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4. Screening and 
proximity in few-layer 
WS2. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ 𝑡𝑡) 

 

Abstract 

Here, we study the evolution of the superconducting phase diagram of 
monolayer WS2 on top of a metallic substrate with different electronic properties, 
represented by weakly doped extra layers of WS2. Presence of a metallic substrate 
in contact with superconducting top layer results in a reduction of critical 
temperature 𝑇𝑇𝑐𝑐0 over the entire phase diagram due to a proximity effect. We 
demonstrate that increasing layer number and tuning carrier distribution in a dual-
gate configuration results in variable dimensionless resistance of Superconductor-
Normal Metal (SN) interface 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖. The superconducting state remains its strong 
Ising protection and shows an only weak change to a normalized upper critical 
field (within 3%), despite a significant change of 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖. 
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4.1. Superconducting dome of the bi-, tri-, quad-layer 
system 

 

 Field-effect is a widely known technique not only to induce an insulator to 
metal transition for conventional transistor (FET) application in two-dimensional 
materials [1], [2] but it can also turn a wide gap semiconductor into a 
superconductor at low temperatures [3], [4]. One example is the discovery of the 
superconducting dome at the LAO/STO interface tuned by a high-k dielectric gate 
insulator [5]. Another example is electric double layer transistor (EDLT) 
[3],[4],[6], where the strong electric field originating from the small ~1 nm ions 
directly deposited onto the surface of channel material. Extreme two-
dimensionality in combination with such a strong electric field was found to 
produce not only a complete superconducting dome but also a field-induced re-
entrant insulating state due to a formation of local electrostatic trapping states at 
high gating regime [7], [8].  

 Transition metal dichalcogenides (TMDs) in their mono- and few-layer 
appearance are widely studied materials and are known to support Ising 
superconductivity [9-11] due to a large spin-splitting in the 𝐾𝐾/𝐾𝐾’ points of 
conduction and valence bands. Therefore, TMDs holds a great promise for 
supporting even more exotic superconducting states, such as equal spin-triplet 
Cooper pairs or Fulde-Ferrel-Larkin-Ovchinnikov state in mono- and bilayer 
system respectively [12], [13].  

 In present work, we used a few-layer WS2 flake grown by chemical vapour 
deposition (CVD) or cleaved from bulk 2𝐻𝐻 polytype crystal as a channel material 
of EDLT Fig. 4.1A. Strong electric field originated from ionic liquid DEME-
TFSI, is mostly screened by the topmost layer, confining up to 80 − 90% of the 
total induced carrier density 𝑛𝑛2𝐷𝐷, while the remaining fraction of the electric field 
is leaked into the bottom layers, inducing a state that falls far beyond the onset of 
superconducting dome Fig. 4.1B [14]. Such a system can be regarded as an 
artificial, vertical Superconductor-Normal (SN) metal junction [15], where the 
properties of the sandwich are highly affected by the proximity effect [16], [17]. 
Therefore, changing the properties of the N layer such as thickness, coupling and 
doping profile is expected to influence the S layer profoundly.  
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Figure 4.1 Device structure and experiment schematics A. Schematic illustration of a device 
configuration. Few layer WS2 flake (grown by CVD or cleaved from bulk 2H single crystal) is 
placed onto SiO2/HfO2 substrate and gated from the top by DEME-TFSI ionic liquid VTG into 
a superconducting state. B. Formation of SN sandwich with interlayer resistance 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 by non-
uniform doping profile across the layers. The superconducting state is induced in the topmost 
layer, whereas bottom layers serve as a metallic substrate. C. Optical micrograph of the typical 
device etched into a Hall bar geometry, based on few-layer CVD WS2 on SiO2. 
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Figure 4.2 Layer dependent transport in WS2. Temperature dependence of sheet resistance RS 
of CVD grown A. bi-, B. tri-, C. quad- layer – and D. cleaved 2H trilayer WS2 at different 
doping level on 285nm SiO2/Si++. Left insets: optical micrograph of the corresponding device, 
scalebar is 5µm. Right insets: enlarged region close to the transition temperature 𝑇𝑇𝑐𝑐0. 

