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Abstract: Transition metal dichalcogenides (TMDCs) with 2H phase are expected to be the building 

blocks in next-generation electronics, however, suffered from electrical anisotropy, which is the 

basics for multi-terminal artificial synaptic devices, digital inverters, and anisotropic memtransistors 

that are highly desired in neuromorphic computing. Herein, the anisotropic carrier mobility from 2H 

WSe2 is reported for the first time, where the anisotropic degree of carrier mobility spans from 0.16 

to 0.95 for various WSe2 field effect transistors under a gate voltage of -60 V. Phonon scattering, 

impurity ions scattering, and defect scattering are excluded for anisotropic mobility. Intrinsic 

screening layer is proposed and confirmed by Z-contrast STEM imaging to respond to the electrical 

anisotropy. Seven types of intrinsic screening layers are created and calculated by density functional 

theory to evaluate modulated electronic structures, effective masses, and scattering intensities, 

resulting in anisotropic mobility. The discovery of anisotropic carrier mobility from 2H WSe2 provides 

a degree of freedom for adjusting the physical properties of 2H TMDCs and a fertile ground for 

exploring and integrating the TMDCs electronic transistors with better performance along the 

direction of high mobility.  
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Multiterminal synaptic devices based on electrical anisotropy provides a freedom dimension for 

axon-multi-synapses net-work in brain-like computing,[1] where two-terminal artificial synapses are 

proposed first for signal transmission.[2] However, the two-terminal artificial synapses are suffered 

from processing signal transmission and learning functions simultaneously. Then, three-terminal 

artificial synapses have been researched to overcome those problems of two-terminal artificial 

synapses with the channel materials as synaptic weight.[3] Three-terminal synaptic transistors have 

been achieved recently based on various novel materials,[4] containing SiO2-based proton conducting 

electrolytes,[4a-g] spin-coated organic electrolytes,[5] and exfoliated two-dimensional (2D) 

materials.[1a] The energy dissipation per spike was calculated to be 438 pJ in multiterminal oxide 

neuro-transistor.[4g] Multi-gate 2D MoS2 synaptic transistor presented the energy consumption of 

single spike event 23.6 pJ.[6] Organic nanowire synaptic transistor reduced energy consumption per 

switching event to 10 fJ.[7] However, three-terminal synaptic devices are essentially the simple 

counterpart of two-terminal biological synaptic devices, lacking the feasibility to extend 

neuromorphic computing paradigms beyond vector-matrix multiplication, such as intrinsic electrical 

anisotropy. Meanwhile, the low energy consumption based on 2D synaptic transistor suggests the 

superiority and potential application for next-generation computing technologies,[8] promoting the 

exploitation of intrinsic electrical anisotropy from 2D materials. Thus, the carrier anisotropy from 2D 

materials is the hot topics in recent years, where two types can be concluded: semiconductors and 

semi-metals. 

The carrier anisotropy from 2D semiconductors was first discovered from black phosphorus for 

the light and heavy carrier effective masses from various crystal directions.[9] Then, the anisotropy of 

carrier mobility from 2D materials with a puckered crystal structure has been developed, such as 
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SnSe,[10] SnS,[11] GeSe/GeS.[12] The different effective masses from armchair and zigzag directions are 

responded to the electrical anisotropy. Recently, the new multilayer materials fabricated by 

mechanical stripping, for example Ta2NiS5,
[13] GeSe2,

[14] GaAs2,
[15] GeP,[16] and TaIrTe4,

[17]
 have 

presented the carrier mobility anisotropy for the same reasons. However, those 2D semiconductors 

are suffered from the poor stability for the practical applications.[18] 

The 2D materials with semi-metal property were also exploited, such as GaAs,[19] ZrTe5,
[20] 

ZrB2,
[21] ReS2,

[22] ReS2(1-x)Se2x,
[23] 1-T' MoS2.

[24] Excepting from the different effective masses, the path 

of carrier transport with gate voltage regulation was calculated. Taking ZrB2 for example, the 

electrical transport along armchair and zigzag directions is dominated by metallic Zr-Zr bonds under 

low biases,[21] while B-B transport channels are opened under high biases. Yet the application is 

limited by the semi-metal property and instability. 

