
 

 

 University of Groningen

2D materials and interfaces in high-carrier density regime
Ali El Yumin, Abdurrahman

DOI:
10.33612/diss.94903687

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ali El Yumin, A. (2019). 2D materials and interfaces in high-carrier density regime: a study on
optoelectronics and superconductivity. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen. https://doi.org/10.33612/diss.94903687

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.94903687
https://research.rug.nl/en/publications/a4eb82da-6ccc-4174-b239-dfb4bb7b774c
https://doi.org/10.33612/diss.94903687


Chapter 4
Study of Superconducting Gap: 
Tunneling Spectroscopy in  
Ionic-liquid Gated Few-layers MoS2

CHAPTER 4 

Study of Superconducting Gap: 

Tunneling Spectroscopy in Ionic-liquid 
Gated Few-Layer MoS2 

 

Abstract 

In this chapter, we focus on electronic transport measurement in 
superconducting-normal metal contact in field-induced superconducting (SC) few-
layer MoS2. In order to characterize the SC gap on the confined SC state, we 
measure the tunneling spectrum in normal-insulating-SC (N-I-S) junction and 
observe the quasi-particle peaks as a signature of Andreev reflection. Our 
experimental results can be well-described with the Blonder-Tinkham-Klapwijk 
(BTK) theory yielding the magnitude of the SC gap. Our study shows the evolution 
SC gap as a function of carrier density by tuning the back-gate voltage. 
Furthermore, we perform a study of the electron-phonon interaction in different 
carrier density by extracting the electron-phonon constants and Coulomb 
repulsion parameter and investigate their correlation with SC-gap parameter. 
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4.1 Introduction 

Field-induced superconductivity in two-dimensional materials such as the 
transition metal dichalcogenides (TMDs) and ZrNCl have started a new research 
direction in the study of layered superconductors because of the simple 
modulation by tuning carriers electrostatically reaching the high carrier density 
regime required to induce superconductivity [1,2]. The simple fabrication process 
into a transistor configuration and efficient control of superconducting state have 
become the main advantage to study the emerging superconducting phenomena of 
two-dimensional superconductors. By inducing a highly accumulated electrostatic 
charge on the material surface, the superconducting state of 2D materials such as 
MoS2 and WS2 can be effortlessly accessed [3–5]. Recent reports proved that using 
this method, the superconducting state is confined on the topmost layer even in a 
multilayer system providing an easy way to access a true 2D superconductor with 
the atomic thickness [6]. Moreover, it has been reported in field-induced TMDs 
super-conductor studies that strong electron-phonon interaction in the confined 
two-dimensional system provides Ising protection resulting in a huge upper 
critical field [6]. 

To extensively study this tunable 2D superconducting state, besides the 
existing report on electrical transport, the use of tunneling spectroscopy became a 
central role to probe the energy-dependent density of state (DOS). For instance, 
the tunneling spectroscopy is performed at low temperature under the critical 
temperature Tc via tunneling contact on a superconductor (SC)-normal metal 
interface. In traditional SC-normal metal tunneling spectroscopy, the point 
contact method, which consists of an SC surface and normal contact tip or vice 
versa, is widely used to characterize the superconducting gap. In particular, such 
experimental method is commonly used for characterizing various well-known 
superconductor materials including elemental metal such as Al, Nb, Pb, which 
gives experimental corroboration of the well-known Bardeen-Cooper-Schrieffer 
(BCS) theory [7–9]. Furthermore, the tunneling experiments on high-Tc 
superconductor such as transition metal oxides and iron pnictides show a clear 
discrepancy from the BCS theory, indicating their unconventional SC nature [10–
13]. Therefore, the tunneling spectroscopy becomes a powerful tool to extract the 
microscopic nature of the superconducting state. 
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Figure 4.1 (a) A schematic diagram of the EDLT to induced superconductivity. (b) 
The temperature dependence of sheet resistance Rs at different back gate biases. 
(c) The normalized Rs vs T curve near critical temperature Tc. The 50% of Rs 
(dashed line) are used for determining the value of Tc. (d) Tc as a function of the 
applied back gate. The error bars represent the difference between Tc determined 
from 50% and 10% of Rs, and the dashed line is a guide for eyes. 

