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ABSTRACT: Taking a solution-based approach to obtain
transition metal dichalcogenide monolayers aﬀords a number of
advantages, including processing that is scalable, cost eﬀective, and
enables tuning monolayer functionality through solution chemistry. MoS2 ﬂakes down to monolayers prepared using such an
approach have demonstrated improved photoluminescence and
tuned solubility. Developing methods for assembling such MoS2
ﬂakes from solution to fashion integrated, heterostructure devices
provides opportunities for exploring and potentially applying these
materials. In this study, we describe a simple method for stacking
two-dimensional network ﬁlms (2DFs) layer-by-layer on diﬀerent
substrates by ﬁrst depositing a 2DF on an alumina membrane,
transferring the 2DF to a gel ﬁlm, and dry transferring to the desired substrate. The method allows control over chemical nature,
shape, and position of each layer in the stacked, multilayer 2DF. The present study shows that stacked multilayers exhibit increased
electrical conductivity with increasing number of layers and photoconductivity upon illumination using a white LED. Combined with
ionic liquid gating, 2DFs exhibit a photoresponsivity of 36 mA/W, more than two orders higher than previously reported using a
device based on MoS2 prepared in solution. Given its scalability and facility for device fabrication, this approach opens a diversity of
applications for solution-based 2D materials.
KEYWORDS: transition metal dichalcogenide, chemically exfoliated MoS2, surface chemistry, functionalization, thin ﬁlm fabrication,
photoresponsivity
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heating chemically exfoliated MoS2 (Ce-MoS2) ﬂakes in
octadecene with oleylamine and transforming the ﬂakes from
a metallic phase to a semiconducting phase.6 Heating with
alkanethiol, in addition to restoring the semiconducting phase,
also helped restore the sulfur content, which had been depleted
during chemical exfoliation. Combined, the processing greatly
improved the photoluminescence of the MoS2 ﬂakes. A great
variety of molecules are available to functionalize ﬂakes,
highlighting that chemical processing is a versatile approach for
tuning their optoelectronic properties.7 New methods for
assembling such solution-processed ﬂakes from solution onto
substrates can lead to a better understanding of their properties
and to potentially new applications. Ideally, an assembly
method would allow fabrication of integrated, heterostructure
multilayer devices with facile control over key parameters, such
as type of ﬂakes, chemical modiﬁcation, shape of assembled

INTRODUCTION
Layered transition metal dichalcogenides (LTMDs) comprise
atomically thin layers that interact through van der Waals
forces and can be isolated as monolayers. Monolayers can
exhibit remarkable behaviors on their own, ranging from gateinduced superconductivity to photoconductivity.1−3 Further,
they can serve as two-dimensional building blocks for vertically
stacked, multilayered assemblies with tunable behaviors.4,5
Methods for securing, chemically processing, and handling
monolayers are key for further studies exploring the properties
and potential applications of both monolayers themselves and
their assemblies.
To date, a vast majority of optoelectronic studies of solid
state LTMD have focused on systems derived via mechanical
exfoliation and chemical vapor deposition compared with
solution-processing methods. Solution-based approaches for
obtaining monolayers are simple, can yield bulk quantities of
material, are cost eﬀective, and are highly versatile. Such
approaches, in addition, can leverage reaction chemistries with
diﬀerent molecules/solvents combinations to allow subsequent
modiﬁcation of monolayers to heal defects, change crystal and
band structure, as well as tune optical character.6−9 We
recently demonstrated the potential of this approach by
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Figure 1. Schematic illustration of the overall process for fabricating and stacking a two-dimensional network ﬁlm (2DF) on various substrates. (a)
Photographs of solutions of chemically modiﬁed MoS2 treated by heating with oleylamine (OA) and dodecanethiol (DDT). (b) Depositing a 2DF
on an alumina membrane ﬁlter disk (AD) using vacuum ﬁltration. (c) Attaching a gel ﬁlm (GF) to 2DF/AD. (d) Detaching AD from GF/2DF on a
KOH solution. (e) Cutting the 2DF/AD to a desired size and shape. (f) Transferring 2DF to the target substrate using mild heating to ∼40 °C.

