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Solution processed, vertically stacked hetero-
structured diodes based on liquid-exfoliated
WS, nanosheets: from electrode-limited to
bulk-limited behaviorf
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Vertically stacked metal-semiconductor-metal heterostructures, based on liquid-processed nano-
materials, hold great potential for various printed electronic applications. Here we describe the fabrication
of such devices by spray-coating semiconducting tungsten disulfide (WS,) nanosheets onto indium tin
oxide (ITO) bottom electrodes, followed by spraying single-walled carbon nanotubes (SWNTSs) as the top
electrode. Depending on the formulation of the SWNTSs ink, we could fabricate either Ohmic or Schottky
contacts at the WS,/SWNTs interface. Using isopropanol-dispersed SWNTs led to Ohmic contacts and
bulk-limited devices, characterized by out-of-plane conductivities of ~10™* S m™. However, when
aqueous SWNTs inks were used, rectification was observed, due to the formation of a doping-induced
Schottky barrier at the WS,/SWNTSs interface. For thin WS, layers, such devices were characterized by a
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barrier height of ~0.56 eV. However, increasing the WS, film thickness led to increased series resistance,
leading to a change-over from electrode-limited to bulk-limited behavior at a transition thickness of
~2.6 pm. This work demonstrates that Ohmic/Schottky behavior is tunable and lays the foundation for
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Introduction

Two-dimensional (2D) materials have been extensively studied
over the past two decades due to their diversity and range of
interesting properties.> For example, focusing on electronic
properties, silver nanosheets and MXenes are metallic,>* gra-
phene is a semimetal,” transition metal dichalcogenides such
as tungsten disulfide (WS,), are semiconducting® while boron
nitride (BN) is an insulator.” This electronic diversity is very
exciting as it means that different 2D materials can be used as
different parts of electronic devices.

In particular, over the last few years, much work has
focused on using 2D nanosheets as elements in printed elec-
tronic devices with the ultimate aim of achieving mobilities
competitive with the best organic devices. In addition, there is
considerable interest in all-printed, all-nanomaterial,® devices
where different device parts, e.g. active material, electrodes
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fabricating large-area 2D nanosheet-based solution-deposited devices and stacks.

and dielectric, could be printed from different 2D materials or
combinations of 2D and non-2D materials.’

Producing printed or solution-deposited devices requires
inks which consist of 2D nanosheets (or other nanomaterials)
dispersed in liquids. Liquid phase exfoliation (LPE) is a method
which employs ultra-sonication of various bulk layered
materials in liquids to produce dispersions of 2D nanosheets
in large quantities.'®'" Such nanosheet dispersions can be
used as inks and processed into thin films which, at the nano-
scale, consist of disordered networks of nanosheets.®”"*'? To
date, many printing and solution-deposition methods have
been used in this way, including ink-jet printing,'*'* spin-
coating,'® electrophoretic deposition,'® spray coating.” In par-
ticular, spray coating is a method which is relatively versatile
and is able to efficiently fabricate large-area networks on
various types of substrates.'” Solution-processing of nanosheet
networks enables the low-cost and facile fabrication of printed
electronic devices. Solution-deposited networks of semicon-
ducting nanosheets have demonstrated their potential in
applications such as transistors,® photodetectors'® and chemi-
cal sensors."’

The above-mentioned devices are usually fabricated in a
planar manner and consist of relatively large area networks of

Nanoscale, 2022, 14, 15679-15690 | 15679


http://rsc.li/nanoscale
http://orcid.org/0000-0002-5349-6770
http://orcid.org/0000-0002-8176-4795
http://orcid.org/0000-0001-9659-9721
https://doi.org/10.1039/d2nr04196k
https://doi.org/10.1039/d2nr04196k
https://doi.org/10.1039/d2nr04196k
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr04196k&domain=pdf&date_stamp=2022-10-31
https://doi.org/10.1039/d2nr04196k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014042

Published on 17 10 2022. Downloaded on 2024-06-29 3:06:54.

Paper

semiconducting nanosheets with laterally positioned electro-
des. Conduction is usually in the plane of the network and the
channel length (defined as the distance between electrodes) is
typically tens to hundreds of micrometers. The in-plane (IP)
conductivity ranges from 10" to 107> S m~" and is generally
limited by the inter-nanosheet junction resistance.'” Because
of the long channel length and low film thickness, such net-
works tend to display a high channel resistance much larger
than the metal/semiconductor contact resistance. This is an
important point as it means that such networks are always
bulk-limited, i.e. the current flowing is limited by the resis-
tance of the network rather than any contact effects such as
Schottky barriers.>® This makes it virtually impossible to
obtain electrical rectification in planar networks as such
effects arise from metal-semiconductor contacts.

One way to obtain contact limited effects, such as Schottky
barriers, in printed or solution-deposited nanosheet networks
is to fabricate vertical heterostructures consisting of stacked
metal-semiconductor-metal (MSM) layers (A.K.A. a sandwich
structure) where the semiconductor is a nanosheet network.
The channel length in this case corresponds to the thickness
of the semiconductor network, which in principle could be
reduced to as low as a few nanometers. This means the resis-
tance of the semiconductor layer can be much smaller than
that in a planar device. By reducing this channel resistance
below the contact resistance, it should be possible to produce
contact-limited devices once appropriate metals are used.

However, problems are still associated with fabricating such
thin, stacked devices. First, short-free nanosheet networks are
mandatory for this kind of device structure. Although increas-
ing network thickness could minimize pinholes associated
with network non-uniformity, production of thin short-free
networks is still a challenge.'> Another difficulty lies in the
porous nature of solution-deposited networks® which can
allow penetration of metal atoms during top-electrode depo-
sition, resulting in shorting even for uniform, continuous
films. In addition, for solution-deposited top electrodes,
nanosheet re-dispersion during deposition can lead to poor
metal-semiconductor interfaces and shorting in thin films."?
This makes it difficult to prepare stacked devices and means
relatively few of these have been reported in the literature. To
date, a small number of vertically-stacked printed or solution-
deposited devices, including capacitors,””*""*> memristors,**>*
and photodetectors,®>>*® have been reported which combine
LPE nanosheets and solution-processed top electrodes.
Avoiding shorts is usually achieved by using thick semicon-
ducting layers,'? often with negative impacts on performance.

