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ABSTRACT 

2D metallic material is an important group member in 2D material family. Many applications 

have been applied in the catalysis and devices. In this paper, we present a novel method to 

prepare the tungsten 2D material, which is simple and powerful. The W thin film is deposited 

via magnetron sputtering. As-deposited tungsten thin film is able to be exfoliated with wet 

and dry methods. We show a clear layered structure of the tungsten thin film from the cross 

sectional view. Via the exfoliation, an large area 2D tungsten monolayer is obtained. After 

oxidation, the 2D material shows potentials in electric signal transport.  

KEY WORDS: 2D material, magnetron sputtering, thin film, monolayer, polycrystalline 

structure 

INTRODUCTION 

Since the discovery of graphene exfoliation [1], the study of 2D materials attracts more 

attention [2] [3],[4],[5]. Meanwhile, more 2D materials are prepared, including 2D metallic 

materials[6],  transition metal dichalcogenides [7], 2D metal oxides [8], 2D polymers [9], 2D 

perovskites [10], etc.  Among all 2D materials, 2D metallic material is an important research 

field, for its various applications in catalysis, electronic devices [2]. 2D metallic material is a 



family which owns many nano structures, such as nano rings [11], nano wheels[12], nano 

ribenons[13], nano belts [14], nano discs [15], nano plates [16], and etc. All these structures 

are closely linked to the synthesis methods, which can be divided according to top-down or 

bottom up strategies [17]. The synthesis of metallic 2D material is often processed in aqueous 

environment with the assistance of templates [2]. In the other words, the templates can be 

“hard” or “soft”, which confine the growth of the materials in interlayers [18],[19]. In the 

other words, the principle of templates is to restrict the growth of materials in some specific 

directions [2]. In recent years, a method of compression synthesis has been invented, which 

works in a mechanical way by cycling size reduction of material. Up to now, Ag, Au, Al, Bi 

and Fe nanosheets have been successfully prepared via this method [20],[21],[22]. Most of the 

methods discussed above are related to non-layered metal or alloy. However, more 

complicated methods are invented to synthesis the layered metallic crystals, including 

molecular beam epitaxy [23], [24]. Many layered crystal structure has been successfully 

synthesized, for instance silicene[25], gemanene[23], antimonene [26], etc.  

The dimensions are important for 2D metallic material. Larger size and smaller thickness are 

often preferred [17]. As discussed above, the morphology and dimension are varied in 

different synthetic methods [27]. The single atom thick Fe membrane shows 0.26 nm. 

However, the lateral dimension is only 1-2 nm [28] . Therefore, the thinner nanosheets or 

membranes are difficult to have a large size, because the 2D morphology is not favored from 

the standpoint of thermodynamics. All the nano materials have tendency to transform into 

isotropic shape to minimize the surface-to-volume ratio[29].  Metallic material generally has 

an excellent electrical transportation property. Except for application of electric transportation, 

the 2D metallic materials are also investigated on the field of catalysis [31], surface enhanced 

Raman scattering [32], sensing [33], solar cell [34], etc.   

We invented a new method to synthesis 2D material. Many chalcogenide 2D materials have 

been successfully prepared with this method in our group  [35]，[36]. In this paper, as-

sputtered tungsten thin film is observed in a stack of 2D monolayers.   The stack of 2D 

monolayers can be exfoliated via sonication in distilled water or oxidation in furnace. Further 

studies show a more complicated structure with tungsten thin film after exfoliation. The 

understanding of conductivity in exfoliated 2D tungsten monolayers can be helpful for 

designing new electronic devices.  

MATERIALS AND METHODS 



Preparation of W thin film: The W thin film is sputtered onto the Si wafer (coated with 5nm 

SiO2) via RF magnetron sputtering 60W for 20 mins. 

The exfoliation of W thin film: In the wet methods, The W was sonicated for 5 mins and 120 

mins. After sonication, tungsten 2D layers remained on the silicon wafer. The W samples are 

referred as “W sample”.  In the dry method, the oxidation of W thin film was oxidized in an 

environment of 20% oxygen and 80% helium (with 400 degree Celsius) for 1 hour. The 

sample is referred as “WO3 sample”.  