 Fig. 4.2A shows a resistance-temperature dependence of a bilayer WS2 
grown by CVD technique. The system follows metallic transport down to the 
lowest temperature, where a superconducting transition can be observed below 5 
K. Gradual change of top gate voltage results in a family of electronic states, 
where each state is characterized by its own critical temperature 𝑇𝑇𝑐𝑐0 determined 
as 50% of normal resistance 𝑅𝑅𝑁𝑁, carrier concentration 𝑛𝑛2𝐷𝐷 measured by Hall 
effect at 10 K, doping profile 𝑛𝑛2𝐷𝐷(𝑧𝑧) and mobility 𝜇𝜇. One of the prominent 
features of these ultrathin samples is the presence of a mobility peak formed by a 
combination of strong electrostatic trapping potential from the ionic gate and 
weak screening of two-dimensional (2D) materials [7], [8]. Such a trapping 
potential is not only able to suppress a superconducting dome completely, but also 
can drive the system back into Re-entrant insulating state (RI), setting up a 
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boundary for the maximum induced carrier concentration. In present bilayer WS2 
this mobility peak resembles as a minimum of 𝑅𝑅𝑁𝑁 for a state with 𝑛𝑛2𝐷𝐷 = 8.34 ∙
1013 cm−2 that coincides with maximum 𝑇𝑇𝑐𝑐0 = 3.67 K observed in this sample. 
Further incensement of gate voltage is followed by only a slight increase in 𝑅𝑅𝑁𝑁 
and a decrease in 𝑇𝑇𝑐𝑐0. Presence of a second, bottom layer significantly enhances 
electrostatic screening in the whole system, that allows inducing 2.5 times larger 
amount of carriers compared with the pristine monolayer WS2.  

 

4.2. Superconducting dome splitting in dual gate 
configuration 

 

 The situation changes slightly once the layer number in the system is 
increased to three and four layers Fig. 4.2 B and C respectively. It becomes more 
evident that the amount of 𝑅𝑅𝑁𝑁 incensement towards the RI state becomes smaller 
when the layer number is increased Δ𝑅𝑅𝑁𝑁2𝐿𝐿 > Δ𝑅𝑅𝑁𝑁3𝐿𝐿 > Δ𝑅𝑅𝑁𝑁4𝐿𝐿 , whereas the 
maximum 𝑛𝑛2𝐷𝐷 is larger 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

2𝐿𝐿 < 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥
3𝐿𝐿 < 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

4𝐿𝐿 . Despite the weak signature 
of 𝑅𝑅𝑁𝑁 incensement at strong gating in 2H trilayer sample Fig. 4.2D, similar to the 
one observed in bi- and tri-layer CVD flakes, amount of 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

3𝐿𝐿−2𝐻𝐻 = 12.2 ∙
1013 cm−2

 makes this polytype electronically distinct from its CVD counterparts. 
The difference can be better seen in a summarized phase diagram Fig. 4.3. 
Overall, the critical temperature at a fixed carrier possesses the following trend 
𝑇𝑇𝑐𝑐02𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐03𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐04𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐03𝐿𝐿−2𝐻𝐻(𝑛𝑛2𝐷𝐷). Data can be viewed as a 
three sets of different systems, where the first one – direct bandgap monolayer 
with low lying 𝐾𝐾/𝐾𝐾’ pockets, second – CVD grown bi-, tri-, quad-layer flakes 
with random stacking that possess quasi-indirect bandgap [18] with low lying 
𝐾𝐾/𝐾𝐾’ and 𝑄𝑄/𝑄𝑄’ pockets; third group – 2𝐻𝐻 poly type trilayer with low lying 𝑄𝑄/𝑄𝑄’ 
and 𝐾𝐾/𝐾𝐾’ – indirect bandgap semiconductor.  