Up to now, most vertically stacked devices with either solu-
tion-processed or evaporated top electrodes show Ohmic be-
havior. This is due to the high series resistance associated
with the thick semiconducting nanosheet networks, leading to
bulk-limited behavior regardless of the size of the Schottky
barrier. However, while non-Ohmic behaviors have been
observed in printed Ag/MoS,/MoO,/Ag>* devices, to our knowl-
edge only Farbod et al.’>’ have realized Schottky diodes in a
simple MSM (FTO/phosphorene/Al) stack. Thus, Schottky
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diodes from LPE nanosheet networks alone are still very poorly
investigated. It remains an important question whether
Schottky devices can be reliably fabricated and if their electri-
cal behaviors might be manipulated, by varying the contacting
metal or semiconductor thickness.

In this study, we demonstrate a reliable method to fabricate
vertically-stacked MSM devices by sequentially spraying net-
works of semiconducting WS, nanosheets and carbon nano-
tubes. These devices are short-free down to a WS, network
thickness of 500 nm. In addition, their properties can be
tuned from electrode- to bulk-limited both by modifying the
nanotube ink and by varying the thickness of the WS,
network.

Results
Material characterizations

All devices were prepared by sequential spraying of nano-
material inks prepared in-house. The WS, nanosheet dis-
persion was prepared by LPE in the solvent isopropanol (IPA).
Using IPA allows the formation of a reasonably stable dis-
persion with a relatively high yield of nanosheets and, because
of its low boiling point, facilitates further device fabrication
without solvent exchange. As is typical for LPE, immediately
after exfoliation the dispersion contained poly-disperse
nanosheets with a wide distribution of lateral size and thick-
ness.”® Thus, a two-step liquid cascade centrifugation (LCC)
procedure was used to narrow the distribution.?**° Since large
and thick nanosheets tend to be rigid,"> and so may lead to a
nanosheet network with high porosity and large pores, they
were discarded by centrifuging the dispersion after exfoliation
at 2 krpm for 2 h. Meanwhile, to avoid few-layered WS, with
thickness-varying bandgaps,”"** small and thin nanosheets
were also discarded by a 6 krpm centrifugation. The trans-
mission electron microscopy (TEM) image of exfoliated
nanosheets obtained after LCC is shown in Fig. 1A. Many
nanosheets were seen, all similar in size, confirming our suc-
cessful exfoliation and size-selection.

Two types of SWNT dispersion were obtained by probe soni-
cating P3-SWNTs (Carbon solutions) in IPA and sodium
dodecyl benzene sulfonate aqueous solution (SDBS/H,0),
respectively. Briefly, 0.5 mg mL™' SWNTs in 40 mL of water
containing 5 mg mL™" SDBS surfactant was probe-sonicated
for 30 min to yield an aqueous dispersion. The dispersion was
centrifuged at 6 krpm for 2 h to remove large aggregates
and the supernatant collected (subsequently referred to as
S-SWNTs dispersion). The IPA-suspended dispersion
(I-SWNTs) was obtained by directly sonicating SWNTs powder
in IPA with a concentration of 0.05 mg mL™" for 4 h (no cen-
trifugation was used). A low concentration and longer soni-
cation time ensure that the dispersion can be stable at least
for a few hours, which is required for spray coating. Fig. 1B
and C show the morphology of SWNTs in IPA and SDBS/H,0,
respectively. Narrow and straight bundles were found in TEM
images, indicating the SWNTs were well-dispersed in both
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Fig. 1 Basic characterizations of WS, nanosheets and SWNTs. TEM
images of WS, nanosheets (A), I-SWNTs (B) and S-SWNTs (C). (D)
Statistical analysis of the lateral length Lys and the number of layer Nys
of WS, nanosheets extracted from AFM images. (E) Statistical analysis of
the length Lyt and diameter Dyt of SWNTs extracted from AFM images.
Normalized UV-Vis-NIR absorption spectra (F) and Raman spectra (G) of
WS,, I-SWNTs and S-SWNTs.

media. The I-SWNTs present clean surfaces while polymeric
residuals were visible on the surface of S-SWNTs possibly due
to SDBS, which is notoriously difficult to remove.*

To determine the size and thickness distribution of
nanosheets, the WS, and SWNTs dispersions were drop-casted
on Si/SiO, substrates and characterized by atomic force
microscopy (AFM). Their typical AFM images are shown in
Fig. S17 insets. For WS,, the statistical results were obtained by
counting the size and thickness of more than 100 individual
nanosheets and are shown in Fig. 1D. Most of the nanosheets
are shorter than 500 nm with a mean length (Lys) of 250 nm,
which is in good agreement with the TEM images. The
number of layers, Nys, was obtained by dividing the nanosheet
thickness by the apparent monolayer thickness (1.9 nm).** The
mean layer number is (Nys) = 17.5. The nanosheet length is
plotted against its thickness in Fig. S1A.T The aspect ratio (AR)
defined as the length divided by the thickness was obtained
from the histogram plot of nanosheet length divided by thick-
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ness Lys/tns, shown in Fig. S1A.T The average AR is ~10. We
note that these AR values are small compared to values of
20-40 reported previously for aqueous TMD dispersions,>®
probably due to the use of IPA in this study. The AFM result
indicates the obtained WS, nanosheets are mostly multi-
layered with a relatively medium size compared to its bulk
counterpart, consistent with our requirements as mentioned
above. The SWNTs were also characterized with AFM and the
statistical results are shown in Fig. 1E. The mean length (Lyr)
of S-SWNT is 771 nm, while that for I-SWNTs is 405 nm. The
shorter nanotubes are caused by long time sonication in IPA.
The mean diameter of nanotube bundles (Dyr) is around
3.2 nm for both I-SWNTs and S-SWNTs. The mean aspect
ratios (Lyyt/Dnrt) for S-SWNTs and I-SWNTs are ~166 and ~322
(Fig. S1B and Cft), respectively, which are both much larger
than that of WS,.

UV-Vis-NIR spectra of WS,, -SSWNTs and S-SWNTs were col-
lected, and the normalized absorption spectra are shown in
Fig. 1F. Full spectra are presented in Fig. S2.f The character-
istic A-exciton peak for WS, can be found at 637 nm. This peak
position was known to be affected by the layer number of
nanosheets due to confinement effects.’® The mean nanosheet
length (Lys) and the number of layers (Nys) can be derived
from its extinction spectrum and are 283 nm and 20.5 (ESI,
S2t), respectively, which are consistent with AFM statistical
results.

