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Abstract 

Superconductivity is studied in hybrids consisting of ultrathin superconducting 

film/few layer graphene. Two different superconductors were used at this purpose, 

Nb and NbN. An increase of the superconducting critical temperature, Tc, is 

observed when graphene is put into contact with Nb. The largest increase is 

obtained for the thinnest Nb layer, which has a Tc 8% larger with respect to the 

single Nb film. In the case of NbN the effect is not so pronounced. Experimental 

data are discussed by considering the possible modification of the phonon 

spectrum in the superconductor due to the presence of the graphene. Within an 

elementary one-dimensional model based on an elastic coupling between nearest-

neighbor atoms, we demonstrate that the phonon spectrum in the superconductor is 

modified at low energies with the subsequent enhancement of the effective 

electron-phonon coupling constant. While the strong oscillating nature of the 

electron-phonon interaction, 2(), in NbN could lead to the insensitivity of Tc on 

the low-energy phonons generated by the graphene, the almost constant behavior 

of 2() in Nb favors the increase of the superconducting critical temperature. 



Introduction 

The problem of tuning of the critical temperature Tc by affecting the phonon 

spectrum of a superconducting material arose naturally after that Eliashberg 

developed the equations of the theory of superconductivity [1,2] (see also [3-8]) 

without limiting the value of the electron-phonon interaction (EPhI). The solution 

of the equations is expressed in terms of the Eliashberg spectral function 

2()F() where 2() determines the strength of the EPhI and F() represents 

the phonon density of states (PhDOS). By calculating the spectral function, or by 

extracting it from tunneling measurements [1, 9-12], and then solving the 

Eliashberg equations, it is possible to fully describe the superconducting properties 

of the metal. However, the broad application of the Eliashberg's theory to the 

interpretation of experimental results became possible only after the work of 

Macmillan [4], reanalyzed later on by Allen and Dynes [7]. Based on the 

approximated solution of the Eliashberg integral equations, McMillan obtained a 

simple formula for Tc [4], 

𝑇𝑐 =
𝑇𝐷

1.45
exp [−

1.04(1+𝜆)

𝜆−𝜇∗(1+0.62𝜆)
],    (1) 

where  is the effective electron-phonon coupling constant, defined as 

𝜆 = 2 ∫
𝛼2(𝜔)𝐹(𝜔)

𝜔
𝑑𝜔

∞

0
,     (2) 

𝜇∗ is the pseudopotential of the screened Coulomb interaction of electrons and TD 

is the Debye temperature. The prefactor TD/1.45 and numbers in the exponent of 

Eq. (1) were fixed by obtaining the value of Tc of a bulk Nb, Tc = 9.2 K, for a given 

Eliashberg function ( = 0.82, 𝜇∗  0.13) [4]. Further, various expressions for Tc, 

which include the moments of the spectral function,  ln 𝜔𝑙𝑛 =
2

𝜆
∫ ln 𝜔

∞

0
𝛼2(𝜔)𝐹(𝜔)𝑑(ln 𝜔), 〈𝜔𝑛〉 =

2

𝜆
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∞

0
𝑑𝜔, have been 

considered [10]. Within these approximations, the enhancement of the 

superconductivity when the disorder of the crystal structure is increased or when 

the thickness of a superconducting film is decreased can be quite reasonably 

explained as a “softening” of the phonon spectrum [7,13-15]. Indeed, it follows 

from Eq. (2) that an increase in the weight of low-frequency phonons implies an 

increase in λ. This, in turn, leads to an increase in Tc, see Eq. (1). In particular, in 



the case of ultrathin superconducting films, i.e. films with a thickness of a few 

lattice constants, the softening of the phonon spectra obtained by depositing metal 

nanoparticles on the film surface has been demonstrated to cause an increase of Tc 

[16-19]. On the contrary, the quality of the surface in ultrathin superconducting 

films can have a strong detrimental effect on the values of the critical temperature, 

as observed and theoretically explained in proximity-coupled 

superconductor/normal metal (S/N) hybrids [20-24].  

The Eliashberg function for Nb, measured by tunnel spectroscopy [25] and 

calculated with   1.24 and 𝜇∗  0.21 [11] reveals that the EPhI is significant in 

the frequency range 2-7 THz. It should be noted that the precise shape of the 

Eliashberg function as well as the values of  and * depend on the quality of the 

samples. In tunnel experiments, the unavoidable surface imperfections cause a 

weakening of the electron-phonon coupling. Moreover, samples with different 

quality of the surface are characterized by different values of  and * [11,25,26]. 

For example, it is well established that the presence of niobium oxides on the 

surface leads to a distortion of the intermediate coupling picture and   0.6 [27-

29]. When this layer is removed, the effective electron coupling value is restored to 

  0.9-1.2 [11,30,31]. Therefore, if an independent source of phonons within the 

frequency range 2-7 THz is available, the superconductivity in Nb ultrathin films 

could be reestablished, independently on the quality of its surface. 

The increase in the Tc value due to the enhancement of the electron-phonon 

coupling has already been shown for MgB2 films. In this case, Tc is increased up to 

41.8 K due to softening of the bond-stretching E2g phonon mode induced by the 

presence of a tensile strain when a thin MgB2 film is deposited onto a SiC substrate 

[32]. Other substrates with biaxial lattice constant larger than in bulk MgB2, such 

as AlN, GaN, AlGaN, MgCaB, were also used to confirm the modification of the 

phonon spectrum in MgB2 thin films [33]. Softening of the E2g mode in MgB2 was 

also observed when MgB2 was put into contact with graphene microsubstrates [34]. 