Since the discovery of a 2D materials-based superconductor, many 
approaches have been used to realize a more precise spectroscopy method using 
the proven idea of the SC-normal metal junction. The 2D heterostructure stacking 
method has been widely used for probing many 2D layered superconductor 
systems. This approach mainly incorporated a tunneling barrier, such as MoS2, 
hBN, oxides, or undoped bottom layers of semiconducting TMDs, between a 
superconductor and normal contact to probe the superconducting gap via 
differential conductance measurement [14–16]. The DOS spectra measured with 
this method is comparable with that of the point contact method. Another 
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approach is chemical intercalation to induce the superconducting state in the 
bottom layer while maintaining the surface layer as a normal/insulating state [17]. 

In this chapter, we measure the tunneling spectroscopy in SC few-layer 
MoS2 for characterizing the basic SC parameters for the surface state. We 
incorporate a normal metal-insulating-SC (N-I-S) contact to study the SC-gap 
parameter from the top surface with carrier density modulation absent in the 
bottom layer. Our observation shows that the SC-gap size is carrier density-
dependent. Additionally, the temperature-dependent SC-gap is consistent with 
the BCS theory and the extracted Tc is also consistent with that obtained from the 
resistivity measurement. Furthermore, the differential conductivity measurement 
shows well-defined quasiparticle peaks indicating high-quality N-I-S contacts. 
Later, we performed the systematic measurements to study the electron-phonon 
interaction in different carrier density by extracting the electron-phonon 
constants and Coulomb repulsion parameter and investigate their correlation with 
SC-gap parameter [15]. 

4.2 Device Fabrication 

A few-layer MoS2 (t ≈ 4 nm) was deposited onto SiO2/Si (285 nm) wafer 
from a pristine MoS2 bulk single crystal by using a mechanical exfoliation method. 
The electrical contacts and gate electrodes were patterned using e-beam 
lithography. The Ti / Au (0.5/40 nm) contacts were fabricated on  Al2O3 (~1 nm) 
tunnel barrier by electron beam deposition (Temescal FC-2000) to create N-I-S 
junction. A schematic diagram of the fabricated device is shown in Figure 4.1(a). 
To optimize the performance, the well-known DEME-TFSI ionic liquid was chosen 
as a liquid gate electrolyte due to its proven capability to induce surface carrier 
density in the order of n2D ~ 1014 cm-2 [3,6,18]. The ionic liquid was heated up to 
65oC inside a vacuum chamber to eliminate moisture before being applied onto the 
device. 

4.3 Results and Discussion 
4.3.1 Gate Tunable Critical Temperature and Carrier Density 

In order to reach the superconducting state of few-layer MoS2, we 
performed the ionic liquid gating technique in Electrical Double Later Transistors 
(EDLTs) configuration as shown in Figure 4.1(a). The DEME cation was driven 
electrostatically to the channel surface using the top gate at T = 220 K, which 
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prevents the electrochemical reaction. The state induced at 220 K was quickly 
fixed by cooling down to liquid helium temperature T ~ 1.6 K, while the resistivity 
of the sample was kept monitored at a function of temperature. Below the glass 
transition temperature of the ionic liquid (T < 180 K), the accumulated cation on 
the surface of MoS2 became static so that the electrostatic gating using EDLT 
becomes no longer possible. At low temperature, the carrier density modulation 
was switched by the back gate using SiO2 dielectric. All of the transport 
measurement at low temperature was performed using several SR830 (Stanford 
Research) lock-in amplifiers and a DC Keithley 2450. The sample was cooled by a 
closed-loop cryostat down to 1.6 K (Cryogenics UK).  

Figure 4.1(b) shows the temperature dependence of resistivity for ion-
gated few-layers MoS2 below T = 150 K. The critical temperature Tc was observed in 
the range of T = 5 to 8.1 K. Here, Tc is defined as the temperature at which the 
transition reaches the mid-point of the total resistivity transition (50% of Rs). The 
VBG dependence is consistent with various previously observed Tc in a single crystal 
few-layers MoS2 [3,19,20]. As depicted in Figure 4.1(c), our device was able to 
modulate gate voltage from VBG = -60 to 60 V causing a significant variation of the 
Tc. The summary of the extracted back gate dependent Tc is shown in Figure 4.1(d) 
where the error bars show the difference of Tc determined by 50% and 10% Rs. The 
global average of error in Tc determination is ∆Tc ~ ± 0.38 K. 

