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Recently, 2D noble-transition-metal chal-
cogenides (NTMCs) are attracting enor-
mous attention due to their fascinating 
properties,[1] including widely tunable 
bandgap,[2–4] ultrahigh air stability,[5,6] 
structural anisotropy,[6–9] and moderate 
carrier mobility.[1,6,10–12] They can be 
applied to various fields including elec-
tronics,[1–6,9,10,12–16] optoelectronics,[6–8,11] 
sensors,[8,17] and catalysis.[18,19] Compared 
to most common 2D transition-metal 
dichalcogenides (TMDs),[20,21] NTMCs 
have wide layer-dependent bandgap vari-
ations and strong interlayer interactions 
due to the existence of the strong d2sp3 
hybridizations between group-10 noble 
elements and chalcogen atoms. Such a 
wide layer-dependent bandgap for NTMCs 
enables NTMC-based photodetectors 
with detection ranging from the visible 
to near-infrared (NIR) and mid-infrared 
(MIR) regions, for example, bilayer PtSe2-

based photodetector with detection ranging from the visible 
to MIR (10  µm),[11] 10.6  µm PdSe2-based phototransistor.[8] In 
addition, strong d2sp3 hybridizations and the resulting strong 
covalent intralayer interactions enable NTMCs nanoflakes to 
deliver high air stabilities compared to other 2D materials, for 
example, a PtSe2-based field-effect transistor (FET) exposed to 
air varies little with time.[5] Ultrahigh air stability, combined 
with relatively high carrier mobility and on/off ratio, also make 
NTMCs promising channel materials for FETs with the pros-
pect of practical applications. Interestingly, palladium-based 
NTMCs possess a unique puckered pentagonal structure com-
posed of PdS4 or PdSe4 quadrilaterals linked to each other by S 
or Se atoms to form a 2D layer, leading to an anisotropic planar 
orthogonal construction feature. This is in contrast to the iso-
tropic planar hexagonal structure of most 2D materials, and 
may enable the development of anisotropic phototransistors 
based on palladium-based NTMCs.[10,12] Currently, 2D NTMCs 
have become a shining star in the 2D family, stimulating us 
to discover new NTMC members as well as new physical and 
chemical effects.

Until now, only a few 2D NTMCs were reported, that is, 
PtQ2 (Q = S, Se, Te),[1,11,14] PdQ2 (Q = Se, Te),[7,10,15] Pd2Se3,[22] 
Pd3P2S8,[19] which is far from sufficient to meet the growing 
demand for high-air-stable 2D materials. Among these NTMCs, 
we developed five materials covering PtS2,[1] PtSe2,[11] PdSe2,[10,12] 
Pd2Se3,

[22] and Pd3P2S8,[19] in which 2D PtS2 nanoflakes were 
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prepared via chemical vapor transport (CVT) method and the 
following mechanical exfoliation method in May 2014, which 
may, to the best of our knowledge, be the earliest record with 
respect to 2D NTMCs. Interestingly, studies for 2D NTMCs 
are becoming a hot topic in the 2D field with the joint effort of 
related scientists, which is unexpected. Previously, we launched 
a series of studies to develop new NTMCs and investigate their 
properties and applications, whose details are shown below. For 
PtS2, we, together with coworkers, experimentally and theoreti-
cally demonstrated that 2D layered PtS2 presents an extraor-
dinarily strong interlayer interaction compared to other 2D 
materials, whose bandgap can be tuned from 0.25 eV in bulk to 
1.6 eV for a monolayer owing to the strong hybridization between 
the d orbitals of Pt atoms and the pz orbitals of S atoms.[1] Sub-
sequently, we introduced 2D PdSe2 with a unique puckered 
pentagonal structure to the 2D family, whose few layers were 
successfully engineered into an ambipolar FET with high elec-
tron mobility of 216 cm2V–1s–1.[10] Very recently, we developed a 
new high-effect catalyst based on amorphization of Pd3P2S8 nan-
odots, which exhibits excellent electrocatalytic activity towards 
the hydrogen evolution reaction with an onset potential of 
−52 mV, a Tafel slope of 29 mV dec–1 and outstanding long-term 
stability.[19] The discovery of these new 2D NTMCs opens up a 
new platform to develop high-air-stable 2D materials for prac-
tical applications in the fields of electronics, optoelectronics, and 
catalysis. However, only a few 2D NTMCs[1,5–8,10–12,14,17,19,22–24] are 
discovered, greatly limiting their applications, which may be 
solved by developing new 2D NTMCs.

