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Abstract

:

The advance of research on 2D transition metal carbides, carbonitrides, and nitrides (collectively known as MXenes) has progressed rapidly since the introduction of Ti3C2 in 2011. Nowadays the number of MXene synthesized in lab has reached more than 20, while there are currently about 20 theoretically predicted structures. In this study, we calculate the electromagnetic interference shielding effectiveness of a series of MXene films in theory and find that the results are in good agreement with the measured data. From this, we can use this method to calculate electromagnetic properties of all kinds of 2D material films which are similar to Mxenes.
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1. Introduction


Two-dimensional (2D) materials have unusual electronic, mechanical, and optical properties, which have led to their extensive study in the past decade for diverse applications [1,2,3,4,5,6]. For example, the first 2D material, graphene [7], has received a high level of attention. Currently, Mxenes, a family of 2D material with good flexibility and high conductivity, have been comprehensively investigated, which can provide electromagnetic interference shielding with minimal thickness [8]. Electromagnetic interference (EMI) comes from electronic devices that transmit, distribute, or use electrical energy, which has inferior impacts on device performance and the surrounding environment [9,10,11,12]. So it is important to judge whether a material has a good electromagnetic shielding performance. An effective EMI shielding material must meet two conditions: One is to reduce undesirable emissions and the other one is to preserve the component from straying external signals. The reflection of radiation for EMI shielding is the primary function by using charge carriers, which directly related to the electromagnetic properties. As a result, the first factor of shielding materials is electrically conductive. However, electrical conductivity is not the only element affecting the EMI shielding. Absorption of EM radiation is the second element for EMI shielding, the principle of which is that the material’s electric and magnetic dipoles interact with the radiation.



Different MXenes are expressed with chemical formula Mn+1XnTx, where M is transition metal, X is carbon and/or nitrogen, and T represents surface termination. Among them, Ti3C2Tx is the most commonly studied MXene, because of its excellent electrical conductivity. In particular, the EMI shielding capabilities of several Ti3C2Tx films and the polymer composites (Ti3C2Tx-SA) have been experimentally examined at microwave frequencies and have been reported to be the highest synthetic materials with comparable thickness [8]. In this study, we present a theoretical calculation for conductive MXene films to shield microwave to understand the measurement reported in Ref. [8]. Note that the difference of result between experimental measurement and theoretical calculation is very small.




2. Theoretical Calculation


The electromagnetic interference shielding effectiveness (EMI SE) is a way to measure a material’s ability to block electromagnetic waves. When an electromagnetic radiation is incident on a shielding device, the energy of the electromagnetic radiation will be reflected, absorbed, and transmitted. The sum of the three components must be 1. The contributions of the total EMI SE (EMI SET) are derived from reflection, absorption and multiple internal reflections. The total SET can be written as:


     S  E T  = S  E R  + S  E A  ,     



(1)




where SER denotes the reflection contribution and SEA is the absorption contribution with multiple internal reflections (SEM) included implicitly. The two quantities can be expressed in terms of reflectance (R) and transmittance (T) as:


     S  E R  = 10 log  (   1  1 − R    )  ,     



(2)






     S  E A  = 10 log  (    1 − R  T   )      



(3)







Inserting Equations (2) and (3) into Equation (1), we can obtain the EMI SE:


     S  E T  = 10 log  (   1 T   )      



(4)







Transmission and reflection coefficients of a conductive thin film, schematically illustrated in Figure 1, can be solved through matching boundary conditions and utilizing Fresnel formula, as following:


      E 0  +  E r  =  E +  +  E −  ,     



(5)






        E 0     z 0    · cos  θ 0  −    E r     z 0    · cos  θ 0  =    E +     z 1    · cos  θ 1  −    E −     z 1    · cos  θ 1  ,     



(6)






      E +  ·  e  i k h cos  θ 1    +  E −  ·  e  − i k h cos  θ 1    =  E t  ·  e  i  k 0  h cos  θ 0    ,     



(7)