The carrier densities at the different applied VBG and temperature 
conditions were determined by performing a Hall effect measurement. For 
instance, the sheet carrier density n2D can be calculated directly using the 
following equation:  

𝑅𝑅𝐻𝐻(𝐵𝐵) = − 1
𝑛𝑛2𝐷𝐷𝑞𝑞 𝐵𝐵               (4.1),  

where RH is the Hall resistance, B the magnetic field, and q the elementary charge. 
Therefore, the n2D can be simply determined by performing a linear fitting of the 
RH vs B curves. Figure 4.2(a) shows the calculated carrier densities at the different 
VBG biases and temperatures. All measured n2D are in the order of ~1014 cm-2, which 
is consistent with the previously studied EDLT gated few-layers MoS2 systems 
[6,16,19,21,22]. Moreover, at the low temperature (T = 10 K), the sheet carrier 
density n2D of the MoS2 transistor is in the range of n2D = 1.1 to 1.51014 cm-2

 and we 
expect our system is very close to the superconductivity dome peak of MoS2 EDLT 
system according to the previous observations [22].  The average of n2D in each VBG 
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bias are shown in Figure 4.2(b), where the n2D modulation using the VBG can overall 
reach ∆n2D ~ 0.51014 cm-2

. Figure 4.2(c) shows the measured Hall resistance at 
different applied back-gate that are used to extract the n2D at T = 10 K in Figure 
4.2(a). 

 

Figure 4.2 (a) The measured sheet carrier densities n2D at the different back gates 
and temperatures. (b) The average value of n2D at the different back gates. The 
error bars represent the standard deviation of n2D in each back gate from the n2D 
dataset at different temperatures. (c) The Hall resistance of the few-layer MoS2 
device in different applied back gate at T = 10 K. 
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Figure 4.3 The differential conductance curves of N-I-S junction between gold 
contact and SC-MoS2 at (a) different applied back gates and (b) temperatures with 
VBG = 60 V. The black arrows point the location of quasiparticle peaks in tunneling 
spectra and, for each curve; the distance between two arrows corresponds to 2Δ. 
Note for T = 8.4 K, the tunneling peak completely disappears with the vanishing SC 
gap when the T approaches Tc. (c) The temperature dependence of resistivity at VBG 
= 60 V. The colored dots correspond to the location at which the tunneling 
conductance was measured. The dots with different colors correspond to the 
tunneling spectra of the same colors shown in (c). Inset in (c) shows the 
normalized dI/dV at two representative temperatures below and above Tc at T = 
1.45 (black) and 12 K (red). 

4.3.2 Tunneling Spectroscopy of Superconductivity Gap 

As discussed previously, based on the superconductivity of a few-layer 
MoS2 with the tunable critical temperature Tc and sheet carrier density n2D as a 
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function of the VBG, we would like to study the superconducting (SC) gap as a 
fundamental parameter. Theoretically, the SC-gap is a physical parameter that 
describes the energy required to form a phonon-mediated electron-electron pair 
below the SC critical temperature. This pair of electrons is called a Cooper pair. In 
a normal metal, the formation of electron pairing is unlikely due to Coulomb 
repulsion from two similar charges. According to the Bardeen-Cooper-Schrieffer 
(BCS) theory, the electron-phonon interaction at low temperature overcomes this 
Coulomb repulsion so that a pair of electrons with opposite electron spins forms a 
Cooper pair [23]. 

As discussed above, the most widely used and effective way to characterize 
the SC-gap is by performing tunneling spectroscopy. This physics involved can be 
described by the Blonder-Tinkham-Klapwijk (BTK) theory, which explains how the 
normal electrons and Cooper pairs interact at the interface between a normal 
metal and an SC [24]. For instance, this method is performed on the normal metal-
SC junction to probe the energy-dependent density of state (DOS). In our 
experiment, we used gold contact as normal metal and measure differential 
conductance between gold-SC MoS2 junction using the configuration described in 
Figure 4.4(a). 