To drive the continuing development of 2D NTMCs, herein, 
we introduce a new ternary van der Waals (vdW) NTMC: 
Ta2PdS6 to 2D family, which was successfully prepared in the 
form of ribbon-like crystals via solid-state reactions with the 
help of a mineralizer agent, iodine (I). Ta2PdS6 crystallizes 
a layered structure with the orthorhombic space group C2/m 
consisting of unique [Ta PdS ]2

6 6∞  layers with PdS4 quadrilaterals 
and TaS7 polyhedra as well as vdW gaps between the layers. It 
is found that Ta2PdS6 displays a semiconducting behavior with 
a strong layer-dependent bandgap that can be tuned from near 
0  eV in bulk to 1.0  eV for a monolayer. Interestingly, a FET 
based on a trilayer Ta2PdS6 nanowire delivers impressive per-
formance with electron mobility of ≈25 cm2V–1s–1, Ion/Ioff ratio 
of 106, and one year of air stability, which is better than most 
reported 2D materials-based devices. More interestingly, such 
a trilayer Ta2PdS6 device also exhibits excellent optoelectronic 
performance with a photoresponsivity of ≈1.42  × 106 A W−1, 
detectivity of ≈7.1  × 1010 Jones, and a photoconductive gain of 
2.7  × 106 under illumination by a 633  nm laser with a power 
of 0.025 W m−2. Studies of the device band profiles reveal that 
the high optoelectronic performance can be ascribed to a photo-
gating effect. In addition, our device also delivers a good broad-
band photoresponse ranging from 450  nm to 1450  nm. Our 
results demonstrate the potential for Ta2PdS6 thin crystals as a 
new 2D material in nano-optoelectronic devices.

Ta2PdS6 crystallizes with a monoclinic space group C2/m 
(No. 12),[25] which features a layered structure (Figure 1a), with 
unique [Ta PdS ]2

6 6∞  layers approximately oriented parallel to 
the plane (201), which are composed of PdS4 quadrilaterals 
and TaS7 polyhedra (Figure  1b). According to the definition of 
monolayer thickness, d1L = d1L, atomic + dgap between two adjacent layers, 

the theoretical thickness of the monolayer is approximately 
0.7 nm, as shown in Figure 1a. Single crystals of bulk Ta2PdS6 
were synthesized by solid-state reaction with iodine (I) as a flux 
agent (Figure  1c, see Experimental Section for details), whose 
pure phase is confirmed by measurement of the X-ray powder 
diffraction (XRD) pattern (Figure  1d). Unlike traditional 2D 
bulk materials exhibiting platelet-like shapes, for example, 
MoS2, SnSe2, etc., bulk Ta2PdS6 crystallizes into shiny, needle-
like shapes (inset of Figure  1d, top of Figure  1e), because the 
value for the b-axis cell lattice parameter of 3.27  Å is much 
smaller than the a-axis and c-axis parameters of 9.97 and 
11.69 Å, respectively, leading to the long axis of the single crys-
tals being orientated along the b-axis. In addition, it is noted 
that the atomic ratios of the obtained single crystals are close 
to the stoichiometric ratio of 2:1:6, confirmed by the energy dis-
persive X-ray (EDX) result of Ta1.8(3)Pd1.1(2)S6.2(5) (Figure 1e) and 
X-ray photoelectron spectroscopy (XPS) result of Ta2Pd0.96S6.06 
(Figure S1, Supporting Information).

Ta2PdS6 atomic layers were obtained by micro-mechanically 
exfoliating bulk Ta2PdS6 onto SiO2/Si (285  nm thick SiO2) 
using adhesive tape for the first time. It is noted that the widths 
of the obtained Ta2PdS6 needle-like crystals are very narrow 
(a few microns to tens of microns) such that most of the bulk 
crystals are exfoliated into nanowires and only a few bulk crys-
tals can be exfoliated into nanoflakes with a width of tens of 
microns (Figure  2a,b). The experimental thicknesses of the 
monolayer and bilayer are determined to be ≈0.9 and 1.9 nm, 
respectively, using atomic force microscopy (AFM) measure-
ments (inset, Figure 2a), which is basically consistent with the 
theoretical values of 0.7  nm and 1.4  nm, respectively. In addi-
tion, the atomic structure of the few-layer Ta2PdS6 nanowires 
along the [203] axis (Figure  2b,c) is confirmed by atomically 
resolved annual dark-field (ADF) scanning transmission elec-
tron microscopy (STEM), which is found to match well with the 
simulated structure (inset, Figure  2c). To further confirm the 
atomic structure of Ta2PdS6, an atomic resolution ADF-STEM 
image of few-layer Ta2PdS6 along the [200] axis (Figure 2d,e) is 
recorded, in which the distances between the atoms are found 
to be well fitted to the simulated values (Figure 2f), suggesting 
that the atomic structure of the few layers is consistent with the 
structure of the bulk. The invariance of the atomic structure of 
the few layers is also supported by STEM EDS elemental map-
ping (Figure  2g,j), which shows good distribution uniformity 
for the three elements in the few-layer sample.