Therefore, the 2D materials with perfect stability and electrical anisotropy have not been 

achieved. Considering the 2D semiconductor with the perfect stability and suitable preparation 

process, transition metal dichalcogenides (TMDCs) with 2H phase are the first choice.[25] But the 

carrier transport in monolayer TMDCs is isotropic for the same effective mass in different 

orientations at K and K′ valleys.[26] 

Herein, we present the anisotropic carrier mobility in 2H WSe2, where the degree of mobility 

anisotropy is spanned from 0.16 to 0.95 with the gate voltage at -60 V. We propose the model of the 

partially covered ‘second’ layer WSe2, called the intrinsic screening layer, to explain the anisotropic 

carrier mobility, which is confirmed by the experiment results and theoretical calculation. Seven 

types of intrinsic screening layers and electronic structures are defined and calculated by density 
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functional theory (DFT) to evaluate the mechanism of electrical anisotropy, containing the clusters of 

W, Se, and WSe atoms, and the adlayers of W, Se, WSe, and WSe2. The various scattering intensities, 

effective masses, and transport pathways, induced by the intrinsic screening layers, response to 

electrical anisotropy. We believe the anisotropic carrier mobility would find breakthroughs in 

perspectives of multi-terminal artificial synaptic devices, electronic components, brain-like 

computing, sensors, and so on. 

Six pairs of diagonal electrodes (10 nm Ni/50 nm Au) were prepared on monolayer WSe2 spaced 

at the angle of 30° (Figure 1a). The atomic force microscope (AFM) image clearly identified the WSe2 

thickness to around 0.7 nm (Figure 1d), confirmed the monolayer structure. The diagonal electrodes 

marked 0° is presented as reference direction, which was measured first in the experiment. The 

transfer curves of field effect transistors (FETs) from the angle-resolved diagonal electrodes with the 

bottom gate voltage are shown in Figure 1b. The drain-source current (   ) is enhanced with 

increasing negatively the gate voltage under the drain-source bias     at 0.1 V, indicating a p-type 

channel behavior of monolayer WSe2. On-off current ratio of FET devices from different diagonal 

electrodes is higher than 5   106. The output current shows a decreased trend from 0° to 60° with 

decreasing the gate voltage, and then presents an increased trend from 60° to 150°, suggesting the 

anisotropic carrier transport.  

Field effect mobility for angle-resolved diagonal electrodes of the WSe2 FET devices was 

calculated using the equation   [         ]                 , where           is the 

channel length,          is the SiO2 thickness,          is the channel width,          

            is the vacuum permittivity,        is the relative permittivity of SiO2. The maximum 

mobility is 117 cm2/Vs at 150° and the minimum mobility is 49 cm2/Vs at 30° with the gate voltage 
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at -60 V (Figure 1c), suggesting the anisotropic carrier transport in monolayer WSe2. For all the FET 

calculation, mobility is overestimated because the actual channel width is larger than 3 μm 

(electrodes width), however, the overestimation for all FETs is the same. And the mechanism of 

large mobility will be reported in another paper. Then the polar, plotting the dependence of carrier 

mobility on the angles with the gate voltage at -60 V, was simulated using trigonometric function to 

illuminate the changed trend clearly (Figure 1e). A sinusoid curve is presented, similar to the 

anisotropic carrier conductivity in black phosphor.[9,27] For the purpose to check the credibility of the 

anisotropic carrier mobility in monolayer WSe2, multiple FET devices were prepared and measured. 

We define the degree of polarization/anisotropy   
         

         
, where      is the maximum 

mobility and      is the minimal mobility. The FET devices give the various degree of 

polarization/anisotropy from 0.16 to 0.95 with the gate voltage at -60 V, declaring the real existence 

of anisotropic carrier mobility in WSe2. 