The differential conductance was measured between the metal and SC-
MoS2, which pronounces a typical SC-tunneling conductance signal at the lowest 
temperature reachable by the cryostat (T = 1.45 K). The VBG dependence of 
normalized differential conductance at the base temperature is shown in Figure 
4.3(a). At this condition, the curve consists of two symmetric peaks (black arrows) 
originated from the tunneling process of the normal electrons into the electron 
and hole branches of the quasiparticles of the superconductor. Qualitatively, the 
separation of quasiparticle peaks corresponds to 2∆ where ∆ is the 
superconducting gap of ionic-gated MoS2. Therefore, the SC-gap can be 
qualitatively estimated as ∆ = 1.12 meV at VBG = 60 V and, as the VBG decrease, the 
separation of the peaks become smaller implying that the SC-gap decrease with 
the lowering of the carrier doping. The result of tunneling measurement is very 
consistent with our previous transport measurement where the Tc can be 
determined from the resistive transition. Both the Tc and Δ from our measurement 
follow a similar trend as a function of the VBG, where the lowering of Tc was also 
observed when the back gate decreases. 
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Figure 4.4 (a) A schematic mechanism of a tunneling current between a normal 
metal and SC MoS2. (b) An optical microscopy image of the fabricated few-layer 
MoS2 transistor device and a schematic diagram for measuring the tunneling 
spectroscopy. (c) The comparison between experimental data and fitting curve at 
VBG = 60 V and T = 1.45 K. The fitting function is equation (4.2) as described in the 
text. 

Figure 4.3(b) shows the normalized dI/dV tunneling measurement at VBG = 
60 V at different temperatures. The quasiparticle peaks, indicated by black arrows, 
are broadened as the temperature increases and the separation between two peaks 
became narrower indicating the closure of ∆. Finally, at T = 8.4 K, the dI/dV shows 
no appreciable tunneling peaks meaning the SC-gap is closed and the MoS2 enters 
the normal metallic state. This is, again, very consistent with the sheet resistance 
Rs measurement shown in Figure 4.3(c) from which the Tc is estimated to be 
approximately 8.1 K at VBG = 60 V. The inset of Figure 4.3(c) shows the tunneling 
conductance in the SC-state (T = 1.45 K) normalized by dividing with the tunneling 
conductance in the normal state (T = 12 K). 

2 
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The overall differential conductivity measurement clearly shows the well-
defined quasiparticle peaks which, surprisingly, qualitatively comparable with the 
previously measured SC-gap in 2D materials, e.g. NbSe2 and MoS2 [14,16]. We 
expect that the Al2O3 insulating barrier in our contact due to the fact that the 
formation of finite dip between two quasiparticles peaks in tunneling 
measurement. Furthermore, it is likely that the built-in insulating barrier also 
formed due to the Schottky barrier or chemical reaction from metal-
semiconductor during the fabrication process [25–27]. Therefore, the tunneling 
configuration in EDLT for the normal metal-SC MoS2 interface can be described as 
shown in Figure 4.4(a). We expect that the tunneling process occurs between gold 
contact, Al2O3, and the surface of SC-MoS2 (N-I-S) since in the EDLT system for 
layer materials the superconductivity is only confined on the topmost surface [6]. 
In addition, our tunneling measurement is different from the previous experiment 
reported for SC-MoS2 using the insulating bottom layer as a tunneling barrier [16]. 
Therefore, the key advantage of our configuration is that it allows us to confine 
the tunneling spectra only from surface state and having the freedom of tuning the 
density of the carrier from the bottom gate. The limit of device performance is 
shown in Figure 4.3(a) where, at VBG < -20 V, the conductivity drops start to appear 
close to V ~ 3 − 4 meV due to the influence of critical current Ic. 

