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Electronic and optical properties of single-layer and bilayer armchair graphene nanoribbons are investigated using a first-principles method. Increased nanoribbon width reduces the band gap and causes a red shift in photon absorption energy. The 3n + 2 family of nanoribbons has the smallest band gaps and lowest onset photon absorption energy among the three families considered due to high π-conjugation indicated by exciton wavefunctions. We also compare the bilayer α and β alignments of armchair graphene nanoribbons with their single-layer counterparts. The extra layer of graphene reduces the band gap and onset photon absorption energy, and the difference between the α alignment and the single-layer configuration is more significant than that of the β alignment and the single layer. Our calculations indicate that the optical properties of graphene nanoribbons depend on the details of atomic structures, including nanoribbon width, edge alignment and number of layers. These characteristics are expected to be important in the design of optoelectronic devices.
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1 INTRODUCTION
Electronic and optical properties of graphene nanoribbons depend on their particular atomic structures, and are tunable by varying widths and edge structures. Tunable bandgap and high mobility make graphene nanoribbons excellent candidates for a wide variety of optoelectronic applications. This work presents a modeling framework for calculating the electro-optical behavior of a variety of graphene nanoribbons with related predictions and explanations of simulated spectral behavior.
Photodetectors made from graphene nanoribbon-based devices exhibit ultra-high bandwidth and broadband light detection (Xia et al., 2009; Yu et al., 2016; Yu et al., 2020), and their photoresponsivity can be enhanced by the photo-gating effect (Ogawa et al., 2019) and introducing electron trapping centers to inhibit carrier recombination (Zhang et al., 2013). Graphene nanoribbons have also been used in engineering photovoltaic devices. Xie et al. (Xie et al., 2012) reported a photoconversion efficiency of 1.47% by increasing the doping level in Schottky solar cells based on junctions between graphene nanoribbons and multiple silicon nanowires, suggesting that graphene-based devices are promising solar cell materials due to their higher efficiency and easier production than devices based on silicon nanowires or silicon nanoribbons. Yang et al. (Yang et al., 2010) used graphene as 2D bridges in nanocrystalline electrodes of dye-sensitized solar cells and observed a 39% increase in photoconversion efficiency due to faster electron transport and lower recombination caused by the introduction of graphene.
In the field of photocatalysis, graphene-semiconductor composites have received attention in recent years as clean energy conversion is gaining interests among researchers. Chemically bonded P25-graphene nanocomposite photocatalyst was reported to increase the reaction rate significantly in the photodegradation process of methylene blue when compared with bare P25 and P25-CNTs photocatalysts (Zhang et al., 2010). Li et al. (Li et al., 2011) reported highly efficient H2 production from water with CdS-cluster-decorated graphene nanosheet photocatalyst under visible light illumination. The high efficiency of H2 production was attributed to graphene nanosheets that help collect and transport electrons generated by photoexcitation in the CdS clusters and therefore suppress the recombination of electron-hole pairs.
To better design graphene nanoribbon-based optoelectronics, an in-depth understanding of their electronic and optical properties is required. The recent development of bottom-up synthesis of structurally well-defined graphene and graphene nanoribbons (Narita et al., 2014; Alghfeli and Fisher, 2022) has advanced experimental investigations of optoelectronic properties of graphene nanoribbons. Experiments using different spectroscopy methods, including optical imaging and absorption spectroscopy, reflectance difference spectroscopy and energy- and angle-resolved two-photon photoemission spectroscopy (Denk et al., 2014; Bronner et al., 2016; Zhao et al., 2020), have shown that the optical response of armchair graphene nanoribbons is dominated by excitons, i.e. strongly correlated electron-hole pairs. The importance of excitonic effects in the optical response of graphene nanoribbons is also confirmed by theoretical studies incorporating many-body effects (Yang et al., 2007a; Prezzi et al., 2008).
Previous studies have focused on single-layer graphene nanoribbons, such that the optical properties of bilayer graphene nanoribbons are not well understood. A prior study (Wright et al., 2009) suggested that the interplay of nanoribbon chirality and inter-ribbon coupling can enhance terahertz and far infrared optical response in bilayer graphene nanoribbons with a 1D massless Dirac fermion energy dispersion near the Γ point. The effects of π-stacking were investigated in another study (De Corato et al., 2014) and found to widen the optical absorption range in bilayer graphene nanoflakes with homogeneous stacking and heterogeneous stacking.