The characterizations of sample: The optical images of the tungsten thin film and monolayer 

are taken by the BX51. Transmission electron microscopy (TEM) measurements were 

performed on a JEOL JEM 3010 TEM microscope, where the W or WO3 thin films were 

transferred onto a carbon-coated Cu grid. Morphology of the tungsten thin film in nano scale 

was investigated by a scanning electron microscope (JEOL JSM7500F) at 10kV. The 

chemical composition of WO3 films was determined by X-ray photoelectron spectroscopy 

(XPS, ESCA 2SR, Scienta-Omicron) using monochromatic Al Kα source (1486.6 eV). The 

binding energy scale was referenced to adventitious carbon (284.8 eV). Depth profiling was 

made using a Focus FDG 150/15 ion source with Ar ion beam operated at 1keV and rastered 

over 3 x 3 mm2 area. The height of tungsten monolayers are measured by AFM Solver Pro M, 

NT-MDT in semi-contact mode. The conductive AFM captures the information of the surface 

morphology and current distribution simultaneously.  In the circuit, the tip is negatively 

charged and the tungsten thin film is positively charged at 0.12V.  

 

RESULTS AND DISCUSSION 

 



 

Figure 1 (a) The flow chart of the sample preparation. (b) The optical microscope 

images of the surface of W thin film sonicated for 5 mins, where the 2D layers start to be 

exfoliated. (c) The optical microscope images of the W thin film sonicated for 5 mins, 

where five 2D layers are exfoliated from the W thin film. (d) The optical microscope 

images of the W thin film sonicated for 120 min, where the 2D layer is exfoliated from 

the W thin film along the direction of yellow arrow.  (e) The optical microscope images 

of the surface oxidized tungsten 2D layer from which the 2D layers are exfoliated. 

Figure 1 (a) shows the flow chart of the sample preparation, where W thin film is deposited 

onto the Si wafer (coated with 5nm SiO2) by RF sputtering. The power was kept at 60W for 

20 mins.  As-deposited W thin film contains a stack of 2D layers, where all the 2D layers are 

in a stack (referred as W thin film).  In this paper, we applied two exfoliation methods: wet 

method and dry one. The wet method includes the sonication of tungsten thin film (light blue 

in Figure 1 (a)) and Si wafer (dark blue in Figure 1 (a)) in distilled water. The sonication 

durations are 5 mins and 120 mins, respectively. During the sonication, the flakes are 

dispersed into the distilled water, leaving a step-like profile on the surface of W thin film. 

Meanwhile, some flakes can reabsorb onto the surface of sample. In order to have clean 

surface, the tungsten thin film was purged with water to remove the attached flakes.  The Si 



wafer (dark blue one in Figure 1 (a)) was not purged in order to collect the flakes. After 

drying, the flakes were deposited onto the Si wafer. The tungsten samples in wet method are 

referred as “W sample”. The appearance of tungsten thin film after wet exfoliation has been 

shown in Figure S1. The thickness of the monolayer can be achieved by measuring the height 

of the step. The dry method includes the oxidization of the W thin film in a furnace with the 

flow of oxygen and helium. The temperature was kept at 400 degree Celsius for 1 hour. The 

growth of WO3 layer exfoliates the adjacent monolayers. Although the W thin film is not fully 

oxidized, we still refer it as “WO3 sample”. 

Via the sonication in distilled water, the tungsten 2D layers in vicinity to the surface are firstly 

exfoliated into distilled water. As shown in Figure 1 (b), after 5 mins sonication, the 

exfoliation starts from one region with green and grey color. Afterwards, the 2D layers are 

dispersed into the distilled water.   

After exfoliation, the steps of 2D layers appear on the surface. As shown in Figure 1 (c), five 

2D layers were identified, where the 3rd layer is marked with the label “peeled off”. Generally, 

the W thin film has metallic and lustrous surface, which reflects the incident light [37].  

