View metadata, citation and similar papers at core.ac.uk

<
brought to you by .{ CORE

provided by Warwick Research Archives Portal Repository

Original citation:

Liu, Xue, Liu, Jinyu, Antipina, Liubov Yu., Hu, Jin, Yue, Chunlei, Sanchez, Ana M., Sorokin,
Pavel B., Mao, Zhigiang and Wei, Jiang. (2016) Direct fabrication of functional ultrathin
single-crystal nanowires from quasi-one-dimensional van der Waals crystals. Nano Letters.

Permanent WRAP URL:
http://wrap.warwick.ac.uk/81687

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
“This document is the Accepted Manuscript version of a Published Work that appeared in
final form in Nano Letters copyright © American Chemical Society after peer review and
technical editing by the publisher.

To access the final edited and published work
http://pubs.acs.org/page/policy/articlesonrequest/index.htm

|II

A note on versions:

The version presented here may differ from the published version or, version of record, if
you wish to cite this item you are advised to consult the publisher’s version. Please see the
‘permanent WRAP URL above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications


https://core.ac.uk/display/46522063?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/81687
http://pubs.acs.org/page/policy/articlesonrequest/index.html
mailto:wrap@warwick.ac.uk

Direct Fabrication of Functional Ultrathin Single-Crystal Nanowires from Quasi-One-

Dimensional Van Der Waals Crystals

Xue Liu," Jinyu Liu," Liubov Yu. Antipina,”*" Jin Hu," Chunlei Yue,’ Ana M. Sanchez,” Pavel
B. Sorokin,*! Zhigiang Mao," Jiang Wei™*

"Department of Physics and Engineering Physics, Tulane University, New Orleans, Louisiana
70118, USA

Technological Institute of Superhard and Novel Carbon Materials, Moscow, 142190, Russian
Federation

SMoscow Institute of Physics and Technology, Dolgoprudny, 141700, Russian Federation
'National University of Science and Technology MISiS, Moscow, 119049, Russian Federation

“Department of Physics, University of Warwick, Coventry, CV4 7AL, UK

ABSTRACT:

Micromechanical exfoliation of 2D van der Waals materials has triggered an explosive
interest in 2D material research. The extension of this idea to 1D van der Waals materials,
possibly opening a new arena for 1D material research, has not yet been realized. In this
paper we demonstrate that 1D nanowire, with sizes as small as 6 molecular ribbons, can be
readily achieved in the Taz(Pd or Pt)sSes system by simple micromechanical exfoliation.
Exfoliated Ta2PdsSes nanowires are n-type semiconductors, whereas isostructural
Ta2PtsSes nanowires are p-type semiconductors. Both types of nanowires show excellent
electrical switching performance as the channel material for a field-effect transistor. Low
temperature transport measurement reveals a defect level inherent to TazPdsSes nanowires,
which enables the observed electrical switching behavior at high temperature (above 140K).

A functional logic gate consisting of both n-type Ta2PdsSes and p-type Ta2PtsSes field-effect



transistors has also been successfully achieved. By taking advantage of the high crystal
quality derived from the parent van der Waals bulk compound, our findings about the
exfoliated Taz(Pd or Pt)sSes nanowires demonstrate a new pathway to access single-crystal
1D nanostructures for the study of their fundamental properties and the exploration of

their applications in electronics, optoelectronics, and energy harvesting.

KEYWORDS: 1D nanostructure, nanowire, van der Waals material, mechanical exfoliation,

field-effect transistor

The application of micromechanical exfoliation to obtain graphene has demonstrated the
convenience of achieving few-layer or even single-layer atomic sheets with unsurpassed quality
and largely protected intrinsic properties.>? Such success has led to a surge of interest in so-
called 2D “van der Waals (vdW)” material, often referred to as layered compounds with the
building blocks of 2D atomic sheets bonded together by weak vdW interaction. Thinned down to
atomic level micromechanically, 2D material in this category often exhibit extraordinary
electrical, optical, thermal, mechanical, chemical and biological properties due to quantum
confinement and surface effects from the reduced dimension, exemplified by graphene which
exhibits extremely high electron mobility and room temperature quantum Hall effect®.
Monolayer and few-layer semiconducting 2D vdW materials including transition metal
dichalcogenides*® and black phosphorus® have shown admirable electrical switching
performance. Moreover, indirect- to direct-band gap transition’ from bulk to monolayer and the
“valley” nature of the conduction carriers® in transition metal dichalcogenides show great
potential for the application of optoelectronics and spintronics. Recently, stacking various types

of 2D vdW atomic sheets together to form heterostructures has produced even more exotic



properties, such as the strong coulomb drag in graphene-hBN structure®, the record-high mobility

and quantum oscillation in MoS,-hBN?° and black phosphorus-hBN structure!!, and more.