In order to understand the microscopic mechanism of anisotropic carrier mobility from 

monolayer WSe2, we first study the type of contact between the Ni/Au electrodes and WSe2, 

because the barrier height from Schottky contact influences significantly the carrier injection[28] and 

the calculated mobility.[29] All of the output curves from Ni/Au electrodes of the WSe2 FET devices 

show the perfect linear features (Figure S1 and S2), indicating the Ohmic contacts between the 

electrodes and WSe2. Meanwhile, the contact resistances are calculated to be 12964 Ω (Figure S2d), 

while total resistances of any WSe2 FET devices are at least 108 Ω with the gate voltage and drain-

source bias at -60 V and 0.1 V, respectively, indicating the channel resistances are the magnitude of 

108 Ω. The gap of four order of magnitude between contact resistances and channel resistance 
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demonstrates the negligible effect of contacts between WSe2 and Ni/Au electrodes. Thus, the 

contacts are not the main reason for the anisotropic carrier mobility. 

The factors influencing the carrier mobility, phonon scattering, impurity ions scattering, and 

effective mass are discussed as follows. 

Phonon scattering is the main factor affecting the carrier mobility of monolayer TMDCs at room 

temperature,[30] which can be reflected from the polarization-resolved Raman scattering. The 

spectrum from WSe2 FET devices gives two peaks centered around 249 cm-1 and 260 cm-1 (Figure S3), 

suggesting the 2H phase of monolayer WSe2. The Raman peak around 249 cm-1 is ascribed to the 

out-of-plane mode    ,[31] and the weak peak centered at 260 cm-1 is attributed to    
  mode for the 

second order peak from the longitudinal acoustic phonons at the M point in the Brilliouin zone.[32] 

The    
  mode centered on 304 cm-1 is not observed, which is the fingerprint of few-layer WSe2,

[33] 

proving the monolayer thickness of WSe2 FET device again. The angle-resolved polarized Raman 

scattering from WSe2 FET device illuminates 60° as the maximum angle (Figure 2a), where 0° 

direction is the reference direction of anisotropic carrier mobility. Thus, 90° is presented between 

the maximum direction of Raman scattering and anisotropic carrier mobility. For the purpose to 

verify the phenomenon, lots of devices were fabricated and measured. Various degrees of 30°, 60° 

and 90° between the maximum direction of Raman scattering and anisotropic carrier mobility are 

also presented (Figure S4), indicating the irrelevance between phonon scattering and the anisotropic 

carrier mobility. 

Charged ions scattering and defect scattering were discussed because the impurity ions and 

defects are inevitable in TMDCs for the impure raw materials, ion diffusion from the reaction vessels, 
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and unbalanced reaction conditions. Those scattering can be reflected from the luminescence 

spectra for the modulation of crystal field by impurity ions and atomic defect. The luminescence 

spectrum illustrates a luminescence peak at 776 nm (Figure S3b), agreeing well with the emission 

from monolayer WSe2.
[34] The polarization-resolved luminescence from the WSe2 FET devices 

provides the similar trend with Raman scattering (Figure 2d and S4), seemingly proving the 

irrelevance between the crystal field and anisotropic carrier mobility.  

Then, Raman mapping and PL mapping of the WSe2 FET device were measured to study the 

distribution and uniform of charged ions and atomic defects. The Raman and luminescence mapping 

are carried out at 249 cm-1 and 776 nm, respectively. The Raman mapping shows almost the same 

intensity across the whole devices (Figure 2e), while luminescence mapping presents a triangle 

shape (Figure 2f), where the intensity is lower than other area. The lower luminescence intensity 

implies a poor crystal structure in the triangle area. The similar phenomena are also discovered in 

other devices with anisotropic carrier mobility (Figure S5), explaining that the different crystal 

structures in those monolayer WSe2 cause the anisotropic carrier mobility. 

Atomic defects in WSe2 were first examined for reduced luminescence intensity with the 

defects inducing poor crystal structure. Furthermore, the type and distribution of atomic defects 

could introduce localized mid-gap states and scatter carriers, resulting in the reduced conductivity 

around line defects.[35] DFT shows the defects will induce anisotropic conductivity along armchair 

and zigzag directions when the concentration of point defects is higher than 1.86   1 12    .[35] The 

defect structure was characterized by scanning transmission electron microscope (STEM), where a 

high-magnification annular dark-field (ADF) imaging was recorded at 200 kV primary voltages. It was 

difficult for us to find the point defect in our monolayer WSe2. Only few defects can be found after 
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searching for a long time (Figure S6 and S8), indicating the low defect concentration in the 

monolayer WSe2.  