However, the thin film can be transparent, if its thickness is reduced [38]. As shown in Figure 

1 (d), the transparent topmost 2D monolayer was exfoliated in the direction of the yellow 

arrow.  

The tungsten 2D layers were oxidized in an oven with the mixture of oxygen and helium flow 

(referred as WO3 thin film). After oxidation, the thin film still keeps in a stack. As shown in 

Figure 1 (e), the contrast between dark and light part is possibly due to the exfoliation 

between the adjacent 2D monolayers with the help of oxide.  



 

Figure 2 The free standing 2D layer transferred from the solution on the Si wafer. 

(a)The monolayer transferred from the solution after 5 mins sonication on the Si wafer. 

(b) The folded monolayer transferred from the solution after 10 mins sonication on the 

Si wafer. (c) The monolayer transferred from the solution after 120 mins sonication on 

the Si wafer. (d) The stack of monolayer (1L-6L) transferred from the solution after 120 

mins sonication on the Si wafer.  

From the wet exfoliation, we are able to obtain the very large size monolayers from the 

distilled water easily. During sonication, the tungsten 2D layers are exfoliated from the as 

deposited thin film. The free standing 2D layers can be deposited onto the silicon wafer.  As 

discussed in Figure 1, the tungsten 2D monolayer is semitransparent. In Figure 2, the darker 

W monolayer is deposited on the Si wafer. In some cases, tungsten monolayer with large size 

can be folded after being transferred from the distilled water, as shown in Figure 2 (b). Figure 

2 (c) shows a clear image of folded tungsten monolayer. However, the exfoliation of tungsten 

thin film in distilled water also results in a flake which consists of a stack of monolayers (1L 

to 6L), as shown in Figure 2 (d). The boundaries between tungsten monolayers are clearly 

visible.  



 

 

Figure 3 The morphologies of 2D monolayer (WO3, W) in stack. (a) The low 

magnification SEM image of WO3, where three layers (1L to 3L) are observed. (b) The 

SEM image in high magnification, which is enlarged from dashed square of Figure (a) 

marked with arrow. Four layers (1L to 4L) are identified. (c) The SEM (Scanning 

Electron Microscope) image in high magnification which is enlarged from dashed 

square of Figure (a) marked with arrow. 3 layers (1L to 3L) are observed. (d) Further 

enlarged SEM image from the dashed square of Figure (c). (e) The SEM images of the 

W thin film in cross sectional view, where 2 layers (1L to 2L) can be observed. The 

inserted image shows the enlarge part in the dash circle. (f) The SEM images of the W 

thin film in cross sectional view, where a stack of monolayers are identified. 

The SEM images of sonicated W thin film are shown in the supplementary material (Figure 

S2 (a)-(c)). As the W thin film is oxidized in the mixture of oxygen and helium flow, the 

oxide coating is formed on 2D tungsten monolayers. Therefore, the 2D tungsten monolayers 



are exfoliated with the help of surface oxide. The exfoliation leads to the formation of 

“bubbles” at the surface (Figure S2 (c)). In some cases, some of those “bubbles” can be 

collapsed after heating. The internal layered structure can be imaged at the edge of cracks. As 

shown in Figure 3 (a), 3 layers (1L-3L) are presented. However, the layers in Figure 3 (a) are 

not the thinnest one. From the cross sectional view in Figure 3(a), the 2L layer can be further 

divided into 4 layers in the dash square Figure 3 (b). Moreover, in the left dashed square in 

Figure 3 (a), the 2L layer consists of the thinnest monolayers. From the cross sectional view, 

the tungsten thin film also shows layered structure, as shown in Figure 3 (e) and (f). As shown 

in Figure 3 (e), two layers (1L to 2L) can be observed in the cross sectional view. The overall 

thickness of tungsten thin film is 100 nm. In Figure 3 (f), we can see a stack of tungsten 

monolayers within cross section of the tungsten thin film. The cross-sectional view of 

tungsten thin film was prepared by mechanical cleavage. More information can be found in 

Figure S2 (d)-(g).  