Although micromechanically prepared 2D vdW material has led to an explosion of
discoveries and exciting physics, the extension of exfoliation from 2D vdW materials to 1D has
remained unproven. Previously, to obtain 1D nanostructured material, various synthesis methods
have been adopted, such as Arc-Discharge,*? Vapor—Liquid—Solid (VLS) Mechanism,*
Chemical Vapor Deposition (CVD),'* Hydrothermal Reaction,'® Molecular Beam Epitaxy
(MBE),® Laser Ablation’ and Electroless Metal Deposition and Dissolution (EMD)*8. However,
these methods often bring complexity to the resulting 1D nanostructures compared to the bulk,
such as surface contaminations, lattice defects, and poor chemical stability (degradation in
ambient environment). These issues alter or obscure intrinsic properties and limit potential
applications. Especially in the case of semiconducting materials, one would expect nanowires to
provide excellent controllability of electrical and optical properties originating from the
semiconducting band gap. However, regardless of the various synthesized semiconducting
nanowires, there are only a few types of nanowires whose synthesis issues are resolved and show
promise with regard to functional electrical or optical devices, such as the quantum devices of
single-wall carbon nanotube!®2!, the high-performing field-effect transistors of silicon
nanowire??, light emitting device based on direct-gaped group 111-V/nitride compound?2* or
ZnO?® nanowires. Therefore, new methodology to prepare high quality 1D nanostructures is

needed to further advance 1D materials research.

Here we propose a new strategy of obtaining 1D nanostructure with direct fabrication from
high quality bulk material, in order to avoid the problems inherent in conventional synthesis.

Indeed, like the aforementioned 2D vdW materials?®?’ a wide range of materials can be viewed



as 1D vdW material, for example, the binary tetradymite M2X3 (M=Sb, Bi, X=S, Se), the ternary
chalcogenides M2X3Yg (M=Ta, Nb, X=Ni, Pd, Pt, Y=S, Se) and more. These materials have an
essentially linear crystal structure with bonding strengths between and within the linear
structures (which we here call ‘ribbons’ to reflect their geometry) that can differ by ~20 times.
The feasibility of separating atomic-level thin ribbons from the bulk using micromechanical

exfoliation has been theoretically predicted.?

In this paper, we use isostructural Ta-PdsSes (TPdS) and TazPtsSes (TPtS) to demonstrate
that, high quality 1D nanowires composed of a few molecular ribbons can be obtained with
simple micromechanical exfoliation, avoiding conventional chemical synthesis steps. Moreover,
we show that the semiconducting properties of the resulting 1D nanowire can be controlled
through the careful selection of bulk materials. TPdS nanowire appears to be an n-type
semiconductor, while TPtS nanowire is p-type. Given easy accessibility of different thicknesses
from exfoliation, our electronic band structure calculation for TPdS nanowire reveals that from
multi-ribbon to single-ribbon the band gap transforms from indirect to direct with a gap size
about 1eV for single ribbon. The field-effect transistor (FET) fabricated based on both nanowires
show commendable performance with a high on/off ratio, high mobility and ultralow standby
current. Both electrical transport and high resolution transmission electron microscopy (TEM)
indicate excellent stability for these nanowires. Combining both n- and p-type FETs of TPdS and

TPtS, a functional logic gate can also be easily realized.

First reported by Keszler et.al,?®% in the bulk, the quasi-1D structured TPdS and TPtS
belong to the isostructure group of M2XsSes (M=Ta or Nb, X=Ni, Pd or Pt)*® with an
orthorhombic space group of Dj, — Pbam, and the crystal structure can be viewed as a

framework of molecular ribbons extending along the c axis as shown in Figure 1a (Since TPdS



and TPtS are isostructures, we will mainly focus on TPdS in the following sections). Each ribbon
contains two chains of Ta centered edge-sharing Se trigonal prisms that are jointed at the ribbon
midline and capped at the two sides by Pd atoms. The zigzag edge of TPdS ribbon is similar to
the molecular ribbon structure of WS2%! that has been synthesized chemically using single wall
carbon nanotubes as a template. Such zigzag edges are popular often found in the grain
boundaries®? of CVD-grown atomic sheets of TMDs. Unlike WS; ribbons with broken mirror
symmetry and edges terminated by either W or S atoms, a TPdS single ribbon has mirror
symmetry with both edges terminated by Pd atoms only. TPdS molecular ribbons are connected
to each other in the bulk via weak binding between the edge-terminating Pd atoms and trans-Se
atoms, which slightly distorts the corresponding Se-prisms. Four interconnected ribbons form a
4-blade “windmill” unit with a large channel in the center. Although bulk TPdS was successfully
synthesized 20 years ago, its fundamental physical properties have not been studied. Notably, its
potential to produce one-dimensional nanostructures has never been considered or explored prior

to our work.