However, the phonon spectra can be also modified by putting the superconductor 

in contact with an external source of phonons and, for this purpose, graphene is a 

very promising material. In this case, the role of the surface of the superconducting 

film is of paramount importance. Phonon spectra of graphene were deeply 

investigated in conjunction with the thermal conducting properties of the material. 



Thermal conductivity of suspended single layer graphene (SLG) was measured to 

be as high as 3000-5300 W/mK [35,36] and this relevant behavior is mainly due to 

phonons rather than electrons because of the strong covalent bond of light carbon 

atoms [37]. In supported graphene, due to the propagation of phonons towards the 

substrate, the thermal conductivity becomes lower (600 W/mK on SiO2) but still 

remaining larger than in ordinary metals [37]. For this reason, graphene is 

considered as an excellent material for heat removal in nanoelectronics and the 

study of its thermal properties is the subject of intensive research [38-46]. 

As demonstrated by equilibrium molecular dynamic simulations and by relaxation 

time approximation methods, the interaction with the substrate does not affect the 

optical, longitudinal acoustic (LA) and transverse acoustic (TA) phonon modes of 

a SLG [47]. However, the out-of-plane acoustic (ZA) graphene modes change 

significantly due to the interaction with the substrate. Calculations have shown that 

several low-frequency phonon modes can occur in the Cu substrate in the direction 

perpendicular to the interface, in the frequency range 2-8 THz [47]. Because these 

phonons propagate into the substrate from SLG, the effect of their contribution to 

the in-plane thermal transport is reduced to a negligible amount. A modification of 

a phonon spectrum is obtained when the number of the graphene layers (few layer 

graphene, FLG) is increased. By applying a double resonant Raman spectroscopy, 

the layer breathing phonon modes were detected in a few layer suspended 

graphene in the low frequency range 3-7 THz [48,49]. As was shown later in Ref. 

[50], this low energy layer breathing mode has been observed also in supported 

FLG on SiO2/Si substrate. In the Raman spectrum of graphene, the high-energy 

double degenerated optical E2g phonon mode is responsible for G peak whereas the 

low energy E2g phonon mode is associated with the peak of the bulk graphite 

located at 42 cm-1 [51]. This feature is caused by a doubly degenerate rigid layer 

shear mode, involving the relative motion of atoms in adjacent planes [49,52]. 

Moreover, in twisted FLG (T-FLG), depending on the angle between the layers, 

the number of phonon modes increases dramatically, leading to significant 

modification of the phonon spectrum and to the appearance of low energy ZA 

phonon modes with frequencies of the order of a few THz [53]. Finally, the 

presence of a strong electron-phonon coupling in graphene has been invoked to 

explain the appearance of the superconductivity around 1 K in twisted bilayer 

graphene for the magic angle   1.05o [54,55]. 



While the propagation of phonons from graphene to a massive superconductor is 

difficult to be detected, in ultrathin superconducting films with thicknesses of the 

order of the coherence length, the role of phonons generated by graphene could be 

relevant. In this case, the low-frequency phonon modes of graphene can modify the 

phonon spectrum of the superconductor and affect its superconducting properties. 

The main goal of this work is to study the role of graphene layers deposited on Nb 

and NbN superconducting ultrathin films. Both these materials are conventional  

s-wave superconductors well described by the McMillan-Allen-Dynes 

approximation. The graphene used in this work, is a T-FLG, whose properties were 

deeply characterized by optical transmittance measurements and by Raman and X-

ray photoemission spectroscopy (XPS). The thickness of the superconducting films 

was varied from few up to tens of nanometers and the influence of T-FLG on Tc 

was studied by measuring the electric transport properties by a resistive method. 

For the thinnest Nb layer, the enhancement of Tc reaches the 8% compared to a 

single Nb film. On the contrary, in the case of NbN-based hybrids a clear influence 

of the graphene layers on Tc was not found. All the obtained results are coherent 

when discussed in terms of phonon generation in the superconductor due to the 

presence of graphene. 

 

1. Experimental  

1.1. Nb and NbN Deposition 

Nb and NbN ultrathin superconducting films were deposited on Si substrates by dc 

UHV magnetron sputtering operating in a base pressure of 110-8 Torr. Nb films 

were grown in an Ar pressure of 2.610-3 Torr with a typical deposition rate of 

0.33 nm/s. Since the influence of the graphene layer is expected to be more 

pronounced for film thicknesses comparable with the superconducting coherence 

length (S,Nb ≈ 6 nm [56]), a set of three samples, with thicknesses dNb = 10, 15 and 

30 nm was grown. NbN films were reactively deposited in a mixture of Ar and N2 

with flow rates of 60 and 6.5 sccm, respectively. The resulting mixture pressure 

during the deposition was 3.210-3 Torr with a deposition rate of 0.41 nm/s. A set 

of 8 samples was fabricated with thickness in the range dNbN = 5-65 nm. For the 

same reason described above, being S,NbN ≈ 3 nm [57], only the films with 



dNbN ≤ 25 nm were used to investigate the superconducting properties of the 

NbN/graphene hybrids. Thicker films were used for the characterizations reported 

in the Appendixes. Because all the films of each material were fabricated in the 

same deposition run, the difference in the superconducting properties is only 

related to their thickness. Further details about the deposition procedures can be 

found elsewhere [56,57].  