        E +     z 1    ·  e  i k h cos  θ 1    · cos  θ 1  −    E _     z 1    ·  e  − i k h cos  θ 1    cos  θ 1  =    E t     z 0    ·  e  i  k 0  h cos  θ 0    cos  θ 0  ,     



(8)




where z0 is the vacuum wave impedance, z1 is the impedance of the film,    θ 0    is the incident angle,    θ 1    is the refracting angle in the film,    k 0    is the vacuum wave vector, k is the wave vector of the film, h is the thickness of the film, E0 is the electric field of the incident wave, Er is the electric field of the reflection wave, Et is the electric field of the transmission wave, E+ and E− are the electric fields of electromagnetic wave inside the film, accounting for internal reflections. From Equations (5)–(8), we obtain the obliquely-incident TE-wave (transverse electric wave) transmittance and reflectance of a conductive thin film (nonmagnetic material) in vacuum:


     T =    |     E t     E 0     e  i  k 0  h cos  θ 0     |   2  =    |   1  cos  δ 1  − 0.5 i  (   μ 1  +  1   μ 1     )  sin  δ 1     |   2  ,     



(9)






     R =    |     E r     E 0     |   2  =    |    i  (   μ 1  −  1   μ 1     )  sin  δ 1    2 cos  δ 1  − i  (   μ 1  +  1   μ 1     )  sin  δ 1     |   2  ,     



(10)




where    μ 1  =    z 1  cos  θ 0     z 0  cos  θ 1    =   cos  θ 0       ε r    cos  θ 1     ,    δ 1  =    ε r     k 0  h cos  θ 1   ,    cos  θ 1   =    1 −    1 − cos    θ 0   2     ε r         ,    ε r  = 1 +   i σ     ω ε  0     , and    k 0  = ω / c  . In the above equations,    ε r      is the relative permittivity of the film,  σ  is the conductivity of the film,  ω  is the angular frequency, and c is the speed of light in vacuum. The theoretical model has considered the factor of multiple internal reflections, so the Equations (9) and (10) apply to the structure of the film in Reference [8].



Applying Equation (9) to Equation (4) and assuming the normal incidence of plane wave, we can obtain: [13]


     S  E T  = 20 log  |   (   1  4 n    )   [     (  1 + n  )   2  exp  (  − i k h  )  −    (  1 − n  )   2  exp  (  i k h  )   ]   |  ,     



(11)




where n is complex refraction of the film and k is the complex wave vector which is related with n (k = k1 + ik2 = n ω /c). Then, Equation (11) can be divided explicitly into the following three terms:


     S  E A  = 20  k 2  h   log e = 8.686  k 2  h ,     



(12)






     S  E R  = 20 log  (     |  1 + n  |   2  / 4  | n |   )  ,     



(13)






     S  E M  = 20 log  |  1 − exp  (  2 i k h  )     (  1 − n  )   2  /    (  1 + n  )   2   |  .     



(14)







Specific to the conductive films, where the measuring frequency is very low (σ/(ωε0) ≫ 1), we can use two relations of εr ≈ iσ/(ωε0) and k1 = k2 to simplify Equations (12) and (13). Finally, we can obtain the approximate expressions as following:


     S  E A  = 1.7 h   σ f   ,     



(15)






     S  E R  = 50 + 10 log  (   σ f   )  ,     



(16)




where h is the film thickness in the unit of centimeter, f is the measuring frequency in the unit of MHz and  σ  is the electrical conductivity in the unit of S/cm. The sum of SEA and SER is the widely-used Simon formalism (seeing Supplementary Text of Ref. [8]). As such, there are two differences between our theory and Simon formalism. First, the multiple internal reflection contribution, SEM, is omitted in Simon formalism, but we consider it. Second, Simon formalism applies only to the normally-incident case of plane wave, but our theory contains the incident angle, and can also be used to calculate the incident case of waveguide mode where the propagating constant of waveguide mode gives rise to the incident angle.