Semiempirical models including tight-binding approximations (Wright et al., 2009; Ho et al., 2010; Huang et al., 2019) have been used commonly in previous calculations of optical properties. In this work, we use first-principles methods (Ge and Fisher, 2020) to assess the electronic and optical properties of single-layer graphene nanoribbons and bilayer graphene nanoribbons with α and β alignments. We also compare the optical properties of graphene nanoribbons from three different nanoribbon families.
2 METHODS
Ground-state electronic properties are obtained by solving the mean-field Kohn–Sham equations with mean-field density functional theory (DFT) (Kohn and Sham, 1965; Ho et al., 2010):
[image: image]
where Vion is the external potential associated with the nuclei, VH is the Hartree potential, Vxc is the exchange-correlation potential that handles the anti-symmetric nature of electron wave functions and electron correlations, and [image: image] and [image: image] are the mean-field energies and mean-field wave functions.
The Dyson equation is solved to compute quasi-particle eigenvalues and wave functions within the GW approximation:
[image: image]
where [image: image] is the electron self-energy operator, and the convolution of one-particle Green’s function G0 and screened Coulomb interaction W0, [image: image] is the quasi-particle energy, and [image: image] is the quasi-particle wave function.
Optical properties and excited states are calculated by solving the Bethe-Salpeter equation (BSE) (Salpeter and Bethe, 1951):
[image: image]
where [image: image] and [image: image] are quasi-particle energies of the conduction and valence band states, Keh is the electron-hole interaction kernel, ΩS is the excitation energy, and [image: image] is the exciton amplitude.
The absorption spectra is proportional to the imaginary part of the macroscopic dielectric function. Within the independent-particle approximation, which neglects the interaction between the quasi-electron and quasi-hole, the imaginary part of the dielectric function is:
[image: image]
while with electron-hole interactions, it simplifies to:
[image: image]
where [image: image], v is the velocity operator and e is polarization of light. The absorptivity is calculated as:
[image: image]
where k is the extinction index:
[image: image]
Mean-field ground-state electronic structure was calculated using the Quantum Espresso package (Giannozzi et al., 2009). Full potentials were replaced by norm-conserving pseudopotentials with a 110 Ry cutoff to reduce the oscillation of wave functions and therefore the number of plane waves near the core. Exchange-correlation potentials were accounted for within the local density approximation (LDA) (Perdew and Wang, 1992). The atomic structures were fully relaxed using a 1 × 1 × 30 k-grid until the energy error between two consecutive self-consistent calculations was smaller than 10–12 Ry.
GW calculations were conducted using the BerkeleyGW (Deslippe et al., 2012) package. The dielectric matrix and self-energy [image: image] were calculated with a 10 Ry energy cutoff and a summation over 200 bands on a 1 × 1 × 30 k-grid. The 1D cell-wire truncation scheme was used to reduce the long-range Coulomb interactions and to accelerate convergence with respect to the k-mesh.
Optical response was obtained by solving the Bethe-Salpeter equation (BSE) on a dense k-grid, but the computation of the interaction kernel (the second term in Eq. 3) is very expensive. Therefore an interpolation technique was used to obtain converged results of the absorption spectra with feasible computational cost. The interaction kernel and quasi-particle electron energy were first computed on a coarse k-grid (1 × 1 × 30). By expanding the fine k-grid (1 × 1 × 60) wave functions in terms of the coarse k-grid wave functions, both the quasi-particle energy and kernel matrix elements were interpolated onto the fine k-grid. After constructing the effective Hamiltonian, Eq. 3 was then diagonalized to obtain the excitation energy and the exciton amplitude.
3 RESULTS AND DISCUSSION
3.1 Single-layer graphene nanoribbon quasi-particle band structure
In this work, N-AGNR denotes the armchair graphene nanoribbon with N dimer lines along the width direction. The edges of the armchair graphene nanoribbons are passivated with hydrogen atoms. Figure 1 shows a schematic of the graphene nanoribbon with armchair edges and 5 dimer lines along the width (5-AGNR). The blue box illustrates a unit cell used in DFT simulations. A 15 Å vacuum was placed in both the width and out-of-plane directions to avoid interactions between repeated images.
