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Abstract

Quasi-one-dimensional van der Waals (vdW) materials are a promising system for
future applications in electronics and optoelectronics. Here we report systematic studies on
the electronic and optoelectronic properties of crossed junctions composed of two vdW
nanoribbons: p-type TaPt3Ses (TPtS) and n-type TaxPd3Ses (TPdS). Asymmetric
nonlinear output behaviors are observed in crossed junctions, where a rectifying barrier is
formed due to the depletion of majority carriers at the heterointerface with a transmission
probability of ~ 0.025. Optoelectronic characteristics reveal inelastic tunneling effects of
the crossed junctions. Furthermore, polarized photocurrent measurements demonstrate that
isotropic photocurrent signals are detected at the TPtS-TPdS interface, while the maximum
photocurrent signals for each nanoribbon are present when the incident light is polarized
along the nanoribbon direction. This indicates that photo-excited carriers in both TPtS and
TPdS nanoribbons can tunnel through the rectifying barrier at the crossed junction to
generate photocurrent signals. Additionally, our photocurrent spectra measurements find
that the bandgaps of individual nanoribbons are thickness-dependent and range from 0.9
eV to 1.1 eV, in good agreement with theoretical predictions. These results shed light on
the electrical transport and photocurrent generation mechanisms for the nanoscale crossed
junctions, opening a door for engineering future vdW materials based electronic and

optoelectronic devices, such as point photodetectors and multiterminal circuits.
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Introduction

Two-dimensional (2D) van der Waals (vdW) materials have attracted extensive
attention since the last century due to the wealth of novel physical properties.! In the past
decade, graphene has been demonstrated to possess remarkable merits for electronics and
optoelectronics.*’ The great success of graphene inspires researchers to re-discover and
re-examine other 2D vdW materials.!>® One of the most well-studied 2D vdW material
families is transition metal dichalcogenides (TMDCs).!: ®> The variety of elements and
thickness-dependence render TMDCs a wide range of electronic and optoelectronic
properties.”!! For instance, bulk TMDC crystals possess indirect bandgaps, while
monolayer TMDCs become direct-bandgap semiconductors. Their sizeable bandgaps
enable TMDCs based field-effect transistors (FETs) with high on/off ratios. Graphene
analogues are another important type of 2D vdW materials, which include hexagonal boron
nitride (hBN) with a large bandgap up to 6 eV,'? anisotropic black phosphorus (BP),% 1316
and borophene.!” 2D vdW materials present several advantages over conventional three-
dimensional ones for optoelectronics. First, although the innate thinness renders these
materials almost transparent, strong light-matter interactions lead to decent single-pass
absorption. For example, monolayer MoS> absorbs ~ 10% at excitonic resonances.'®
Moreover, 2D vdW materials cover a wide response spectral range from microwave to
ultraviolet wavelengths. For instance, BP, a prospective graphene substitute, shows
bandgaps ranging from 0.3 eV in bulk to 2 eV for a monolayer structure, thus allowing BP
to be used for broadband optoelectronics. Finally, the absence of dangling bonds makes it
easy to stack 2D vdW materials together to form vertical vdW heterostructures, opening

up new avenues for engineering electronic and optoelectronic devices with numerous



exciting new functionalities and applications, such as tunneling devices, photodetectors,
Light emitting diodes, plasmonic devices, multiterminal circuits and so on.!*%