 

Figure 4 The conductive AFM images of samples. (a) The surface morphology of W thin 

film, sonicated for 5 mins, where 2 layers (1L, 2L) are marked. (b) The spread current 

map of W thin film in consistent with (a). (c) The profile of morphology, taken from the 

dash line in (a). (d) The surface morphology of WO3 thin film, where 3 layers (1L to 3L) 

are marked. (e) The spread current map of WO3 thin film is consistent with (d). (f) The 

profile of morphology, taken from the dash line in (d).  



For the metallic 2D material, the most important properties are the thickness of 2D monolayer 

and the resistivity of 2D monolayer. However, the monolayer in Figure 2 is mechanically 

bonded to the substrate. The monolayer can be unstable during AFM scanning. In some cases, 

there might be air gap between the monolayer and substrate, which AFM measures larger 

thickness.  Therefore, we mainly study the thickness of monolayer from the similar steps as 

shown in Figure 1 (c). 

The tungsten 2D layer can be oxidized in the air [39],[40]. The tungsten oxide layer owns 

higher resistivity (630 Ω•cm), and behaves as insulating coating [41]. The conductive AFM 

captures the information of the surface morphology and current distribution simultaneously. 

During the scanning of conductive AFM, the tip is negatively biased at 0.12V, where the 

current flows from the tungsten thin film to the tip. Figure 4 (a)-(c) shows the surface 

morphology and spread current map in the W thin film sonicated for 5 mins. After sonication, 

some W layers have been exfoliated into the distilled water, leaving a step-like profile. The 

optical images of the areas measured by AFM are shown in Figure S3. In Figure 4 (a), a clear 

boundary separates the sample into two sections labeled with 1L and 2L. Due to the contact 

with oxygen in air, the surface is oxidized. From the spread current map in Figure 4 (b), the 

section of 2L layer (~8 MΩ) is more conductive in contrast with the section of 1L layer (~1.7 

GΩ). The height of the step and hence the thickness of 1L monolayer, is 20 nm, as shown in 

Figure 4 (c). The W film sonicated for 120 mins is shown in Figure S4.  As discussed above, 

the monolayers of tungsten thin film is bonded together after sonication. Therefore, the spread 

current contributes from the whole W thin film. After oxidation, each tungsten monolayer is 

covered with oxide. The monolayers are delaminated and insulated by the tungsten oxide. The 

spread current of individual tungsten monolayer covered by oxide can be measured.  

 

The W film was oxidized in the mixture of oxygen and helium flow. As discussed in Figure 2, 

the adjacent monolayers are exfoliated and some defects, such as crack, may occur. Figure 4 

(d)-(f) were taken from the edge of such cracks.  From the Figure 4 (d), 3 layers were 

presented and with different thicknesses. The 1L layer in Figure 4(e) has a better conductivity 

(pointed by red arrow, ~24 MΩ) in comparison to 3L layer (approx. 80 MΩ). The less 

conductivity of 3L is possibly caused by the less conductive surface oxide. Moreover, the 

edge of 2L layer is conductive (pointed by yellow arrow, ~ 60 MΩ), which is referred as 

“conductive edge” in the following text.  



 

 

 

Figure 5 (a) HRTEM (High Resolution Transmission Electron Microscope) image of W 

layers at high magnification (b) HRTEM image of W layers at low magnification. The 

sequence of layers is marked from 1L to 5L. (c) The HRTEM image of WO3 layers. The 

sequence of layers is marked from 1L to 4L. (d) The HRTEM image of WO3 layers. The 

black particle in the dashed square is enlarged in the inlet image (left). (e) SAED 

(Selected area diffraction) pattern of W. The inlet image shows the HRTEM images 

from where the place of SAED was taken. (f) SAED (Selected area diffraction) pattern of 

WO3 thin film.  

