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ABSTRACT 

 

The challenge in utilizing graphene for transparent conducting electrodes (TCE) is to increase 

the electronic conductivity without significantly decreasing its transmittance. Forming a few-

layer structure is an effective way to modify the electronic properties of graphene. In this paper, 

we used the density functional theory (DFT) method to study the effect of the number of few-

layer graphene (FLG) layers on the electronic conductivity and transmittance. We find that 

increasing the number of layers leads to an increase in electronic conductivity. On the other 

hand, a decrease in transmittance was observed when the number of layers was increased. 

Based on the performance analysis, the optoelectronic properties of FLG with more than three 

layers were better than those of conventional TCE materials, such as indium tin oxide (ITO) 

and aluminium-doped zinc oxide (AZO). The calculated electronic conductivity and 

transmittance of a 4-layer FLG were 2.23×1019 (1/Ω.m.s) and 95.69%, respectively. This 

finding can be used as guidance for experimental research in developing graphene-based TCE 

materials. 

 

Keywords: density functional theory, electronic conductivity, few-layer graphene, 

transmittance 

 

INTRODUCTION 

Transparent conducting electrodes (TCE) are essential in today's electronic devices, such as 

solar cells, supercapacitors, touch screens, and flexible displays (1,2). In solar cells, for 

instance, TCE acts as a transparent layer, allowing sunlight to penetrate the active layer while 

conducting the resulting electric current (3,4). To obtain optimum performance, TCE materials 

must have excellent optoelectronic properties, such as high electronic conductivity and 

transmittance. However, both properties have an inverse relationship; for example, if we 

increase the electronic conductivity, the transmittance will decrease, and vice versa (5,6). 

Conventional TCE materials are still dominated by indium tin oxide (ITO) because it has high 

electronic conductivity and high transmittance (7,8). However, ITO as a TCE material has 

several drawbacks, namely high fabrication costs and mechanical properties unsuitable for 

flexible electronic devices (9). Therefore, finding alternative TCE materials outside ITO-based 

is one of the current focuses. 
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Graphene, a two-dimensional material with exceptional optoelectronic properties, including a 

high transmittance of 97%, can now be fabricated on an industrial scale using the modified 

(chemical vapour deposition) CVD method (10,11). This opens up exciting possibilities for its 

use as a TCE material. The application of graphene for TCE materials still faces several 

challenges, such as low electronic conductivity due to its two-dimensional structure (12,13). 

Several attempts have been made to improve the electronic conductivity of graphene, for 

example, by using doping techniques (14,15). However, doping techniques can make the 

graphene structure unstable due to chemical contamination. Recent progress shows that the 

formation of few-layer graphene (FLG) structures can improve electronic conductivity (16). 

However, this study has yet to be supported by in-depth computational studies. 

On the other hand, the density functional theory (DFT) method has been widely used to study 

the optoelectronic properties of materials. The main advantage of the DFT method is that we 

can predict the properties of materials without doing direct experiments. DFT studies have 

succeeded in providing several findings in the development of TCE materials, such as obtaining 

the optimum concentration of aluminum (Al) atoms in aluminium-doped zinc oxide (AZO) 

thin film-based TCE materials (17,18). Based on these achievements, we would like to use the 

DFT method to study the optoelectronic properties of FLG. We have found that increasing the 

number of layers can increase the conductivity but decrease the transmittance. Based on the 

performance analysis, we found that FLG with more than three layers has a good combination 

of conductivity and transmittance, so its performance is higher than ITO and AZO. 