High quality needle-like bulk crystals were synthesized using a chemical vapor transport
(CVT) method (see details in supplementary information). The average length was about 1 cm
along the extended direction (crystal c-axis) as shown in the insert of Figure 1b. The crystal
structure was determined by X-ray Diffraction (XRD) as shown in Supplementary Figure S2.
The temperature dependence of bulk resistivity from 300 K to 16 K was measured and showed
nonmetallic behavior, i.e. resistivity increases with decreasing temperature as shown in
Supplementary Figure S3, implying possible semiconducting electronic properties. It has a low
resistivity value, ~0.054 Q-cm at room temperature, close to the value of heavily doped silicon

and germanium.®33° The bulk crystals appear to have a fibroid nature, and they separate easily



into microscopically thin wires if pressed between two microscope slides. The resulting thin

wires can be clearly seen with scanning electron microscope (SEM) as shown in Figure 1b.

To understand such structurally dissociative behavior, the spatial distribution of charge
density for bulk TPdS was simulated as shown in Figure 1c. The molecular-ribbons in TPdS bulk
have an inter-ribbon bonding energy of 0.34 eV/atom, whereas the average intra-ribbon bonding
energy is about 5.7 eV/atom, i.e. seventeen times stronger. This large difference in bonding
strength is also consistent with the difference in bond lengths for inter-ribbon Pd-Se (2.6 A) and
intra-ribbon Pd-Se (2.47 A), as labeled in Figure 1a. Although the inter-ribbon bonding strength
is about 30 times stronger than the weakest form of vdW bonding, (London dispersion bonding
~0.01 eV/atom), it is comparable to hydrogen-bond type vdW forces; for example, hydrogen
bonding between water molecules is about 0.24 eV/atom. Therefore, we expect that the existence
of the weak vdW bonding between molecular-ribbons provides an opportunity to cleave bulk

crystal into thinner wires mechanically, similar to the exfoliation of other 2D vdW materials.?%

Indeed, atomically thin TPdS nanowires can be obtained using microexfoliation. We used
adhesive tape to split a bulk TPdS crystal several times before press-transferring onto a thermally
oxidized silicon wafer (285 nm SiOz). The TPdS nanowires left on the substrate after the
exfoliation process can be easily identified with an optical microscope. TPdS nanowires exhibit
different colors corresponding to different thickness as shown in Supplementary Figure S4,
similar to the case of exfoliated 2D vdW material.>"-3 Nanowires with diameters ranging from
hundreds to a few nanometers (as thin as 1.2 nm) can be further identified by atomic force
microscopy (AFM) as shown in Figure 1d. The majority of the identifiable exfoliated nanowires

on Si substrate possess a length/diameter ratio larger than 100.



Aberration-corrected scanning transmission electron microscopy (STEM) was used to
analyze the crystal structure and morphology of TPdS nanowires in detail. Figure 2a shows a low
magnification annular dark field (ADF) image of TPdS nanowires with a broad distribution of
thicknesses. The elementary map of Pd and Ta for high quality TPdS single crystal structure is
atomically resolved and mapped by energy-dispersive X-ray spectroscopy (EDX) (see
supplementary information). High quality nanowires with various thicknesses can be easily
found and identified with STEM. Figure 2b shows a set of atomic resolution images of
nanowires with thickness ranging from 15.8 nm to 2.87 nm. The clean and smooth surface of
nanowire crystal suggests that high level of crystallinity has been preserved in exfoliated TPdS
nanowires. We note that these samples were prepared and stored in ambient environment for
more than 10 days before STEM analysis. Surprisingly, we did not observe any sign of surface
degradation in high resolution STEM images after this exposure to air. The thinnest nanowire in
this STEM study is about 2.1 nm, as shown in Figure 2c. The crystal orientation and elemental
arrangement can be identified simply by comparing crystal structure with the STEM image. For
this specific 2.1 nm thick nanowire, the zone axis (marked by red arrows) lies in the direction of

[120] for most of the wire, but there is a small twist of 2.5° on the top left of the image.

Density functional theory (DFT) calculations of the energy of low index surfaces were
conducted to predict a TPdS nanowire’s equilibrium shape using the Wulff construction (see
Supplementary Information) and provide details on the accessible surfaces for thick wires. Large
nanowires minimize their energy by adopting the shape shown in Figure 2d, which is constructed
with the facets of (100), (010), (110) and (210). We have surveyed various hanowires with
STEM and concluded that most of the observed surface facets in thick nanowires (>10nm) do

indeed belong to the four listed orientations from calculation as shown in Figure 2e.