Figure 2. (a) Filtered MoS2 2DF formed on an alumina membrane disk (AD) by vacuum ﬁltration. (b) 2DF on a gel ﬁlm (GF) after detaching the
AD. (c) Stacked, 3-layered 2DF with arbitrary shapes. Number of layers is easily identiﬁed by diﬀerences in contrast. (d) Stacked 2DFs with 1−4
layers on quartz substrates. (e and f) UV−vis spectra of stacked OA- and DDT-MoS2 2DF multilayers, respectively, shown in d. (Insets)
Absorbance at the C exciton peak (420 nm) vs number of layers. (g) Practical number of layers for each transferred 2DF by ﬁtting absorption = 1 −
TNL, where T = 0.91 for a monolayer.

method. However, positioning the ﬁlm on the substrate is
technically challenging, and the method has limited ﬂexibility,
which in turn limits the complexity of assemblies that can be
fabricated.
Here, we describe a versatile method for fabricating twodimensional multilayer assemblies layer-by-layer onto various
substrates starting from chemically processed 2-D ﬂakes in
solution. We show that by ﬁrst transferring solution-ﬁltered
material from a membrane ﬁlter onto a polymer and then dry
transferring the material onto the desired substrate, it is
possible to stack thin ﬁlms of solution-ﬁltered materials layer-

ﬁlm, thickness, and position on the substrate (potentially, all of
which can be varied from layer-to-layer).
Previous studies have shown that materials in solution can
be deposited with controlled thickness onto a membrane ﬁlter
using vacuum ﬁltration.10,11 The material can then be peeled
oﬀ the membrane if the material is suﬃciently thick, albeit
possibly leaving a signiﬁcant amount of material behind on the
membrane. Alternatively, the membrane can be immersed in a
suitable solvent or solution to free the transferred material,
resulting in a ﬁlm that ﬂoats freely on the liquid surface and
can be transferred onto a desired substrate by a “ﬁshing”-like
B
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Figure 3. Ids−Vds curves for (a) OA- and (b) DDT-MoS2. (c) Logarithmic scale of 2DF resistivity as a function of the number of layers. (d)
Photograph of 2DFs with a diﬀerent number of layers stacked on a SiO2/Si substrate. Various layers are identiﬁed by their diﬀerent colors observed
by tilting the substrate under illumination. (e) Optical microscope (top row) and SEM (bottom row) images of 2DFs with a diﬀerent number of
layers. Scale bars in the top and bottom rows are 10 and 2 μm, respectively.

and dried under vacuum for 6 h. Next, the GF/2DF is cut to
yield a desired shape, and the 2DF is transferred on the target
substrate at a desired location by pressing under mild heating
(∼40 °C) and peeling the GF (Figure 1e and 1f).
Figure 2a−d shows photographs of multilayer ﬁlms at
various steps in their fabrication. Figure 2a and 2b shows a
2DF on an AD and GF, respectively. Figure 2c and 2d shows
multilayer ﬁlms stacked on quartz with diﬀerent relative layer
positions. Note that transfer of 2DFs from the GF to the target
substrate (quartz shown here and SiO2/Si below) is eﬃcient as
no signiﬁcant material is observed on the GF after transfer.
Also, unlike spin coating, a well-developed and widely used
method, the present approach allows deposition of ﬁlms on
curved surfaces, as demonstrated using a curved glass vial
surface (see Supporting Information Figure S6a). Figure 2d
shows a photograph of four 2DFs with 1−4 layers on diﬀerent
quartz substrates. Transferred 2DFs appear homogeneous over
centimeter lengths regardless of the number of layers
transferred and semitransparent up to at least four layers
(Figure 2d). At the scale of the ﬂakes, atomic force microscopy
and TEM imaging show that ﬂakes can overlap (see
Supplementary Figure S7). Ultraviolet−visible (UV−vis)
absorption spectra of OA- and DDT-MoS2 multilayers on
quartz exhibit A, B, and C exciton peaks around 660, 620, and
420 nm, respectively, indicating that the ﬁlms possess a
semiconducting character.6,10,12,13 These spectra are similar to
those exhibited by solutions. The linear increase in absorbance
at the C exciton peak wavelength with number of layers
highlights good control over layer thickness provided by the
dry transfer method presented here (insets in Figure 2e and
2f).14,15 OA-MoS2 2DF exhibits higher absorbance per layer
than DDT-MoS2 because of diﬀerences in concentrations of

by-layer on a large scale reliably, easily, and controllably. We
demonstrate the method by fabricating multilayered assemblies
of chemically modiﬁed Ce-MoS2 ﬂakes on quartz and SiO2/Si
substrates and investigating the optoelectronic properties of
the assemblies. The present work provides a means for
developing the signiﬁcant potential of Ce-MoS2 ﬂakes, and
more generally nanomaterials, that have been chemically
processed in solution.