1.2. Graphene Growth 

Graphene was grown by atmospheric pressure chemical vapor deposition 

(APCVD) on Cu substrate with a methane (CH4) as a precursor at 1050C. In some 

cases, n-decane (C10H22) was used as a precursor [58], allowing to fabricate a 

thicker graphene, with a larger number of layers. Samples were fabricated in a 

mixture of H2 and N2 as a carrier gas with flow rates of 6 and 100 sccm, 

respectively. After the deposition, graphene was transferred on top of the 

superconducting film employing a wet chemical room temperature transfer process 

without using a polymeric support [58]. The Cu support was completely dissolved 

and the graphene film was gently washed several times in a bath with distilled 

water prior to the transfer onto the superconductor. Detailed descriptions of the 

graphene synthesis, transfer approach and graphene characterization can be found 

elsewhere [58,59]. 

The resulting samples were labeled with the chemical symbol (Nb or NbN) of the 

superconductor followed by a number indicating its thickness in nanometers. If the 

film is coated with graphene, the suffix G along with the letter denoting the 

precursor used during the synthesis of the graphene film (“m” for methane and “d” 

for n-decane) is added. The graphene used for the Nb-based hybrids was always 

obtained using methane as a precursor. In this case, when labelling the samples, the 

letter ‘m’ after the value of the thickness is not present. For example, Nb10G is the 

Superconductor/Graphene (S/G) hybrid made of a 10-nm-thick niobium film 

coated with graphene synthesized applying methane, while NbN15Gd and 

NbN15Gm stand for NbN films with a thickness of 15 nm coated with graphene 

synthesized using n-decane or methane as a precursor, respectively. 

The properties of graphene were characterized by Raman spectroscopy and optical 

transmittance measurements. The number of graphene layers, NG, was reliably 



obtained from these analyses. It turns out that the graphene which cover Nb consist 

of 1-2 numbers of layers. On the contrary, the graphene covering NbN films has 

NG = 3-4 (7-8) when methane (n-decane) is used as a precursor. These results are 

shown in Appendix A (Raman data) and Appendix B (Optical transmittance). 

The properties of the Nb/G and NbN/G interfaces were investigated by XPS. The 

main result of these studies is that the obtained S/G hybrids are complex layered 

systems having a superconductor/oxide/graphene structure. This means that there 

is not a direct metallic contact between the superconducting film and graphene and, 

therefore, superconducting proximity effect can be disregarded in the further 

considerations. The results of the exhaustive XPS investigation are shown in 

Appendix C.  

Superconducting electric transport properties were measured in a 4He cryostat 

using a standard dc four-probe technique on unpatterned samples with the 

electrical contacts put in-line. The samples were biased by a 10 A dc current. 

When applied, the external magnetic field was perpendicular to the plane of the 

film and to the direction of the flowing current. The superconducting transition 

temperature of the samples was estimated at the midpoint of the transition, namely 

for R = 0.5R10, where R10 is the resistance at T = 10 K. Temperature in the range 

from 4 K to 300 K was set with an accuracy better than 50 mK and it was 

measured with a Cernox™ CX-1030 thermometer located on the holder near the 

sample. A Lakeshore 340 controller allowed stabilizing temperature with the 

accuracy of  5 mK during the measurements. 

 

2. Superconducting Properties. 

The resistive transition curves measured for samples Nb10 and Nb30 (open 

symbols), Nb10G and Nb30G (closed symbols) are shown in Fig. 1(a). A clear 

enhancement of Tc is evident for both the NbxG hybrids (here x  is the Nb 

thickness)). By defining Tc  as the difference in Tc of the bare and covered 

sample, it results that the largest Tc increase is observed for the Nb10G sample, for 

which it is Tc = 0.6 K. For the samples Nb15G (not shown here) and Nb30G it is 

Tc = 0.1 K. These results are summarized in Fig. 1(b), where the dependence of 

Tc on dNb for the bare films and the NbxG hybrids is compared. The curve relative 



to the NbxG hybrids systematically lies above the one of the single Nb films, 

indicating a well-established Tc enhancement, which is larger at low dNb. 

  
 

Figure 1. (a) Normalized resistance versus temperature for samples Nb10 and 

Nb10G (red), Nb30 and Nb30G (blue) samples. Open symbols are for bare Nb 

films, closed symbols are for NbxG hybrids.(b) Thickness dependence of Tc for Nb 

films both coated and uncoated by graphene. The letter x stands for the variable 

value of dNb in nm. 