Thinking carefully about the local characterization of STEM, luminescence spectra under low 

temperature was measured to assess the defect concentration once again. Because the defect 

luminescence could be appeared at low temperature and the luminescence intensity is positively 

related with defect concentration.[36] The luminescence spectra of WSe2 FET device is shown in 

Figure S6e. The luminescence spectra give three peaks with decreasing the temperature, which are 

responded to the neutral excitons, negative trions, and bound excitons at defect sites, 

respectively.[37] The defect connected luminescence was first detected at 37 K and then enhanced 

with decreasing the temperature. It’s reported that the defect luminescence appears at 77 K when 

the defect concentration is 6   1 11    ,[38] and the luminescence intensity should increase with 

increasing the defect concentration.[36] Therefore, the defect concentration in our WSe2 FET device is 

much lower than 6   1 11     and cannot induce the anisotropic carrier mobility. 

During the process of searching defects, a ‘galaxy’ was in sight and attracted our attentions 

(Figure S7a). When enlarged the galaxy, lots of ‘stars’ come into view (Figure S7). That’s interesting. 

Because the atoms should be ‘glowed’ uniformly with the perfect atom structures of 2H WSe2, while 

the bright stars with unevenly distribution imply a new atom structure. Thus, the atom structure was 

analyzed rigorously and carefully. Parts of W atoms are superimposed by another W atom and form 

the brightest stars. Some of Se atoms are covered by two Se atoms and show the brighter stars. Also, 

lots of Se atoms are grown by another Se atom and present the bright stars. And other atoms in 

monolayer WSe2 give the normal brightness (Figure 3). When the additional atoms come together, 

the isolated islands are formed, which is like the ‘second’ layer WSe2. Thus, we call it intrinsic 
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screening layer. The intrinsic screening layers are arranged linearly and formed into a galaxy. We 

speculate that the intrinsic screening layer might be the crystal nuclei of the second layer WSe2, 

because the spiral-shaped layer is grown on the monolayer WSe2 when extending reaction time 

(Figure S7).  

The intrinsic screening layer could couple with monolayer WSe2 and the interlayer interaction 

will modulate the electronic structure of monolayer WSe2. Meanwhile, the analogous bilayer 

structure might lead to the conversion from direct bandgap to indirect bandgap, resulting in the 

lower luminescence intensity, as shown in Figure 2f. 

In order to confirm the proposed mechanism of intrinsic screening layer, seven types of intrinsic 

screening layers and electronic structures are established and calculated by DFT (Figure 4b-i), the 

calculation details can be found in Experimental Section. The intrinsic screening layers with absorbed 

cluster, especially Se atoms, would induce defect scattering and reduce electrical conductivity, while 

not seriously affect effective mass of monolayer WSe2 (Figure 4b-d). The adlayers of Se and W atoms 

could make the WSe2 become metallic and enhance the electrical conductivity largely (Figure 4e-f). 

Meanwhile, the adlayers of WSe and WSe2 atoms could affect the effective masses and electrical 

conductivity of WSe2 obviously (Figure 4g-h). Thus, the different kinds of intrinsic screening layers 

can induce electrical anisotropy of WSe2. 

Furthermore, to achieve the consistent and robust anisotropic mobility, and understand the link 

between orientation of anisotropic mobility and intrinsic screening layer. We chose the 1D adlayer of 

WSe2 to calculate the conductivity and verify by experiment results, because the 1D ribbon WSe2 is a 

common phenomenon during the CVD synthesis for spiral growth of multilayer TMDCs.[39] The 
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electronic structure presents that the effective mass of WSe2 is not modulated obviously (Figure 4i), 

while the electrical conductivity along the 1D ribbon direction is enhanced for the additional 

conductive pathway provided by ribbon layer. The experiment results are agreed well with the DFT 

calculation, where the conductive ability along 1D ribbon direction shows 3-10 times that of the 

vertical direction (Figure S9), presenting 0.45-0.95 of the anisotropic degree of carrier mobility. 