■

RESULTS AND DISCUSSION
Figure 1 schematically illustrates the method starting with
solutions of modiﬁed Ce-MoS2 (Figure 1a).6 As previously
reported, the solutions are prepared by synthesizing Ce-MoS2
in water using Li intercalation, transferring the Ce-MoS2 to
octadecene using oleylamine (OA) as a phase transfer agent,
and heating with OA alone or with both OA and
dodecanethiol (DDT). The modiﬁed Ce-MoS2 (OA-MoS2
and DDT-MoS2, respectively) are redispersed in toluene
after puriﬁcation. To prepare ﬁlms, a ﬁxed aliquot of modiﬁed
OA- or DDT-MoS2 solution is vacuum ﬁltered through an
alumina membrane ﬁlter disk (AD) (Figure 1b). The ﬁltered
ﬂakes form a two-dimensional ﬁlm (2DF) consisting of a
network of ﬂakes on the AD. A gel ﬁlm (GF) is pressed on the
2DF, and air bubbles are removed using tweezers (Figure 1c).
To detach the AD, the AD/2DF/GF is ﬂoated on a KOH
solution (Figure 1d). KOH penetrates alumina pores through
the exposed side and dissolves the pores’ surface at the
interface, causing the AD to detach. The reaction is expressed
by Al2O3 + 3H2O + 2KOH → 2KAl(OH)4. The detached AD
can be reused multiple times after washing with methanol. The
remaining 2DF/GF structure is washed with deionized water
C
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Figure 4. (a) Photocurrent (Iph) vs Vds curves for 5-layered OA- and DDT-MoS2 2DFs illuminated by a white LED. (Inset) Photograph of the
experimental setup used in a. Iph vs time measured using (b) OA- and (c) DDT-MoS2 5-layered 2DFs as the LED is switched on and oﬀ. (d) Ids vs
time measured using a DDT-MoS2 5-layered 2DF as the LED is cycled on and oﬀ. (e) Iph vs Vds curves for DDT-MoS2 2DFs with a diﬀerent
number of layers. (f) Responsivity (R) and detectivity (D*) for DDT-MoS2 2DFs with a diﬀerent number of layers.

the respective solutions used to make ﬁlms. During chemical
processing, after heating in octadecene, ﬂakes are puriﬁed by
adding toluene and centrifuging (see Methods section below).
The supernatant of DDT-MoS2 is more concentrated than that
of OA-MoS2 since DDT-MoS2 is more soluble in toluene,
leading to a lower concentration of DDT-MoS2 upon
redispersion of precipitated ﬂakes. The practical number of
transferred 2DF layers is approximately predicted by a
correlation between the number of layers and its absorption,
which is described by NL = logT(1 − A), where NL is the
practical number of layers, T is the transmitted light for 1 layer
of MoS2 (0.91), and A is the absorbance.16 This analysis shows
that the ﬁrst OA- and DDT-MoS2 2DFs eﬀectively correspond
to 1.7 and 1.2 monolayers, respectively, and each subsequent
stacked layer adds approximately the same amount of material.
We found that rinsing as-prepared 2DFs with methanol after
transferring each layer and baking completed samples
decreased ﬁlm resistance appreciably (Figure S1). This is
presumably due to improved electrical contact between MoS2
ﬂakes.17,18 Figure 3a−c shows the results of the electrical
characterization of 2DF after the baking and rinsing steps.
Figure 3a and 3b shows that current (Ids) vs drain-source
voltage (Vds) curves for both OA- and DDT-MoS2 2DFs are
linear, and the slopes (conductances) increase with the number
of layers. The corresponding resistivities are shown in Figure
3c. The resistivity of both types of ﬁlms dramatically decreases
for the ﬁrst few transfers and more slowly after the fourth
transfer. This suggests a percolation transition occurs,19 that is,
a given layer comprises a network of pathways and voids that
permits and inhibits current ﬂow, respectively. As the number

of layers increases, current pathways increase in number/grow
in size and resistance drops rapidly initially. At a percolation
transition, there are sample spanning pathways, and adding
layers reduces resistance more slowly. To test this picture,
optical microscopy (OM) and scanning electron microscopy
(SEM) images of the ﬁlms are obtained to investigate the
surface morphology for each layer. Interestingly, at a speciﬁc
tilted angle, each layer macroscopically exhibits diﬀerent colors
typically generated by 2D materials due to interference arising
from diﬀerences in the refractive indices between SiO2 and
overlaying 2DFs (Figure 3d).20 This enables facile identiﬁcation of the various layers despite only nanoscale diﬀerences
in thicknesses. Microscopically, the SEM and OM images
shown in Figure 3d and Figure S8 conﬁrm that the aerial
density of the voids is large for the ﬁrst 2DF, diminishes
signiﬁcantly by the second/third layer, and diminishes more
slowly by the fourth layer and beyond, in good qualitative
agreement with data for resistivity vs number of layers. It is
noteworthy that the conductance of DDT-MoS2 2DFs is 3−4
orders of magnitude higher than those of OA-MoS2 2DFs. This
may be attributed to a combination of factors, including DDT
possessing a shorter hydrocarbon chain length, a lower
concentration of sulfur vacancies, and a higher ratio of
disordered metallic phase to semiconducting 2H phase at the
individual sheet level (on average, 1:2 for DDT-MoS2 vs 1:9
for OA-MoS2).6 Ids vs Vds curves for channel lengths ranging
from 50 to 250 μm yield resistances that increase linearly with
channel length, indicating that ﬁlms are electrically homogeneous at these length scales (Figure S2).
D
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Figure 5. (a) Ids vs Vg curve at Vds = 2 V for a 5-layered, 50 × 250 μm2, DDT-MoS2 2DF. Ids data are shown on both linear (black curve, left Y axis)
and log (red curve, right Y axis) scales. (b) Iph vs time for a 5-layered DDT-MoS2 2DF as white LED illumination is switched on and oﬀ at diﬀerent
gate voltages (Vg). Vds is 2 V. (c) Photoresponsivity (R) at diﬀerent gate voltages (Vg) determined using data in b.