The absorption peaks for I-SWNTs and S-SWNTs can be
observed at around 700 nm and 1022 nm, corresponding to
M,; metallic and S,, semiconducting characteristic peaks*?
respectively, with no obvious dependence on dispersing
medium.

The WS, and SWNTs dispersions were drop-cast onto an Si/
SiO, substrate to form films for Raman analysis as shown in
Fig. 1G. The WS, characteristic modes at 349.5 and 418.5 cm™!
are found and correspond to its in-plane E',, and out-of-plane
A;; modes. For both SWNTSs, characteristic peaks such as the
radial breathing mode (RBM) at 170 cm ™", disorder D band at
1345 cm™, and graphite (G) band at 1593 cm™" can be seen.?®
There is very little difference in G band position for I-SWNTs
and S-SWNTs, implying minimal doping by SDBS relative to
IPA.

Device fabrication and morphological characterizations

Although we initially characterize in-plane devices, the main
focus of this work is on devices in stacked geometries where
current flow is out-of-plane. To this end, we use sequential
spraying processes to fabricate vertically stacked, sandwich
structure-type devices. These devices consist of a patterned
ITO bottom electrode, then a network of semiconducting WS,
nanosheets, followed by a top electrode. As we justify below,
we use a network of carbon nanotubes as the top electrode, fol-
lowed in some cases by a network of silver nanowires as a
current collector. A schematic of the device structure is shown
in Fig. 2A. ITO-coated glass was used as the substrate with the
subsequent layers built up sequentially by layer-by-layer spray
coating.
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Fig. 2 (A) Schematic diagram of the device structure and fabrication. (B) Photograph of ITO/WS,/S-SWNTs devices. Top-view SEM images of the
spray coated WS, film (C), the WS, film with higher magnification (D). Cross-sectional SEM images of ITO/~6.5 pm WS,/I-SWNTs (E) and ITO/
~2.5 pm WS,/S-SWNTs (F). Top-view SEM images of the double-layered I-SWNTs/AgNWs top electrode (G) and S-SWNTs electrode (H) on WS, film.

A common problem during sequential liquid-based depo-
sitions is the redispersion of the previously deposited layer
during the deposition of the next layer before the deposited
solvent has dried. This effect probably limits the minimum
thickness of the semiconducting layer (i.e. the channel length)
that can be achieved without shorts appearing between ITO
and SWNT layers, as well as device reproducibility. We believe
the likelihood of the formation of vertical shorts is highest
when the top electrode is deposited by evaporation or sputter-
ing. Metal atoms can diffuse through the porous interior of
the network, perhaps at locally thin regions, leading to the for-
mation of metallic filaments which can short the device. To
avoid electrical shorts as well as achieving low semiconducting
layer thickness, we propose this problem may be mitigated by
using networks of high-aspect ratio conducting nanomaterials,
such as nanotubes or nanowires, as the top electrode. Such
extended structures could sit on top of the semiconducting
nanosheet network without penetrating the pores of the
network, bridging any locally thin regions and so avoiding the
formation of vertical shorts.

To prove the feasibility of this approach, ITO-coated glass
substrates were etched using diluted hydrochloride acid to
create one long 2.5 cm x 0.6 cm ITO strip in the middle of the
glass and four ITO patches on each corner of the slide
(Fig. 2B). The distance between the strip and each patch is
1-2 mm. After solvent cleaning of the ITO-coated substrates, a
WS, dispersion was sprayed on top of the ITO strip such that
the ITO edge is covered by WS, film to avoid contact between
ITO and the top electrode that will be sprayed later. The hot-
plate was set at 100 °C to enable fast evaporation of IPA. The
obtained WS, film on ITO were then annealed at 200 °C in an
argon-filled glovebox for 30 minutes to remove residual IPA
and to improve the network’s mechanical robustness. A range
of WS, networks were deposited with thicknesses in the range
of 500 nm to 9000 nm. For SWNT top electrode fabrication,
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the spray rate and the volume of SWNTs dispersion were care-
fully adjusted, and the hotplate temperature was also increased
to facilitate solvent evaporation (experimental details are pre-
sented in ESI S17). A shadow mask was used to pattern the top
electrode and to allow each SWNTs electrode to partially cover
the ITO/WS, and one of the individual ITO patches. Thus, elec-
trical measurements of each ITO/WS,/SWNTs device can be
made through the main ITO strip and one patch. Four SWNT
top electrodes were deposited per substrate. The device area is
defined as the overlapping area between the ITO electrode,
WS, and the SWNTs electrode, which is typically 2-4 mm?.
Using the above method, we have found that devices can be
reproducibly fabricated. In the case of I-SWNTs top electrodes,
AgNW networks were also deposited on top of the SWNTs to
reduce the lateral resistance of the top electrode, as will be
detailed in the following sections. A photograph of the
obtained devices is shown in Fig. 2B.

Scanning electron microscopy (SEM) and an optical trans-
mission scanner were used to investigate the morphology of
the sprayed nanosheet networks. SEM images of WS, nanosheet
networks are shown in Fig. 2C and D. The low-magnification
image shows that nanosheets are uniformly deposited over a
large area and form networks that appear to be pinhole-free.
The zoomed-in SEM image in Fig. 2D shows that nanosheets
are randomly stacked together, forming a porous, disordered
network. The morphology of a thin WS, nanosheet network on
glass slides was further investigated by a flatbed optical trans-
mission scanner (ESI S4t). We converted the optical signal on a
pixel-by-pixel basis into film thickness and searched for loca-
lized regions of negligible thickness. In this way, we could not
find any locally thin regions (pinholes) of size larger than the
resolution of the scanner (~10 pm), even when probing a rela-
tively large area ~1 cm” for film thicknesses as low as 66 nm.
This supports our assessment that continuous and uniform
nanosheet networks were obtained by spray coating.