 

For these samples the temperature dependence of the perpendicular upper critical 

magnetic field, Hc2(T), was derived by measuring resistance versus magnetic field, 

R(H), curves at different temperatures. The results of these measurements for the 

samples Nb10 and Nb10G are shown in Figs. 2(a) and 2(b), respectively. Hc2 was 

determined at the midpoint of the resistive transition. The resulting Hc2(T) 

dependences are shown in Fig. 2(c). From these curves the value of the 

superconducting coherence length, S, can be estimated through the relation 
𝑠

=

2
1
2

𝜋
3
2

∙ [−
Φ0

𝑇𝑐∙(𝑑𝐻𝑐2 𝑑𝑇⁄ )𝑇=𝑇𝑐

]

1

2
 (Φ0 being the flux quantum). For Nb10 it is 

dHc2/dT = − 0.730 T/K and Tc = 7.26 K, which leads to 
𝑠

= 5.0 nm, while for 

Nb10G it is dHc2/dT = − 0.605 T/K and Tc = 7.86 K, which gives 
𝑠

= 5.3 nm. The 

values obtained for S,Nb confirm the high quality of ultrathin Nb films [56,60]. 

 



  
Figure 2. Resistance versus perpendicular magnetic field at different temperatures 

for samples Nb10 (a) and Nb10G (b). (c) Perpendicular upper critical magnetic 

field, Hc2, versus temperature for Nb10 (open symbols) and Nb10G (closed 

symbols) samples. Solid lines represent the best linear fit close to Tc. 

A similar study was performed on the NbN/G hybrids. Fig. 3(a) shows the resistive 

transition curves for a selection of the three NbNxG-based samples with dNbN = 7, 

15 and 18nm. Black symbols indicate the single NbNx films, while red and blue 

symbols indicate NbNxGm and NbNxGd hybrids, respectively (here x stands for 

the NbN thickness in nm).  

 
 

Figure 3. (a) Normalized resistance versus temperature for single NbN films and 

NbN/G hybrids of different NbN thickness. In the legend x denotes dNbN in 

nanometers. For details see the text. (b) Thickness dependence of Tc for NbN films, 

both bare and coated by graphene synthesized by using the two different 

precursors.  



 

The results obtained for the three set of samples are summarized in Fig. 3(b). 

Contrary to Nb, the results for NbN do not to follow a clear trend. The Tc values of 

the bare films are larger than that of the graphene-coated films for dNbN = 7, 10, 15, 

and 25 nm. Also, in general the Tc of the films grown with methane as a precursor 

does not differ much with respect the corresponding NbN bare samples. In 

addition, there is a tendency for the samples synthesized with methane to have 

higher Tc compared to the ones obtained by using n-decane, except for 

dNbN = 15 and 18 nm. For this last thickness, the quality of the films is lower when 

compared to the other samples of the series, but this does not affect the general 

discussion. 

Discussion 

2.1. Nb/G hybrids 

We consider the effect of graphene on the phonon spectrum as the main reason of 

the enhancement of Tc observed in ultrathin Nb films coated with graphene. In the 

following, we will not give a detailed theoretical analysis but we will mainly 

underline the physics at play. Let us consider the elementary problem of 

longitudinal vibrations of a one-dimensional (1D) chain of atoms of mass M 

connected by springs of rigidity K. The mass M is connected to atoms of mass MS 

by springs of stiffness K. The MS (M) atoms are elastically connected to each other 

by springs of stiffness KS (K). The chain of M atoms imitates the Nb film, whereas 

the two MS atoms the bilayer graphene. In addition, the weak bond K between M 

and MS atoms also refers to the oxide layer between the superconductor and the 

graphene. A schematic representation of the 1D chain of the atoms under 

investigation is shown in Fig. 4(a). 



  

Figure 4. Schematic of the 1D chains by which the systems under investigation 

are represented. (a) Nb/G and (b) NbN/G hybrids. Red circles refer to Nb while 

blue circles refer to carbon (and nitrogen). For details, see the text. 

The solution to this classical problem of an elastic chain of identical atoms is well 

known, and yields eigenfrequencies 𝜔𝑛 [61] 

 

𝜔𝑛 = 2ω0 |sin (
𝜋𝑛

2𝑁
)|, (n = 0, 1,…, N–1) 

where N is the number of atoms in the chain and ω0 = √𝐾/𝑀. Next, we scale the 

parameters of the system under consideration to the parameters of the chain of 

atoms: 𝜔𝑠 = √𝐾𝑠/𝑀𝑠 ≡ ω0𝜈𝑠, K  K and Ms  M. Time is measured in unit of 



reciprocal frequencies, 𝜔0. Then, the eigenfrequencies 𝜔𝑛 of the oscillations of the 

1D-chain depend on the three parameters ,  and s. The quantity  denotes the 

ratio of masses in the chain, Ms/M. We consider it as a fixed value, of the order of 

the ratio of the atomic masses of carbon and niobium,   0.13. Then during the 

simulations, we vary only two parameters of the system, , which reflects the 

properties of the oxide layer, and s, which is referred to the eigenfrequencies of 

the carbon atoms. We are interested only in the low frequency part of the spectrum, 

s << 1, which could be associated with a low frequency ZA phonons that, in turn, 

stimulates superconductivity (see below). 

Frequency spectra of a 1D-chain for s = 0.05 and different values of the coupling 

constant  are shown in the Fig. 5(a) where we plot the eigenfrequencies versus the 

normalized wave number n/2N (N was set to be equal to 12, i.e. to 10 atoms with 

mass M plus 2 atoms with mass Ms). For comparison, the spectrum of a 1D-chain 

consisting of 12 atoms with a mass of M each atom is shown as the black solid 

curve in Fig. 5(a).  