Results and Discussion


The MXenes were chemically synthesized and delaminated, and they were prepared into freestanding films via vacuum-assisted filtration [8]. According to the reported measurements in Ref. [8], the shielding properties of the MXenes are characterized within the TE10 waveguide, as illustrated schematically by the inset in Figure 2a. A microwave network analyzer (Agilent ENA5071C) was used to record reflection and transmission coefficients, r (S11) and t (S21), of port 1 and port 2 which were connected with two identical coax-to-waveguide adapters (X-band, WR-90, 8.2–12.4 GHz). Before measuring the sample, the two ports for the waveguide system were calibrated with X-band standards (seeing Materials and Methods of Ref. [8]). Then, the MXenes and composite samples with areas larger than the cross-section of the waveguide were loaded into the measuring system. The microwave TE10 mode, which was launched from the WR-90 adapter of port 1, propagated toward the sample, and the transmission and reflection spectra were obtained. Finally, the EM shielding can be calculated from Equation (4), where the transmittance T = |t|2.



In our calculation,   cos  θ 0    is defined using the propagating constant β of the TE10 mode as   cos  θ 0  = β /  k 0  =   1 −      (  π / a  )   2  /  k 0 2     , where a is the broadside length of the rectangular waveguide. The calculated results are shown in Figure 2a,c, which are seen to agree well with the measured data in Ref. [8]. The difference of 45 μm thick Ti3C2Tx films between theoretical calculation (Figure 2c) and experimental measurement (Figure 2d) arises from the network analyzer, because the dynamic range of the network analyzer in experiment is 80 dB.



In order to improve tensile strength while maintaining good conductivity, Reference [8] fabricated and measured the conductive composite consisting of Ti3C2Tx and Sodium Alginate (SA, a naturally occurring polymer). In Figure 3, we display the calculation of EMI shielding effectiveness of Ti3C2Tx-SA composites with different Ti3C2Tx concentrations, whose thickness and conductivity are adopted from Reference [8]. It is seen that the agreement at the case of high conductivity (i.e., the 90 wt.% concentration) is good, whereas the agreement at the cases of medium conductivity (e.g., the concentrations of 30 wt.%~60 wt.%) is moderate. Note that there are noticeable variations of electrical conductivity measured for the intermediate concentrations, which is plotted in Reference [8]. Taking the uncertainty of electrical conductivity into account, the agreement is improved, as depicted by the color ribbons in Figure 3. For the 10 wt.% case, the conductivity is at least three order of magnitude lower than other concentration cases, which is likely due to being around the percolation threshold. Fitting these conductivities into a power-law relation,   σ ∝    (  v −  v c   )   s   , where v denotes the volume concentration of the conducting filler, vc is the critical volume concentration at the percolation threshold and s is the exponent beyond the threshold [14], will find vc close to the 10 wt.% concentration. With such low conductivity, the description of    ε r  = 1 +   i σ     ω ε  0      is not applicable, and the real part of    ε r    should be changed much larger than 1. This is because a large amount of microscopic gaps/contacts between the conducing fillers inside the composite around the percolation will lead to a strong capacitive effect (i.e., polarization effect) and consequently a large real part of permittivity [15,16]. Therefore, for the 10 wt.% concentration, real part of    ε r    has been modified to be 5000 to best match our calculation and the measurement.



In particular cases, where the thickness of the film is very small (nk0h  ≪  1 with the refractive index   n =    ε r     ) and the measurement frequency is very low (  σ /  (    ω ε  0   )  ≫ 1  ), we can use the two approximation conditions, i.e.,   cos  δ 1  ≈ 1 ,     sin  δ 1  ≈ n  k 0  h cos  θ 1  ,   and    ε r  ≈ i σ /  (    ω ε  0   )  ,   to simplify Equations (9) and (10). Then, we can obtain the approximate expressions as following:


     T =    | t |   2  =    |   1  1 +  z 0  /  (  2  R s  cos  θ 0   )     |   2  ,     



(17)






    R =    | r |   2  =    |    −  z 0  /  (  2  R s  cos  θ 0   )    1 +  z 0  /  (  2  R s  cos  θ 0   )     |   2  ,    



(18)







In the above equations, Rs is the sheet resistance with the definition    R s  = 1 /  (  σ h  )   .