To quantitatively extract the value of ∆, we consider the widely used BTK 
model as the starting point. The main parameter used in the standard BTK model 
consists of ∆ and Z, where Z is a dimensionless parameter that characterizes the 
barrier strength in a normal metal-SC interface and responsible for the shape of 
finite dip between two quasiparticles peaks in the tunneling spectra [24]. However, 
in most experimental cases, the BTK model is oversimplified meaning there are 
more parameters contribute to the tunneling process. For example, Dynes et al. 
[28,29] developed an empirical model to describe the tunneling peak broadening in 
the normal metal-SC junction. Later, Plecenik et al [30] modified the standard BTK 
model by including a quasiparticle lifetime broadening parameter into the 
tunneling equation. The lifetime broadening effect occurs as a consequence of 
inelastic scattering close to normal metal-SC junction [30]. This inelastic 
scattering is mostly due to the degradation process in normal metal-SC interfaces 
during the fabrication process, which influences the quasiparticle lifetime near the 
SC junction. For instance, the modified BTK model can be expressed by the 
following equation: 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐶𝐶 ∫ −𝑓𝑓′(𝐸𝐸 − 𝑒𝑒𝑒𝑒)(1 + 𝐴𝐴(𝐸𝐸, ∆, 𝑍𝑍, 𝛤𝛤) − 𝐵𝐵(𝐸𝐸, ∆, 𝑍𝑍, 𝛤𝛤))∞

−∞ 𝑑𝑑𝐸𝐸      (4.2), 

where f(E) is the Fermi distribution function, Δ the SC gap value, Γ the lifetime 
broadening, C the normalization factor, A(E) and B(E) are the probabilities of 
Andreev and Normal reflection, respectively [24,30]. Especially, Γ determines the 
broadening of quasiparticle peaks. Therefore, using equation 4.2, we are able to fit 
our differential conductance data and extract the exact number of ∆. As shown in 
Figure 4.4(c), the equation is well fitted with our measurement data at VBG = 60 V 
and T = 1.45 K yielding the ∆ = 1.12 meV, Z = 0.9, and lifetime broadening is 
reasonably small Γ = 0.12 meV, which is 10.5% of ∆. The estimated ∆ is very close 
with ΔBCS = 1.2 meV, where the gap can be also estimated from Tc as ΔBCS = 
1.726kBTc, where kB is the Boltzmann constant and Tc = 8.1 K. In addition, the 
lifetime broadening Γ obtained from our fitting is much smaller than the 
previously reported interlayer tunneling spectroscopy of MoS2 indicating a good 
contact quality in normal metal-SC MoS2 interface [31]. 

 

Figure 4.5 Summary of the SC gap ∆ extracted from fitting with equation 4.2 as a 
function of temperature (a) at VBG = 60V. The black dashed line is a fitting function 
using the BCS equation for Tc = 8 K. (b) the ∆ and Tc as a function of n2D at T = 1.45 
K. Here, one can see that both ∆ and Tc start to saturate when n2D > 1.21014 cm-2. 
The green area represents the part of the SC dome. The error bars shown in both 
figures represent the difference between ∆ values determined from the fitting with 
equation 4.2 and qualitative determination from dI/dV curves. 
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Figure 4.5(a) shows the temperature dependence of SC-gap ∆ at VBG = 60 V 
extracted from the modified BTK fitting. As expected, the SC-gap ∆ is completely 
closed when T is close to Tc. Furthermore, the data also gives a good agreement 
with the BCS superconductivity model and is well fitted with the BCS fitting 
function [41,42]. The extracted Tc = 8 K is consistent with the resistivity 
measurement. The zero-temperature SC-gap of Δ(T = 0 K) = 1.12 meV is very close 
to the BCS SC-gap prediction in zero-temperature limit ΔBCS = 1.22 meV. The error 
bars in the figure correspond to the discrepancy between ∆ determined by fitting 
and the value obtained from the dI/dV curves. The behavior of the SC-gap at 
different n2D values is shown in Figure 4.5(b). The n2D was modulated from n2D = 1.1 
to 1.5×1014 cm-2 using the back gate and the ∆ gradually increases as the n2D 
increases. When the carrier density increases, the Fermi energy is upshifted 
occupying more electron states in the conduction band. Furthermore, a nonlinear 
relationship between ∆ and n2D is observed from the curve as the saturation regime 
starts to appear at n2D > 1.2×1014 cm-2 following a similar trend with the change of 
Tc observed in resistivity measurement. This specific state is expected to reside on 
the left side of the peak of the superconducting dome referring to the phase 
diagram established previously [3]. 