[image: Figure 1]FIGURE 1 | Schematic of a 5-AGNR. Dashed lines represent the edges of graphene nanoribbons, and the blue rectangle represents the unit cell used in simulations.
Three families of armchair graphene nanoribbons were investigated in current work: 3n, 3n + 1 and 3n + 2 where n is an integer number. Figure 2 shows the band gaps of armchair graphene nanoribbons with widths of 6 Å to 16 Å calculated within the DFT-LDA and the GW approximations, qualitatively agreeing with literature (Son et al., 2006; Yang et al., 2007b). While the GW approximation increases the band gaps for all three families considered, the inclusion of many-body interactions has a more significant effect on 3n and 3n + 1 families. As width increases, the band gaps decrease and the difference between DFT-LDA and GW calculations also decreases. The band gap eventually goes to zero as width goes to infinity. For a fixed n number, e.g., when n = 2, the band gap of the 3n + 2 family (8-AGNR, middle points on the red curves) is the smallest, and that of the 3n + 1 family (7-AGNR, left-most points on the magenta curves) is the largest.
[image: Figure 2]FIGURE 2 | Comparison of band gaps of armchair graphene nanoribbons calculated from DFT-LDA and GW approximations. (A) LDA bandgaps. (B) GW bandgaps.
Figure 3 contains a comparison of band structures along the high symmetry Γ − X line calculated from DFT and GW approches for 7-AGNR, 8-AGNR and 9-AGNR. The shapes of the band structures obtained within the DFT approximation and GW approximation are similar, but GW approximation enlarges the band gaps for all families, most significantly for 7-AGNR.
[image: Figure 3]FIGURE 3 | Band structures of 7-AGNR (3n + 1), 8-AGNR (3n + 2) and 9-AGNR (3n). Green and blue lines represent band structures calculated within the LDA and the GW approximations, respectively.
3.2 Single layer graphene nanoribbon optical response
Figure 4 shows the imaginary and the real parts of the dielectric function of armchair single layer graphene nanoribbons from three families: the 3n + 1 family (Figures 4A,B), the 3n family (Figures 4C,D) and the 3n + 2 family (Figures 4E,F). Increasing width causes the ϵ1 and ϵ2 peaks to shift to lower photon energies. For a fixed n number, the 3n + 2 family has the smallest incident energies for the peaks in the dielectric functions, and the 3n + 1 family has the largest incident energies for the peaks, consistent with the band gaps observed in Figure 2.
[image: Figure 4]FIGURE 4 | Imaginary and real parts of the dielectric function of armchair graphene nanoribbons calculated within the GW-BSE and GW-RPA approximations. Imaginary and real parts of the dielectric function for (A,B) 3n + 1 family, (C,D) 3n family and (E,F) 3n + 2 family. Solid lines represent absorption spectra from GW + BSE calculations; dashed lines represent absorption spectra from GW + RPA calculations.
In the energy range of 0–4 eV, the most dominant peak in the optical absorption spectra (the imaginary part of the dielectric function ϵ2) is E1,1 for the 3n and 3n + 2 families. For the 3n + 1 family, two prominent absorption peaks exist within the energy range of interest: E1,1 and E2,2. E1,1 represents an excitation from the highest valence band to the lowest conduction band, and E2,2 represents an excitation from the second highest valence band to the second lowest conduction band. The inclusion of electron-hole interactions in the calculation of the dielectric function significantly shifts the peaks to the low energy range. The 3n + 1 family experiences the largest effect of electron-hole interactions while the 3n + 2 family experiences the smallest effect, displaying a trend similar to the band gaps and the incident energies.
Figure 5 shows the relationship between absorption peaks in the absorption spectra and the corresponding vertical interband transitions in the quasi-particle band structure for 7-AGNR, a representative of the 3n + 1 family. The energy of the electron-hole quasi-particle is smaller than an unbound electron-hole pair due to the interaction between the electron and the hole that is essentially the Coulomb force; therefore the incident absorption energy required in the optical absorption spectra is smaller than the electronic band gap. In Figure 5, the E1,1 exciton forms at an incident photon energy of 2.35 eV while the electronic band gap is 3.93 eV. The difference between the electronic band gap and the optical band gap, also known as the exciton binding energy, is listed in Table 1. Eb,1 is the binding energy corresponding to the E1,1 excitation, and Eb,2 is the binding energy corresponding to the E2,2 excitation.