MoS2 2DF is 320-fold larger than a previously reported value
obtained using MoS2 in solution.25
Previous studies have reported improving photocurrent for
mechanically exfoliated-MoS2 (Me-MoS2) and chemical vapor
deposited-MoS2 (CVD-MoS2) using the gate voltage (Vg) to
change and thereby modulate the Fermi level.2,3 To explore
potentially increasing conductivity and R values for DDTMoS2 2DF, we study charge transport as a function of Vg using
an ionic liquid (DEME-TFSI) as a dielectric material between
the 2DF and a top gate electrode (Figure 5a, inset). Figure 5a
shows that as Vg varies at a ﬁxed Vds (2 V), the current can be
enhanced and exhibits a current maximum/minimum (on/oﬀ)
ratio of 232. Figure 5b shows photocurrent measurements at
various gate voltages after background subtraction (Figure S4
shows data before background subtraction). Since the charge
accumulation in the ionic liquid is based on mobilization of
ions upon application of a gate voltage, photoresponse is
measured 60 s after each change in gate voltage to allow time
for ions to stabilize.26,27 The photocurrent exhibits a gate
voltage dependence, increasing by approximately an order of
magnitude from 0 to −2 V. Correspondingly, over this gate
voltage range, R increases to 36 mA/W, which is about 8-fold
higher than the value acquired without gating (4 mA/W)
(Figure S3). Interestingly, comparing Figure 4c vs Figure 5b
shows that adding ionic liquid reduces the switching time,
potentially by reducing the inﬂuence of trapped states.26,27
Photocurrent for a large-scale (0.5 × 2 mm2), 7-layer device
also shows similar behavior with ionic liquid gating (Figure
S5).
Using data in Figure 5a, a value for the mobility (μ) for a 5layer DDT-MoS2 2DF can be determined using the following
expression: μ = [L/(WCILVds)] × [dIds/dVg], where CIL is the
ionic liquid capacitance and L and W are the channel length
and width, respectively. Taking values of CIL = 0.405 μF/cm2
from the cyclic voltammetry result (Figure S9), L = 50 μm, and