Besides, the electrical anisotropy from 2H MoSe2 is also presented with 1D ribbon MoSe2, confirmed 

the generality of modulated electrical anisotropy by intrinsic screening layer again (Figure S9). 

Therefore, the consistent and robust anisotropic mobility is achieved, accompanying with the 

established link between the orientation anisotropic mobility and 1D ribbon direction. 

To support the mechanism of the intrinsic screening layer connected the anisotropic scattering, 

effective mass, and carrier mobility, gate voltage modulated degree of polarization/anisotropy was 

analyzed. The degree of polarization/anisotropy is reduced with increasing the gate voltage 

negatively (Figure 5), which can be explained from the screening effect. Carrier density (p) from 

WSe2 increases with increasing the gate voltage negatively (p        , where    is threshold 

voltage),[40] causing the enhanced screening ability of carriers to external Coulomb potential,[41] the 

reduced scattering of polarized optical phonon scattering from WSe2 surface,[42] and the weakening 

effect from the intrinsic screening layer. Therefore, the electrical behaviors of WSe2 FET devices are 

trended to present the performance of monolayer WSe2, which is electrical isotropic. And the degree 

of polarization/anisotropy is reduced with increasing the gate voltages negatively, conformed the 

microscopic mechanism again. Furthermore, we can expect the modulated anisotropic ratio from 

other 2D materials, also those with intrinsic electrical anisotropy, such as SnS, SnSe, because various 
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mobilities and effective masses from monolayer, bilayer, or multilayer materials construct the basis 

of intrinsic screening layer regulating electrical anisotropy.[43] 

In summary, we have introduced the anisotropic carrier mobility from 2H WSe2 for the first time 

and proposed the mechanism of intrinsic screening layers modulating electrical anisotropy, 

excluding phonon scattering, impurity ions scattering, and defect scattering. The clusters of W, Se, 

and WSe atoms could induce defect scattering to reduce electrical conductivity. The adlayers of W 

and Se will make WSe2 become metallic and enhance the electrical conductivity. And the adlayers of 

WSe and WSe2 would affect the effective mass and electrical conductivity simultaneously. Besides, 

the consistent anisotropy mobility has been achieved with 1D WSe2 ribbon, which are verified by 

theoretical calculations and experimental results. The excellent photo-electrical performances and 

perfect stability of 2H WSe2 lay the foundation for microelectronics applications with the channel 

length less than 10 nm.[44] The discovered anisotropy of carrier mobility from 2H WSe2 provides the 

new idea for designing and fabricating new electronic devices, such as high-speed electronics and 

radio frequency nanoelectronics. The electrical anisotropy also offers the path to multi-terminal 

artificial synaptic devices in neuromorphic computing. 

 

Experimental Section 

Synthesis of WSe2: The monolayer WSe2 was grown by physical vapor deposition.[25] WSe2 powder 

(99.9%, Alfa) was used as the raw material. 1 g WSe2 powder was supported by quartz boat and 

placed at the center of furnace in 1-inch quartz tube. The substrate of 300 nm SiO2/Si was put at 
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downstream end of the furnace. The tube was heated up to 1180 °C and kept 5 min under ambient 

pressure with the Ar flow 80 sccm. Then the furnace was cooled down naturally. 

FET fabrication: The FET devices were fabricated by electron-beam lithography (EBL) and thermal 

evaporation. Monolayer WSe2, supported by 300 nm SiO2/Si substrate, was spin-coated by poly 

(methyl methacrylate) (PMMA) with 4000 rpm for 60 s, followed by heating at 150 °C for 5 min. EBL 

was used to open electrode patterns and Ni/Au (10/50 nm) was deposited by thermal evaporation. 

The sample was immersed into acetone to remove the residual PMMA. 

Transfer monolayer WSe2 to TEM grid: PMMA was spin-coated on monolayer WSe2 supported by 

300 nm SiO2/Si substrate, followed by heating at 120 °C for 3 min. The edge of PMMA was removed 

by a blade and immersed into NaOH solution (1 mol/L). After dropped from the substrate, PMMA 

was transfer onto a TEM grid and washed by water for several times. The target sample on TEM grid 

was immersed into acetone for 10 minutes to remove PMMA and washed by acetone for several 

time. 

