.2 x 102 cm ™2
It should be noted that though bilayer or trilayer MoS,
on these substrates were also doped by SAMs (which
will be described by KFM technique in the following
part), the A4 mode of bilayer or trilayer MoS, did not
present any changes (see Figure S2d, Supporting
Information). Compared with monolayer MoS,, the
effects of SAMs on few-layer MoS, may be mitigated
because of the interlayer screening effects but cannot
be fully screened, which will be demonstrated by KFM
and FET measurements. Considering that the sensitivity
of Raman spectroscopy and the relatively weak doping
effects compared with monolayer MoS,, it is difficult to
detect the charge doping effects of SAMs on few-layer
MoS, by Raman spectroscopy.

To evaluate the doping effects of SAMs, the trans-
port properties of few-layer MoS, FETs on different
SAMs were measured. In our work, the measured MoS,
nanoflakes were about 3 layers, as shown in Figure S3c,
Supporting Information, and the channel length was 6
um. The devices were annealed at 150 °C for 4 h in Ar
atmosphere. Figure 5 displays the device characteris-
tics of few-layer MoS; nanoflakes FETs; Figure 5a and b
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present the source-drain current (/ys) against the gate
voltage (V},) in a linear and logarithmic scale, at a
constant source-drain voltage of Vys = 1V for pristine
and SAM-modified devices. For the MoS, FET on FOTS,
the obvious positive threshold voltage (V4,) shift is
observed, indicating that the n-doping characteristic
is mitigated. For the device made on NH,—SAMs, the
Vi is downshifted, suggesting that NH,—SAM has a
relatively strong electron-doping effect. Figure 5a
shows that /ys distinctly depends on the SAMs mol-
ecules. The Iy for APTMS-modified devices is much
higher than that of FOTS, and the ON/OFF ratio of
ATPMS-modified devices is higher than 10°, while that
of FOTS-modified devices is less than 10, indicating
that the carrier concentration is significantly decreased
by inserting SAMs molecules. Figure 5c and d shows the
typical transfer and output characteristics of APTMS-
modified devices. I4; — Vys presents nearly linear, indicat-
ing the lower contact resistance between Al electrodes
and few-layer MoS,. The corresponding transfer and
output curves of FOTS-modified devices are shown in
Figure S3, Supporting Information. The carrier mobilities
can be estimated on the basis of the equation®

L dlgs

#= W X (goer/d) x Vgs % dvy,

where L, W, and d are the channel length, width, and the
thickness of SiO, (300 nm in our devices), and ¢, for SiO, is
3.9. The carrier mobilities for pristine, APTMS-, OTS-, and
FOTS-modified devices are 2.06 + 032, 347 + 0.36,
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Figure 6. AFM topographies and surface potential maps of MoS, nanoflakes on the pristine and SAM-modified SiO,
substrates. (a;—d;) The topographies of MoS, nanoflakes on the SiO,, OTS, FOTS, and APTMS. (a,—d,) The corresponding
surface potential maps of MoS, nanoflakes shown in Figure 5a;—d,. (a3—d3) The potential profiles of MoS, nanoflakes

according to the potential maps shown in Figure 5a,—d,.