Recently, quasi-one-dimensional (quasi-1D) vdW materials have attracted
extensive attention. These materials possess unique chain-like structures bonded by
relatively weak inter-chain forces. The examples include the transition metal
trichalcogenides MX3 (M=Ti, Nb, Ta, Zr; X=S, Se, Te), the ternary chalcogenides M>X3Yg
(M=Ta, Nb; X=Ni, Pd, Pt; Y=S, Se), and so on.?® Quasi-1D vdW materials are expected to
inherit some features from 2D ones, such as strong light-matter coupling, thickness-
dependent bandgaps, and the capability of forming vdW heterostructures. Quasi-1D vdW
materials are also expected to own unique thermal, electrical and optical properties due to
their distinctive chain structures, including partially ballistic heat transport and high
anisotropy ratios in conductivity and optical absorption/emission.?® 2 For example,
partially ballistic phonon transport has been detected in suspended Ta>Pd3Ses (TPdS)
nanoribbons that can persist over 13 pm along the chain-axis at room temperature.?’ TiS3
has been predicted to have electron mobility as high as 10000 cm?-V!-s' and has
demonstrated to own strong electrical and optical anisotropy.?®3! Exceptionally high
breakdown current density and low noise have been observed for ZrTes and TaSe;
nanoribbons.>?** Furthermore, the bandgaps of these materials range from 0.2 eV to 2.0
eV,”® making them ideal candidates for high performance FETs and broadband
optoelectronics. In particular, ternary chalcogenides TPdS and TaxPt3Ses (TPtS) have been
predicted to own thickness-dependent bandgaps ranging from 0.525 eV in bulk to 1.038
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eV for a single-ribbon structure, rendering them promising electronic and

optoelectronic materials. More importantly, TPdS nanoribbons appear to be n-type



semiconductors, while TPtS nanoribbons show p-type behaviors, enabling to form a
crossed p-n junction by stacking them together. Furthermore, two atomically-thin quasi-
1D semiconductors are bonded by vdW force with nanoscale confinement. Therefore,
interlayer transition and many novel electronic and optoelectronic properties are expected.
However, previous studies main focus on the properties of individual TPtS or TPtS
nanowires.*® 3% A comprehensive study for the TPtS/TPtS junction is lacking.

Here we report fabrication, electronic and optoelectronic properties of the
nanoscale crossed junctions between perpendicularly stacked p-type TPtS and n-type TPdS
nanoribbons via a vdW transfer technique. Electrical transport measurements reveal that a
rectifying barrier is formed in crossed junctions with a transmission probability of ~ 0.025.
Further optoelectronic characteristics demonstrate that isotropic photocurrent signals are
detected at the TPtS-TPdS heterointerface via inelastic tunneling effects, while polarized
photocurrent responses are found in each individual TPtS/TPdS channels, where the
maximum photocurrent signals for each nanoribbon are observed when the incident light
is polarized along the nanoribbon direction. To clarify the photocurrent generation
mechanisms at the nanoscale crossed junctions, wavelength-dependent photocurrent
measurements have been performed to explore the bandgaps of individual nanoribbons.
Our results have shown that few-layer TPtS/TPdS nanoribbons have thickness-dependent
bandgaps that range from 0.9 eV to 1.1 eV, consistent with the previously-reported band
structure calculations.®” These fundamental studies not only develop a strategy to build a
nanoscale crossed junction between two quasi-1D vdW materials, but also provide an in-

depth understanding on the electrical transport and photocurrent generation mechanisms



for vdW nanoribbons and their nanoscale heterojunctions, offering new design rules for

future polarized electronic and optoelectronic devices.

Results and discussion

Figure 1a illustrates the schematic diagram of a typical heterojunction, consisting
of a TPdS nanoribbon that is perpendicularly stacked on top of a TPtS nanoribbon and four
metal electrodes that are connected to both ends of two nanoribbons, respectively. Here
single crystals of TPdS/TPtS were grown using chemical vapor transport shown in Scheme
1. (see details in Supporting Information). Ultrathin TPtS and TPdS nanoribbons were
mechanically exfoliated atop a degenerately-doped Si substrate covered with a 280-nm-
thick thermal SiO2 layer, respectively. An optical microscope was used to identify and
select thin TPtS/TPdS nanoribbons with their thicknesses ranging from 10 nm to 30 nm.*’
In order to avoid Fermi-level pinning and chemical disorder at metal-nanoribbon interfaces,
a vdW transfer technique was adapted to provide clean metal-nanoribbon contacts.*’
Moreover, since the interface quality is expected to influence the tunneling effect of the
junction, this transfer technique was further developed to build TPtS-TPdS heterojunctions
from freshly cleaved flakes without any chemical treatment and contamination. Briefly,
gold electrodes were first prepared on a silicon substrate and then mechanically released
from the substrate by a poly(methyl methacrylate) (PMMA) layer and a
Polydimethylsiloxane (PDMS) stamp. Next, the released metal electrodes were carefully
aligned and placed on top of a TPdS nanoribbon under an optical microscope. The TPdS
nanoribbon was then picked up by lifting the PDMS stamp slowly. After that, the PDMS-