This journal is © The Royal Society of Chemistry 2022
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Cross-sectional images of the fabricated devices using
I-SWNT and S-SWNT were obtained using focused ion beam
milling followed by SEM, as shown in Fig. 2E and F respect-
ively. It can be seen that the WS, nanosheet networks are sand-
wiched between the solution-processed top electrodes and ITO
bottom electrodes. The highly porous structure of WS, net-
works is observed and the porosity is estimated to be around
50% (ESI, S51), in line with previous results.® The thicknesses
of WS, networks used to produce these two images are about
6.4 pm and 2.6 pm, respectively, values which are consistent
with those found by profilometry (6 pm and 2.5 pm). In these
cross sections, the top electrode, made from either I-SWNTs/
AgNWs or S-SWNTs, sits on top of the WS, network. No visible
nanowire/nanotubes are diffusing into the network, which is
true even for thin networks (~600 nm thick WS,, Fig. S4A and
Bt). This confirms our expectation that 1D nanomaterials
could form a network on top of nanosheet network without
solvent-driven inter-layer mixing. This is an important result
as it shows that a clean interface can be formed during
sequential spray deposition. We note that the interface quality
is largely affected by the roughness of the underlying layer.
The smooth ITO surface forms a sharp interface with WS,.
However, while the SWNT top electrodes form a locally clean
interface with the WS,, over longer horizontal length scales,
the interface does display some peak-and-valley character due
to spatial variations in the thickness of the WS, network (i.e.
roughness). Depending on the mean thickness of the WS,
network, the thickness difference between the peak and valley
could be hundreds of nanometers.

The top-view SEM image of a top electrode fabricated from
an I-SWNTs network coated with an AgNW network (both on
WS,) is shown in Fig. 2G. The I-SWNTs/AgNWs are uniformly
distributed on the surface of the WS, film and form an open,
porous structure. WS, nanosheets are still visible through this
double-layered electrode. In contrast, S-SWNTs are densely
packed on the top of WS, films (Fig. 2H).

The thickness and morphology of these top electrodes were
also characterized by profilometry. To do this, I-SWNTs,
S-SWNTs and I-SWNTs/AgNWs films were sprayed directly onto
pre-cleaned glass slides. We find the mean film thickness ()
of the I-SWNTs film is around 80 nm but it shows a high
average roughness (R,) of about 60 nm. Such large (R,) may
indicate that aggregates formed during spraying due to
instability of SWNTs in IPA. The S-SWNTs film is around
650 nm thick and had a (R,) of about 50 nm, consistent with
good network uniformity. The (t) of [-[SWNTs/AgNWs film is
260 nm with a (R,) of 60 nm. It should be possible to further
optimize the roughness in the future. However, for now it is
good enough to be used as the top electrode.

In-plane electrical characterization of electrodes

We start by measuring the in-plane electrical properties of the
electrodes. The I-SWNTs, I-SWNTs/AgNWs and S-SWNTs were
separately sprayed on glass substrates. Their electrical resist-
ances were measured by a two-probe measurement using silver
paste as contacts. The in-plane conductivities of I-SWNTs and
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S-SWNTs films were found to be relatively low: 1.8 x 10% and
6.8 x 10> S m™", respectively. This means that the in-plane re-
sistance of the top electrodes is not negligible compared to the
out-of-plane resistance of WS,. This is significant as, in these
devices, current flows first through the top electrode in the in-
plane direction before flowing through the WS, in the out-of-
plane direction. Then, if the in-plane SWNT resistance, is non-
trivial compared to the out-of-plane WS, resistance, the
voltage drop across the device will not be the same as the
applied voltage, leading to an incorrect calculation of WS,
network properties. This effect is shown schematically in
Fig. S5 and an example of the calculation is shown in ESI
S6.7 Thus, two different strategies were used to remove the
influence of the electrode. In the first case, AgNWs was
sprayed on top of I-SWNTs to reduce the in-plane resistance.
This led to a conductivity of the -[SWNTs/AgNWs film of ~5 x
10> S m™" (which may still be underestimated due to the effect
of contact resistance coming from the two-probe measure-
ment). It was also found that AgNWs did not alter the shape of
current-voltage (I-V) characteristic curves of devices, indicat-
ing that they do not change the nature of charge injection (see
below). In the second case, for S-SWNTs based devices, AgNWs
were not used to increase the electrode conductivity, as we
found AgNWs to be in contact with WS, at the edge of electro-
des due to spray coating through the shadow mask, which will
eliminate the diode behavior (Fig. S7Ef). Instead, we used the
conductivity determined from the SWNTs film on the glass
coupled with the electrode dimensions, to estimate the elec-
trode resistance and remove its effect from the I-V curves. The
detailed method is in ESI S6.1 We used the second strategy for
S-SWNTs electrode-based devices.

Electrical characterization of devices

The electrical response of thin semiconductor films can be
limited by either the properties of the semiconductor itself or
the properties of the metal-semiconductor interface.’® In the
former case, we refer to the conduction as being bulk-limited
while in the latter case, it is electrode-limited. Bulk-limited
devices are those where the resistance of the semiconductor
itself is much greater than that associated with the interface
(i.e. the contact resistance) while electrode-limited devices are
those where the resistance of the semiconductor can be neg-
lected. In some cases, the bulk resistance can be similar to
that of the interface. Then the device can display bulk- or elec-
trode-limited regimes depending on the applied voltage.

In-plane electrical characterization of WS, networks

We first perform basic electrical characterization of the WS,
networks. We do this by measuring the in-plane conductivity
of these networks as this is the most common reported
measurement method.'” In-plane measurements on networks
are usually performed with a long channel length which gener-
ally yields bulk-limited conduction. However, ideally, Ohmic
contacts should also be used to minimize contact resistance.
In a p-type® material such as WS,, Ohmic contact can be rea-
lized when the work function (WF) of the electrode material
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lies between the Fermi energy (E¢) and the valence band edge
of the semiconductor. In this case, when the metal contacts
WS,, its bands only bend slightly in a way that leads to
minimal built-in voltage, allowing carriers to flow freely across
the contact. The Fermi energy of bulk-like WS, nanosheets
produced by LPE has been reported to be —4.8 eV (ref. 37) (for
completeness the conduction band minimum (CBM) is
reported to be —4.2 eV,?” while taking the bandgap of ~1.2 eV,
the valence band maximum (VBM) is then around —5.4 eV).
However, the doping state and hence Fermi energy of TMDs
will depend on processing conditions (e.g. via residual solvent
etc.), meaning we might expect E; vary to somewhat from this
value. The widely cited WF for ITO is —4.7 eV.’® It is conceiva-
ble that, for our WS,, Ef is deeper than —4.7 eV leading to
Ohmic contact at the ITO/WS, interface.