 

The as-deposited W and oxidized WO3 sample were scratched from substrate and transferred 

to carbon thin film for HRTEM imaging. The thinnest part of scratched sample lies at the  

edge, which consists of serveral monolayers. Therefore, The lattice fringes of tungsten 2D 

layer can be seen at the very edge of sample in Figure 5 (a). The W lattice spacings of (110) 

and (011) are 0.224 nm and 0.222 nm, respectively. The dihedral angle is 60.8 degree. The 



SAED (Selected area diffraction) pattern in Figure S6 further proves presence of α-phase 

tungsten in Figure 5 (a). 

The five layers of  the W sample are clearly visible in Figure 5 (b). And the thinnest part is in 

the edge of sample with the monolayer 1L-2L. It was also possible to observe the 

delamination between monolayer 5L and 4L. Figure 5 (c) shows the WO3 sample, where four 

2D monolayers are marked at the very edge of sample. In comprasion with Figure 5 (b), the 

layers in Figure 5 (c) are much darker and opague in the middle of the sample, which is 

possibly caused by the presence of tungsten oxide. Figure 5 (d) shows the edge of WO3 

sample. The particle in the dash square in Figure 5 (d) is possibly WO3 which seperates the 

adjacent tungsen 2D monolayer.  

The SAED patterns of W and WO3 are shown in Figure 5 (e)-(f). The inserted HRTEM image 

shows the place from where SAED was taken. The center part of the sample has larger 

thickness in comparation with the very edge of the sample. We can find the coexistence of 

tungsten α and β phases, other than oxide. As discussed in Figure 4 (b), the surface of 

tungsten is naturelly oxidized in the air. Therefore, the oxide coating is either too thin or in 

amorphous state. The WO3 is in monoclinic structure with presence of the β phase tungsten 

after oxidation, as shown in Figure 5(f). The result proves the tungsten film is not fully 

oxidized in the furnace.  

 

 



 

Figure 6 (a) The schematic model of as-deposited tungsten film in 2D layers stack. The 

blue monolayers are tungsten. (b) The schematic model of WO3 layers stack. The blue 

tungsten monolayer is coated with the transparent oxide. (c) The model explains the 

“conductive edge” in Figure 4 (e). The yellow cone represents AFM tip. The layer is 

marked according to Figure 4 (e). (d) The application of 2D metal stack. The blue 

monolayers are separated by the grey oxide layers. Each monolayer is equivalent to one 

channel for signal transport. (e) O1s XPS spectra of the tungsten thin film, changing 

with the sputtering time in XPS instrument. The inlet image shows the scheme of 

tungsten monolayer with surface oxide. (f) W4f XPS spectra of tungsten monolayer in 

dependence on the sputtering time. (g) O1s XPS spectra of the tungsten monolayer after 

oxidation (in a furnace with the mixture of oxygen and helium flow) in dependence on 

the sputtering time. The inlet image shows the scheme of tungsten oxide thin film. (h) 

W4f XPS spectra of the tungsten monolayer after oxidation (in a furnace with the 



mixture of oxygen and helium flow) in dependence on the sputtering time. The inlet 

image shows the scheme of tungsten oxide thin film.  

We demonstrated that the sputtered W thin film is layered, as shown schematically in Figure 6 

(a). During sputtering, the heat is transferred continuously from the plasma and the vapor to 

the silicon substrate. Therefore, the silicon substrate keeps expanding. Therefore, the 

continuous growth of thin film is interrupted by the thermal expansion time to time. And the 

layers are formed during sputtering. The detail is discussed in Figure S9. Before oxidation, all 

the tungsten monolayers are bonded in a stack, where the current can flow vertically and 

horizontally. During oxidation, the W monolayers are coated with oxide, as shown 

schematically in Figure 6 (b).  In this case, the tungsten monolayers are exfoliated. And the 

insulating oxide blocks the current flowing between different tungsten monolayers. Therefore, 

the current is able to flow along each tungsten monolayer.  Figure 6 (c) depicts the model to 

explain experimental observation described in Figure 4 (d)-(f), where the oxide 2D layer is 

relatively insulating and the tungsten 2D layer is conductive. During the breakdown of the 

“bubble” shown in Figure S2 (c), some oxide coating are peeled off from the tungsten 

monolayer. Therefore, it can explain the higher conductivity in 1L (Figure 4(e)) which should 

be coated with oxide.  Moreover, the monolayer 2L (Figure 4(e)) has a conductive edge, 

which is possibly induced by the mismatch of oxide coating and tungsten monolayer.    