PMMA-metal-TPdS stack was perpendicularly aligned and physically laminated on top of



a TPtS nanoribbon, subsequently followed by heating and lifting the PDMS stamp. As a
result, a PMMA-metal-TPdS-TPtS stack with clean metal-nanoribbon and nanoribbon-
nanoribbon interfaces was placed on the SiO2/Si substrate. Finally, a standard electron-
beam lithography process was conducted to remove the PMMA atop contact pads,
providing exposed metal pads for subsequent electronic and optoelectronic measurements.
The fabrication process steps are shown in Scheme 1. shown in Scheme 1. The inset of
Figure la presents an optical image of a typical TPtS-TPdS heterojunction. Back-gate
voltages were applied to the nanoribbons through a 280 nm SiO; layer. Both electronic and
optoelectronic properties of the device were characterized in a Janis ST-500 Microscopy
Cryostat under high vacuum (~10° Torr).

Figure 1b displays the gate-dependent characteristics of individual nanoribbons,
where TPtS and TPdS nanoribbons show p-type and n-type behaviors, respectively. The /-
V characteristics shows that both TPtS and TPdS nanoribbons possess nearly linear output
curves at various temperatures (Figure lc and 1d), indicating nearly ohmic contacts are
formed between nanoribbons and metal electrodes. Furthermore, an increase in the
conductance is observed for both nanoribbons when the temperature rises from 140 K to
280 K, owing to their semiconductor nature.*' As illustrated in Figure le, the I-V
characteristics of the TPtS-TPdS junction are subsequently investigated. Non-linear
behaviors are observed at various temperatures, suggesting that a rectifying barrier is
formed at the TPtS-TPdS interface. Here, few-layer TPtS and TPdS nanoribbons show p-
type and n-type characteristics, respectively. Once they contact with each other, TPtS tends
to bend downward while TPdS bends upward to align their Fermi levels, leading to a built-

in junction barrier between them as shown in Figure 1e top inset. Forward biases can reduce



the barrier and thus generate a current flow, which extrapolates to a positive intercept at
the large-bias linear region and gives a measure of the barrier height of 230 meV at a
temperature of 280 K. Reverse biases increase the barrier, while the small depletion region
enables tunneling transmission to occur through the barrier, leading to a measurable current
flow that increases with increasing reverse bias. In addition to the junction barrier between
two nanoribbons, charge carriers have to pass one depletion region in the TPtS nanoribbon
and the other depletion region in the TPdS nanoribbon. The transmission probability (7)
for each depletion region can be estimated from the transmission probability (Ts = T4?)
along each nanoribbon, where the depletion region needs to be passed twice (insets of

Figure lc,d).*

Here, the electrons in the n-type TPdS nanoribbon can flow to the p-type
TPtS nanoribbons through the middle contact region. Similarly, the holes can transport
from TPtS to TPdS. As a result, the middle region of the TPdS/TPtS nanoribbon is depleted
and bended upwardly/downwardly. Ts can be calculated from the conductance of each
ribbon: T's = G/(4¢°/ h), where e is the electron charge and /4 is Planck’s constant. Therefore,
the transmission probability can be given by Trpis-rras~ Ta rris'Tj+ Ta rpas., where T is the
tunneling transmission probability at the heterointerface between TPtS and TPdS
nanoribbons. On the other hand, T7pis.7rss can also be calculated from the junction
conductance at low-bias linear region (V¢s <50 mV) (Figure le bottom inset). As a result,
T; can be estimated to be around 0.025 (for another device, 77 is 0.059), suggesting that a
charge carrier arriving at the heterointerface has chance of a few percent of tunneling from