In Fig. 5(b), for the sake of convenience, we present the obtained set of 

frequencies. To better underline the role played by the two additional atoms, we 

show the set of frequencies calculated for a 1D-chain made of 10 atoms with mass 

M and those calculated for a 1D-chain made of 12 atoms with mass M. It follows 

from this result [as also seen from Fig. 5(a)] that the edge (surface) perturbations 

have a small effect on the high frequency part of the spectrum. Then, an increase in 

the PhDOS for relatively low values of  is observed. Rectangles in Fig. 5(b) mark 

regions of the increased PhDOS. We believe that peaks in the PhDOS in the low-

frequency region will also appear in the real 3D sample. 

 



  
Figure 5. Frequency spectra for a 1D-chain of atoms for s = 0.05 and different 

coupling constants . (a) Eigenfrequencies versus the reduced wave number, 

n/2N (see text for details). (b) The obtained set of frequencies. Numbers denote  

values. Rectangles mark regions of eigenfrequencies of the chain induced by the 

MS atoms. Black (magenta) bars are for N = 10 (12) niobium atoms in the 1D-

chain.   

From this result it follows that, for a small relative frequencies s and weak 

coupling , the PhDOS in the region of small frequencies  in the Nb/G hybrids 

could be increased. Considering that for Nb the electron-phonon coupling 

parameter 2() is almost constant in the frequency range 2-7 THz [11], the 

increase in the PhDOS implies a decrease in the McMillan 2 value, which in 

turn determines an enhancement of the superconducting critical temperature. This 

is exactly the classical effect of the softening of the phonon spectrum, which was 

intensively discussed earlier in the literature [62]. If we reasonably set 

20 ~ TD ~ 300 K, the significant softening of the phonon spectrum occurs at s of 

the order of few Terahertz. This is in good agreement with the range of the phonon 

spectra needed to enhance the superconductivity and this result gives a support in 

favour of the reasonableness of the above considerations, despite the 

oversimplified adopted one-dimensional model. 

To investigate the influence of the eigenfrequencies of the carbon atoms on the 

frequency spectra of the entire chain, we look at the frequency spectra for a wide 

range of s. This result is presented in Fig. 6 for two values of the coupling 

constant  = 0.01 and  = 0.1. For each value of , s was varied in a wide range, 

i.e. 0.01 < s < 1. It follows from Fig. 6 that, contrary on what was previously 



obtained when the coupling constant  was changed, the influence of s on the 

frequency spectra is not so crucial. The main deviations occur in the lower 

frequency region of the spectra, which again could favor the enhancement of Tc.  

  
Figure 6. Frequency spectra for a 1D-chain of 10 atoms of mass M terminated with 

2 atoms of mass MS for two different coupling constants : (a)  = 0.01; (b) 

 = 0.1. For each value of  results for a wide range of s (0.01 < s < 1) are 

shown. 

 

2.2. NbN/G hybrids 

Now we move to the analysis of the NbN/G hybrids for which, as observed 

experimentally, the values of Tc are less affected by the presence of graphene. We 

model the system as a 1D-chain made of 10 Nb atoms attached to 10 Nitrogen 

atoms. This diatomic chain is terminated with 4 Carbon atoms. A schematic of the 

structure is shown in Fig. 4(b). It is assumed that the atomic masses of C and N, 

which are neighbors in the periodic table of elements, are equal.  

The frequency spectra of a chain made by 10 pairs of atoms with mass M and MS 

atoms terminated by 4 atoms with mass MS are shown in Fig. 7(a) where both 

acoustic and optic branches are plotted. Unlike the case of Nb/G hybrids, there is a 

middle range of , that is most susceptible to the deformation. In addition, the 

optical part of the spectrum, which contributes approximately 20% to the value of 

the effective coupling constant (thorough calculations were done in Ref. [63]) is 

not subject to any changes. This insensitivity is a well-known effect for a 



crystalline structure formed by heavy (Nb) and light (N) atoms [61]. The acoustic 

branch is set by the parameters of the heavy sub-lattice and the optic branch is 

defined by the parameters of the light sub-lattice [11,61,63]. Therefore, it is clear 

that if a lattice of light atoms is added to the main structure once the optic branch is 

formed this branch will not change. 

In Fig. 7(b) the obtained set of frequencies are shown. By black and magenta bars, 

we mark the eigenfrequencies of a main chain consisting only of pairs of atoms 

with masses M and MS. Black (magenta) bars refer to the case N = 10 (14). It is 

clear that while the surface perturbations do not influence the high frequency 

region of the spectrum, deviations occur in the intermediate region. The effect is 

more pronounced for smaller  (i.e. for a greater influence of the oxide layers). 

However, even though in a slightly different frequency range, the effect of 

softening of the phonon spectra is observed.  

The influence of the terminated atoms having mass MS on the eigenfrequencies of 

the spectrum of the entire chain have been investigated and the results are shown in 

Fig. 8 for two values of the oxide coupling strength ( = 0.01 and  = 0.1). For 

each value of , which describes the properties of the oxide layer, the optic and 

acoustic branches are calculated for a wide range of values of s. As in the case of 

the Nb/G hybrids, the effect of the carbon is more pronounced for smaller values of 

s, while greater deviations occur in the intermediate frequency range.  