 Absence of supporting layer in the monolayer sample together with a 
relatively low density of states (dos) at 𝐾𝐾/𝐾𝐾’ pockets makes this system 
vulnerable to external electrostatically charged impurities, therefore setting up an 
upper boundary of maximum induced carrier density of 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

1𝐿𝐿 = 3.31 ∙
1013 cm−2. The abrupt change of the phase diagram between mono- and bilayers 
is a direct consequence of two factors – extended screening length and larger DOS  
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Figure 4.3 Summarized superconducting phase diagram of CVD grown mono-, bi-, tri-, quad-
layer and 2H trilayer WS2 on 285 nm SiO2/Si++ substrate. Arrows indicate the direction of top-
gate voltage increase. Critical temperature 𝑇𝑇𝑐𝑐0 is determined by 50% of normal resistance 𝑅𝑅𝑁𝑁 
criteria. Left inset: dimensionless resistance of SN interface 𝜌𝜌int for different samples denoted 
with the same colour as in the main panel. Right inset: schematic picture of the device structure 
and its carrier distribution across the layers. Interlayer spacing of 2H trilayer WS2 is decreased 
for clarity. 

from extra Q/Q’ pockets. Further incensement of the layer number extends a 
screening, making bottom layers more metallic. This tendency is also supported 
by the first-principles calculation of field-effect doping on the surface of few-
layer WS2, where a fraction of the carriers populating the topmost layer depends 
on the layer number and decreasing for the thicker film [14]. For example, a 
fraction of electrons populating topmost layer in bi- and tri-layer WS2 are 0.89 
and 0.86 when the total amount is fixed at 𝑛𝑛2𝐷𝐷 = 7.33 ∙ 1013 cm−2. Metallic 
substrate in a thin film SN junction configuration is known to affect the 



Screening and proximity in few layer WS2. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ 𝑡𝑡) 
 

69 
 

superconducting properties via proximity effect [16], [17]. In order to understand 
the difference in 𝑇𝑇𝑐𝑐0 we apply a next formula:  

𝑙𝑙𝑛𝑛
𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆
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where 𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆 – is a transition temperature of a pristine superconductor, 𝑇𝑇𝑐𝑐 – the 
transition temperature of the SN sandwich, 𝜔𝜔𝐷𝐷 is the Debye energy and 𝜓𝜓(𝑥𝑥) is 
the digamma function. The average time that electron spends in N/S layer before 
escaping into the opposite layer and are given by 𝜏𝜏𝑁𝑁 = 2𝜋𝜋 𝑣𝑣𝑁𝑁

𝑣𝑣𝑆𝑆2
𝑑𝑑𝑁𝑁𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 and 𝜏𝜏𝑆𝑆 =

2𝜋𝜋 1
𝑣𝑣𝑆𝑆
𝑑𝑑𝑆𝑆𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖, here 𝑣𝑣𝑁𝑁 and 𝑣𝑣𝑆𝑆 are Fermi velocities in the N and S layers, 𝑑𝑑𝑁𝑁 and 

𝑑𝑑𝑆𝑆 are the layer thicknesses and 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 is a dimensionless SN interface resistance. 
The logarithmic term in the right side becomes important only in the Cooper limit 
of a transparent interface, therefore can be neglected in the present system. 
Interlayer resistance 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 extracted from Eq.(1) is plotted as a function of layer 
number in Fig. 4.3 inset and it decreases monotonically towards thicker flake in 
CVD samples. Having a significantly lower 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 – 2𝐻𝐻 trilayer (black dot) with its 
well-developed indirect band structure and low energy 𝑄𝑄/𝑄𝑄’ pockets originating 
from the out-of-plane S orbitals makes these layered systems a good candidate for 
exploring an interlayer interaction related phenomena.  