 

COMPUTATIONAL METHODOLOGY 

This study modeled FLG with AB stacking because it has good structural stability and is often 

obtained during graphene growth (19,20). An illustration of the crystal structure of FLG can 

be seen in Figure 1. In this study, we varied the FLG layers from 1 to 5. An isolated model was 

constructed by applying a vacuum system of 10 Å to avoid nearest-neighbor interactions. All 

electronic, optical, and transport properties calculations were performed using density 

functional theory (DFT) methods implemented in the Quantum ESPRESSO code (21,22). The 

projector augmented-wave (PAW) type pseudopotential and the generalized gradient 

approximation (GGA) type exchange-correlation functional based on Perdew–Burke–

Ernzerhof (PBE) were chosen to simplify the interaction of electrons with the nucleus and 

approximate the interaction between valence electrons, respectively (23,24). This 

pseudopotential only considers the 2s and 2p electron configurations of the C atom. To obtain 

high accuracy and reasonable simulation time in the geometry optimization and SCF 

calculation, the k-point, cut-off energy, energy threshold, and force threshold were set to 

7×7×1, 816 eV, 13.6 meV, and 25 meV/Å, respectively. In PDOS and transport properties 

calculations, the k-points were enlarged 10-fold to 70×70×1 to dense the k-points and thus 

improve accuracy. Before performing optical, and transport properties calculations, the lattice 

parameters and atomic positions of each system were optimized using the Broyden–Fletcher–

Goldfarb–Shanno (BFGS) method (25–28). 

 

 
Figure 1. The Crystal structure of few-layer graphene (FLG) with AB stacking. The black dashed line 

indicates the unit cell used in the DFT calculations. 
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The calculation of optical properties begins with the complex dielectric function (ε1+iε2). The 

imaginary part of the dielectric function (ε2) was obtained using the Drude-Lorentz model, 

while the real part of the dielectric function (ε1) was obtained using the Kramers-Kronig 

relation. Both are expressed by the equation 1 and 2, respectively. 
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From the complex dielectric function, we can determine the complex refractive index (n+ik) 

using equation 4 and 5, respectively. 
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and, 

 

𝑘(𝜔) = (
1

√2
) [√𝜀1(𝜔)2 + 𝜀2(𝜔)2 − 𝜀1(𝜔)]

1/2

 
5 

 

From complex refractive index, the important parameters of optical properties can be 

determined, including reflectance (R(ω)), transmittance (T(ω)), and absorption coefficient 

(α(ω)) using the equations 6,7, and 8, respectively. 

 

𝑅(𝜔) =
[1 − 𝑛(𝜔)]2 + 𝑘(𝜔)2

[1 + 𝑛(𝜔)]2 + 𝑘(𝜔)2
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𝛼(𝜔) = 2𝜔 𝑘(𝜔) 7 

 

and, 

 

𝑇(𝜔) = (1 − 𝑅)2 𝑒−𝛼𝑑 8 

 

where d is the layer thickness. 

 

The transport properties were analyzed by calculating the electronic conductivity using the 

Boltzmann transport theory and the constant relaxation time approximation. The electronic 

conductivity can be calculated by the equation 9. 
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𝜎 = 𝑒2ℒ0 9 

 

where e is the electron charge and ℒ0 is the 0th order thermoelectric integral related to the 

transport distribution function which can be formulated by the equation 10. 

 

ℒ0 = ∫ 𝜏𝜐2 𝑔(𝐸) (−
𝜕𝑓

𝜕𝐸
)  𝑑𝐸 

10 

 

where g(E) is the DOS and τ is the relaxation time constant. The integration is performed 

numerically by considering the energy dispersion E as a function of the discrete electron wave 

vectors from the DFT calculation. 

 

RESULT AND DISCUSSION 

First, we evaluate the structural properties of FLG to check the accuracy of the simulation 

parameters. Table 1 summarizes the calculation results of several important structural 

properties, such as the lattice constant (𝑎), interlayer spacing (dint), and bond length between C 

atoms (dC-C). The lattice constant and the bond length between C atoms of FLG 1L (single-

layer graphene) agree with the structural properties observed in experimental studies (29,30). 

Moreover, the lattice constant, the interlayer distance, and the bond length between C atoms of 

the FLG 2L (bilayer graphene) are consistent with previous computational studies (31). This 

condition indicates that the calculation parameters used in this study are appropriate. 