Since bulk TPdS shows a semiconducting behavior, we expect the conductivity of an
exfoliated nanowire may be modulated electrostatically if an appropriate energy band gap exists.
The band structure of TPdS nanowire and its evolution upon reducing diameter have been
calculated with DFT within the PBE-PAW approximation. Figure 3a shows the electronic band
structure of bulk TPdS with an indirect band gap of 0.525 eV between the maximum of the
valence band at the I point and the minimum of the conduction band, between the I" and Z points.
Band energy dispersions for nanowires with nine-, six- and four-ribbon structures are presented
in the Figure 3b. As the number of ribbons contained in a nanowire decreases, the band gap
increases; the bottom of the conduction band between the I" and Z points, formed by Pd and Se
edge atoms, shifts up and becomes higher than the I" point, whereas the top of the valence band
remains at the I" point. Thus we expect a transition from an indirect band gap in bulk material to
a direct band gap in a single ribbon. The band gap of a single ribbon is about 1.038 eV, nearly
double the size of the bulk band gap, as shown in Figure 3c. The estimated electron effective

masses at the I'-point are m_ = 1.23me, 1.21me, 1.10me and 1.10me for nine-, six-, four- and

single ribbon respectively, which is comparable to that of MoS; nanoribbons®® (~1.2me).
According to our calculations, with a proper size of the band gap TPdS nanowire is expected to

be a good candidate as a channel material for field-effect transistor (FET).

In order to study the semiconducting properties of TPdS nanowire, we fabricated FETs with
a back gate layout, in which the SiO layer is used as the dielectric layer separating the back gate,
i.e., the heavily doped silicon underneath. Contacts to the TPdS nanowires, acting as source drain
electrodes, were 30 nm Pd fabricated using electron beam lithography followed by electron beam
evaporation. Figure 4a shows the AFM image of a typical TPdS FET device, which is based on a

13.8 nm TPdS nanowire. Before the electrical transport measurements, TPdS FET devices were



annealed at 180 °C in argon for 2 hours to improve contact quality and to remove any possible
organic residue. Gate sweeps at room temperature for this specific TPdS device are displayed in
Figure 4b, showing an n-doped characteristic. At 1 V source-drain bias, the device can be
switched off, with an off-state current near 2x101! A at back gate voltage (Vbg) of -60 V. When
the back gate is set to +60 V, the on-state current reaches 1.75x10” A, which corresponds to a
current density of 1.0x10° A/cm? comparable to the reported value of silicon nanowires.*%4! The
maximum lon/lo ratio exceeds 10%. The corresponding I-V measurements at different gate
voltages are plotted in the insert of Figure 4b. The linearity in all 1-V curves at room temperature
indicates an essentially Ohmic contact between the TPdS nanowire and Pd. Based on gate

sweeps, the field effect carrier mobility .. can be extracted from the standard FET model

pee =[dl4/dV,, 13 [L/(WC,,V,,)], Where L is the channel length, W is the channel width, and Cox is

the capacitance per unit area. The mobility of TPdS nanowire exhibits strong thickness
dependence as shown in Supplementary Figure S8. Nanowires with diameters ranging from

12 to 30 nm show the highest mobility, around 80 cm?V-1s™. The lower mobility in thinner
nanowires may originate from increased surface scattering. For nanowires thicker than 30nm the
inter-ribbon conductivity increases, which results in an underestimation of the extracted
mobility.® This effect is similar to the underestimation of mobility in other semiconductor

systems when Schottky barriers are present.*?

To better understand electrons’ transport mechanism in TPdS nanowires, transport
measurements at temperatures spanning from 90 K to 300 K were performed. Figure 4c¢ shows
gate sweeps at different temperatures for a 28 nm thick device with a source-drain bias set to
0.2 V. At 280 K a clear turn-on behavior can be seen with a threshold voltage (Vi) around -20 V

and a subthreshold slope of 10 V/dec in the weak inversion region (marked as a yellow dashed



line). The relatively large subthreshold slope is due to the low gating efficiency from the thick
dielectric layer of SiO>. From the gate sweeps at various temperatures, it can be seen that Vi
increases significantly with decreasing temperature down to 140 K, below which the device
operates in a subthreshold region with a diminishing threshold voltage. As shown in the insert of
Figure 4c, 1-V sweeps at higher temperatures (280 K and 180 K) are linear, while nonlinearity
becomes noticeable at low temperatures (100 K and 50 K). The nonlinearity in 1-V sweeps at low
temperatures indicates a Schottky barrier is present between the Pd contacts and TPdS nanowires,

which becomes small enough to be unnoticeable at room temperature.