In the previously studied MoS2 band structure calculation under highly-
induced carrier density, the increase of n2D not only influences the upshifting of 
Fermi energy but also induces valley band dynamics in K/K' and Q/Q' points 
[32,33]. For instance, in the MoS2 case, the lowest energy difference between K/K’ 
and Q/Q’ is reduced with the increase of n2D. As a consequence, the electrons at 
high carrier density regime n2D ~ 1014 cm-2 not only occupies the K/K' valleys but 
also the Q/Q' valleys because the Fermi surface also starts to appear in Q/Q' point 
[32,33]. Moreover, further studies show that the major contribution of SC in 2D 
MoS2 is intervalley electron-phonon interaction from the K/K’ to Q/Q’ [32]. This 
implies that, at this regime, the SC state is starting to appear as the intervalley 
electron-phonon interaction starts to contribute. Furthermore, in the overdoped 
condition, this intervalley electron-phonon is saturated and eventually decreases. 
The majority of electrons occupy the Q/Q' points and, as a consequence, the Tc 
decreases [32]. 
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Figure 4.6 The schematic illustrations of band structures of a few-layer MoS2 in 
high carrier density regime n2D ~ 1014 cm-2. The band structures are adapted from 
references 32 and 33. The left panel shows the electronic band structures of 2D 
MoS2 in the onset SC state (a), the SC-dome peak (c), and the overdoped regime 
(e). The dashed red lines represent the Fermi energy in each condition. The right 
panels show the Fermi surface of the onset SC state (b), SC-dome peak (d), and 
overdoped (f). The location of high symmetry points in the Brillouin zone is shown 
in (f).  

The influence from the Q/Q’ under high external doping is shown 
schematically in Figure 4.6 adapted from reference [32,33]. Initially, the Fermi 
level crosses the K/K' and the small part of the Q/Q' point (Figure 4.6(a)) creates 
the Fermi surfaces in both valleys but more dominated by the K/K' valleys (Figure 
4.6(b)). At this condition, the SC state starts to occur as the intervalley electron-
phonon interaction q = M already exists. When the n2D increase (Figure 4.6(c)), the 
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Fermi level increases, and, the Q/Q' points are lowered resulting more electrons 
occupy the Q/Q' as the Fermi surface increases and increasing the intervalley 
interaction (Figure 4.6(d)). In the overdoped condition, the electrons highly 
populate Q/Q' due to the decrease of the Fermi surface at the K/K' point (Figure 
4.6(e)). As a consequence, the intervalley contribution decreases (Figure 4.6(d)) 
and the Tc becomes lower because of the weakening of the electron-phonon 
interaction. From our Tc and Δ experiment, the saturation starts to occur close to 
n2D = 1.21014 cm-2. This number is close to theoretical prediction in trilayer MoS2 
performed by using first principle calculation where the electrons start to occupy 
the Q/Q’ more than the K/K’ points [33]. 

4.3.3 Determination of Electron-phonon Coupling Constant 

To understand the electron phonon-interaction in our 2D SC system at the 
different carrier densities and its correlation with SC-gap, we perform a systematic 
study to extract electron-phonon constant. The dimensionless electron-phonon 
coupling (EPC) constant λe-ph can be approximated in the high-temperature limit (T 
>> ΘD, where ΘD is Debye temperature) using the following equation [34]: 

𝜌𝜌(𝑇𝑇) ≃ 𝜌𝜌0 + 𝜆𝜆𝑒𝑒−𝑝𝑝ℎ
4𝜋𝜋2𝑘𝑘𝐵𝐵𝑚𝑚∗

ℎ𝑞𝑞2𝑛𝑛0
𝑇𝑇      (4.3), 

where ρ0 is the resistivity due to electron-impurity scattering, which is 
temperature independent, m* the effective mass, and n0 the bulk carrier density. 
For a 2D system with thickness t, the sheet resistance and 2D carrier density 
become Rs = ρ/t and n2D = n0t, respectively. Therefore, equation 4.3 can be rewritten 
for the 2D case as 