The layered tungsten or the other metals can be, in our opinion, used for transport of electric 

signals, as shown in Figure 6 (d). Each 2D monolayer is disconnected and insulated by the 

oxide layer. Therefore, one tungsten wire in circuit contains multiple channels. The signal is 

able to be transported along the metallic monolayers. The quality of self-assembled 2D layers 

W and WO3 is far to ideal and still needs further development.  

As discussed above, the model of the monolayers structure has been presented in Figure 6 (b) 

and (d), where each tungsten layer is coated with the oxide after oxidation. XPS is widely 

used to determine the composition of metal and oxides [42]. Figure 6 (e) shows a change of 

the XPS spectra (tungsten monolayer) with the sputtering time. The area of O1s signal at 523 

eV decreases dramatically after 1 minutes sputtering. As discussed in Figure 4(b), the 

tungsten thin film is oxidized in the air. The most of surface tungsten oxide is sputtered away 

in XPS instrument within 1 minute. XPS spectra of W4f peaks also prove the same conclusion, 

as shown in Figure 6 (f). The strong doublet peaks (W4f7/2 and W4f5/2) at 31.3 eV and 33.4 eV 

can be attributed to the metallic W, of which XPS peak area increases after 1 minute 



sputtering. The doublet peaks of W monolayer at 36.7 eV and 34 eV are assigned to the 

tungsten oxide (WO3), which disappears after 1 minute sputtering. By comparison with the 

spectra in Figure 6 (e), the surface tungsten oxide layer shown in in Figure 6 (g) is much 

thicker due to sample oxidation (in a furnace with the mixture of oxygen and helium flow). 

The area of peaks in O1s signal decreases after 35 minutes sputtering and starts to increase 

after 90 minutes sputtering. The variation trend of tungsten oxide presence fits with the 

inserted 3D model shown in Figure 6 (g). The XPS spectra of W4f metal and oxide are 

presented in Figure 6 (h). Before sputtering, the oxide W4f doublet pairs are clearly visible. 

With the increase of sputtering time, the more WO3 is removed from the surface. The area of 

metallic tungsten W4f doublet peaks increase dramatically from 20th minutes of sputtering. 

Based on that, we believe the surface oxide has been removed and the underlying tungsten 

monolayer has been reached. With the further sputtering the area of metallic W4f doublet 

peaks drops. As the result of that, the sputtering reached the boundary between tungsten 

monolayer and the underlying oxide layer. The result supports the model presented in Figure 

6(b). 

 

CONCLUSIONS 

In this paper, we report the study of 2D tungsten material. The tungsten thin film was 

prepared by magnetron sputtering. The structure of as sputtered tungsten thin film is layered. 

The ultra large monolayer can be obtained from the layered tungsten thin film via wet 

exfoliation by sonication in distilled water.  

Besides the wet exfoliation method, the W is oxidized in an oven with the mixture of oxygen 

and helium flow, which is referred to dry exfoliation method. In such process, the growing 

WO3 electrically isolates each tungsten 2D monolayer. However, the tungsten 2D monolayers 

within stack remain electrically conductive. 

The morphology of tungsten thin film was studied via optical microscopy, SEM, AFM and 

HRTEM. The side view and top view of the tungsten thin film show a layered structure with 

monolayers in different thickness. Based on the facts above, we put forward the structural 

model of layered tungsten thin film. The XPS study proves the model in the view of chemical 

composition (e.g. existence of alternating monolayers WO3/W/WO3 after dry exfoliation). 

However, there is still large space to develop this method. For instance, the origin of layer 



forming is still unclear. Probably, the expansion or contraction of the substrate can be one of 

the important factors. The expansion of the substrate depends on the heat generated and 

transferred from the sputtering process. Nevertheless, preparation of 2D metallic material by 

magnetron sputtering is still a simple and effective method.  
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