To investigate the photoconductivity of the 2DFs, we use
OA- and DDT-MoS2 2DFs with ﬁve layers, that is, in the wellnetworked regime. Both OA- and DDT-MoS2 2DFs exhibit
photocurrent (Iph) when exposed to light generated by a white
LED, with DDT-MoS2 exhibiting 314-fold greater photocurrent than OA-MoS2 at 1 Vds (Figure 4a−c). In a previous
study, we reported that DDT covalently bonds to MoS2 ﬂakes
during the high-temperature (200 °C) processing step.6 This
covalent functionalization combined with annealing results in a
distorted 1T phase that has metallic character, which we
believe contributes to the improved conductivity and, in turn,
improved photoconductivity for DDT-MoS2. Since the photocurrent generated by OA-MoS2 is much weaker compared to
that of DDT-MoS2, we focus on the latter. Figure 4c shows rise
and decay times of Trise = 7s and Tdecay = 8s, respectively, which
are typical in the present study.3 Such a slow response might
be related to charge trap states at interfaces where individual
ﬂakes are interconnected and long, insulating DDT alkyl chains
that hinder carrier transport.21,22 Figure 4d shows that
photocurrent switching is stable during the measurement
time period as light is cycled on/oﬀ. The photocurrent and
associated conductance increase with the number of layers
(Figure 4e) as well as with drain-source voltage, Vds (Figure
S3), that is, some photogenerated charge carriers that are not
contributing to current at low Vds are being more eﬃciently
injected/removed by the electrodes by increasing Vds. To
evaluate the device performance for this 2DF, Figure 4 shows
responsivity (R), R = (IphAlight)/(PinAPD), and detectivity (D*),
D* = R(APD/2qIdark)1/2, vs number of layers, where Alight is the
incident light area (0.785 cm2), Pin is the incident light power
(8.8 mW), APD is the device’s photoactive area (50 × 250
μm2), q is the elementary charge, and Idark is the dark
current.23,24 Both parameters increase with the number of
layers and reach 2 mA/W for R and 1 × 108 jones for D*,
respectively, at 5 layers. This value of R for a 5-layer DDTE
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(retention level ×4). Alumina membrane disks were purchased from
Whatman (unsupported ring, diameter 47 mm, pore size 20 nm).
Preparing Chemically Exfoliated MoS2 (Ce-MoS2). Metallic
Ce-MoS2 in solution was prepared as described in our previous work.6
MoS2 powder was mixed with n-BuLi (20 mg:5 mL) in a Teﬂon-lined
autoclave and heated at 100 °C for 2 h under Ar. After this lithiation
step, the mixture was puriﬁed by adding hexane and centrifuging.
Next, the lithiated MoS2 (LixMoS2) was exfoliated by adding 50 mL
of water and mildly sonicating. Byproducts were removed by dialysis
(500 Da) with heavy stirring for 1 day. Unexfoliated large ﬂakes were
removed by centrifuging at 2000 rpm.
Preparing MoS2 Functionalized with Oleylamine and
Dodecanethiol (OA- and DDT-MoS2). A 0.6 mL (1.82 mmol)
amount of oleylamine was added to 4 mL of a metallic Ce-MoS2
aqueous solution (2.5 mg/mL), causing the Ce-MoS2 to precipitate
immediately. A 40 mL amount of octadecene was added, and the CeMoS2 was transferred to the organic phase upon gentle shaking. Water
in the octadecene solution was removed by a rotary evaporator ﬁrst,
and the solution containing ﬂakes was transferred to a 3-neck ﬂask.
The solution was degassed to remove residual moisture under high
vacuum (about 0.5 mTorr) at 80 °C for 30 min. Next, the ﬂask was
purged with Ar, and the solution was heated to 200 °C with stirring
for 2 h. The reaction was stopped by cooling down the ﬂask using an
ice bath and adding excess toluene to the ﬂask with stirring for 30
min. The reacted MoS2 (OA-MoS2) was mildly sonicated for 5 min
and centrifuged at 4000 rpm 3 times. The precipitate was redispersed
in 20 mL of toluene. The steps to prepare DDT-MoS2 were the same
but in addition 0.87 mL of dodecanethiol (3.64 mmol, 2 times the
molar ratio used for oleylamine) was added after removing water and
before heating at 200 °C.
Assembling, Dry Transferring, and Stacking Layers. To
prepare each layer, 0.3 mL of OA- or DDT-MoS2 solution was diluted
to 20 mL with toluene ﬁrst. Flakes in solution were ﬁltered on top of
the AD, forming 2DF. A GF was placed and slightly pressed on the
2DF using tweezers. To detach the AD, the GF/2DF/AD was placed
on a KOH solution (0.5 M) and ﬂoated. The AD detached within 1
min as KOH penetrated and etched exposed pores in the AD. The
detached AD could be reused multiple times after rinsing with
methanol. The remaining GF/2DF structure was rinsed with
deionized water for 30 min 3 times and dried under vacuum for 6
h to remove residual moisture. Next, the GF/2DF was cut into to the
desired size/shape and transferred onto a target substrate at a desired
location by mildly heating the substrate (∼40 °C), pressing and
peeling the GF.28
Stacked 2DF/SiO2/Si Device Fabrication. 2DFs were stacked,
layer-by-layer, on a Si wafer with 300 nm SiO2. After each transfer, the
device was heated to 80 °C under vacuum condition for 5 h. After all
of the transfers were completed, the device was immersed in MeOH
for 30 min. For charge transport measurements, Cr/Au electrodes (5
nm/40 nm) were thermally deposited on top of the stacked 2DF
using a shadow mask with prepatterned apertures that yield diﬀerent
channel lengths. Channel areas were isolated using a sharp probe on a
micromanipulator.
Characterization. UV−vis spectra were obtained using a Lambda
1050 spectrometer. Electrical measurements were performed using an
HP 4155A Semiconductor Parameter Analyzer and probe station
equipped with a white LED.