Bulk Ta2PdS6 has been proven to be a semiconductor, but 
slight variation in the conductivity with temperature leads to a 
small bandgap for bulk Ta2PdS6,[25] combined with theoretical 
results that the calculated bandgap is 0 eV, revealing that the real 
bandgap should be close to 0 eV. Especially, the bandgap can be 
tuned from close to 0 eV for the bulk to 1.0 eV for the monolayer 
(Figure S2, Supporting Information), in which the bandgap of 
the trilayer calculated to be approximately 0.79  eV, basically 
agreeing with the experimental value of 0.82  eV (Figure S3,  
Supporting Information). The small difference between the 
experimental and calculated bandgaps should be attributed to 
the inaccurate description of the eigenvalues for the electronic 
states in density functional theory (DFT) calculations.[26] Such 
strong layer-dependence stems from strong hybridization 
between the d orbitals of the Pd atoms and the p orbitals of the 
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S atoms, which was found in other NTMCs as well, for example, 
PtS2,[1] PdSe2,[8] PtSe2,[5] etc. The lattice dynamics for the mate-
rial originates from the interactions between elementary excita-
tions and phonons, which is often used for probing the origin of 
its physical properties. However, to date, the vibrational proper-
ties of Ta2PdS6 have not been reported. Here, we systematically 
investigate the Raman vibrational properties by DFT calculations 
and Raman spectroscopy. Group theory analysis indicates that 
there are twelve Raman vibrational modes in the two categories 
of Ag (8) and Bg (4) since Ta2PdS6 belongs to the space group 
C2/m (point group C2h), that is, Ag

1 , Ag
2 , Ag

3 , Ag
4 , Ag

5 , Ag
6 , Ag

7 , Ag
8 , 

Bg
1 , Bg

2 , Bg
3 , and Bg

4 , for which the phonon vibrational details are 
shown in Figure S4, Supporting Information. Figure 3a shows 
that the experimental phonon frequencies for the bulk sample 
agree well with the calculated results, including the number 
and peak positions for the Raman modes. In addition, the 

dependence of the Raman spectra on the number of layers is 
studied, as shown in Figure 3b,c (low-frequency Raman spectra) 
and Figure  3d,e (high-frequency Raman spectra). In the low-
frequency region (40–110 cm–1), there are two Raman peaks: Bg

1  
and Ag

1 , in which Bg
1  show a small redshift as the thickness is 

increased from 1L to bulk accompanied with the disappearance 
of the peaks for the monolayer and bilayer, yet, the Ag

1  positions 
do not basically change with increasing thickness (Figure 3b,c). 
For the high-frequency region, there are ten Raman peaks that 
do not show the blueshifts or redshifts; however, some of these 
peaks disappear in the particular layers, for example, Ag

1  in 1L, 
Bg

3  and Ag
3  from 1L to 3L, Bg

4  in 1L, Ag
6 , Ag

7 , and Ag
8  in 1L, which 

is possibly due to the weak intensities of these vibrational modes 
in the particular layers.

To evaluate the electronic transport properties of few-
layered Ta2PdS6, we fabricated a back-gated FET based on a 

Figure 1.  Synthesis and crystal structure of layered Ta2PdS6. a) Crystal structure of Ta2PdS6 viewed along the b-axis, showing that the expected thick-
ness of the monolayer is ≈0.7 nm. b) Projection of the structure of monolayer Ta2PdS6 onto the (201) plane. Green: Fe atoms, yellow: s atoms, blue: Pt 
atoms. c) Schematic diagram of the growth of Ta2PdS6 single crystals from the precursors of tantalum powder, palladium powder, sulfur powder, and 
iodine particles. d) Experimental and simulated X-ray powder diffraction (XRD) patterns for Ta2PdS6. e) Upper panel: SEM image and EDS result for 
the as-synthesized bulk Ta2PdS6. Lower panel: EDS elemental mapping for a typical Ta2PdS6 crystal.
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few-layer Ta2PdS6 nanowire on a SiO2/Si (280 nm oxide layer) 
substrate (Figure 4a). The AFM confirms the thickness of the 
Ta2PdS6 nanowire to be ≈2.4 nm, that is, three layers for the 
channel material used (Figure  4b). The transfer curves (Ids-
Vbg) on the linear (blue ball in Figure  4c) and logarithmic 
(red ball in Figure  4c) scale are obtained by sweeping the 
back-gate voltage from −60 V to 60 V, revealing that Ta2PdS6 
is an n-type semiconductor due to the increase in current 
observed with increasing gate voltage, a threshold voltage of 
Vth ≈ −21 V, as well as an Ion/Ioff ratio that reaches 106. To the 
best of our best knowledge, this Ion/Ioff ratio is the highest 
record for 2D NTMCs at room temperature (RT) and higher 
than that reported for most 2D materials with a similar device 
structure. In addition, the electron mobility can be estimated 
from the linear region in the transfer curve with the following 
equation:[27]