  
Figure 7. Frequency spectra for a 1D-diatomic chain of atoms calculated for 

s = 0.05 and different values of the coupling constant . Both acoustic and optic 



branches are shown. Panel (a): Eigenfrequencies versus the reduced wave 

number. Panel (b): The obtained set of frequencies. Black (magenta) bars are for 

N = 10 (14) pairs of atoms with masses M and MS in the 1D-chain. 

However, this theoretical prediction does not explain the observation that, in the 

case of NbN/G hybrids, the presence of the graphene does not cause an increase of 

the superconducting critical temperature with respect to bare NbN films. This, we 

believe, may be due to the peculiar 2() dependence in NbN. Indeed, in the case 

of Nb the quantity 2() is almost frequency independent [11]. Therefore, if the 

spectral Eliashberg function α2(ω)F(ω) is known, the PhDOS can be evaluated 

easily. In particular, the increase in the PhDOS leads unambiguously to the 

increase of the effective electron-phonon coupling constant  [Eq. (2)]. This, in 

turn, causes an increase of Tc. 

 
 

Figure 8. Frequency spectra for a 1D chain of atoms with masses M and MS 

terminated with 4 atoms with mass Ms for two different values of the coupling 

constant .: (a)  = 0.01 and (b)  = 0.1. For each coupling constant spectra for a 

wide range of s (0.05 < s < 1) have been studied. In the figures, the optic and 

acoustic modes are plotted. 

In the case of NbN, it is not possible to separate the role played on Tc by the 

phonon spectrum, F(), and by electron-phonon interaction spectrum, 2() [10]. 

In fact, for this material, 2() is a more strongly oscillating function with respect 

to F(ω), in particular in the frequency range 2-7.5 THz of the acoustic branch. 

Moreover, the function 2() oscillates with large amplitude [63]. Therefore, the 

effect of variations in the function F(ω) caused by an external source is largely 



hidden due to these oscillations. In this regards we note that the higher critical 

temperature of the NbN is due to a higher density of electronic states rather than a 

PhDOS (the electronic DOS of NbN exceeds the DOS for bare Nb because of the 

contribution of the N-2p states in addition to the Nb-4d states) [63,64]. Therefore, 

due to the oscillating nature of the quantity α2(ω)F(ω)/ω, its integral, which defines 

, does not significantly affect the behavior of Tc. In fact, since the modification of 

the phonon spectrum occurs in a wide frequency range (see Figs. 7 and 8), a 

positive contribution to  in a certain band of the F(ω) spectrum may be 

compensated only by a negative contribution coming from the remaining part of 

the spectrum. As a result, the superconducting state of NbN films is not 

significantly affected by phonon pumping from graphene, even when the number 

of graphene layers is increased. 

Conclusions 

In conclusion, the superconducting properties of Superconductor/Graphene hybrids 

based on Nb and NbN ultrathin films have been studied. Raman spectroscopy 

measurements showed that the number of graphene layers in the systems were 1-2 

for Nb/G and 2-4 or 7-8 for NbN/G, depending, in this last case, on the deposition 

parameters and the precursor used during the graphene synthesis. XPS analysis 

revealed the presence of oxide (oxide/oxynitride) layers between Nb (NbN) and 

graphene thus excluding the presence of metallic proximity coupling. In the case of 

Nb/G hybrids the value of Tc is larger with respect to bare Nb films. For 

dNb = 10 nm, the increase was of the order of the 8%. On the contrary, for NbN/G 

hybrids, the values of Tc are not influenced by the presence of graphene. The 

obtained experimental results have been explained by a qualitative analysis of the 

effect of the graphene phonon spectrum on the Eliashberg spectral function of a 

superconductor. This effect has been clarified by calculations of the elementary 

model of the 1D-chain of atoms of a superconductor terminated by carbon atoms. 

The calculated eigenfrequencies of the chain definitely revealed a modification of 

the spectrum in the low-frequency region. In the case of the Nb/G system, this 

result leads to the enhancement of Tc because of the increase of the PhDOS at low 

frequencies (the phonon spectrum softening). On the contrary, due to the strong 

oscillating character of the quantity α2(ω) in NbN, the appearance of new 



eigenfrequencies in the spectrum of NbN/G hybrids is not enough to produce an 

enhancement of the critical temperature in this system.  
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Appendix A. Raman Spectroscopy 

Raman spectroscopy was performed using the Confotec NR 500 confocal micro-

Raman spectrometer with a 473 nm excitation wavelength. The resolution of the 

spectrometer was 3 cm-1. 

In Fig. A.1(a) we show the Raman spectrum of the sample NbN25Gm. The 

observation of the characteristic G and 2D bands, their positions (1590 cm-1 and 

2672 cm-1, respectively), shape and intensity ratio (I2D/IG = 1.03) revealed the 

formation of a few layer graphene [58]. 

  
Figure A.1. (a) Raman spectrum of the sample NbN25Gm. (b) Experimental 

dependencies of the position of the 2D-peak versus the position of the G-peak for 

the samples of the NbNxGm series (open circles). Solid (dashed) lines with the 

slope 0.2 (0.7) correspond to a constant carrier (strain) concentration in the 

graphene. Numbers close to solid lines indicate the number of layers in the FLG 

while solid and dotted lines with the same color refer to the same number of layers 

in the FLG. Intersections of the vertical dashed-dotted line with the solid lines are 

the points for an ideal graphene. Their positions are adapted from Ref. 65.  