Thus, to measure WS, conductivity in the horizontal, in-
plane (IP) direction, we fabricated ITO/WS,/ITO devices as
follows. A pre-patterned gap was etched onto ITO-coated glass,
leading to two separate ITO electrodes. The gap between ITO
pads led to a channel length L of ~1 mm and a channel width
W of ~10 mm. A WS,/IPA dispersion was sprayed onto ITO-
coated glass leading to networks covering both gap and elec-
trodes. Multiple networks were made with thicknesses varying
from 465 nm to 1568 nm. One typical device image is shown
in Fig. S8.1 The semi-log I-V curves of these devices measured
from —5 to 5 V are shown in Fig. 3A, with the equivalent linear
plots shown in its inset. The curves are linear and symmetric
and exhibit thickness-dependent properties with current
falling with increasing film thickness, exactly as expected for
bulk limited devices. These curves yielded very similar conduc-
tivities for all thicknesses with a mean of 2 x 10~ S m™". This
is considerably higher than previous reports on liquid-exfo-
liated®® WS,, but similar to that reported for dry-deposited
WS, networks.*°
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Out of plane characterization of bulk-limited devices

While in-plane conductivity measurements on nanosheet net-
works are widely reported,'® out-of-plane measurements are
much less common because of problems with shorting in thin
sandwich-structure devices.'> Here, we first focus on sand-
wich-structure devices with ITO as bottom electrode and
I-SWNTs as the top electrode. For each substrate, four indepen-
dent devices were fabricated. Here we measure the vertical
current flowing through the WS, in the out-of-plane (OoP)
direction. The I-V characteristics of the devices were measured
in the range of —3 to 3 V. The current density J was obtained
by dividing I by the measured device area A. Fig. 3B shows one
typical J-V curve of ITO/~1.2 pm WS,/I-SWNTs/AgNWs device.
The curve is symmetrical and shows a linear behavior at
low biases which is consistent with Ohmic conduction as
described by J = oF, where ¢ is the electrical conductivity. The
electric field E is calculated by dividing the voltage drop across
WS, by its mean thickness, .

These results above imply that this device to be Ohmic. We
have already argued that the ITO/WS, interface can be Ohmic
depending on the doping state of the WS,. However, we must
also consider the nature of the WS,/I-SWNTs interface. The
WF of SWNTs film after acid-treatment is reported to be
-5 €V,*® slightly greater than the pristine value of —4.8 eV.*'
Thus, so long as the Er of WS, is not deeper than —5 eV, we
expect Ohmic contact at this top interface. The energy band
diagram of each material is presented in the inset of Fig. 3B.

It should be noted that because the coverage of I-SWNTs on
top of the WS, film is not 100% as seen from SEM, it is poss-
ible that AgNWs may be in contact with WS,. We performed a
study in ESI S7,f comparing the electrical properties of the
device with and without AgNWs. Indeed, identical J-V beha-
viors were observed for devices without and with AgNWs
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Fig. 3 Electrical characterizations and properties of Ohmic devices. (A) Semi-log /[-V curves of lateral ITO/WS,/ITO devices with various WS, thick-
ness and inset is the linear /-V curves. (B) A representative J-V curve of an ITO/1.2 pm WS,/I-SWNTs/AgNWs device. (C) Semi-log J-V curves and
(D) log—log J-E curves of ITO/WS,/I-SWNTs/AgNWs devices with various WS, thicknesses. (E) A typical J/E-E curve of an ITO/WS,/I-SWNTs/
AgNWs device. (F) The in-plane and out-of-plane conductivity of WS, networks with Ohmic contacts plotted versus network thickness. In addition,
the OoP conductivity estimated from the electrode limited devices is also shown. (G) and (H) show the WS, film thickness dependence of the OoP
mobility uoop and carrier density nne; extracted either from I-SWNTs/AgNWs based or from S-SWNTSs based devices, respectively. In F, G and H, the
error bars represent averages over four independent devices per thickness.
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(Fig. S7t). However, using I-SWNTs/AgNWs double-layered
electrodes gives the advantage that the resistance of this type
of electrode is negligible compared to that of the WS,, signifi-
cantly simplifying data analysis.

The discussion above implies the devices using I-SWNTs as
the top electrode have Ohmic contacts on both top and bottom
and so are bulk-limited. We can confirm this by examining j-V
curves for devices with different WS, thicknesses. Purely elec-
trode-limited devices should show no dependence on semi-
conductor thickness. Several devices with various WS, film
thicknesses, ¢, using I-SWNTs/AgNWs as top electrodes were
fabricated, and their typical J-V curves are shown in Fig. 3C (all
curves are shown in Fig. S9f). We find all J-V curves to be
symmetric, and exhibit thickness-dependent properties with J
falling with increasing film thickness, exactly as expected for
bulk limited devices. As the voltage drop on the I-SWNT/AgNW
electrodes is negligible, E can be estimated by directly dividing
the bias voltage V by ¢. The J-E curves are plotted in Fig. 3D and
almost perfectly overlap with each other. This is what we would
expect for a bulklimited devices with the current flow con-
trolled by WS, conductivity and electrode dimensions.

While we might expect Ohmic contacts at both top and
bottom electrodes to result in purely linear j-V curves, slight
curvature appears at higher biases in the j-V curve (Fig. 3B
and D). This nonlinearity of J does not mean we have elec-
trode-limited conduction as might be found in a Schottky
diode. There are a number of bulk conduction mechanisms
that can lead to such non-linearities.”®> One common mecha-
nism that becomes visible at higher biases is space charge
limited conduction (SCLC) which leads to a contribution to
the current density as described by the Mott-Gurney law:**

EZ

J=2 (1)
= —€oEf—
3 OrﬂL

where ¢, and ¢, are the vacuum permittivity and the relative
permittivity of WS,, respectively while x is the mobility of WS,.
This equation is usually adopted to describe symmetric,
Ohmic-contacted, single carrier devices.** In our case, ITO
and I-SWNTs both have deep work functions and, as we
have argued above, display reasonable Ohmic behaviors.
Considering LPE WS, is a p-type material,® we expect the hole
current to dominate in our devices. Thus, we expect these con-
ditions to apply reasonably well here. We note that Yu et al.**
reported electron-only SCLC in stacked ITO/TiO,/MoS,/Al
devices although the presence of the TiO, hole-blocking layer
does mean some deviation from the conditions listed above.

Eqn (1) allows OoP electrical properties of MoS, to be
extracted in these device structures. Usually, SCLC analysis is
done by identifying a high-voltage regime where the current
scales as voltage squared and fitting using eqn (1). However,
the curvature in Fig. 3D is very weak indicating that SCLC is
not dominant in the voltage range under study.