TPtS to TPdS nanoribbons. This is similar to the transmission probability previously

reported for the vdW force bonded single-walled carbon nanotubes (7; ~ 0.02 to 0.06).%?



To further explore the tunneling transmission at the TPtS-TPdS junction, the
optoelectronic properties of the heterojunctions were investigated using scanning
photocurrent microscopy under various drain-source voltages. Here a continuous wave
laser beam (NKT Photonics SuperK Supercontinuum Laser) was expanded and then
focused by a 40X Olympus objective (N.A. = 0.6) into a diffraction-limited spot (~1 um),
which scanned over the device by a piezo-controlled mirror with nanometer-scale spatial
resolution. Photocurrent signals (I = liaser — Laark) Were recorded as a function of position,
resulting in a spatially resolved photocurrent map of the device. The reflection of the
incident laser beam was simultaneously recorded to locate the position of the sample.
Figure 2a shows a photocurrent image of the TPtS-TPdS junction, where the TPtS/TPdS
nanoribbon and metal electrodes are outlined by pink/blue and gold dashed lines,
respectively. Strong photocurrent responses are observed at the TPtS-TPdS junction, where
the potential barrier is formed due to Fermi level alignment, leading to a built-in electric
field that can separate photo-excited electron-hole pairs (EHPs) to generate photocurrents.
The red/blue color represents a positive/negative current, where the positive current
indicates the current flows from the drain to source electrode (Figure 2b). Under a back-
gate voltage of -80 V and a zero bias, negative photocurrent signals are detected in the
junction region, which is consistent with the negative short circuit current for conventional
p-n junctions via photovoltaics effect (PVE) as shown in Figure 2¢ middle.* If a forward
bias is applied, the built-in electric field can be partially cancelled or the total electrostatic
potential can be reduced, making it difficult to separate the photo-excited EHPs (Figure 2c
right). Under this circumstance, inelastic/elastic-tunneling-mediated-interlayer

recombination may compete with photo-excited carries separation/collection, leading to



negligible photocurrent responses. Here the interlayer recombination could be related to
Shockley-Read-Hall recombination, where majority carriers can be trapped in the intragap
states, or Langevin recombination through the Coulomb interaction, or a combination of
both.** On the other hand, a reverse bias (Vas = -1V) raises the total electrostatic potential
and thus facilitate the separation of the photo-excited EHPs. Therefore, the photo-excited
carries are quickly separated and then collected by electrodes before the interlayer
recombination recombined at the heterointerface, leading to enhanced photocurrent signals
(Figure 2c left). We note that the photoconductive effect is also very important for the
photocurrent generation. However, the nonlinear photocurrent bias dependency of the
TPtS-TPdS junction suggests that the photoconductive effect may not be the major
contribution to the photocurrent generation.*’

To clarify the photocurrent generation mechanisms at the nanoscale crossed
junctions, polarization-dependent photocurrent measurements have been performed to
explore individual nanoribbons and their heterojunctions. Figure 3a shows a photocurrent
image of the p-type TPtS nanoribbon, where the nanoribbon and metal electrodes are
outlined by pink and gold dashed lines, respectively. Strong photocurrent responses are
observed at the nanoribbon-metal interfaces, where potential barriers are formed due to
Fermi level alignment, leading to built-in electric fields that can separate photo-excited
electron-hole pairs (EHPs) to generate photocurrents. The red/blue color represents a
positive/negative current, where the positive current indicates the current flows from the
drain to source electrode. For the p-type TPtS nanoribbon, since the electronic energies
are lower near the contacts than those in the middle of the nanoribbon, electrons will flow