In Figure 4d, we plot the temperature dependence of source-drain current at different fixed
gate voltages from +30 V to +80 V and the source-drain bias set to 0.2 V. We notice that, for all
gate voltages, the temperature dependence of the current has two distinct behaviors above and
below 140 K. This implies that carrier transport in these two regimes is governed by different

mechanisms. Above 140 K, the temperature dependence of current follows a thermal activation

model, which can be verified by fitting the data with | = Aoefk“% (black solid line in the plot).

Here, Aq is the fitting constant, Ea is the thermal activation energy and kg is Boltzmann’s constant.
The activation energy Ea decreases monotonically with increasing gate voltage as shown in
Supplementary Figure S9d. At a gate voltage of 26 V, the flat-band condition is satisfied and the
corresponding thermal activation energy Ea is about 58 meV indicating a shallow defect level

below the conduction band edge.

For temperatures below 140 K, thermal activation of electrons to the conduction band is
suppressed and the transport is dominated by hopping conduction.®® In disordered 1D systems at
low temperature several different hopping models, including Mott’s variable range hopping,

nearest neighbor hopping and Efros and Shklovskii variable range hopping (ES-VRH), have



been proposed.*4*® We notice strong coulomb interaction between electrons exists in our TPdS
nanowires, evidenced by a differential conductance anomaly at low bias (see Supplementary
Figure S10). Therefore we expect the ES-VRH model, with characteristic equation®’°

i
| = Aje ™ should be appropriate for our data, where Ajand T~ are fitting parameters. As

shown by the red solid lines in Figure 4d, the ES-VRH model produces an excellent fit to our
data. The estimated localization length a (see Supplementary Information for details of the fitting)
is about 9 nm in our TPAS nanowires, which is an acceptable value for 1D materials, such as

disordered single wall carbon nanotube.*®

As mentioned in the TEM study, we find that as-exfoliated TPdS nanowires are stable in air
with preservation of good crystallinity. To further test their stability, an uncoated TPdS FET
device (with 14.5 nm TPdS nanowire) was examined repeatedly over a period of 40 days by
recording its transconductance as shown in Supplementary Figure S11. Unlike other types of
nanowire, the TPdS FET exhibits nearly unchanged performance while exposed to air over this

time period.

With the same process, we also fabricated FETs using TPtS nanowires and characterized
their room temperature performance. As indicated in Figure 4e, the transconductance for a 18-
nm-thick TPtS nanowire FET with fixed source-drain bias (Vas = 2, 1, 0.5, 0.2, and 0.1 V)
indicates a p-type semiconducting behavior with an on/off ratio approaching 10° at Vgs = 2 V and
a field effect mobility reaching 19.2 cm?V-1s. The apparent linearity in I-V sweeps at different
gate voltages (Vbg = -60, -20, 20, and 20 V) shown in the top right insert indicates good contacts
formed between the TPtS nanowire and the Pd metal. To further illustrate the functionality of

both n-type TPdS and p-type TPtS nanowire FETS, we built a logic circuit of NOT gate, i.e. an



inverter, by selecting devices with comparable performance factors, such as the on/off ratio and
the value of conductance, as indicated by the transconductance data in the top left of Figure 4f.
The schematic drawing of an inverter circuit is shown in the top right of Figure 4f, where n-type
TPdS and p-type TPtS FETSs are connected in series through source-drain terminals. When the
device is in operation, bias voltage Vpp is set to 1 V and the back gates of both FET devices are
connected together acting as the signal input terminal (Vin) which can be switched between -10 V
and +10 V (normalized to 0 and 1 in the plot) every 5 seconds. The output signal (Vout) is
measured at the midpoint where both FETS join together. The signal response of the inverter is

shown in the bottom plot of Figure 4f exhibiting a clear signal-inverting functionality.

In summary, we have demonstrated that, by exploiting the weak vdwW bonding between 1D
molecular-ribbons in TPdS and TPtS, semiconducting single-crystal nanowires can be fabricated
with single-step micromechanical exfoliation. This fabrication technique produces chemically
stable and robust TPdS and TPtS nanowires. Thicknesses down to a few molecular-ribbons can
be achieved while preserving excellent crystal quality. Band structure calculations show that the
band gap expands from indirect 0.53 eV in the bulk to direct 1.04 eV in a single ribbon. FETs
fabricated using both individual TPdS and TPtS nanowire exhibit excellent room temperature
switching performance. Our low-temperature transport study reveals that carrier transport in
TPdS nanowires is dominated by thermally activated electrons from a shallow defect level above
140 K and variable range hopping at lower temperatures. A functional logic gate that combines
both n-type TPdS and p-type TPtS FETs was also successfully made. By taking advantage of the
high crystal quality derived from the parent vdW bulk, our results provide a new pathway to
access single-crystal 1D nanostructures for the study of fundamental properties and the