To analyze the current-voltage data for the ITO/WS,/
I-SWNTs/AgNWs devices, we assume that Ohmic and space
charge currents flow in parallel. Although this is not perfectly
accurate, it is known to be a very good approximation.*® Then,
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the total current density is given by an addition of both types
of currents:

2

9
J =0E+ g Eoert - (2)

This equation can be re-arranged to give eqn (3).

9 E
J/E = 6oop + geoerﬂowz (3)

where we add the subscripts OoP to signify that we use this
equation to analyze out-of-plane conduction. This equation
predicts a linear relationship between J/E and E with the inter-
cept and the slope controlled by the OoP conductivity, coop,
and mobility, poop, respectively (using the theoretical WS, OoP
dielectric constant of 6.4 *°). All our ITO/WS,/I-SWNTs/AgNWs
data sets give good linear curves (Fig. S10T) when plotted in
this way with a fitted example shown in Fig. 3E. However, it is
worth noting that assuming current addition (eqn (2)) leads to
electrical properties that may be slightly under-estimated
although the error is typically <10%.**

We extracted the OoP conductivity of these Ohmic devices
and plotted it versus WS, network thickness in Fig. 3F. We find
that ooop is almost constant as expected, with a mean value of
{(6oop) = 1.63 x 107* S m™". In addition, the in-plane conduc-
tivity, op, extracted from curves in Fig. 3A is included for com-
parison, highlighting the thickness independence of ocoop.
Using this data, we can obtain the ratio of {(61p)/{(coop) to be
12.3. This ratio is low compared to vacuum filtered graphene
nanosheet networks which have reported values of (o1p)/{600p)
between 20 and 1000, depending on porosity.”” We note that
Barwich et al.*” showed that the conductivity anisotropy also
depends on the dimensions of the nanosheets. The maximum
conductivity anisotropy (assuming perfect alignment) in a
network is related to the mean length (Lys) and mean thick-
ness (tys) of the nanosheets via:

(o) /(Goop) = ({Lns)/(txs))>. (4)

In our case, the upper limit of the conductivity ratio can
be found to be ~100. We expect the reduced conductivity
anisotropy observed here is due to the open nature of the
sprayed network (Fig. 2E and F) and the relatively low
nanosheet alignment.

The obtained values of poo.p are shown in Fig. 3F and are
constant with thickness with a mean value of (ugop) = 5.3 x
1072 em® V' s7! (Fig. 3G). Because the carrier density is the
same regardless of conduction direction, we expect 6oop/orp =
Hoop/pp- Then, taking (oip)/{600op) = 12.3, we find (up) = 6.5 X
107 em® V™' s7'. This is consistent with the IP values of
~0.01 cm? V' s7! ~0.1 cm? V' s7! and ~0.2 ecm? V! s7* for
liquid exfoliated WS, obtained by Higgins et al,*
O'Suilleabhain et al.*® and Kelly et al.® respectively.

The network carrier density, n,e, can be calculated by
using finer = 6oop/qHoop and is plotted in Fig. 3H as a function
of WS, thickness. This curve shows a slight decrease with
increasing thickness possibly due to substrate doping effect
associated with charge transfer from one of the electrodes to
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the WS,. The mean carrier density is 1.9 x 10"® ecm™3, which is
close to the previously reported value of 5.8 x 10" em™>.°° The
carrier density is lower than the individual multi-layered flake
value (~10"7 em™),>" which could be due to the residual
doping effect during solution processing.'?

Out-of-plane electrode limited devices

Having shown that the ITO/WS,/I-SWNTs devices are Ohmic,
we move on to a slightly different device, where we replace iso-
propanol-dispersed SWNTs with surfactant-suspended SWNTs
(S-SWNTs): ITO/WS,/S-SWNTs. For these devices, we didn’t
spray AgNWs on top as we found that rectifying behaviors to
be lost, probably due to undesired AgNWs/WS, contacts at the
electrode edge caused during spray coating (Fig. S7ET). Thus,
all I-V curves with S-SWNTs as the top electrode are corrected
by subtracting the voltage drop on the S-SWNTs top electrode
as indicated above (see section S6, original curves in Fig. S11
and corrected ones in Fig. S12}). In the ESI, we have
described in detail the assumptions required to perform this
correction. We also justify these assumptions and show that,
even though the S-SWNTs electrode has relatively low conduc-
tivity, the top electrode has low enough resistance to result in
a uniform current flow through the entire active area of the
WS, film.

We prepared a set of ITO/WS,/S-SWNTs devices with
different WS, thickness and measured the I-V curve from —3
to 3 V and then from 3 to —3 V, denoting these the first and
the second sweeps, respectively. A typical j-V curve for the
device of ITO/1.5 pm WS,/S-SWNTs is shown in Fig. 4A. This
curve is clearly very different from these shown in Fig. 3A and
B for Ohmic devices as it shows an obvious rectifying behavior
with a noticeable hysteresis. The hysteresis is most obvious for
the 1.5 pm and 2.5 pm WS, thick devices, and it may be
caused by interfacial trap states in our devices at WS,/
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S-SWNTs interfaces.”® As we later found that the extracted
parameters from the second sweep gave better agreement with
those from Ohmic devices, we mainly focus on the J-V curves
from the second sweep for the following analysis. The analysis
on the hysteresis is presented in ESI S16.}

From the results of the ITO/WS,/I-SWNTs/AgNWs devices,
we know that Ohmic contact is realized at ITO/WS, interface.
Thus, the rectifying behavior is likely due to a potential barrier
at the WS,/S-SWNTs interface yielding Schottky diodes rather
than Ohmic devices. To create such potential barrier, the
Fermi energy of either the WS, or the S-SWNTs has to be
different from the values described above. However, SDBS is
not an effective dopant for SWNTs and there is no evidence
from the UV-Vis-NIR absorption and Raman spectra of the
S-SWNT that their electronic structure is altered by SDBS.
Alternatively, Biccai et al>® found that poly(ethylene oxide)
could dope MoS, nanosheets, leading to at least one order of
magnitude increase in network conductivity. Thus, it is more
likely that SDBS dopes the interfacial WS, in some way, shift-
ing its Ey, leading to the formation of a potential barrier at the
WS,/S-SWNTs interface. Given that the cathode is on the
S-SWNTs side, the anode is on the ITO side, and the rectifica-
tion appears on the positive applied voltage, this implies that
positive applied voltage should lower the potential barrier.
Thus, the E; of doped WS, should be deeper than its pristine
value. The possible energy band diagram is illustrated in
Fig. 4A inset.