𝑅𝑅𝑠𝑠(𝑇𝑇) ≃ 𝑅𝑅𝑠𝑠0 + 𝜆𝜆𝑒𝑒−𝑝𝑝ℎ
4𝜋𝜋2𝑘𝑘𝐵𝐵𝑚𝑚∗

ℎ𝑞𝑞2𝑛𝑛2𝐷𝐷
𝑇𝑇             (4.4), 

Here, the RS(T) is obtained experimentally by measuring the temperature 
dependence of RS. We performed linear fitting by selecting the temperature range 
between 100 to 150 K, where the slope dRs/dT can be easily determined. Our RS vs 
T measurement shows a linear relationship between RS and T for each back gate 
bias. Furthermore, we choose m* = 0.49me as reported in reference 35. The 
examples of fitting procedure are shown in Figure 4.7(a) for the VBG = -60, 0, and 
60 V. 
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Figure 4.7 (a) The linear fitting procedure for extracting electron-phonon 
coupling parameter λe-ph using equation 4.4 at VBG = 60, 0, and -60 V (green, red, 
and blue line respectively). Fitting curves are represented by the dashed line. (b) 
The evolution of the λe-ph as a function of the carrier density n2D. (c) The relation 
between critical temperature Tc and λe-ph. Our data λe-ph < 0.7 can be well-fitted by 
equation 4.5 with coulomb repulsion parameter μ* = 0.12. The data λe-ph > 0.7 
deviates from fitting function (solid black line) but coincides with simulated fitting 
function with different μ* values: 0.15, 0.16, and 0.17 (blue, purple, and green 
dashed line respectively). The blue dashed line represents fitting function with 
standard value μ* = 0.13 from the literature [21,32]. 

For λe-ph < 1.5, the dependence between Tc and electron-phonon coupling 
can be described by the strong-coupling formula [36,37]: 

𝑇𝑇𝑐𝑐 =  𝜔𝜔𝑙𝑙𝑙𝑙𝑙𝑙
1.2 𝑒𝑒𝑒𝑒𝑒𝑒 [− 1.04(1+𝜆𝜆)

𝜆𝜆−𝜇𝜇∗(1+0.62𝜆𝜆)]…. (4.5) 

where ωlog is the weighted average of the phonon energies in Kelvin and μ* the 
Coulomb pseudopotential. Figure 4.7(b) shows the calculated λe-ph from the dRs/dT 
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measurement a function of n2D. In the range of n2D = 1.08 to 1.8×1014 cm-2, the 
magnitude of λe-ph is classified with medium-coupling strength (λe-ph ~ 0.5 – 1) [37]. 
Our result is consistent with previous observations, in which the reported λe-ph ~ 0.6 
to 0.7. This is also in the range of theoretical predictions by first-principle 
calculations [21,32]. Furthermore, the relationship between λe-ph and Tc is shown in 
Figure 4.7(c). For VBG < 0 V, our data can be fitted well by equation 4.5, yielding 
reasonable fitting parameter ωlog = 230 based on the previous prediction [21]. The 
Coulomb repulsion parameter is μ* = 0.12, which is very close to the previously 
observed parameter μ* = 0.13, and not far from Allen and Dynes prediction for 
standard μ* = 0.1 [32,37]. However, for λe-ph > 0.7, our data starts to deviate from 
the fitting function. We attribute that the deviation is due to the enhancement of 
Coulomb repulsion that occurs due to the increase of carrier doping. To confirm 
this, we try to fit the deviated part of the data using equation 4.5 with different 
Coulomb repulsion parameters.  As one can see in Figure 4.7(c), the point, where 
λe-ph > 0.7, is coincide with simulated curves (dashed line) with μ* = 0.15, 0.16, and 
0.17, which agrees very well with the scenario of the enhancement of Coulomb 
interaction. Additionally, the enhancement of μ* parameter is physically 
reasonable since the electrostatic induced electrons are capable to enhance the 
screening effect [38]. Another possible reason regarding this deviation is due to 
the change of average phonon frequency as a function of n2D. However, from our 
previous measurement on Tc, n2D, and Δ, it has been shown that our SC system is 
close to SC-dome peak. Therefore, the effect of phonon dynamics is unlikely since 
the dramatic change of the phonon frequency occurs in the overdoped regime 
rather than in the proximity of the SC-dome peak [39]. 