from the middle channel to electrodes (Figure lc inset), resulting in a positive/negative
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current flow at the drain/source electrode. When a drain-source bias of 5V is applied, the
intensity of the positive photocurrent response at the drain electrode is strongly enhanced.
We have also found that the photocurrent response of the TPtS nanoribbon is anisotropic.
As shown in Figure 3b, the photocurrent signals are maximized when the incident light is
polarized along the TPtS nanoribbon direction (or 0°). The direction of the polarization is
defined as shown in Figure 3a, where 0° and 90° denote the directions parallel to the TPtS
and TPdS nanoribbons, respectively. The polarized effect likely arises from the unique
chain-like structure of TPtS nanoribbons, giving the quasi-1D properties to these
nanoribbons. As a result, a smaller part of the incident light is expected to be coupled into
the nanoribbons for the cross-polarized light, leading to anisotropic optical absorption, as
reported in other 1D or quasi-1D structures.? 3% 4649 The anisotropic photoresponse of
TPtS nanoribbons opens another degree of freedom in development of future polarized
optoelectronics.

Similarly, an opposite polarity of photocurrent responses is observed for the n-type
TPdS nanoribbon at the nanoribbon-metal interfaces (Figure 3c), where the electronic
energies are higher near the contacts than in the middle of the nanoribbon (Figure 1d inset),
leading to a flow of electrons from the electrodes to the middle channel or negative/positive
photocurrent signals near the drain/source electrode. We note that slight photocurrent can
also be detected along the TPdS nanowire, which may be related to the small bending of
the top TPdS nanowire.*® As we expected, the maximum photocurrent response of the
TPdS nanoribbon occurs for the light polarization direction parallel to the nanoribbon (90
°C) (Figure 3d). Furthermore, we explore the polarized optoelectronic properties of the

TPtS-TPdS junction. As shown in Figure 3e, the majority of photocurrent signals are
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detected in the overlap region between TPtS and TPdS nanoribbons, where the built-in
electric field can efficiently separate the photo-excited EHPs to generate photocurrent
responses (Figure le top inset). Interestingly, the photocurrent signals observed at the
TPtS-TPdS junction show nearly isotropic behavior (Figure 3f), suggesting photo-excited
EHPs in both nanoribbons contribute to the photocurrent generation in the junction region.
The entire TPtS-TPdS system provides an ideal candidate for controllable polarized
photodetection.

By varying the wavelength of the incident light, we explored the spectral response
of individual TPtS and TPdS nanoribbons. Figure 4 shows the measured normalized
photocurrent signals as a function of the light wavelength (P = 80 uW) for TPtS/TPdS
nanoribbons with different thicknesses. We could roughly estimate the bandgaps of
nanoribbons by extracting the cut-off wavelength of photoresponsivity.’® A thinner TPtS
nanoribbon that shows relatively light color under an optical microscope (Figure 4a) tends
to have a larger band gap of 1.08 eV (1150 nm), while the thicker one (Figure 4b) owns a
band gap of 0.99 eV (1250 nm). Similarly, the bandgaps for TPdS nanoribbons are 1.03
eV (1200 nm) and 0.92 eV (1350 nm), respectively. This is in good agreement with the
previous electronic band structure calculations, which predict that the bandgaps of
TPtS/TPdS are thickness-dependent and there is a transition from 1.038 eV in a single-
layer structure to 0.525 eV in bulk material.>” More accurate measurements of the
nanoribbon thickness/width and other bandgap characteristics are required in the future to

pin down the relationship between the bandgap and size of TPtS/TPdS nanoribbons.