L

W C

dI

dV Vi

ds

G ds

1µ =
×

× × � (1)

where L, W, and Ci denote the channel length,[28] width, and 
the oxide capacitance per unite area, respectively. Vds, Ids, and 
VG denote the source-drain bias, current, and bottom gate 
voltage, respectively, in the linear region in the Ids–Vbg curve. 
Considering the non-negligible fringing effect derived from the 
narrow width of Ta2PdS6 nanowire channel, the finite element 
methods with COMSOL MULTIPHYSICS v4.3b is used to cal-
culate the capacitance and Ci can be estimate the mobility from 
the following equation:[29]

C
C

WL W t R
i

r2

ln 2 /
0πε ε

( )= = � (2)

where Ci is the capacitance, ε0 and εr are the vacuum dielec-
tric constant and the dielectric constant of SiO2 (εr  = 3.9), t 
is the distance between the silicon substrate and the center  
of the nanowire, and R is the height of the nanowire. The elec-
tron mobility in our device was calculated to be ≈25 cm2V–1s–1, 
which can be comparable to the intrinsic mobilities of most 2D 

Figure 2.  AFM and STEM characterization of few-layer Ta2PdS6 nanosheets. a) Optical image of Ta2PdS6 nanosheets on a Si/SiO2 substrate; the 
insets show the AFM results for a monolayer and bilayer, which show that the thicknesses of the monolayer and bilayer are ≈1.3 and 2.1 nm. b) Low-
magnification ADF-STEM image of a few-layer Ta2PdS6 nanowire. c) High-magnification ADF-STEM image of few-layer Ta2PdS6 viewed along the [203] 
axis; the left and right insets show the simulated structure and the corresponding fast Fourier-transform (FFT) pattern, respectively. d,e) Atomic resolu-
tion ADF-STEM image of few-layer Ta2PdS6 viewed along the [200] axis; the inset shows the corresponding FFT pattern. f) Line intensity profile of the 
rectangular region in (d) and (e). g–j) EDS elemental mapping for a typical Ta2PdS6 nanosheet. Blue: Ta, green: Pd, red: S.
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materials determined from experimental results. Considering 
the existence of a large number of surface traps or impurities 
on the SiO2/Si surface that can degrade the carrier mobility 
by scattering from charged impurities, the carrier mobility in 
Ta2PdS6 FETs can be further improved by reducing the number 
of surface traps/impurities or using high-κ gate dielectric 
materials, which is proved to increase the carrier mobility in 
MoS2 from 0.1 cm2V–1s–1 to 200 cm2V–1s–1.[30] In addition, the 
mobility can also be improved by optimizing the crystal quality, 

reducing the contact resistance, and tuning the channel layer 
thickness. Therefore, further improvement in the carrier 
mobility in Ta2PdS6 FETs can be achieved by optimizing the 
above conditions in future work. Noted that when the device 
was exposed in air for one year, the Ion/Ioff ratio and electron 
mobility do not show degeneration (Figure  4e), which reveals 
that few-layered Ta2PdS6 exhibits ultrahigh air stability. Such 
high air stability may be attributed to the strong Pd-S bonding 
as a result of the strong hybridization between the d orbitals of 

Figure 3.  Raman characterization of layered Ta2PdS6. a) Experimental Raman spectrum (solid black line) for bulk Ta2PdS6 and the corresponding calcu-
lated frequencies (vertical bars, lower panel). b–e) Raman spectra ((b) and (d)) and intensities ((c) and (e)) obtained for Ta2PdS6 samples ranging from 
a monolayer to the bulk in the low-frequency (40–110 cm–1) and high-frequency (110–450 cm–1) regions; the insets in (b) show the calculated phonon 
vibrational patterns for the B1

g  and A1
g  modes; the inset in (d) shows the calculated phonon vibrational pattern for the A5

g  mode.
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palladium and the p orbitals of sulfur. The moderate mobility, 
high Ion/Ioff ratio, as well as ultrahigh air stability, make Ta2PdS6 
a competitive FET channel material compared with other 2D 
semiconductors.

The abovementioned trilayer Ta2PdS6 nanowire-based FET 
devices are used to demonstrate the optoelectronic properties of 
few-layered Ta2PdS6, which is excited by continuously focused 
lasers with varying power and continuous wavelengths from 
450  nm to 1450  nm (Figure  4a). In this work, the 633, 1064, 
and 1450  nm laser-induced photoresponse was deeply studied 
to probe the basic optoelectronic properties of trilayer Ta2PdS6 
and the photocurrent mechanism. First, the transfer curve for 
the phototransistor was measured under illumination by a 
633 nm laser with different powers (Figures S5, S6, Supporting 
Information), in which the photocurrent Iph is extracted by 

using the following expression: Iph  = Ids, light  − Ids, dark, where 
Ids, light and Ids, dark is the source-drain current under illumina-
tion and in the dark condition, respectively. Figure  5b shows 
the gate-dependent photocurrent Iph, transconductance gm, 
and dark current curves in the top, middle, and bottom panels, 
respectively, suggesting that the photoresponse dependence of 
the electrostatic gating effect should be divided into three dis-
tinct regions, as marked in the bottom panel of Figure  5a. In 
region I, the photocurrent generated increases with the incident 
power and the gate bias in the off state, as found in most n-type 
2D semiconductors, for instance, MoS2,[30] PtS2,[31] and GaTe.[32] 
Especially, the photocurrent is found to peak at Vbg = −18 V in 
region II when a light p-doped channel is induced near the on-
state due to the decreasing photocurrent with increasing gate 
bias (Vbg > −18 V). However, when the Vbg increases into region 