exploration of applications in electronics, optoelectronics, and energy harvesting.
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Figure 1| (a) TPdS crystal structure. Top left: perspective view of bulk TPdS projected along
the c-axis. Top right: cross section view of a single ribbon (inside the dashed rectangle). The
length and bonding energy for intra (solid line) and inter (blue dashed line) bonds are 2.47 A/5.7
eV and 2.602 A/0.34 eV respectively. Bottom: top view of a single ribbon that extends along the
c direction. (b) Scanning electron microscope image of the bulk crystal. The insert shows the as-
grown needle-like single crystals. (c) Isosurface map (set at 0.05 e/A®) of the simulated spatial
distribution of charge density (001 surface), the positions of Pd, Ta, and Se atoms are indicated
by blue, red, and green spheres, respectively. (d) AFM images of TPdS nanowires prepared by
micromechanical exfoliation. Extremely thin nanowires (1.2 nm, 2.8 nm and 2.9 nm) can be

found in two highlighted regions.



(010) (d)

Figure 2 | STEM study of exfoliated TPdS nanowires. (a) Low magnification ADF image of
TPdS nanowires. (b) Atomic resolution ADF images of nanowires with thickness ranging from
15.8 nm to 2.87 nm. (c) ADF image of a nanowire with 2.1 nm thickness. Top right and bottom
left inserts are the simulated cross section view of a corresponding six-ribbon structure for upper
and lower parts of this wire respectively. Red arrows indicate the electron beam direction. (d)
Cross section view of the simulated equilibrium shape of TPdS nanowire constructed with four
preferred facets, (100), (010), (110), (210). (e) Four simulated STEM images overlapped with
crystal structure (top left) and obtained STEM image (top right) corresponding to the facets

indicated in (d).
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Figure 3 | Projected electronic band structure, density of states and cross-section view of TPdS.
(@) bulk structure and nanowires consist of (b) nine-, six-, four- and (c) single ribbon. The red,
blue and green colors correspond to the contributions from Ta, Pd and Se atom respectively,
while the black curves in the DOS structure represent total density of states. The Fermi level is

shifted to zero and marked by the horizontal red line.
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Figure 4 | Transport study of the exfoliated TPdS nanowires. (a) AFM image of a typical field-
effect transistor fabricated based on TPdS nanowire with 13.8 nm thickness. (b)
Transconductance for FET shown in (a) with gate sweeping from -60 V to 60 V at Vgs=1 V
plotted both in linear (red dotted line) and logarithmic (black dotted line). Insert: I-V sweeps at
different gate voltages (Vug=-30, 0, 30 and 60 V). (c) Gate sweeps at different temperatures from
90 K to 280 K and fixed source drain bias Vg4s=0.2 V. For each sweep, subthreshold region and
threshold voltage is marked by dashed yellow lines and dotted circle respectively. Insert shows I-
V sweeps at four different temperatures 90 K, 140 K, 180 K and 280 K with Vy3=60 V. The
thickness of this specific device is 31 nm. (d) Temperature dependence of source drain current
plotted in the scale of (T%°)* (below 140 K on the left side) and T (above 140 K on the right
side) with fixed gate voltages (30, 40, 50, 60, 70 and 80 V). Data of this plot (dots) is directly
derived from (c). Two different mechanisms have been used to fit our data, ES-VRH at low
temperature (red lines) and thermal activation (TA) at high temperature (black lines). (e) Room
temperature transconductance for a FET fabricated with a 28-nm-thick TPtS nanowire with gate
voltage sweeping from -60V to +60V at Vgs=2, 1, 0.5, 0.2 and 0.1V. Bottom left Insert: optical
image of the device. Top right insert: I-V sweeps at different gate voltages, Vog= -60V (blue), -
20V (green), 20V (red) and 60V (black). (f) Top left: Room temperature transconductance for a
p-type 18-nm-thick TPtS nanowire FET (blue dotted line) and an n-type 15-nm-thick TPdS
nanowire FET (red dotted line). Top right: schematic drawing of the inverter circuit (NOT gate)
built with the two FETs mentioned in (e). The gate voltage, ranging from -10V to +10V as
highlighted in the top left figure of (e), serves as the input signal and the voltage at the
connection point of both FETS acts as the output signal. Bottom: Measured input-output signal

response for the inverter circuit.