1.82 + 045, and 0.087 cm?/(V s), respectively. The carrier
mobility of FOTS-modified device is much lower than that
for other SAM-treated FETs, while the carrier mobility of
CHs-modified device is relatively lower than that of
pristine MoS, device. The results verify that electrons
and holes tend to be accumulated for NH,— and
CF;—SAMs because of the significant dipole moments,
while there is no distinct effect on carrier accumulation
for CH;—SAM. Although the previous references re-
ported that the carrier mobility of CHs-modifed graphene
FET was larger than untreated graphene-FETs because of
the reduced Coulomb scattering,**** the phenomena is
not observed for OTS-modified MoS, devices compared
with pristine MoS, devices, which may stem from the
relative large roughness of modified substrates. Further-
more, we calculate the charge concentration (n) using the
parallel-plate capacitor model with n = CAV\,/e, where C=
£0€,/d, €9 = 885 x 107" F/m, &, = 3.9, d = 300 nm (the
thickness of SiO,), AV, = Vp — Vi When Vi, =40V, n of
APTMS and FOTS-modified trilayer MoS, devices are
calculated to be 56 x 10 and 34 x 102 cm™2
respectively. It is shown that for trilayer MoS,, the doped
carrier density induced by SAMs can be modulated in the
range of 2.2 x 10'? cm™2 Considering the relatively
strong interlayer screening effect and the easily screened
built-in electric field induced by SAMs, the doping con-
centration for monolayer MoS, should be higher than
2.2 x 10" cm™2, which is consistent with the Raman results.
By combining with FET and Raman results, we infer that
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the monolayer MoS, on FOTS may be transferred to
p-doping completely, which will be demonstrated by KFM
results. The effects of SAMs on the electronic properties of
materials have been extensively investigated. Charge
transfer between SAMs and MoS, under the additional
built-in electric field at the interface induced by SAMs
with molecular dipole moments is attributed to the
carrier modulation of MoS, nanoflakes.

KFM has been widely used to characterize the spatial
charges distribution of graphene doped by SAMs. 2846
To investigate the charge transfer between MoS,
nanoflakes and SAMs, surface potential of MoS; nano-
flakes on the pristine and SAM-modified SiO, substrates
was characterized by KFM. Figure 6a;—d; shows AFM
topographies of MoS, nanoflakes on the pristine SiO,,
OTS-, FOTS-, and APTMS-modified substrates, respec-
tively. According to optical microscope observation, the
layer number of MoS, nanoflakes can be distinguished
(see Figures S4 and S5, Supporting Information).
Figure 6a,—d, presents the corresponding surface po-
tential (SP) images. Obvious contact potential difference
(CPD) between MoS, nanoflakes with different number
of layers is observed on all four substrates. The potential
profiles acquired from potential images are shown in
Figure 6as—ds. For MoS; nanoflakes on the pristine SiO,
substrate, the surface potential of monolayer, bilayer,
triple-layer, and 5-layer are —0.3, —0.52, —0.67,and —0.7 V,
respectively (Figure 6as). For MoS, nanoflakes on the
OTS-modified substrate, the contact potential difference

\CINJANO)
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(CPD) between monolayer and bilayer MoS, nanoflakes is
137.8 mV, while the CPD between bi-, triple-, or multiple-
layer MoS, nanoflakes presents subtle changes (Figure
Figure 6bs). For MoS; nanoflakes on the FOTS-modified
substrate, the CPD between bilayer and 5-layer MoS; is
131 mV, while the CPD between monolayer and 8-layer
MoS, is 203 mV (Figure 6c3). For MoS, nanoflakes on the
APTMS-modified substrate, the bilayer, triple-layer, and
5-layer MoS, are —0.55, —0.63, and —0.68 V, respectively
(Figure 6ds). Generally, the surface potential of MoS,
nanoflakes decreases with increasing thickness for pris-
tine SiO,, OTS-, and APTMS-modified substrates. How-
ever, for the FOTS-modified substrate, the surface
potential increases with the number of layers. Compared
with contact potential difference between AFM tip and
SAMs, the surface potential of different SAMs is that
SPaptms < SPots < SPors. According to Helmholtz
equation®” AVsam, —sam, = (N(usam, — tsam,) €0s 0)/(€0z)),
where AV, N, and u are the surface potential difference of
SAMs, the dipole density, and the dipole moment,
respectively, we infer that the order of dipole moments
of these SAMs is uaptms < Uots < Urots, Which is in good
accordance with the references.***° The observed work
function difference between SAMs can be attributed to
the different intrinsic molecular dipole moments.