Figure 4.  Basic electrical performance characteristics for the trilayer Ta2PdS6 nanowire-based transistor. a) The dark-field and bright-field (the inset) 
optical images of the trilayer Ta2PdS6 FET device with Cr/Au as electrodes on a Si/SiO2 substrate. b) AFM image of the channel material for the FET, 
showing that the channel material is the trilayer Ta2PdS6 nanowire. c) The room temperature transfer characteristics, Ids-Vg curves for an as-fabricated 
trilayer FET plotted on a linear (red) and log scale (blue) with a source-drain voltage (Vds) of 1 V. d) The output characteristics, Ids–Vds curves for the 
same trilayer FET but at different bottom gate voltages in the range of −60 and 60 V. e) The stable characteristics, FET mobility (triangle) and On/Off 
ratio (pentagon) as a function of time, showing that the as-fabricated trilayer Ta2PdS6 FET possesses high stability.
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III, the gate-dependent photocurrent curve flattens because the 
photocurrent only changes slightly with increasing gate bias.

Generally, there are two types of photocurrent generation 
mechanisms for the 2D material-based photodetector. One orig-
inates from the excitation of free carriers as a result of optical 
transitions, including the photovoltaic effect, photoconductive 
effect, and photogating effect. Another is attributed to a thermal 
effect, including the photothermoelectric and bolometric 

effects. As a new layered material, there is no report to date for 
the photocurrent generation mechanism of Ta2PdS6. Based on 
the operational conditions used in this work, the photocurrent 
generated from the thermal effect should be neglected and the 
photovoltaic effect should not be considered due to the closed-
circuit rather than open-circuit conditions. For most 2D semi-
conductors-based phototransistors, the photogenerated current 
can be attributed to the conventional photoconductive effect, 

Figure 5.  Optoelectronic properties of the trilayer Ta2PdS6 nanowire-based phototransistor. a) Schematic diagram of the phototransistor composed 
of a trilayer Ta2PdS6 nanowire (dotted box in upper panel) on a SiO2/Si wafer with laser illumination. b) Top panel: the gate-dependent photocurrent 
(top) the phototransistor under varying excitation power. Middle panel: the gate-dependent transconductance of the phototransistor. Bottom panel: 
phototransistor transfer characteristic. Vds = 1 V, λexcitation = 633 nm. c) Exponent (α) extracted from panel (b) for each Vbg. d) Schematics for the device 
band profiles in the bottom panel of (b) for different regions of the transfer curve, accounting for the distinct photoresponse characteristics in the three 
regions. Region I: hole concentration increases as gate voltage becomes more negative to produce a big hole barrier so that a reduced photocurrent is 
observed. Region II: photogating effect is dominant as a result of the partially occupied hole trap states prolonging the photogenerated electron lifetime. 
Region III: the photogenerated electrons suffer from severe scattering and electron-hole recombination due to a high free electron concentration and 
high higher electron barrier. EF Fermi level; CB, conduction band; VB, valence band. Black dots, electrons; open circles, holes. e) Dependence of the 
photoresponsivity on the gate bias under 633 nm laser illumination with varying laser power at Vds = 1 V. f) Photoresponsivity as a function of excitation 
power excited by a laser wavelength of 633, 1064, and 1450 nm, respectively. Vds = 1 V, Vbg = −18 V. g,h) Time-resolved photoresponse of the device at a 
bias voltage of 0.5 V and a gate voltage of −50 V under laser illumination at a wavelength of 633, 1064, and 1450 nm, respectively.
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in which excess photoinduced carriers are separated by an 
applied bias Vds to give rise to an elevated current, leading to a 
reduced resistance for the semiconductor. The photoconductive 
effect is most obvious at low carrier concentration because car-
riers with low concentration suffer less scattering and recom-
bination; thus, photocarriers can be efficiently collected by the  
electrode. In addition, an important signature of the photo-
conductive effect is the linear relationship between the photo-
current and light power density (Iph  ∞ P). The photogating 
effect is a particular case of the photoconductive effect, in which 
photogenerated holes or electrons are trapped in trap states to 
produce a localized floating gate, effectively modulating the 
transistor threshold voltage Vth. The induced photocurrent can 