REFERENCES

1

2

10

11

12
13

14

15

16

17

18

19

20

21

22

Novoselov, K. S. et al. Electric Field Effect in Atomically Thin Carbon Films. Science
306, 666-669, doi:10.1126/science.1102896 (2004).

Novoselov, K. S. et al. Two-dimensional atomic crystals. Proceedings of the National
Academy of Sciences of the United States of America 102, 10451-10453,
d0i:10.1073/pnas.0502848102 (2005).

Novoselov, K. S. et al. Room-Temperature Quantum Hall Effect in Graphene. Science
315, 1379-1379, doi:10.1126/science.1137201 (2007).

RadisavljevicB, RadenovicA, Briviol, GiacomettiV & KisA. Single-layer MoS2
transistors. Nat Nano 6, 147-150 (2011).

Das, S., Chen, H.-Y., Penumatcha, A. V. & Appenzeller, J. High Performance Multilayer
MoS2 Transistors with Scandium Contacts. Nano Letters 13, 100-105,
d0i:10.1021/n1303583v (2013).

Li, L. et al. Black phosphorus field-effect transistors. Nat Nano 9, 372-377 (2014).

Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS2: A New
Direct-Gap Semiconductor. Physical Review Letters 105, 136805 (2010).

Zeng, H., Dali, J., Yao, W., Xiao, D. & Cui, X. Valley polarization in MoS2 monolayers
by optical pumping. Nat Nano 7, 490-493 (2012).

Gorbachev, R. V. et al. Strong Coulomb drag and broken symmetry in double-layer
graphene. Nat Phys 8, 896-901 (2012).

Cui, X. et al. Multi-terminal transport measurements of MoS2 using a van der Waals
heterostructure device platform. Nat Nano 10, 534-540 (2015).

Nathaniel, G. et al. Gate tunable quantum oscillations in air-stable and high mobility few-
layer phosphorene heterostructures. 2D Materials 2, 011001 (2015).

lijima, S. Helical microtubules of graphitic carbon. nature 354, 56-58 (1991).

Wagner, R. & Ellis, W. Vapor - liquid - solid mechanism of single crystal growth.
Applied Physics Letters 4, 89-90 (1964).

Wang, Y., Schmidt, V., Senz, S. & Gosele, U. Epitaxial growth of silicon nanowires
using an aluminium catalyst. Nature nanotechnology 1, 186-189 (2006).

Tang, Y., Pei, L., Chen, Y. & Guo, C. Self-assembled silicon nanotubes under
supercritically hydrothermal conditions. Physical review letters 95, 116102 (2005).

Ihn, S.-G. et al. Morphology-and orientation-controlled gallium arsenide nanowires on
silicon substrates. Nano letters 7, 39-44 (2007).

Zhang, Y. et al. Silicon nanowires prepared by laser ablation at high temperature. Applied
physics letters 72, 1835-1837 (1998).

Peng, K. et al. Fabrication of single - crystalline silicon nanowires by scratching a silicon
surface with catalytic metal particles. Advanced Functional Materials 16, 387-394 (2006).
Heinze, S. et al. Carbon Nanotubes as Schottky Barrier Transistors. Physical Review
Letters 89, 106801 (2002).

Appenzeller, J. et al. Field-Modulated Carrier Transport in Carbon Nanotube Transistors.
Physical Review Letters 89, 126801 (2002).

Javey, A., Guo, J., Wang, Q., Lundstrom, M. & Dai, H. Ballistic carbon nanotube field-
effect transistors. Nature 424, 654-657 (2003).

Xiang, J. et al. Ge/Si nanowire heterostructures as high-performance field-effect
transistors. Nature 441, 489-493 (2006).



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Saxena, D. et al. Optically pumped room-temperature GaAs nanowire lasers. Nat Photon
7, 963-968 (2013).

Yao, M. et al. GaAs Nanowire Array Solar Cells with Axial p—i—n Junctions. Nano
Letters 14, 3293-3303, d0i:10.1021/n1500704r (2014).

Huang, M. H. et al. Room-Temperature Ultraviolet Nanowire Nanolasers. Science 292,
1897-1899, doi:10.1126/science.1060367 (2001).

Schabel, M. C. & Martins, J. L. Energetics of Interplanar Binding in Graphite. Phys Rev
B 46, 7185-7188, doi:DOI 10.1103/PhysRevB.46.7185 (1992).

He, J. G., Hummer, K. & Franchini, C. Stacking effects on the electronic and optical
properties of bilayer transition metal dichalcogenides MoS2, MoSe2, WS2, and WSe2.
Phys Rev B 89, 075409 (2014).

Caruso, F., Filip, M. R. & Giustino, F. Excitons in one-dimensional van der Waals
materials: Sb2S3 nanoribbons. Phys Rev B 92, 125134 (2015).