Electrical and optical characterization: The electrical properties of WSe2 FET devices were measured 

by a Keithley 4200-CSC parameter analyzers. Optical properties of WSe2 FET devices in room 

temperature were carried out on an HR 800, HORIBA Jobin Yvon spectrometer with an excited 

source at 532 nm. Optical properties of WSe2 FET devices at low temperature were carried by 

Princeton Instruments Acton SpectraPro SP-2500 spectrometer equipped with a Montana 

Instruments cryostat excited by 532 nm. 
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AFM and STEM Z-contrast analysis: AFM image of monolayer WSe2 FET devices was obtained on 

SPM9700 microscopy with the operated voltage at 200 kV. STEM imaging was performed on a 

spherical aberration-corrected FEI-Titan Cubed Themis G2 300 operated at 200 kV. 

DFT calculations: DFT calculations were performed using the projector-augmented wave (PAW) 

pseudopotentials in conjunction with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional as implemented in Vienna Ab-initio Simulation Package (VASP). The energy cutoff of 

plane-wave was set to 400 eV. The thicknesses of vacuum length were larger than 15 Å. 4 × 4 WSe2 

supercells were used as the simulate the adlayers on WSe2 surfaces. We employed a nonlocal 

correction function vdW-DF (optB86b)[45] to consider the van der Waals interactions between 

adsorbates and WSe2 monolayers. All the structural models were relaxed until the force on each 

atom is less than 0.02 eVÅ−1, and the break condition of the electronic self-consistent loop was set at 

1 × 10−6 eV. K-meshes of 3 × 3 × 1 were adopted to sample the Brillouin zones of the conventional 

unit cell for structural properties. The electronic band structures were all unfolded to the primitive 

cells using the VaspBandUnfolding code. 
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Figure 1. a) Optical image of monolayer WSe2 FET devices. b) Transfer curves for angle-resolved 

diagonal electrodes of the WSe2 FET devices. c) Field effect mobility for angle-resolved diagonal 

electrodes of the WSe2 FET devices. d) AFM micrograph of the WSe2 FET devices. e) Dependence of 

carrier mobility on the electrodes’ angle with the gate voltage at -60 V. f) Histogram of anisotropic 

degree for carrier mobility from the prepared WSe2 FETs.  
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Figure 2. a-b) Polar plots of angle-resolved polarized Raman scattering intensity (a) and 

photoluminescence intensity (b) from the WSe2 FET device, respectively. c-d) Dependence of Raman 

(c) and photoluminescence (d) spectra from the WSe2 FET device on the polarized angle of excited 

laser. e-f) Raman (e) and photoluminescence (f) mapping from the WSe2 FET device. The Raman and 

luminescence mapping are carried out at 249 cm-1 and the 776 nm, respectively. 
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Figure 3. a-c) Atomic resolution Z-contrast images of monolayer WSe2. d) Intensity profiles of 

different atom clusters. e-g) The atomic structure determined by the histogram analysis 

corresponding to images a (e), b (f), and c (g), respectively. 
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Figure 4. a-d) Crystal structure and electronic structure from monolayer WSe2 (a), with absorbed 

cluster Se (b), absorbed cluster W atoms (c), absorbed cluster of W and Se atoms (d), where 

electronic structures with spin up band (left) and spin down band (right) in c. e-f) Crystal structure 

and electronic structure from monolayer WSe2 with adlayers of Se (e) and W (f) atoms, respectively. 

g) Crystal structure and electronic structure from monolayer WSe2 with the adlayers of W and Se 
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atoms. h) Crystal structure and electronic structure from bilayer WSe2 with AA stacking. i) Crystal 

structure and electronic structure from monolayer WSe2 with adlayer of 1D WSe2 ribbon.  

 

 

Figure 5. a-c) Polar plots of angle-resolved carrier mobility for three WSe2 FET devices with the gate 

voltage at -100 V, -80 V, -60 V, and -40 V. d) Histogram of anisotropic degree of carrier mobility from 

the three WSe2 FET under different gate voltages.  
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provides a degree of freedom for adjusting the physical properties and an essential step for exploring 

and integrating TMDCs transistors in multi-terminal artificial synaptic devices. 
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