By acquiring the Raman spectrum at each point of the sample, we constructed the 

Raman spectra maps, which gives additional information about the properties and 

homogeneity of graphene layers. Subsequently, the obtained Raman spectra maps 

were processed and the dependencies of the integral intensity of the position of the 

2D peak on the position of the G peak were constructed. This procedure was 

performed for all the samples. As an example, in Fig. A.1(b) the results for the 

samples of the NbNxGm series are shown. This plot gives information about 

stresses in graphene as well as about the number of graphene layers present in the 

system [66,67]. For a SLG, the positions of the 2D and G peaks are governed both 

by strain and charge transfer, where strain “moves” data points away from the 

positions IG = 1581 cm-1 and I2D = 2635 cm-1 (typical of an ideal unstrained and un-

doped graphene) along the 2.2 slope line. On the contrary, hole doping “moves” it 

along the line with the 0.7 slope in the “position of the 2D peak – position of the G 

peak” plot [58,68]. In the case of a FLG, this tendency in the positions of the 2D 

and G peaks persists. Moreover, due to the multilayered nature of the graphene, the 

2D position is gradually blue shifted [69]. Solid (dashed) lines in Fig. A.1(b) 

correspond to the slope 2.2 (0.7) in this coordinates. Different colors of lines are 

for different NG values. As one may see, although graphene is not perfectly 

homogeneous, most of the experimental points for the NbNxGm hybrids are 

associated with NG = 2-4. Moreover, the shift of the positions of the G and 2D 

peaks is reasonably caused by an increase of the strain in the graphene layers. The 

non-uniformity of the number of the graphene layers, observed on macroscopically 

large area, 2020 m2, could be related to the APCVD technique used for the 

growth process. On the contrary, NG is in the range of 6-8 for NbNxGd series. 

Finally, the results for the NbxG series are similar except for values obtained for 

NG which, due to a slightly different set of a technological parameters using during 

the APCVD process, vary between 1 and 2. 

 

Appendix B. Optical Transmittance 

 

The measurements of optical transmittance, T, gives information about the value of 

NG. T was measured by a PROSCAN MC-121 spectrometer performing a 

quantitative analysis on a probed circular area with a diameter of ≈ 0.5 cm. For 



these measurements, graphene samples synthesized under the same conditions used 

for the graphene of the S/G hybrids were analyzed. But this time graphene was 

transferred to a glass transparent substrate. In Fig. B.1, we show T of these 

samples recorded in the 400-900 nm range. At the wavelength of 550 nm, the 

graphene used to cover Nb films has T = 96.12 % while the transmittance of the 

graphene subsequently transferred on NbN is 92.92 % and 83.46 % when methane 

and n-decane are used as a precursor, respectively. Based on these numbers NG can 

be estimated [65]. It turns out that the graphene used to cover Nb films has NG 

between 1 (T = 97.7 %) and 2 (T = 95.45 %). On the contrary, the graphene used 

for the NbN/G hybrids has NG between 3 (T = 93.25 %) and 4 (T = 91.11 %) when 

synthesized with methane as a precursor, while NG varies between 7 (T = 84.96 %) 

and 8 (T = 83.01 %) with n-decane as a precursor. The difference observed in NG 

in the last two cases may be due to the different parameters used during the 

synthesis of the graphene.   

 

Figure B.1. Optical transmittance T of different graphene samples transferred on a 

transparent glass substrate. The red line refers to the sample synthesized under the 

same conditions used for the graphene subsequently transferred to the Nb film. 

Blue (magenta) line refers to the sample grown with a methane (n-decane) as a 

precursor in the same conditions of the graphene subsequently transferred to the 

NbN film. The vertical line indicates the wavelength, 550 nm, at which T was 

estimated. 

 



Appendix C.  X-ray Photoelectron Spectroscopy (XPS) 

 

A Thermo Scientific ESCALAB 250Xi spectrometer with monochromatic Al K 

radiation (1486.6 eV) was used for XPS measurements. The measurements were 

performed on as-prepared samples. The base pressure in the analytical chamber 

was lower than 210-7 Pa. The 40 eV and 20 eV pass energy values of a 

hemispherical electron energy analyzer were used for the survey and for the 

recording of high-resolution spectra, respectively. The energy scale of the system 

was calibrated with respect to Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 peak positions. 

Further information about the XPS equipment can be found elsewhere [58,70]. 

XPS measurements were performed on samples Nb10 and NbN25, as well as on 

the corresponding ones coated by graphene, namely samples Nb10G, NbN25Gm 

and NbN25Gd. In Fig. C.1(a) we show the XPS survey spectrum for the single Nb 

film, Nb10. The surface composition of the sample reveals the presence of 

niobium, oxygen and carbon. In addition, a small peak of SiO2 coming from the 

substrate is present. The niobium presents all the peaks known from literature, i.e. 

Nb3s, Nb3p, Nb3d, Nb4s and Nb4p [71]. The presence of the small amount of 

carbon (C1s peak at the bonding energy Eb = 284.48 eV [72]) could be attributed to 

the usual atmospheric carbon contamination. 

The survey spectrum of the sample Nb10G shown in Fig. C.1(b) shows a smaller 

amplitude for all the Nb peaks. The C1s peak becomes stronger, indicating the 

presence of graphene. The appearance of a small peak of nitrogen could be 

attributed to the contamination connected to the wet transfer process. 