be expressed as follows: Iph = gm · ΔVth, where g
dI

dV
m

d

g
=  is the 

transconductance of the transistor and ΔVth is the shift in the 
threshold voltage. In general, the trapped type of photocarriers 
will prolong the recombination lifetime (τlifetime) of the other 
type of photocarriers, resulting in a large photoconductive gain 
(G) according to G  = τlifetime/τtransit, where τtransit is the transit 
time. One signature of the photogating effect is that the photo-
conductive gain decreases as the incident light power increases, 
that is, the photocurrent increases sublinearly with the incident 
light power density because the number of localized trap states 
is limited. For the Ta2PdS6 nanowire-based phototransistor, the 
threshold voltage Vth was observed to shift from −21 V to −18 V 
to −13 V for the dark condition and a 633 nm laser illumination 
with an incident light power density of 0.025 and 1.5 W m−2, 
respectively (Figure  5b), which clearly manifests the existence 
of a photogating mechanism in this device. Based on the above 
discussion, it is noted that the photoconductive and photogating 
effects show a different power density-dependent photocurrent 
relationship (Iph ∞ Pα), with α = 1 for the former and α < 1 for 
the latter, which also confirms the existence of a photogating 
effect in our device because α is less than 1 (Figure 5c).

The energy band diagram for the Ta2PdS6 channel and metal 
contacts is shown in Figure  5d, which can be used to explain 
the mechanisms operating in our device. In region I, the tran-
sistor is in the off-state and positively charged holes are induced 
into the channel to make the valence band bend downward at 
the Ta2PdS6/drain interface (Figure 5d), leading to a barrier for 
holes moving from the channel to the drain contact. Ta2PdS6 is 
an n-type semiconductor, so the concentration of hole carriers is 
low; thus, the photogating effect is negligible and the photocon-
ductive effect dominates in region I, which is also confirmed 
by the low transconductance and the value of α being close to 
1 (Figure 5b,c). When a larger negative gate bias is applied, the 
photogenerated holes suffer from severe scattering and recom-
bination, resulting in a smaller photocurrent (Figure  5b). In 
region II, following application of a higher gate voltage, EF 
moves to higher energy and the band becomes almost flat, 
leading to switching of the transistor to the on-state and a 
decrease in the concentration of free holes with increasing free 
electron concentration, accompanied by the coexistence of hole 
and electron trap states. When the gate bias reaches ≈−18  V, 
the electron trap states are mostly occupied by free electrons, 
but the hole trap states are partly occupied by photogenerated 
holes, which prolongs the photogenerated electron lifetime. 
Meanwhile, the electron transport barrier is at the minimized 

level to produce the shortest electron transit time, giving rise 
to a large photoconductive gain G (G  = τlifetime/τtransit) and 
maximized photocurrent (Figure 5a, top panel). As a result, the  
photogating effect is dominant in region II, which is also 
identified by the fact that the value of α is far lower than 1 
(Figure 5c). In region III, a positive gate bias is applied and the 
corresponding channel is n-doped with the valence band bends 
downward at the Ta2PdS6/source interface, leading to a barrier 
for electrons moving from the channel to the source. In this 
region, the concentration of free electrons in the conduction 
band is high but the concentration of free holes in the valence 
band is low, leading to the electron trap states becoming fully 
occupied by electrons but with the hole trap states nearly empty 
in the dark condition. After illumination, electron-hole pairs 
are generated and the photogenerated holes are subsequently 
trapped in the hole trap states (Figure 5d), which prolongs life-
time of the photogenerated hole, leading to a large photocon-
ductive gain. Therefore, the photogating effect is dominant in 
region III, which is also confirmed by a value of α far smaller 
than 1 (Figure  5c), as found for region II. However, when a 
larger positive gate bias is applied, the heavily n-doped channel 
produces a higher electron barrier to make the electrons 
suffer from severe scattering and electron-hole recombination, 
resulting in a repressed photocurrent (Figure 5b, top panel).

Photoresponsivity (R) is a key figure of merit parameter for 
evaluating the performance of the phototransistor, which is 
defined by R = Iph/P, where Iph is the photocurrent flowing 
in the device and P is the incident optical power. Based on 
the photogating effect in our device, under 633 nm-laser illu-
mination, the photoresponsivity can be continuously tuned 
by the gate bias (Figure  5e), in which a peak responsivity of 
≈1.42 × 106 A W−1 is achieved at a gate bias of ≈−18 V and light 
power of 0.025 W m−2, which is one of the highest recorded 
values among all 2D material-based phototransistors.[6,11,31–39] 
It is also noted that an increased responsivity was observed 
with reduced excitation power (Figure  5e,f ), which is pos-
sibly attributed to the less frequent carrier recombination and 
longer carrier lifetime at weaker illumination. In addition, 
the dependence of photoresponsivity on the light power at a 
wavelength of 1064 and 1450 nm is also shown in Figure 5g, 
Figures S7 and S8, Supporting Information, manifesting that 
the highest responsivities are ≈420 and 60 A W−1, respectively, 
which are lower than that obtained at 633  nm due to the 
smaller optical absorptions resulting from the lower photon 
energies. Furthermore, the cyclability of the phototransistor 
under illumination by a laser at a wavelength of 633, 1064, 
and 1450  nm is checked with a bias voltage of 0.5  V and a 
gate voltage of −50 V (Figure 5g), which shows little deviation 
in the duration cycles, suggesting that the photoresponse of 
our device is reversible and stable. The rise time/decay time 
is also an important figure of merit, which is defined as the 
time over which the stable photocurrent varies from 10/90% 
and 90/10% when the laser is switched on or off, respectively. 
Figure 5h shows that our device displays a moderate response 
rate with a rise time and decay time of ≈0.8 s and 3 s, ≈2 s and 
3 s, and ≈5 s and 3 s for 633, 1064, and 1450 nm laser illumina-
tion (Figure 5h), respectively. The seconds-level response time 
of our devices is not fast compared to most of 2D materials-
photodetectors,[40–42], for example, 6  ms/20  ms of Bi2Se2O,[43] 
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400 µs/200 ms of MoS2,[44] which should be attributed to the 
photogating effect.