Furthermore, increasing the number of layers causes the interlayer spacing to decrease. In FLG 

5L, the interlayer spacing approaches the distance between layers in graphite, which is 3.34 Å. 

This result is acceptable because increasing the number of layers causes the Coulomb 

interaction between layers to be stronger, causing the interlayer spacing to decrease. 

 
Table 1. The calculation results of the lattice constant (𝒂), the interlayer spacing (dint), and the bond 

length between C atoms (dC-C) 

FLG 𝑎 (Å) 𝑑int (Å) 𝑑C−C (Å) 

1 layer (1L) 2.465 - 1.423 

2 layers (2L) 2.464 3.512 1.423 

3 layers (3L) 2.463 3.511 1.422 

4 layers (4L) 2.463 3.511 1.422 

5 layers (5L) 2.462 3.337 1.421 

 

The analysis of optical properties begins with calculating the complex dielectric function 

(ε1+iε2) dependent on the field polarization direction. The field polarization direction is set 

relative to the c-axis, where E⊥c indicates the field polarization perpendicular to the c-axis, 

while E∥c indicates the field polarization parallel to the c-axis. Figure 2(a) shows the real part 

of the dielectric function (ε1) of FLG 1L. The static dielectric constant has a finite value of 1.67 

for E∥c. This characteristic is in good agreement with that reported by several previous 

computational studies (32,33). Figure 2(b) shows the imaginary part of the dielectric function 

of FLG 1L. The imaginary part contains information on absorption peaks related to interband 

transitions for the high-energy region and intraband transitions for the low-energy region. For 

the case of E⊥c, there are two absorption peaks, namely at 3.9 eV related to the π→π* transition 

and at 13.78 eV related to the σ→σ* transition. Furthermore, there are two significant 

absorption peaks at 10.69 eV corresponding to the π→σ* transition and at 13.19 eV 

corresponding to the σ→π* transition for E∥c. The characteristics of the imaginary part 

obtained in this study are consistent with those of previous computational studies (32,33). 

Figure 2 (c) shows the electronic band structure of FLG 1L and its electronic transitions to help 

understand the allowed electronic transitions. 
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Figure 2. The complex dielectric function of the FLG 1L (ε1+iε2) (a) for the real part (ε1) and (b) for the 

imaginary part (ε2). (c) The electronic band structure of the FLG 1L with allowed electronic transitions. 

 

 
Figure 3. The complex dielectric function (ε1+iε2) for the E∥c case of FLG with various numbers of layers 

(a) for the real part (ε1) and (b) for the imaginary part (ε2). 

 

To analyze the effect of the number of layers, we only consider the complex dielectric function 

for the case of E∥c. Increasing the number of layers causes the real dielectric function (ε1) to 

diverge at low energy, as shown in Figure 3(a). This condition is related to the transformation 

of the electronic properties of FLG into metal when the number of layers is increased. 

Interestingly, increasing the number of layers causes an increase in the ε1 intensity over a wide 

energy range of 1.9 eV to 3.6 eV. This energy range covers part of the ultraviolet (UV) region 

and the visible light (VL) region. For the imaginary part (ε2), increasing the number of layers 
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gives rise to a high absorption peak in the low-energy region, as shown in Figure 3(b). This 

peak is related to the new intraband transition due to the addition of layers. 

 

 
Figure 4. (a) Reflectance and (b) transmittance of the FLG with various layers. 

 

From the complex dielectric function, we can calculate the reflectance and transmittance of 

FLG using Equations 6 and 8, respectively. Reflectance and transmittance are crucial 

parameters in TCE applications. The reflectance and transmittance as a function of wavelength 

are shown in Figure 4(a) and (b), respectively. We consider the wavelength range of 150-850 

nm, which covers part of the UV and infrared (IR) regions and the entire VL region. FLG 1L 

has a reflectance of 1.4% and a transmittance of 97.5% in the VL region. These results are 

consistent with experimental facts, where SLG has transparent properties with a transmittance 

of 97% (11). In the UV region, FLG 1L experiences a decrease in transmittance related to the 

dominant absorption in the UV region, as shown in the analysis of the imaginary part of the 

dielectric function.  