To investigate the interplay of electron-phonon coupling and Coulomb 
repulsion in a few-layer SC-MoS2 and their effects on SC-gap, we extract SC-gap 
ratio as another macroscopic parameter to characterize the coupling strength of 
present superconducting material. As previously explained, the SC coupling 
strength, according to the magnitude λe-ph, is classified as weak coupling (λe-ph < 
0.5), medium coupling (0.5 < λe-ph < 1), and strong coupling (λe-ph > 1) [37]. By 
extracting the SC-gap ratio, the coupling strength of the SC state can be 
determined relative to the BCS limit [40]. For instance, the SC-gap is classified as a 
SC with strong coupling if the ratio is higher BCS limit ~ 3.528. Figure 4.8(a) shows 
the SC-gap ratio as a function of the back-gate bias. Our SC system is always in the 
proximity of the BCS limit for all the bias range with an average SC-gap ratio is 
3.46 ± 0.20. The relatively constant SC-gap ratios close to the BCS limit suggest 



Chapter 4

92

that the SC state induced in MoS2 appears to be a BCS state. In addition, the fact 
that the SC-gap is close to the BCS-limit is consistent with the previous discussion 
about λe-ph, where the system is in the range of medium coupling SC. 

 

Figure 4.8 (a) The SC-gap ratio as a function of the back-gate bias. The blue area 
represents standard error from the SC-gap data. (b) The evolution of the EPC λe-ph 
and Coulomb repulsion parameter μ* at different n2D values. 

As shown in Figure 4.8, more precisely, the gap ratio shows a crossover 
between the strong and weak coupling regime between VBG = 0 and -20 V. At the 
VBG < 0 V, the SC-gap ratio starts to cross the BCS and enters the strong coupling 
regime, while the ratio is lowered down with the increase of VBG. This behavior is 
opposite from our previous finding in the electron-phonon coupling measurement 
where the increase of carrier density clearly enhances the e-ph coupling.  We 
attribute this crossover to the interplay of electron-phonon coupling and Coulomb 
repulsion. Figure 4.8(b) shows the simultaneous enhancement of the λe-ph and μ* as 
the carrier density increases. In the higher of carrier density, the λe-ph is enhanced 
resulting the higher Tc. However, at the same time, Coulomb repulsion is enhanced 
as well so that it suppresses the superconducting state, which possibly weakens 
the electron-phonon interaction [38]. In contrast, the repulsive Coulomb 
interaction is lowered at lower carrier density. As a result, the weakening caused 
by a repulsive interaction diminishes. It is worth noting that this weakening effect 
is not prominently observed in our measurement due to the limited range of the 
solid gating modulation. Additionally, the μ* only increases slightly from 0.12 to 
0.17, which are smaller than the theoretically predicted limit μ*

 ≥ λe-ph/3 at which a 
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significant screening effect is expected [38].  Therefore, the effect of this interplay 
cannot dramatically affect the other macroscopic parameters such as lowering the 
Tc. Nevertheless, we expect that this effect will be more pronounced once the SC 
state enters the overdoped regime in the SC-dome where the gradual decrease of 
the Tc has been widely reported in this regime [3,16]. 

4.4 Conclusion 

In this chapter, the SC-gap tunneling spectroscopy in SC few-layer MoS2 
has been demonstrated. The measured tunneling dI/dV spectra is well fitted with 
the BTK model and the extracted SC-gap value from the fitting is very close to the 
SC-gap calculated from the BCS prediction. Furthermore, the surface N-I-S contact 
method allows us to study physical parameters from the surface with the freedom 
of tuning the carrier density from the back gate. In addition, we study the 
electron-phonon coupling interaction in different carrier densities, which suggests 
the coupling enhancement in the medium coupling range. The deviation of Tc(λe-ph) 
from the theoretical prediction indicates the role of carrier doping to the 
enhancement of Coulomb repulsion in the SC few-layer MoS2 inducing the 
interplay between the electron-phonon coupling and Coulomb repulsion. 
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