[image: Figure 5]FIGURE 5 | Excitations in a 7-AGNR. (A) Absorption spectra of 7-AGNR. (B) GW band structure of 7-AGNR. E1,1 is the excitation from highest valence band to lowest conduction band and E2,2 is the excitation from second highest valence band to second lowest conduction band.
TABLE 1 | Exciton binding energy.
[image: Table 1]The E1,1 exciton wavefunctions in the 3n + 1 (7-AGNR), 3n + 2 (8-AGNR) and 3n (9-AGNR) families are shown in Figure 6 with blue dots denoting positions of holes. The exciton wavefunctions are Wannier-like and extend fully in the width direction. The exciton wavefunction for the 3n + 2 family is the most delocalized. Because it has the most π-conjugation, the band gap (Figure 2), onset energy in the absorption spectra (Figure 4) and the binding energy (Table 1) of the 3n + 2 family armchair graphene nanoribbons are the smallest. We note that this result is also consistent with Clar’s aromatic sextet rule (Clar, 1972), which represents the delocalization of pi electrons due to the resonance of complementary, hexagonal carbon configurations with alternating single and double bonds. Wassmann et al. (Wassmann et al., 2010) compared Clar’s rule for graphene nanoribbons to DFT simulations and showed that the 3n + 2 family exhibits consistently high pi delocalization.
[image: Figure 6]FIGURE 6 | Exciton wavefunctions. (A) E1,1 exciton wavefunctions for 7-AGNR. (B) E1,1 exciton wavefunctions for 8-AGNR. (C) E1,1 exciton wavefunctions for 9-AGNR.
Figure 7 shows the absorptivity of single-layer armchair graphene nanoribbons along the ribbon axis for the 3n, 3n + 1 and 3n + 2 families. Increasing nanoribbon width causes a red shift in incident photon energies, and this shift is most significant for the 3n family. The absorptivity spectrum exhibits a similar shape as the imaginary part of the dielectric function in Figure 4.
[image: Figure 7]FIGURE 7 | Absorptivity of single layer armchair graphene nanoribbons. (A) Absorptivity of the 3n family nanoribbons. (B) Absorptivity of the 3n + 1 family nanoribbons. (C) Absorptivity of the 3n + 2 family nanoribbons.
3.3 Bilayer graphene nanoribbons bandstructure calculations
We consider two different alignments of Bernal stacked bilayer graphene: the α alignment and the β alignment as shown in Figure 8. In the α alignment, one layer of graphene nanoribbon is shifted along the ribbon axis (periodic direction) with the edges aligned to the other layer while in the β alignment one layer of graphene nanoribbon is shifted along both the ribbon axis and the width direction. LDA predicts that the interlayer distances in the α and β alignments of 5-AGNR are 3.36 Å and 3.30 Å, respectively, matching experimental values of the interlayer distance in graphene nanoribbons (Enoki et al., 2007). Both the α and β alignments are stable structures with a ground-state energy difference less than 0.01 Ry between the two alignments.
[image: Figure 8]FIGURE 8 | Bilayer armchair graphene nanoribbons α and β alignments.
We have calcuated the electronic structures of bilayer 5-AGNR, 6-AGNR and 7-AGNR ribbons for both the α and β alignments within the GW approximation. Figure 9 provides a comparison of band gaps of single-layer and bilayer graphene nanoribbons. Single-layer armchair graphene nanoribbons have the largest band gaps compared to the bilayer conterparts, and the bilayer α alignment nanoribbons have the smallest band gaps for all three families. The difference in band gaps for the bilayer α and β alignments decreases with width, and the difference becomes negligible as the width goes into infinity because the nanoribbons in both alignments become Bernal-stacked bilayer graphene.
[image: Figure 9]FIGURE 9 | Comparison of band gaps of single layer, bilayer α and bilayer β armchair graphene nanoribbons.
3.4 Bilayer graphene nanoribbons optical response calculations
The dielectric functions with the GW + BSE approximation for the single-layer, bilayer α alignment, and bilayer β alignment configurations are shown in Figure 10. For all three families considered, the single-layer armchair graphene nanoribbons have the highest onset absorption energy. Adding an extra layer of graphene nanoribbon shifts the absorption peaks to lower photon energies.