We find that the calculation results of EMI shielding effectiveness of three MXene films with Equations (11) and (12) are nearly same as Equations (9) and (10), when comparing Figure 2a and Figure 4a. This is because the case of the three MXene films is satisfied with the approximate conditions. But with the increase of the thickness of Ti3C2Tx films, we find that the calculation results in Figure 2c and Figure 4b are very different when the thickness is greater than 11.2 um. In case of thick films, the aforementioned approximate condition, nk0h  ≪  1, is no longer valid, which can be justified through comparing the film thickness and the skin depth. On the other hand, in the opposite case where the MXene films range nm-scaled thickness, our equations are applicable for calculating the shielding effectiveness. For example, assuming the Ti3C2Tx conductivity is thickness-independent down to 50 nm, Equation (11) is used to predict the shielding effectiveness and the calculated results are displayed in Figure 4c, which shows the map of EMI SE as a function of frequency and thickness. It is noticed that the Ti3C2Tx film needs to only be ~50 nm thick to meet the SE requirement of 20 dB.



Since the superior EMI shielding of MXenes was reported, there are the intense investigations towards the direction [17,18]. Most used the Simon formalism to explain their experimental results. However, SE from the calculation based on Simon formalism consistently underestimates the experimental values due to neglecting the term of SEM in Equation (14), and is not rigorous to the waveguide measurement, as aforementioned. Our formulas add all contributing factors to the shielding effectiveness, and give a more accurate prediction to the shielding measurement with the waveguide system.





3. Conclusions


In conclusion, the electromagnetic properties of emerging 2D materials can be modeled and calculated by the Fresnel formula of a generic conductive thin film. The comparison between the calculation and the measurement is exampled with MXenes, and the excellent agreement is obtained. Our work provides a theoretical way for the study of the electromagnetic properties of 2D material films. Furthermore, our theory is based on the complete transmission/reflection expressions with the effect of multiple internal reflection included natively, and is applicable to both normal and oblique incidence of the electromagnetic wave, i.e., waveguide systems, which are the merits of this approach in comparison with conventional Simon formalism.








Supplementary Materials
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Figure 1. Theoretical model of obliquely-incident TE-wave of a conductive thin film in vacuum. In this picture, E and H represent electric field and magnetic field, respectively,    θ 0    is the incident angle,    θ 1    is the refracting angle in the film, and h is the thickness of the film. 
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Figure 2. (a) Calculation of EMI shielding effectiveness of three MXene films with thickness and conductivity adapted from Ref. [8]. The inset of figure (a) is the schematic drawing of waveguide measurement. (b) Experimental results of EMI shielding effectiveness of three MXene films got from Ref. [8]. Reprinted with permission from AAAS. (c) Calculation of EMI shielding effectiveness of Ti3C2Tx films with conductivity and different thickness adapted from Ref. [8]. (d) Measurement results of EMI shielding effectiveness of Ti3C2Tx films with different thickness in Ref. [8]. Reprinted with permission from AAAS. 
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Figure 3. (a) Calculation of EMI shielding effectiveness of Ti3C2Tx-SA composites with different concentrations, whose thickness and conductivity are adapted from Ref. [8]. The color ribbons account for the effect from the noticeable variations of conductivity measurement in Reference [8]. (b) Experimental results of EMI shielding effectiveness of Ti3C2Tx-SA composites with different concentrations in Reference [8]. Reprinted with permission from AAAS. (c) Calculation of electromagnetic properties of Ti3C2Tx and 60 wt.% Ti3C2Tx-SA composites, which thickness and conductivity are adapted from Reference [8]. (d) Measurement results of electromagnetic properties of Ti3C2Tx and 60 wt.% Ti3C2Tx-SA composites in Reference [8]. Reprinted with permission from AAAS. 
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Figure 4. (a) Calculation of EMI shielding effectiveness of three MXene films by using approximate expressions, Equations (17) and (18), where thickness and conductivity are obtained from Reference [8]. (b) Calculation of EMI shielding effectiveness of Ti3C2Tx films with conductivity and different thickness obtained from Reference [8], which is completed by using approximate expression, Equations (17) and (18). (c) The calculated color map of EMI SE as a function of frequency and thickness. 
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