The Fermi level shift (Exr) denotes the work function
difference between MoS, nanoflakes and bulk MoS,,
and can be calculated by Exr = Wios, — Wouie Where
Whwos, and Wy are the work function of MoS; nano-
flakes and bulk MoS,, respectively. As described in the
case of graphene/SAMs, the electric field induced by
the charge transfer at the interface is short-ranged and
can be easily screened as the thickness increases.3%>°
As demonstrated by previous work,'®?° the interlayer
screening effect also exists in MoS, nanoflakes and
electric field also can be screened when the thickness
of MoS, nanoflakes increases to 7 nm or more. There-
fore, we consider MoS, nanoflakes with 12 layers as
bulk MoS; and also measured the dependence of Fermi
level shift on the number of layers. By measuring more
than six MoS;, nanoflakes on the pristine and SAM-
modified substrates, the dependence of Fermi level
shifts on layer numbers is presented in Figure 7. The
Fermi level shift of MoS, on the pristine SiO,, OTS-, and
APTMS-modified substrates decreases monotonically
with increasing the layer number, approaching a limit
for Mo$S, containing several layers. Moreover, the Fermi
level shift of MoS, on FOTS increases monotonously
with the layer number, suggesting that the holes are
injected into MoS,; significantly. Regardless of the
pristine or SAM-modified MoS, nanoflakes, the distinct
interlayer screening effects are observed, demonstrat-
ing that the electrostatic potential induced by SAMs
can be also screened through the layer-by-layer charge
distribution within a few layers.

Compared with Raman data and FET results, the varia-
tion of surface potential of MoS, nanoflakes dependent on
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Figure 7. The Fermi level shift of MoS, nanoflakes on
various substrates as a function of the number of layers.
The fitted lines indicate exponential decrease (for the pris-
tine SiO,, OTS- and APTMS-modified substrates) and in-
crease for the FOTS-modified subtrate.

SAMs with different dipole moments seems to be not fully
consistent with the former two results, where the mono-
layer MoS, on the pristine SiO, substrates seems to be
more n-doping than that on the APTMS-modified sub-
strates. Since MoS; has significant hydrophility and can
easily absorb the water molecules, the absorbed water
molecules may shield the measurement of actual surface
potential,>’”? which has been demonstrated for both
graphene and BN nanoflakes.>>** Therefore, we hypothe-
size that the external absorbed water molecules impede
the measurement of surface potential of MoS,, leading to
the inconsistent phenomenon with Raman spectra and
FETs results. To verify this, the surface potential of MoS,
nanoflakes with different humidity and annealing is mea-
sured by KFM (see Figures S7—11, Supporting Information).
Compared with the pristine samples, the surface poten-
tial of annealed MoS, nanoflakes decreases obviously
(for monolayer MoS, on pristine and SAM-modified
substrates, it decreases by about 0.10—0.12 V), and the
interlayer screening effects become weaker, as shown in
Figures S7 and S8, Supporting Information. However,
the surface potential seems to have little variation when
the humidity increases (see Figures S10 and S11, Sup-
porting Information). The above results demonstrate
that the externally absorbed water layers or molecules
indeed shield the actual surface potential measurement
for MoS, nanoflakes because of the significant hydro-
phility, and KFM may be not the most reliable tool to
exactly reflect the intrinsic charge transfer process
between SAMs and MoS, nanoflakes. Therefore, by
eliminating the contribution of the absorbed water
layers or molecules, we calibrate that the actual Fermi
level shift of monolayer MoS; is about 0.45—0.47 eV.