W = 250 μm yields μ = 0.67 cm2/V/s. Figure 5a exhibits a
large increase in Ids at negative gate voltage, which implies that
DDT-MoS2 2DF is a p-type semiconductor. The Fermi level of
the 2DF moves closer to the valence band upon application of
a negative gate voltage, which facilitates hole carrier transport
and leads to an increase in drain source current and
photocurrent as observed (Figure S4b). This result is
interesting as previous studies have reported that pristine
Me-MoS2 is an n-type semiconductor.2−4,15,24 Further study is
required to determine the microscopic origin of the present
result.
The present study employs chemical processing methods,
including heating with various molecules, vacuum ﬁltering,
exposure to various solvents/solutions, and dry transfer, to
strongly modify the optoelectronic properties of solutionprocessed MoS2 and prepare 2DF. The large degree of
modiﬁcation, including changing the metal vs semiconducting
character and changing the carrier type, suggests a possibility of
using such chemical processing methods to tune the wide band
gap, doping, and thereby optoelectronic properties of 2DFs.
The performance of the devices in the present work is lower
than those made using Me- or CVD-MoS2, which can exhibit
responsivity ≈ 570 mA/W, detectivity ≈ 1010 jones, photoresponse to near-infrared light at 980 and 1550 nm, and
compatibility with graphene.29−31 However, the present
solution process opens new opportunities for assembling
devices using stacked 2DFs that have been functionalized
through versatile solution-based chemical modiﬁcation.

■

CONCLUSION
In summary, we demonstrated a facile method to fabricate and
stack 2-dimensional network ﬁlms starting from chemically and
thermally modiﬁed Ce-MoS2 in solution. The method employs
vacuum ﬁltration with an alumina membrane ﬁlter disk to
prepare 2-dimensional network ﬁlms and a gel ﬁlm to transfer
and stack ﬁlms on a desired substrate with control. This
enables integration of chemically modiﬁed 2-dimensional
network ﬁlms into complex, heterostructure devices.
The resistances of the transferred ﬁlms rapidly decrease with
increasing number of layers due to a percolation transition.
DDT-MoS2 multilayer ﬁlms exhibit photocurrent that is more
than 2 orders higher compared with OA-MoS 2 and
responsivity (2 mA/W) that is more than 2 orders higher
compared with previously reported devices based on solutionprocessed MoS2. DDT-MoS2 ﬁlms exhibit p-type semiconducting behavior in contrast with pristine MoS2 which
exhibits n-type behavior. By applying a negative gate voltage,
responsitivity further increases to 36 mA/W, about 8-fold
higher compared with the case without applying gate voltage.
The present study highlights the potential of chemically
modifying 2D materials in solution and facile assembling and
stacking of ﬁlms to expand insights and explore applications of
such materials.
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METHODS

Chemicals. MoS2 powder, n-butyllithium (n-BuLi) solution in
hexane (1.6 M), 1-octadecene (OD), hexane, oleylamine (OA), 1dodecanethiol (DDT), and DEME-TFSI (diethylmethyl(2methoxyethyl)ammonium bis(triﬂuoromethylsulfonyl)imide) were
purchased from Sigma-Aldrich. All reagents were used as received.
Dialysis kits including a membrane bag (500 Da) were purchased
from Spectrum Laboratories. Gel ﬁlm was purchased from Gelpak

■

AUTHOR INFORMATION

Corresponding Author

Al-Amin Dhirani − Department of Chemistry, University of
Toronto, Toronto, Ontario M5S 3H6, Canada;

F

https://doi.org/10.1021/acsanm.1c00264
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