Keszler, D. A., lbers, J. A., Maoyu, S. & Jiaxi, L. New ternary and quaternary transition-
metal selenides: Syntheses and characterization. Journal of Solid State Chemistry 57, 68-
81 (1985).

Keszler, D. A. & Ibers, J. A. A new structural type in ternary chalcogenide chemistry:
Structure and properties of Nb2Pd3Se8. Journal of Solid State Chemistry 52, 73-79
(1984).

Liu, Z. et al. Identification of active atomic defects in a monolayered tungsten disulphide
nanoribbon. Nat Commun 2, 213 (2011).

Zhou, W. et al. Intrinsic Structural Defects in Monolayer Molybdenum Disulfide. Nano
Letters 13, 2615-2622, d0i:10.1021/n14007479 (2013).

Pearson, G. L. & Bardeen, J. Electrical Properties of Pure Silicon and Silicon Alloys
Containing Boron and Phosphorus. Physical Review 75, 865-883 (1949).

Morin, F. J. & Maita, J. P. Electrical Properties of Silicon Containing Arsenic and Boron.
Physical Review 96, 28-35 (1954).

Furukawa, Y. Electrical Properties of Heavily Doped n-Type Germanium. Journal of the
Physical Society of Japan 16, 687-694, doi:10.1143/JPSJ.16.687 (1961).

Tang, D.-M. et al. Nanomechanical cleavage of molybdenum disulphide atomic layers.
Nat Commun 5, doi:10.1038/ncomms4631 (2014).

Li, H. et al. Rapid and Reliable Thickness Identification of Two-Dimensional Nanosheets
Using Optical Microscopy. ACS Nano 7, 10344-10353, do0i:10.1021/nn4047474 (2013).
Ying Ying, W. et al. Thickness identification of two-dimensional materials by optical
imaging. Nanotechnology 23, 495713 (2012).

Cai, Y., Zhang, G. & Zhang, Y.-W. Polarity-Reversed Robust Carrier Mobility in
Monolayer MoS2 Nanoribbons. Journal of the American Chemical Society 136, 6269-
6275, doi:10.1021/ja4109787 (2014).

Alam, S. B., Panciera, F., Hansen, O., Mglhave, K. & Ross, F. M. Creating New VLS
Silicon Nanowire Contact Geometries by Controlling Catalyst Migration. Nano Letters
15, 6535-6541, doi:10.1021/acs.nanolett.5b02178 (2015).

Wang, D., Sheriff, B. A. & Heath, J. R. Silicon p-FETs from Ultrahigh Density Nanowire
Arrays. Nano Letters 6, 1096-1100, doi:10.1021/nl052558g (2006).

Lee, K. et al. Electrical Characteristics of Molybdenum Disulfide Flakes Produced by
Liquid Exfoliation. Advanced Materials 23, 4178-4182, doi:10.1002/adma.201101013
(2011).



43

44

45

46

47

48

49

50

Mott, N. F. Conduction in non-crystalline materials. Philosophical Magazine 19, 835-852,
doi:10.1080/14786436908216338 (1969).

Romero, H. E. & Drndic, M. Coulomb Blockade and Hopping Conduction in PbSe
Quantum Dots. Physical Review Letters 95, 156801 (2005).

Viana, E. R., Gonzélez, J. C., Ribeiro, G. M. & Oliveira, A. G. d. 3D hopping conduction
in SnO2 nanobelts. physica status solidi (RRL) — Rapid Research Letters 6, 262-264,
d0i:10.1002/pssr.201206161 (2012).

Abdullah, Y., Necmi, S., Tilay, S. & Mehmet, K. Crossover from Nearest-Neighbor
Hopping Conduction to Efros—Shklovskii Variable-Range Hopping Conduction in
Hydrogenated Amorphous Silicon Films. Japanese Journal of Applied Physics 48,
111203 (2009).

Yu, D., Wang, C., Wehrenberg, B. L. & Guyot-Sionnest, P. Variable Range Hopping
Conduction in Semiconductor Nanocrystal Solids. Physical Review Letters 92, 216802
(2004).

Prior, J., Ortufio, M. & Somoza, A. M. in Fundamental Problems of Mesoscopic Physics:
Interactions and Decoherence (eds Igor V. Lerner, Boris L. Altshuler, & Yuval Gefen)
295-308 (Springer Netherlands, 2004).

Wang, D. P. et al. Hopping conduction in disordered carbon nanotubes. Solid State
Communications 142, 287-291 (2007).

Ruel, F. J. et al. Ohmic conduction of sub-10nm P-doped silicon nanowires at cryogenic
temperatures. Applied Physics Letters 92, 052101 (2008).