Increasing the number of graphene layers causes an increase in reflectance and a decrease in 

transmittance in the VL and near-IR regions. This result is acceptable because increasing the 

number of layers means increasing the thickness of the FLG. Thus, the possibility of 

electromagnetic waves being absorbed or refracted by the FLG is higher. This fact is supported 

by the imaginary dielectric function analysis results, which show an increase in intensity in the 

energy range of 1.9 eV to 3.6 eV, as shown in Figure 3(b). The increase in intensity of the 

imaginary dielectric function is related to the increase in electromagnetic wave absorption for 

electronic transitions. 
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Figure 5. The electronic conductivity of FLG with various number of layers. 

 

Transport properties analysis was performed by calculating the electronic conductivity (σ) 

using Equation 9. Electronic conductivity is also one of the crucial parameters in the 

development of TCE materials. Figure 5 shows the calculated electronic conductivity. First, 

we focus on intrinsic conductivity, which is the conductivity when the chemical potential (μ) 

is zero. FLG 1L, 2L, 3L, 4L, and 5L have intrinsic conductivities of 1.03×1017, 2.34×1017, 

6.64×1017, 2.23×1019, dan 5.77×1019 (Ω.m.s)-1, respectively. These results clearly show that 

forming FLG structures can enhance the electronic conductivity of graphene. The increase in 

electronic conductivity is related to the transformation of the electronic properties of graphene 

from semi-metallic to metallic when the number of layers is increased. Further optimization of 

electronic conductivity can be done by doping either p-type or n-type doping. Doping can 

increase the electronic conductivity of graphene two-fold, as shown in Figure 5. Several 

experimental studies have also reported that doping techniques can be used to improve the 

conductivity of graphene (34–36). In this study, the optimum conductivity was obtained when 

FLG 4L was doped with n-type. 

 

 
Figure 6. Transmittance versus electronic conductivity of the FLG with various number of layers and the 

conventional TCE materials (AZO and ITO) 
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We plotted the transmittance versus electronic conductivity to compare the performance of 

FLG-based and conventional TCEs, as shown in Figure 6. We only considered the 

transmittance at 550 nm wavelength and the intrinsic electronic conductivity. The AZO and 

ITO were modeled using a thin film of four isolated layers with a vacuum space of 10 Å. The 

concentrations of Al and In were set at 16.67%. Based on previous studies, this composition 

can produce optimum performance of AZO and ITO in TCE applications (37). Figure 6 shows 

that the FLG always has a higher transmittance than AZO or ITO, even for FLG 5L. ITO has 

a transmittance of 82.61%, consistent with the experimental results of ~80% (38). Besides 

transmittance, electronic conductivity is also a crucial factor in TCE performance. The 

electronic conductivity of FLG with less than four layers is smaller than ITO and comparable 

to AZO. On the other hand, FLG with more than three layers has significantly higher 

conductivity than ITO and AZO. Therefore, we predict that FLG with more than three layers 

has better performance than conventional TCE materials. 

 

CONCLUSION 

We have studied the effect of the number of layers on the electronic conductivity and 

transmittance of FLG. The variation of the number of layers is 1-5 layers. We validate the 

simulation parameters by comparing the calculated structural properties with previous 

computational studies and experimental results. Increasing the number of FLG layers increases 

the intensity of the imaginary dielectric function in the low-energy region, indicating the 

enhancement of ultraviolet and visible light absorption by FLG. This condition causes a 

decrease in transmittance when the number of FLG layers increases. Furthermore, increasing 

the number of FLG layers causes the transformation of electronic properties from semimetal to 

metal, resulting in an increase in electronic conductivity. Electronic conductivity can be further 

enhanced by providing n-type or p-type doping. Finally, we find that FLG with more than three 

layers has better performance than conventional TCE materials, such as ITO and AZO. 
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