Second sweep J-V curves for ITO/WS,/S-SWNTs devices with
different WS, thicknesses are shown in Fig. 4B. The full set of
J-V curves are shown in Fig. S12.1 Interestingly, as WS, thick-
ness increases, the -V curves appear to exhibit a range of
behaviors. For the thinnest films, J increases rapidly with V for
both negative and positive polarities. However, as the thick-
ness is increased, the curves become more diode-like with
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Fig. 4 Electrical characterizations and properties of Schottky devices. (A) A typical J-V curve of ITO/1.5 um WS,/S-SWNTs device after removing
voltage drop on the S-SWNTs electrode. The inset in (A) is the band diagram of ITO, WS,, and S-SWNTs. (B) Semi-log J-V curves of ITO/WS,/
S-SWNTs devices with various WS, thicknesses. (C) Rectification ratio of ITO/WS,/S-SWNTs devices at + 1V for the second sweep. (D) J-E curves of

ITO/WS,/S-SWNTs devices with various WS, thicknesses. (E) Simulated

J-E curves with various thicknesses. (F) A typical log(V)-J curve of a

Schottky device and its fitting curve. The inset in (F) is one typical J-V°-° curve. (G) is extracted thickness-dependent ideality factor n (top) and

potential barrier ¢y, (bottom), respectively. (H) is the plot of the transition
represent averages over four independent devices per thickness.
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much reduced currents at negative voltage. However, for the
thickest films, the curves become much more symmetric,
resembling those shown in Fig. 3C. We interpret this behavior
as a transition from back-to-back (B2B) Schottky-type behav-
ior> to normal (single) Schottky diode behavior, and finally to
Ohmic behavior as WS, network thickness is increased.

The device with the thinnest WS, layer (ITO/544 nm WS,/
S-SWNTs) shows roughly exponential increases of J for both
polarities above transition voltages of about 0.5 and -1 V
(Fig. S12A%). This strong super-linear behavior is much more
pronounced than the slight curvature seen in the Ohmic
devices in Fig. S9A} (for a comparable WS, thickness). We
believe this behavior implies Schottky barriers at both electro-
des which is due to shifts in the WS, Fermi energy throughout
the thin film. The nanosheet networks are highly porous
(Fig. 2E and F) so residual H,O/SDBS could easily diffuse into
the network from the top electrode during spraying. Thus, for
this very thin film (544 nm), we propose that SDBS has
diffused throughout the entire network, even reaching the
ITO/WS, interface. This leads to enough doping to shift the
Fermi level everywhere, resulting in band bending and poten-
tial barriers at both top and bottom electrodes.

For the medium WS, thicknesses (1.5-2.5 um), clear rectifi-
cation is observed, consistent with single Schottky diode be-
havior. We propose that SDBS has only diffused slightly into
the WS, network, leading to doping only in the vicinity of the
top electrode, leaving the ITO/WS, interface un-changed. For
the thicker films (>4 pm), symmetric, Ohmic-like behavior is
observed. This is possible when the high WS, thickness leads
to the WS, network acting as a large series resistance. Once
this series resistance becomes larger than the Schottky contact
resistance, the thick film devices become bulk limited.

To visualize this thickness-induced transition, we plot the
rectification ratios (RR) of these devices, measured at + 1 V,
versus film thickness for the second sweep in Fig. 4C (see also
Fig. S131). RR is defined as the ratio of J at the same applied
voltage with opposite polarity and manifests the ability of the
diode to rectify current. The RRs for the three thinnest devices
are ~3-10, falling to 1 for the two thickest devices, behavior
which is consistent with the hypothesis given above. The RRs
from the thinner devices are lower than previously reported
Schottky diodes based on LPE nanosheet with a vertical MSM
structure,>” which were around 40-110 at <+ 2 V. It may be
caused by several factors, such as a large leakage current,® a
high series resistance®® or a poor interface quality.”” The RR
reaching 1 shows that the transition to bulk-limited behavior
is complete by a WS, thickness of 4 pm.

The forward bias (positive polarity) parts of the current-
voltage characteristics for different WS, thicknesses are
plotted as J versus electric field, E (where E = V/t), on a log-log
basis in Fig. 4D. For Schottky diodes with thin WS, films (e.g.
544 nm), at lower electrical fields holes have insufficient
energy to overcome the potential barrier leading to low cur-
rents which scale roughly linearly with E. Such devices are
thus electrode-limited at low voltage. As the voltage is
increased, the potential barrier is lowered resulting in an expo-
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nential increase of J. However, at relatively higher electrical
field, when the potential barrier is greatly reduced, the voltage
drop across the interface becomes less than the series resis-
tance of the WS,, and the device becomes bulk-limited. At this
point the device should carry the same current as the equi-
valent Ohmic device. This is exactly what is observed in
Fig. 4D with curves shifting upwards and to the left as the WS,
thickness (and so series resistance) is increased.

The black dash line in Fig. 4E is a plot of a J-E curve repre-
senting an Ohmic device with a conductivity of 4 x 10™* S m™,
i.e. that of the Ohmic devices shown in Fig. 3. The thicker ITO/
~4 pm WS,/S-SWNTs device, which we expect to be bulk
limited, matches this curve very well. The thinner devices,
appear to approach this Ohmic line at high applied voltage, in
line with their expected transition to being bulk limited.
Indeed, the current densities for devices with rectifying behav-
ior are all below this line, confirming they are all electrode-
limited at lower E.

When MSM systems are modelled as Schottky diodes, it is
usually assumed that there is a Schottky barrier at one elec-
trode, but Ohmic contact at the other. In addition, it is
assumed that the resistance associated with the semi-
conductor can be neglected. Then, the current density J is
given by eqn (5).°®

J ZJS[CXP(QVC/HICT) - 1} (5)

where J; is the saturation current density, V. is the voltage drop
across the Schottky barrier (equal to the voltage drop across
the entire device within these approximations), n is the ideality
factor, g is the elementary charge, & is the Boltzmann constant
and T is temperature. For 3D systems, J; is defined as

Js = A*T? exp(—qepp /kT) (6)

where A* is Richardson constant, % is Planck constant, ¢ is
the barrier height (defined as the difference between the work
function of the metal and the valence band maximum of the
semiconductor).

In order to model our J-V curves, we must consider the con-
tribution of the series resistance of WS,. This is included by
writing V. as the applied voltage, V, minus the voltage drop
across the WS, layer:>®

J=Js [exp(Q(V _]RSA/nkT) - 1] (7)

where R, is the series resistance of WS,.