Photoconductive gain (G) is used to evaluate the ability 
of detected charge carriers per single incident photon, which 
is defined as G  = τlifetime/τtransit (abovementioned) = Rhν/qη, 
where hν is the photon energy, η is the absorption of the 
channel, and q is the unit of charge. Figure 6a shows that the 
photoconductive gain decreases as the laser power increases 

at an incident laser wavelength of 633, 1064, and 1450  nm, 
which is due to improved frequent carrier recombination and 
reduced carrier lifetime with increasing light power. It is noted 
that a maximal photoconductive gain of approximately 2.7  × 
106 is achieved by using a 633  nm laser and a bias voltage of 
1.0  V, which is superior to that obtained by the vast majority 
of reported 2D material-based photodetectors. Meanwhile, 
maximum external photoconductive gains of 508 and 121 are 

Figure 6.  The power-dependence of the a) photoconductive gain and b) detectivity for a trilayer Ta2PdS6 nanowire-based phototransistor excited by 
a laser with a wavelength of 633, 1064, and 1450 nm, respectively. Vds = 1 V. c) Ids-Vds curves for the phototransistor under laser illumination at dif-
ferent wavelengths ranging from 450 nm to 1450 nm with a laser power intensity of approximately 3.3 W m−2. Vbg = −50 V. d) The excited wavelength-
dependence of the photoresponsivity of the phototransistor under a laser excitation power of ≈3.3 W m−2. Vbg = −50 V, Vds = 1 V. e) Comparison of 
high-performance phototransistors based on 2D materials, including PtSe2,[11] PdSe2,[6] ReS2,[29] PtS2,[27] MoS2,[31] WSe2,[34] InSe,[33] In2Se3,[32] GaTe,[28] 
black phosphorus (BP),[30] GaSe,[35] SnSe2,[36] Tellurene,[48] Bi2O2Se,[49] TiS3,[27] and SnSe.[50]
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achieved for NIR light with a wavelength of 1064 nm and short-
wave infrared (SIR) light with a wavelength of 1450  nm. The 
high photoconductive gain of our device can be attributed to 
a long lifetime for holes, resulting from the trapping of holes 
and the short electron transit time due to the high electron 
mobility. Moreover, the detectivity is one of the most impor-
tant figures of merit, representing the sensitivity to distinguish 
the background noise, which is given by D* = (SΔf)1/2/NEP, 
where S is the effective area of the device, Δf is the electrical 
bandwidth in Hz, and NEP is the noise equivalent power. The 
actual noise, including the shot noise, thermal Jounson noise 
and 1/f noise[45,46] is checked (Figure S9, noise measurement 
in Supporting Information), which displays that the noise of 
our device is dominated by 1/f noise at low frequency, similar 
to some 2D materials based photodetectors.[6,11] Figure 6b plots 
the detectivity under 633, 1064, and 1450 nm incident laser irra-
diation as a function of light intensity, revealing that, under 
illumination by a 633 nm laser, the maximal D* can reach 7.1 × 
1010 Jones (Vbg = −18 V, Vds = 1.0 V). In addition, under illumi-
nation at 1064 and 1450 nm, maximum detectivities of 1.9 × 107 
and 2.8 × 106 Jones were achieved at light intensities of 3.19 and 
0.43 W m−2, respectively.