 

Figure C.1. Survey XPS spectra for the samples Nb10 (a) and Nb10G (b). 

Survey spectrum of NbN25 is shown in Fig. C.2(a). The main difference with 

respect to the case of Nb10 is the presence of a strong nitrogen peak 

(Eb = 397.1 eV [71]), which is naturally expected for a NbN film. After the 

graphene transfer, amplitude of the Nb peaks decrease significantly, as in the case 

of the sample Nb10G. Here, the carbon peak C1s becomes dominant, the niobium 

peaks are significantly reduced and the nitrogen peak is almost invisible. The 

stronger suppression of the oxygen peak for NbN25Gd [Fig. C.2(c)] may be 

reasonably explained by the greater thickness of the graphene in this sample with 

respect to the case of NbN25Gm [Fig. C.2(b)]. 

High resolution XPS (HR XPS) C1s core level spectra of the samples Nb10G, 

NbN25Gm and NbN25Gd are shown in Fig. C.3 where the sharp asymmetric peak 

typical of the graphene is clearly present. The asymmetry of the spectrum is more 



pronounced for the Nb10G sample due to the lower value of NG in this sample. The 

small peak at Eb = 288.2 eV is typical of the O-C=O bonds [73]. 

 
Figure C.2. Survey XPS spectra for the sample NbN25 (a), NbN25Gm (b) and 

NbN25Gd (c). 



 

Figure C.3. HR XPS C 1s core level spectra of the samples Nb10G (red, left axis), 

NbN25Gm (blue, right axis), and NbN25Gd (brown, right axis). 

 

The HR XPS Nb 3d core level spectrum shown in Fig. C.4(a) for the sample Nb10 

reveals the presence of multiple oxidation states of Nb associated to different 

compounds. The standard values of the electron binding energy of the elements in 

different chemical environments were taken as a reference from the NIST X-ray 

Photoelectron Spectroscopy Database [74]. The experimental data could be 

deconvoluted into the ten peaks shown in Fig. C.4(a), which are related to Nb 

(Eb = 202.1 eV), to the niobium oxides, NbO, (Eb = 202.9 eV, 204.8 eV), NbO2, 

(Eb = 205.9 eV, 206.1 eV, 208.7 eV) and to the most stable (its band gap is 3.5 eV) 

niobium pentoxide, Nb2O5, (Eb = 207.4 eV, 207.6 eV, 210.2 eV, 210.2 eV) [74,75]. 

The envelope of the fitted peaks (red line) corresponds to the experimental curve, 

which shows that sample Nb10 is in fact a Niobium/Niobium oxide bilayer.  



The HR XPS Nb 3d core level spectrum for Nb10G is shown in Fig. C.4(b). The 

main niobium metallic peak, Nb 3d5/2 at Eb = 202.1 eV is still present, but its 

amplitude is smaller respect to the previous spectrum. Moreover, as demonstrated 

by the deconvolution of the experimental data, all the peaks of the niobium oxides 

[indicated by the same colors as in Fig. C.4(a)] are still present in the spectrum. 

Again, the envelope line plotted taking into account all the fitted peaks, perfectly 

describes the experimental data. Therefore, the sample Nb10Gm is a 

Niobium/Niobium oxide/Graphene trilayer.  

 

Figure C.4. HR XPS Nb 3d core level spectra (black points) of Nb10 (a) and 

Nb10G (b) after deconvolution (color lines). Arrows indicate the various states of 

Nb. Numbers in brackets represent the binding energy in eV. The colors in (a) and 

(b) are the same for the same states of Nb. The red line is the envelope of the fitted 

peaks. 

The HR XPS Nb 3d core level spectrum for NbN25 is shown in Fig. C.5(a). The 

analysis of the spectrum reveals the absence of the Nb peak and the presence of a 

strong NbN peak at Eb = 204.1 eV. Moreover, the niobium pentoxide dominates 

and, from the slight asymmetry of the NbN peak, it follows that the sample 

contains also niobium oxynitride (NbNO) (Eb = 205.3 eV). The data confirm what 



already known from the literature for sputtered NbN films in which metallic NbN 

grains are firstly surrounded by NbNO and then by the more stable Nb2O5 layers 

[76]. This means that the NbN25 film is of complicated nature because the 

outermost layer is formed by a stable Nb2O5 followed by a dielectric oxynitride 

NbNO, that is in turn adjacent to the metallic NbN [76]. The presence of the latter 

is indirectly confirmed by the HR XPS Nb 3d core level spectra measured for the 

samples NbN25Gm [Fig. C.5(b)] and NbN25Gd [Fig. C.5(c)]. Indeed, while the 

Nb2O5 peak becomes dominant, the peaks associated to the NbNO becomes 

smaller. This means that niobium oxynitride is moved further away from the 

surface of the sample. 

 

Figure C.5. HR XPS Nb3d core level spectra of (a) NbN25, (b) NbN25Gm and (c) 

NbN25Gd. Arrows indicate the different states of Nb. Numbers in brackets 

represent the binding energy in eV. The colors in the panels (a), (b) and (c) are the 

same for the same states of niobium. The red line corresponds to the envelope of 

the fitted peaks. 
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