We can visualize the thickness- and field dependent tran-
sition from contact-limited to bulk-limited by rewriting eqn (7)
to represent electric field (E = V/t):

g MKT <J exp(qy/KT) 1> W

qt A*T? ¢ )

We then use this equation to calculate E as a function of J
using reasonable values for each parameter and for a range of
thicknesses. These data sets are then plotted as J versus E in
Fig. 4E. We find the simulated data matches well with our
experimental results in Fig. 4D. This implies that the ITO/WS,/
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S-SWNTs devices are limited by both the Schottky barrier at
the WS,/S-SWNT interface and the series resistance associated
with the WS, network with the balance of these relative contri-
butions controlled by the relative values of contact resistance
and series resistance. It is worth noting that the value of the
Schottky barrier (and so the contact resistance) is controlled by
the doping level of the WS, and so the ink formulation while
the series resistance is controlled by the WS, network thick-
ness. That both these parameters can be controlled allows the
Schottky/Ohmic properties of these devices to be tuned.

The equation to describe J for Schottky devices assumes
that the conduction is dominated by thermionic emission
(TE). To verify if carriers in our Schottky devices follow TE, J is
plotted against V°°.>° One example is shown in Fig. 4F inset.
All curves are in Fig. S14A-C.T The straight line indicates the
voltage range that the obtained Schottky device follows TE.
Thus, eqn (8) is used to fit log(V)-J curves in their corres-
ponding range (details are in ESI S14+).

Based on the analysis above, we can fit the current-voltage
data for our ITO/WS,/S-SWNTs devices. The two devices with
the thickest WS, networks are completely bulk limited and so
must be fitted using eqn (3) to yield uoop and ny,e. (after sub-
traction of the top electrode resistance). The thinner devices
are both bulk and electrode limited (depending on voltage).
There, we can use eqn (7) to fit our data which we plot as log
(V) versus J for fitting purposes (Fig. 4F) allowing us to extract
Js, Rs and n. All fittings are presented in Fig. S14D-H.¥

The obtained values of Ry are converted into conductivity
ooop and are included in Fig. 3F. The Schottky device with the
thinnest WS, film gives coop about 1 order of magnitude higher
than the one extracted from the Ohmic device at a comparable
WS, thickness. opop decreases with ¢ but is always higher than
6o0op from Ohmic devices. The device with 8.8 pm thick WS,
exhibits a conductivity very similar to the Ohmic ones. Such
trend may be evidence of slight doping caused by SDBS. The
thinnest film is affected by SDBS most while the thickest one is
the least affected. Values of poop and n, extracted from the two
thickest devices were included in Fig. 4C and D, respectively.
Hoop 1s Toughly 5 times larger than the device with I-SSWNTs as
top electrodes, but the carrier density seems lower than the
latter. The reason is still not clear and requires further investi-
gation. However, it is worth noting that I-SWNTs/AgNWs based
vertical devices and ITO/WS,/ITO lateral devices would allow
WS, network to interact with the ambient environment, ie.,
oxygen and water, which could act as p-type dopants.®® In con-
trast, less interaction with ambient in S-SWNTs based devices is
expected due to the visible full coverage of S-SWNTs on WS,.
There could be several times difference in electrical properties
between these two types of devices.®">

The ideality factor n is found to be around 7.7, and slightly
decreases with ¢. (Fig. 4G top). Ideally, n should be in the
range of 1-2 for a perfect Schottky diode although larger n
values >2 have been widely reported in other solution pro-
cessed Schottky diodes.®*®* The electrical properties of the
Schottky diode can be easily affected by the quality of the inter-
face. It is known that surface roughness can greatly affect the
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quality of interfaces.®> As shown in Fig. S161 sprayed WS, net-
works show surface roughness of up to 200 nm. This could lead
to spatial barrier height inhomogeneity which could be one of
the causes of high ideality factor. It is also likely the edge of
nanosheets are oxidized in ambient conditions and forms
WO,,%® which could also cause local barrier height variation.

The extracted J; values are presented in Fig. S14.f Using
effective hole mass m;, = 0.4m (ref. 67) for WS, and T = 290 K,
¢p can be calculated from J; using eqn (6) and is about 0.56 eV
(Fig. 4G bottom). The obtained ¢y, is slightly larger than the
expected difference between the VBM of WS, and the WF of
SWNTs of 0.4 eV.

It is worth noting that the contact resistance R, associated
with the Schottky barrier is given by AR. = dV./dJ in the limit of
low voltage (A is the device area). Applying this to eqn (5)
yields R, = kT/AgJ..®® Thus, in order to find the electrode-
limited to bulk-limited transition film thickness t., we should
first find R. = Ry so that devices above ¢, will has a larger Ry
than R. and thus to be bulk-limited. As Ry is given by Ry = t/
(600pA), we can obtain ¢. = 66,pkT/(qJs). Using the conductivity
values shown in Fig. 3F and J; shown in Fig. S157 for the
second sweep, we can find the averaged ¢. is ~2.6 pm (Fig. 4H
and ¢, for the first sweep is given in ESI S177). This is consist-
ent with our results that bulk-limited behaviors are observed
in devices with WS, thickness of 4 pm.

Conclusion

Vertical heterostructured MSM devices based on liquid exfo-
liated semiconducting WS, nanosheets and conducting
SWNTs were fabricated by spray coating. Carefully adjusted
spraying parameters leading to pinhole-free WS, nanosheet
networks enable these vertical heterostructures to be realized.
It was found that devices could exhibit Ohmic or Schottky
behaviors depending on the composition of SWNTs dis-
persion. WS, network thickness-dependent electrical pro-
perties of devices were investigated. From Ohmic devices, we
extracted values of the OoP conductivity and mobility to be in
the range 1-2 x 107* Sm ™" and 4-8 x 10> cm® V' 57" respect-
ively, which were roughly one order of magnitude lower than
their in-plane values. The low anisotropic electrical properties
along their IP and OoP directions were attributed to the
porous networks formed by the random alignment of
nanosheets and low aspect ratio of the nanosheet. On the
other hand, the Schottky behavior may be caused by SDBS
doping WS, nanosheet and resulted in a potential barrier at
WS,/SWNTs interface. Future work will be required for improv-
ing the morphology of nanosheet networks and exploring the
mechanism of SDBS doping effect.
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