[image: Figure 10]FIGURE 10 | Comparison of the imaginary and the real parts of dielectric functions of single layer, bilayer α alignment and bilayer β alignment armchair graphene nanoribbons. Imaginary and real part of the dielectric function for (A,B) 5-AGNR, (C,D) 6-AGNR and (E,F) 7-AGNR. Blue lines denote single layer nanoribbons, magenta lines denote bilayer β alignment nanoribbons, and red lines denote bilayer α alignment nanoribbons.
Not only do the energy peaks shift to lower energies, the shapes of absorption curves also differ from those of single-layer graphene nanoribbons. More oscillations and peaks occur in the dielectric functions of bilayer graphene nanoribbons. Bilayer α alignment nanoribbons have lower onset absorption energies than β alignment nanoribbons. The difference in dielectric functions between α alignment and β alignment nanoribbons is larger for 5-AGNR (Figures 10A,B) than for 6-AGNR (Figure 10C,D) and 7-AGNR (Figures 10E,F), agreeing with the trend of band gaps shown in Figure 9. For the 5-AGNR, the onset energy of the bilayer β alignment is closer to the onset energy of the single-layer configuration instead of the α alignment, as shown in Figures 10A,B.
The calculated absorptivities of the single-layer, the bilayer α and the bilayer β armchair graphene nanoribbons (Figure 11) display similar trends to the band gaps and dielectric functions predicted in Figure 9 and Figure 10. The bilayer α alignment has the lowest photon incident energy, while the single-layer configuration has the highest. The trend observed in the single layer armchair graphene nanoribbons that the 3n + 2 family nanoribbons have the lowest band gaps and onset absorption energies while the 3n + 1 family nanoribbons have the highest band gaps and onset absorption energies is preserved in bilayer graphene nanoribbons and is not affected by the number of layers or two alignments between layers.
[image: Figure 11]FIGURE 11 | Comparison of absorptivities of single layer, bilayer α and bilayer β armchair graphene nanoribbons. (A) Absorptivities of 5-AGNR. (B) Absorptivities of 6-AGNR. (C) Absorptivities of 7-AGNR.
The E1,1 exciton wavefunctions for the single-layer, bilayer α alignment and bilayer β alignment 7-AGNR are shown in Figure 12. The exciton wavefunction in the single-layer configuration is the most localized, and the electrons are distributed around atoms near the hole region, as shown in Figure 12A. The exciton wavefuntion in the bilayer α alignment 7-AGNR extends the most along the ribbon axis as shown in Figure 12B, resulting in the smallest band gaps and onset photon energies compared with the single-layer configuration and bilayer β alignment.
[image: Figure 12]FIGURE 12 | Comparison of E1,1 exciton wavefunctions in single layer, bilayer α and bilayer β 7-AGNR. (A) E1,1 exciton wavefunction in single layer 7-AGNR. (B) E1,1 exciton wavefunction in bilayer α 7-AGNR. (C) E1,1 exciton wavefunction in bilayer β 7-AGNR.
4 CONCLUSION
This work reports optical response methods and calculations for single-layer armchair graphene nanoribbons of different widths from three families: the 3n, 3n + 1 and 3n + 2 families. Increasing the width of nanoribbons from any family decreases band gaps and causes a redshift in the dielectric functions and the absorptivity spectra. A comparison of exciton wavefunctions in the representatives (7-AGNR, 8-AGNR and 9-AGNR) of graphene nanoribbons from three families has shown that the 3n + 2 family exhibits the most delocalized electron distributions with fixed hole positions, and the most π-conjugation results in the smallest band gaps and lowest onset photon absorption energies among the three families.
We have also compared the optical response of single-layer armchair graphene nanoribbons to bilayer armchair graphene nanoribbons of α and β alignments. Band gaps and onset photon absorption energies are reduced in the bilayer configuration, and the reduction is more significant for the α alignment nanoribbons. The difference between the α and β alignment becomes smaller as nanoribbon width increases.
The optical response of graphene nanoribbons depends significantly on the details of the nanoribbons structures. By varying the width, number of layers and the edge alignment, the absorption spectra could be tuned, making graphene nanoribbon an excellent candidate for engineering optoelectronic devices with tunable properties. Graphene nanoribbons are supported by substrates in experiments, and experience screening effects from the substrates (Qiu et al., 2017; Trolle et al., 2017). Future work should focus on corrections of electron self-energies to account for such screening effects.
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