CONCLUSIONS

In summary, we have investigated the carrier control
of MoS; nanoflakes by self-assembled monolayers with
different functional groups. Raman spectra and FETs
measurements have demonstrated that FOTS with
large positive dipole moments, acting as hole donors,
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significantly mitigated the intrinsic n-doping charac-
teristic, while ATPMS with a negative dipole moment,
acting as electron donors, enhanced the n-doping
characteristic. By measuring the Fermi level shifts of
MoS, nanoflakes on the pristine and SAM-modified
SiO, substrates, we found that SAMs indeed affect the
carrier distribution and the charge transfer process
between MoS, and SAMs molecules, and the distinct
interlayer screening effects still existed. By carrying out
humidity and annealing experiments, it was demon-
strated that the externally absorbed water molecules

EXPERIMENTAL METHODS

Preparation of Silicon Oxide Surface. Before the formation of
SAMs, silicon substrate with a 300 nm oxide layer was treated by
piranha solution (7:3 v:v sulfuric acid to hydrogen peroxide) at
100 °C for 30 min in order to remove residual organic contam-
inates and make the surface of SiO, hydrophilic. Then, the
substrates were washed by deionized water for several times.

Formation of SAMs. Three kinds of silanes, (CHs-terminated)
octyltrichlorosilane (OTS), (NH,-terminated) 3-(trimethoxysilyl)-
1-propanamine (APTMS), and (CFs-terminated) trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (FOTS), were purchased
from Sigma-Aldrich. For the formation of OTS and APTMS SAMs,
the substrates were immerged into the silane/toluene mix
solution (1:100 v:v) for 2 h and 30 min, respectively. For FOTS
SAMs, the substrates were immerged into the silane/n-hexade-
cane (1:1000 v:v) for 30 min. After the film deposition, the
substrates were rinsed by toluene, acetone, and alcohol succes-
sively for several times and then baked at 120 °C for 20 min.

Characterization of SAMs. Water contact angle was measured
by placing deionized water droplet on the surface of substrate
modified with SAMs. Four measurements on each sample were
recorded. The elementary compositions of SAMs were charac-
terized by XPS (PHI 5700 ESCA System with Al Ka). The
morphologies of SAMs were measured by a scanning probe
microscope (SPM, Bruker Dimension Icon).

Raman Spectrometry. Raman spectroscope at the excitation
wavelength of 532 nm was used. The laser beam was focused
onto MoS; samples by a 100x objective lens with an NA of 0.9.
The instrumental spectral resolution was 0.5 cm™’, and the Si
Raman band was used as an internal frequency reference. An
integration time of 30 s and spectrometer at 1800 grooves/mm
were used during the test.

Measurements of Pristine and SAM-Modified Few-Layer MoS, FETs.
Trilayer MoS, nanoflakes are chosen to be fabricated for FETs
because of the relatively larger size. In order to avoid the contamina-
tion from photolithography or electron-beam lithography, the tradi-
tional shadow mask (Cu grids) was used to fabricate the
microelectrodes. Because of the relative lower contact resistance
between MoS, nanoflakes and AL™> Al electrodes with 200-nm
thickness were fabricated by resistance heating evaporation, and the
channel length was 6 um. Before test, the devices were annealed at
150 °C for 4 h surrounded with Ar gas. Keithley 4200 semiconductor
characterization system was used to measure the transfer and
output characteristics of the devices on a Lakeshore probe station.

Surface Potential of MoS, Nanoflakes. Surface potential measure-
ment of MoS; nanoflakes with different layers was conducted
by a scanning probe microscope (SPM, Bruker Dimension Icon)
with conductive probes (Co/Cr coated tip). The working me-
chanism of KFM can been seen in previous reference.*® For the
measurement of surface potential, an a.c. amplitude of 900 mV
and a liftheight of 60 nm were used. For annealing experiments,
pristine MoS; nanoflakes were annealed at 230 °C for 2 h
surrounded with Ar atmosphere, and then the surface potential
of annealed MoS,; nanoflakes were measured by KFM.
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partially shield the measurement of actual surface
potential, leading to the inconsistency of the Raman
data, FET, and KFM results. By eliminating the contribu-
tion of the water molecules, the work function of
monolayer MoS, could be estimated to modulate in a
range of 0.45—0.47 eV. The results in this work show that
in order to improve the performance of MoS,-based
nanodevices, exploring the modulation of work function
of MoS, nanoflakes by self-assembled monolayers is
essential to tune the energy level alignment at the
electrical contacts and to control the contact barriers.
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