Conclusion
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In summary, we report nanoscale crossed junctions between perpendicularly
stacked p-type TPtS and n-type TPdS nanoribbons. Asymmetric nonlinear output
behaviors are observed in crossed junctions, where a rectifying barrier is formed due to the
depletion of majority carriers at the heterointerface with a transmission probability of ~
0.025. Subsequent optoelectronic characteristics reveal that inelastic tunneling effects are
detected in crossed junctions. Moreover, isotropic photocurrent signals are observed at the
nanoscale TPtS-TPdS heterojunction, while TPtS/TPdS nanoribbons exhibit polarized
photoresponses, suggesting that the photocurrent signals at the heterojunctions are likely
attributed to photo-excited carriers in both TPtS and TPdS nanoribbons. Bias-dependent
photocurrent measurements further demonstrate that the photocurrent generation at the
TPtS-TPdS crossed junction primarily stems from the PVE, which is similar to
conventional p-n junctions. With the assistance of the photoresponse spectra of TPtS/TPdS
nanoribbons, their bandgaps can be estimated to be around 0.9 eV to 1.1 eV and depend on
their thickness, consistent to previous theoretical predications. These studies not only offer
a way to build nanoscale junctions, but also provide fundamental understandings on the
electronic and optoelectronic properties of vdW nanoribbons and their heterojunctions,
opening up new avenues for engineering point photodetectors, multiterminal circuits and

future anisotropic electronics and optoelectronics.

Methods
TPdS/TPtS crystal growth
Single crystals of TPdS/TPtS were grown using chemical vapor transport. The

mixture of thoroughly ground stoichiometric Ta, Pd and Se element powders was loaded
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into a quartz tube and sealed under vacuum. The tube with loaded materials was pre-heated
for a week at 750 °C. The obtained powder was then ground again and transferred to a new
quartz tube (inside diameter = 0.9 cm) together with 75 mg iodine as transport agent. The
tube was vacuumed and sealed at the point 15 cm away from charge end and then put into
a double zone furnace. The charge end and the other end were heated to 850 °C and 900 °C
respectively. After holding for one day, the temperature was reversed with charge end at
900 °C and cold end at 850°C. The furnace was shut down after one week. Long needle-
like crystals (up to a few centimeters) with silver luster formed at the cold end. Preliminary
composition analyses on different crystals using Energy Dispersive X-ray Spectrometer
showed the ratio of Ta, Pd/Pt, and Se atoms very close to 2:3:8. The powder X-ray
diffraction at room temperature confirmed the phase to be TPdS/TPtS. Furthermore,
structure of these nanowires was then determined by comparing annular dark-field
scanning transmission electron microscope (ADF-STEM) images with the simulated

atomic structure images.
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Figure 1. (a) A schematic diagram of a nanoscale crossed junction between
perpendicularly stacked TPtS and TPdS nanoribbons. Inset: optical micrograph of a typical
device. S and D indicate source and drain electrodes, respectively. The gold dashed lines
mark the edges of metal electrodes. (b) Gate-dependent characteristics for TPtS and TPdS
nanoribbons based FETs. I4s-Vgs characteristics and band diagrams of (¢) the TPtS
nanoribbon with a gate voltage of -80 V and (d) the TPdS nanoribbon with a gate voltage
of 80 V at various temperatures. (e) L4s-V s characteristics of the TPtS-TPdS junction with
a gate voltage of -80 V at various temperatures. Inset: the band diagram of the TPtS-TPdS

junction (top) and the low-bias region & its linear fitting (down).
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Figure 2. (a) Scanning photocurrent images of the TPtS-TPdS junction under different
drain-source biases. (b) Intensities of photocurrent signals in the junction region when the
drain-source voltage sweeps from -1 V to 1 V with a step of 0.5 V. (c) Band diagrams for

the TPtS-TPdS junction under different biases.
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FET (+1V bias), and (e) the TPtS-TPdS junction (+5V bias), respectively. Normalized
photocurrent intensities as a function of the incident light polarization direction for (b)

the TPtS FET, (d) the TPdS FET, and (f) the TPtS-TPdS heterojunction, respectively.
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