(12) Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.-Y.;
Galli, G.; Wang, F. Emerging Photoluminescence in Monolayer
MoS2. Nano Lett. 2010, 10 (4), 1271−1275.
(13) Mak, K. F.; Lee, C.; Hone, J.; Shan, J.; Heinz, T. F. Atomically
Thin MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 2010,
105 (13), 136805.
(14) Castellanos-Gomez, A.; Quereda, J.; van der Meulen, H. P.;
Agraït, N.; Rubio-Bollinger, G. Spatially Resolved Optical Absorption
Spectroscopy of Single-and Few-Layer MoS2 by Hyperspectral
Imaging. Nanotechnology 2016, 27 (11), 115705.
(15) Kang, K.; Xie, S.; Huang, L.; Han, Y.; Huang, P. Y.; Mak, K. F.;
Kim, C.-J.; Muller, D.; Park, J. High-Mobility Three-Atom-Thick
Semiconducting Films with Wafer-Scale Homogeneity. Nature 2015,
520 (7549), 656−660.
(16) Kang, K.; Lee, K.-H.; Han, Y.; Gao, H.; Xie, S.; Muller, D. A.;
Park, J. Layer-by-Layer Assembly of Two-Dimensional Materials into
Wafer-Scale Heterostructures. Nature 2017, 550 (7675), 229−233.
(17) Li, Y. J.; Huang, W. J.; Sun, S. G. A Universal Approach for the
Self-Assembly of Hydrophilic Nanoparticles into Ordered Monolayer
Films at a Toluene/Water Interface. Angew. Chem., Int. Ed. 2006, 45
(16), 2537−2539.
(18) Reincke, F.; Hickey, S. G.; Kegel, W. K.; Vanmaekelbergh, D.
Spontaneous Assembly of a Monolayer of Charged Gold Nanocrystals
at the Water/Oil Interface. Angew. Chem., Int. Ed. 2004, 43 (4), 458−
462.
(19) Kirkpatrick, S. Percolation and Conduction. Rev. Mod. Phys.
1973, 45 (4), 574.
(20) Ni, Z.; Wang, H.; Kasim, J.; Fan, H.; Yu, T.; Wu, Y. H.; Feng,
Y.; Shen, Z. Graphene Thickness Determination Using Reflection and
Contrast Spectroscopy. Nano Lett. 2007, 7 (9), 2758−2763.
(21) Sun, Z.; Liu, Z.; Li, J.; Tai, G. a.; Lau, S. P.; Yan, F. Infrared
Photodetectors Based on CVD-Grown Graphene and PbS Quantum
Dots with Ultrahigh Responsivity. Adv. Mater. 2012, 24 (43), 5878−
5883.
(22) Qin, L.; Wu, L.; Kattel, B.; Li, C.; Zhang, Y.; Hou, Y.; Wu, J.;
Chan, W. L. Using Bulk Heterojunctions and Selective Electron
Trapping to Enhance the Responsivity of Perovskite−Graphene
Photodetectors. Adv. Funct. Mater. 2017, 27 (47), 1704173.
(23) De Fazio, D.; Goykhman, I.; Yoon, D.; Bruna, M.; Eiden, A.;
Milana, S.; Sassi, U.; Barbone, M.; Dumcenco, D.; Marinov, K.; et al.
High Responsivity, Large-Area Graphene/MoS2 Flexible Photodetectors. ACS Nano 2016, 10 (9), 8252−8262.
(24) Choi, W.; Cho, M. Y.; Konar, A.; Lee, J. H.; Cha, G. B.; Hong,
S. C.; Kim, S.; Kim, J.; Jena, D.; Joo, J.; et al. High-Detectivity
Multilayer MoS2 Phototransistors with Spectral Response from
Ultraviolet to Infrared. Adv. Mater. 2012, 24 (43), 5832−5836.
(25) Cunningham, G.; Khan, U.; Backes, C.; Hanlon, D.;
McCloskey, D.; Donegan, J. F.; Coleman, J. N. Photoconductivity
of Solution-Processed MoS2 Films. J. Mater. Chem. C 2013, 1 (41),
6899−6904.
(26) Lee, J.; Kaake, L. G.; Cho, J. H.; Zhu, X.-Y.; Lodge, T. P.;
Frisbie, C. D. Ion Gel-Gated Polymer Thin-Film Transistors:
Operating Mechanism and Characterization of Gate Dielectric
Capacitance, Switching Speed, and Stability. J. Phys. Chem. C 2009,
113 (20), 8972−8981.
(27) Cho, J. H.; Lee, J.; Xia, Y.; Kim, B.; He, Y.; Renn, M. J.; Lodge,
T. P.; Frisbie, C. D. Printable Ion-Gel Gate Dielectrics for LowVoltage Polymer Thin-Film Transistors on Plastic. Nat. Mater. 2008,
7 (11), 900−906.
(28) Xu, H.; Guo, C.; Zhang, J.; Guo, W.; Kuo, C. N.; Lue, C. S.;
Hu, W.; Wang, L.; Chen, G.; Politano, A.; et al. PtTe2-Based Type-II
Dirac Semimetal and Its van der Waals Heterostructure for Sensitive
Room Temperature Terahertz Photodetection. Small 2019, 15 (52),
1903362.
(29) Tsai, D.-S.; Liu, K.-K.; Lien, D.-H.; Tsai, M.-L.; Kang, C.-F.;
Lin, C.-A.; Li, L.-J.; He, J.-H. Few-Layer MoS2 with High Broadband
Photogain and Fast Optical Switching for Use in Harsh Environments. ACS Nano 2013, 7 (5), 3905−3911.

orcid.org/0000-0003-3257-4327; Email: a.dhirani@
utoronto.ca
Authors

Myung Jin Park − Department of Chemistry, University of
Toronto, Toronto, Ontario M5S 3H6, Canada
Steven Gravelsins − Department of Chemistry, University of
Toronto, Toronto, Ontario M5S 3H6, Canada
Dong Heon Shin − Department of Chemistry, Seoul National
University, Gwanak-gu, Seoul 08826, Korea
Byung Hee Hong − Department of Chemistry, Seoul National
University, Gwanak-gu, Seoul 08826, Korea; Graphene
Research Center, Advanced Institute of Convergence
Technology, Suwon 16229, Korea; orcid.org/0000-00018355-8875
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.1c00264
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was supported by the Natural Sciences and
Engineering Research Council of Canada.