The broadband photoresponse performance of the Ta2PdS6 
nanowire-based transistor is investigated under the illumination 
of a 3.3 W m−2 fixed-intensity laser with different wavelengths 
ranging from 450 nm to 1450 nm (Figure 6c,d). Figure 6c shows 
the output curves (Ids-Vds) obtained under laser illumination at 
different wavelengths, revealing that our device shows a good 
broad spectral response to light in the ultraviolet to SIR regions. 
Moreover, it is worth noting that the photocurrent decreases as 
the light wavelength increases (Figure 6c); correspondingly, the 
photoresponsivity shows the same trend, which can be ascribed 
to the weaker optical absorption of the long wavelength light. 
The performance of the main 2D material-based photodetec-
tors with their highest records is summarized in Figure  6e, 
including Ta2PdS6, PtSe2,[11] PdSe2,[6] ReS2,[33] PtS2,[31] MoS2,[35] 
WSe2,[38] InSe,[37] In2Se3,[36] GaTe,[32] black phosphorous (BP),[34] 
GaSe,[39] SnSe2,[47] tellurene,[48] Bi2O2Se,[49] TiS3,[27] and SnSe.[50] 
A comparison of the photoresponsivity, detectivity, photocon-
ductive gain, air stability, maximum detection wavelength, and 
carrier mobility found for the abovementioned 2D devices and 
our fabricated Ta2PdS6 nanowire-based device shows that our 
device exhibits the excellent comprehensive performance. The 
excellent comprehensive optoelectronic performance makes 2D 
Ta2PdS6 a promising commercial optoelectronic channel mate-
rial for various applications in image sensing, communications, 
environmental monitoring, remote control, etc.

In summary, we developed a new 2D material: Ta2PdS6 
atomic layers, which can be obtained via high-temperature 
solid-state synthesis of bulk crystals and subsequent exfoliation 
of bulk crystals into thin crystals. An experimental and theo-
retical investigation reveals that the Ta2PdS6 atomic layers are 
semiconducting and their bandgaps can be tuned from near 
0 eV for the bulk to 1.0 eV for a monolayer. A phototransistor 
based on a trilayer Ta2PdS6 nanowire was successfully fabri-
cated, which is found to exhibit excellent electronic and opto-
electronic performance, better than that shown by other 2D 
materials. This is attributed to the strong hybridization between 
the Pd and S atoms for the former and the photogating effect 

for the latter. Such high performance makes the multilayer 
Ta2PdS6 nanosheet or nanowire a promising candidate material 
for future sensitive optoelectronic applications.

Experimental Section
Synthesis and Mechanical Exfoliation of Ta2PdS6 Single Crystals: Single 

crystals of Ta2PdS6 were prepared by solid-state reaction with iodide as 
the fluxing agent. Stoichiometric amounts of high purity Ta, Pd, and S 
with a weight of 0.3 g and 120 mg of iodide were sealed in an evacuated 
20  cm-long quartz tube under vacuum at 10−6  Torr, which was placed 
in a two-zone furnace (front section, Figure  1b). Next, the reaction 
zone was slowly heated up to 850  °C and held for 200 h with another 
zone held at 900 °C, preventing transport of the samples (back section, 
Figure 1b). After that, the furnace was naturally cooled down to RT and 
the products were collected in the reaction zone. Subsequently, the 
products were cleaned by using acetone to remove iodide, and, then, 
pure Ta2PdS6 single crystals with shiny, needle-like shapes were obtained 
(inset of Figure 1d, top of Figure 1e). Few-layer Ta2PdS6 was mechanically 
exfoliated from bulk crystals and transferred to a silicon substrate 
with a 280  nm thick silica layer using a scotch tape-based mechanical 
exfoliation method, which has been previously widely employed for the 
preparation of few-layer graphene and transitional metal dichalcogenides 
(TMDs).

TEM Sample Preparation and Image Simulations: The TEM sample 
was prepared by transferring the Ta2PdS6 exfoliated flakes onto an Au 
grid with a carbon film via a conventional wet-transfer method with the 
assistance of PMMA. Z-contrast STEM imaging was carried out with a 
modified JEOL 2100F equipped with a delta probe corrector, which is 
used to correct for aberration up to the 5th order, resulting in a probe 
size of 1.4  A. The imaging was conducted at an acceleration voltage 
of 60  kV. The convergent angle for illumination was ≈35  mrad, with a 
collection detector angle ranging from 62 mrad to 200 mrad.

Fabrication and Measurement of the Devices: The devices were 
fabricated by standard electron-beam lithography (EBL), and Cr/Au 
(10  nm/50  nm) contact electrodes were deposited using electron-
beam evaporation. The channel length and width are 5 and ≈0.11  µm. 
The electronic and optoelectronic measurements were performed by 
using an Agilent B1500A Semiconductor Device Parameter Analyzer in a 
vacuum chamber of 10–3 Pa. Lasers with varying power and continuous 
wavelengths ranging from 450 nm to 1450 nm were used to investigate 
the photoresponse of the Ta2PdS6-based device. The laser spot with 
round shape has a typical diameter of ≈10  mm. The output powers 
of 633  nm laser used are 1.96 µW, 4.95 µW, 6.91 µW, and 0.12  mW, 
respectively. The output powers of 1064  nm laser used are 0.25, 0.88, 
and 2.2 mW, respectively. The output powers of 1450 nm laser used are 
34 µW, 0.28  mW and 2.1  mW, respectively. The noise spectral density 
was acquired by a spectrum analyzer (SR 770) with source-drain bias 
supplied by Agilent B1500A at ambient conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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