 To further examine a proximity effect in these systems, tri-layer CVD grew 
WS2 was transferred onto high-k dielectric - 50 nm HfO2/Si++. A 
superconducting phase diagram was obtained in a dual-gate configuration Figure 
4 (a). Here, several resistance-temperature dependences were measured with 
applied -30V, -15V, 0V, +15V and +30V of the back gate for each individual 
liquid gate state Fig. 4.4B. As a result, a superconducting dome splits into several 
domes, where each dome is a result of a unique combination of two parameters – 
total carrier density 𝑛𝑛2𝐷𝐷 and its distribution across the layers 𝑛𝑛2𝐷𝐷(𝑧𝑧). Applying a 
negative back gate voltage depletes the induced carriers from the bottom layers as 
well as reduces the total amount of 𝑛𝑛2𝐷𝐷 , therefore mimicking a freestanding 
superconductor on top of an insulating substrate (SI). An opposite trend can be 
observed when the back gate is tuned into a positive direction, namely, the carrier 
distribution is smeared among all layers towards a  
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Figure 4.4 High-k dielectric back-gate A. Summarized superconducting phase diagrams of 
CVD grown trilayer WS2 transferred onto HfO2. All states with the same back-gate voltage are 
shaded by a single colour. Arrows indicate the direction of liquid-gate voltage increase. Inset: 
schematic picture of the device structure on HfO2 and its carrier distribution across the layers 
when different back-gate voltage is applied. B. The same phase diagram as in A, states with 
fixed top-gate are interconnected by a dotted line. C. Carrier density dependence of 
dimensionless SN interface resistance under different applied back-gate voltage. D. Parallel 
upper critical field 𝐵𝐵𝑐𝑐2 normalized with respect to the Pauli limit 𝐵𝐵𝑝𝑝 for various representative 
samples or states.  

a more uniform system, making the metallic state of the N part more pronounced, 
which consequentially results into stronger proximity effect. Overall, 
𝑇𝑇𝑐𝑐0(−30𝑉𝑉) > 𝑇𝑇𝑐𝑐0(−15𝑉𝑉) > 𝑇𝑇𝑐𝑐0(0𝑉𝑉) > 𝑇𝑇𝑐𝑐0(+15) > 𝑇𝑇𝑐𝑐0(+30) for each 
individual liquid, gate state is consistent with the proximity effect scenario. By 
setting 𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆 = 𝑇𝑇𝑐𝑐0(−30𝑉𝑉) we extract the value of 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 as a function of applied 
back gate voltage Fig. 4.4C. Overall, 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 is decreasing towards larger back gate, 
thus making SN interface more transparent for electrons and enhancing the 
proximity effect. It is worth to mention that 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 shows very weak dependence on 
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the total induced carrier due to much stronger origin of the electric field in IL. 
Therefore, strong top gate prepares an individual SN state, whereas a back gate is 
a small-scale modulation of the N layer and SN interface.  

 In order to confirm this scenario, a series of upper critical field 𝐵𝐵𝑐𝑐2
∥  

measurements parallel to the layers were performed on various samples Fig. 4.4D. 
All samples greatly exceed Pauli limiting field and exhibit strong Ising protection, 
originated from the strong out-of-plane spin-orbit coupling 30 meV in the 
conduction band of WS2. CVD bi-, tri- and quad-layer flakes that possess larger 
𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 among other sample are showing stronger protection as well. Whereas 2𝐻𝐻 
sample and the sample with +30V of HfO2 back gate that possess smaller 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 
demonstrate a weak tendency of reduction of 𝐵𝐵𝑐𝑐2

∥ .  

 In summary, we studied an artificial vertical SN junction induced by EDLT 
and an influence of N layers via proximity effect onto a superconducting property 
of the sandwich, such as 𝑇𝑇𝑐𝑐0 and 𝐵𝐵𝑐𝑐2

∥ . A relatively weak variation of 𝑇𝑇𝑐𝑐0 and 𝐵𝐵𝑐𝑐2
∥  

is supported by the BCS limit of SN junction. Among the studied polytypes, 2𝐻𝐻 
phase hold more promise for an interlayer related physics due to the presence of 
strongly interacting 𝑄𝑄/𝑄𝑄’ electron pockets in the vicinity of the conduction band 
of multilayer TMDs.  
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