■

Article

REFERENCES

(1) Ye, J. T.; Zhang, Y. J.; Akashi, R.; Bahramy, M. S.; Arita, R.;
Iwasa, Y. Superconducting Dome in a Gate-Tuned Band Insulator.
Science 2012, 338 (6111), 1193−1196.
(2) Yin, Z.; Li, H.; Li, H.; Jiang, L.; Shi, Y.; Sun, Y.; Lu, G.; Zhang,
Q.; Chen, X.; Zhang, H. Single-Layer MoS2 Phototransistors. ACS
Nano 2012, 6 (1), 74−80.
(3) Lopez-Sanchez, O.; Lembke, D.; Kayci, M.; Radenovic, A.; Kis,
A. Ultrasensitive Photodetectors Based on Monolayer MoS2. Nat.
Nanotechnol. 2013, 8 (7), 497−501.
(4) Lee, C. H.; Lee, G. H.; van der Zande, A. M.; Chen, W.; Li, Y.;
Han, M.; Cui, X.; Arefe, G.; Nuckolls, C.; Heinz, T. F.; Guo, J.; Hone,
J.; Kim, P. Atomically Thin p-n Junctions with van der Waals
Heterointerfaces. Nat. Nanotechnol. 2014, 9 (9), 676−81.
(5) Britnell, L.; Ribeiro, R.; Eckmann, A.; Jalil, R.; Belle, B.;
Mishchenko, A.; Kim, Y.-J.; Gorbachev, R.; Georgiou, T.; Morozov,
S.; et al. Strong Light-Matter Interactions in Heterostructures of
Atomically Thin Films. Science 2013, 340 (6138), 1311−1314.
(6) Park, M. J.; Gravelsins, S.; Son, J.; van der Zande, A. M.; Dhirani,
A.-A. A Scalable, Solution-Based Approach to Tuning the Solubility
and Improving the Photoluminescence of Chemically Exfoliated
MoS2. ACS Nano 2019, 13 (6), 6469−6476.
(7) Nguyen, E. P.; Carey, B. J.; Ou, J. Z.; van Embden, J.; Gaspera, E.
D.; Chrimes, A. F.; Spencer, M. J. S.; Zhuiykov, S.; Kalantar-zadeh, K.;
Daeneke, T. Electronic Tuning of 2D MoS2 through Surface
Functionalization. Adv. Mater. 2015, 27 (40), 6225−6229.
(8) Voiry, D.; Goswami, A.; Kappera, R.; Silva, C. d. C. C. e.;
Kaplan, D.; Fujita, T.; Chen, M.; Asefa, T.; Chhowalla, M. Covalent
Functionalization of Monolayered Transition Metal Dichalcogenides
by Phase Engineering. Nat. Chem. 2015, 7, 45.
(9) Chen, X.; Berner, N. C.; Backes, C.; Duesberg, G. S.; McDonald,
A. R. Functionalization of Two-Dimensional MoS2: On the Reaction
Between MoS2 and Organic Thiols. Angew. Chem., Int. Ed. 2016, 55
(19), 5803−5808.
(10) Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.;
Chhowalla, M. Photoluminescence from Chemically Exfoliated MoS2.
Nano Lett. 2011, 11 (12), 5111−5116.
(11) Withers, F.; Yang, H.; Britnell, L.; Rooney, A.; Lewis, E.; Felten,
A.; Woods, C.; Sanchez Romaguera, V.; Georgiou, T.; Eckmann, A.;
et al. Heterostructures Produced from Nanosheet-Based Inks. Nano
Lett. 2014, 14 (7), 3987−3992.
G

https://doi.org/10.1021/acsanm.1c00264
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

Article

(30) Wu, J.-Y.; Chun, Y. T.; Li, S.; Zhang, T.; Wang, J.; Shrestha, P.
K.; Chu, D. Broadband MoS2 Field-Effect Phototransistors: Ultrasensitive Visible-Light Photoresponse and Negative Infrared Photoresponse. Adv. Mater. 2018, 30 (7), 1705880.
(31) Xu, H.; Wu, J.; Feng, Q.; Mao, N.; Wang, C.; Zhang, J. High
Responsivity and Gate Tunable Graphene-MoS2 Hybrid Phototransistor. Small 2014, 10 (11), 2300−2306.

H

https://doi.org/10.1021/acsanm.1c00264
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

