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Abstract

The electro-optical properties of doped chiral graphene nanoribbons are investigated using first
principles calculations. O-atoms on edges enhance edge reconstruction with strong C=C bonds
that increase the binding energy while at the surface they break some surface bonds and
decreases the binding energy. The energy gap in the former increases to 2.08 eV due to the
passivation of edge electrons, while in the latter it becomes 0.07 eV. Electric field provides
additional manipulation, for instance Y-field produces oscillation/decrease of the electronic and
optical energy gap between the edge/surface states in undoped/O-B-O doped chiral nanoribbons.

Introduction

Graphene nanoribbons (GNRs) are flat sp2-carbon systems with widely tunable electronic,
magnetic and optical properties [1—4]. The two simplest classes of GNRs have zigzag (Z) and
armchair (A) edges. However, many more edge types are possible. Atomically tunable GNR
structure makes them promising for electronic, optical and spintronic devices [5]. In recent years
we have witnessed a formidable advance in synthesis of GNRs with controlled structural
parameters: width, length and edge type [6]. The major method for gaining control over the GNR
structure is the bottom-up self-assembling of molecular precursors which exists in forms of
surface assisted [7] and solution based techniques [8,9]. A great variety of ribbons has been
produced with the self-assembling such as armchair (including their lateral fusion [10-14]),
zigzag [15], chiral [16], chevron [7,9], and some other ribbons that can be classified [17-19] as
A60 (extended chevron) [20-22], A120 [23], Z60(cove-edged) [24] and Z120(zeeZGNR2) [25].
In on-surface molecular self-assembling the geometry of GNR is specified by the molecular
precursor and the type of the metallic substrate [29,30]. One of the challenges is to produce
GNRs characterized by zigzag edges and chirality being described by a large difference of
crystallographic indexes n and m in the translation vector C, = (n,m) = na; +ma,, where a; ;
are graphene lattice primitive translations. Only two specie of chiral ribbons with translation
vectors (3,1) [26] and (4,1) [27] have been obtained so far. Such ribbons have been produced



only by on-surface synthesis with Au(111) or (322) [28], Cu(111) and Ag(111) substrates. The
structure an electronic properties of chiral ribbons have been studied with low-temperature
scanning  tunneling  microscopy  (STM)[16,26-29],  non-contact  atomic  force
microscopy(AFM) [30], Raman spectroscopy [27], scanning tunneling spectroscopy(STS) [28]
and the angle resolved photoemission spectroscopy(ARPES) [28]. The conductive metallic
substrate used in on-surface synthesis is readily suitable for STM studies of the electronic
properties of these ribbons. The investigation of their optical properties, however, requires
transferring them to an isolated substrate. For the atomically precise GNRs this has been
demonstrated only for non-chiral GNRs of chevron-type obtained with solution based
technique [9,20]. Thus, the optical properties of chiral ribbons remain elusive.

An insight into the optical absorption of very long GNRs can be achieved by linear mapping of
experimental data of carbon nanotubes(CNTs) [31-34]. However, this mapping does not apply to
the chiral GNRs and CNTs. The optical properties of quasi-infinite structures chiral GNRs have
been considered in few studies where GNRs are treated within periodic framework [35,36]. At
the same time, experimental structures are finite length ones with the majority of ribbon lengths
<10-20 nm [29]. Finite length is a crucial factor for GNR integration into functional devices.
Moreover, it has been shown by Raman spectroscopy performed on armchair GNRs that finite
length effects are observable [37]. Preliminary theoretical studies of finite length (3,1) chiral
GNRs have shown that the length of convergence of the electronic band gap to its bulk value (~5
nm) is shorter than that of the optical band gap (~25 nm) [38], thereby making optical properties
more sensitive to the GNR length. Hence, a detail understanding is desirable with respect to the
optical properties of finite length chiral GNRs.

Here, we investigate optical properties of (4,1) chiral GNRs. In addition to the width of the
structures, we take into account their finite lengths. Since the self-assembling method allows for
a precise positioning of the doping impurities [27,39], we also investigate the ways of effective
electronic and optical engineering by substitutional doping. In case of transferring to the device
substrate local electric fields may arise due to the impurities and imperfections of the substrate.
Therefore, we supplement our study with the modeling of the effect of an external electric field.
Within first principle density functional theory (DFT) calculations, we show that the considered
systems can have wide range of physical properties starting from perfect edge conductors for
topological insulators to wide band gap materials for photocatalytic applications. Additionally,
these results must be useful in interpretation of experimental data and developing a reliable
database for fast structural testing based on optical absorption spectroscopy methods similar to
those being used for CNTs [40,41].

2. Computational model

In this work, we use the density functional theory in the investigations of the electronic and
optical properties of chiral GNR. The calculations are performed using Gaussian 16 software
[42] at the b3lyb/3-21g level of theory [43-46]. This level of calculations has been proved
adequate with respect to both results accuracy and computational time for C-based materials [47-
48]. For generalizing our work, we perform additional DFT calculations using VASP software
for selected periodic chiral GNR. All VASP calculations were performed using the projector
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generalized gradient approximation (GGA) formalism [53]. The plane wave cut-off energy was
becomes smaller in magnitude that 0.001 eV/ A.

augmented wave method (PAW) with a plane-wave basis set [49-52]. The Perdew-Burke-
Ernzerhof (PBE) functional was used to describe the exchange correlation potential within the

Width

(i) GNR4-W3

(i) GNRA-W4
(1) GNR4-W6

C bonds due to chirality.

shows the formed C

(k) GNR4-W5
iscussion

Fig. 1. Relaxed structures of chiral GNR4 with different lengths (a-f) and widths (g-1). The red circles

3. Results and d



In order to simply express the chiral nanoribbons as a function of length and width, we use the
form GNR4-W-L-X where 4 is the n index defining the translation vector, W, L, and X are the
width, the length, and the dopant, respectively. When fixing width and varying length and vice
versa (as shown in Fig. 1) we use only the variable parameter for instance GNR4-L1 in Fig. 1 (a)
for fixed width W3.

3.1 Structure stability and electronic properties

The optimized structures of the finite chiral graphene nanoribbons with different lengths and
widths are shown in Fig. 1. In addition to the optimized structures that are obtained by
minimizing the total energy of the considered structure, the stability is also tested by calculating
the vibrational frequencies and the binding energy. The obtained positive frequencies, see Fig. S;
in supplementary material, indicate that the selected nanoribbons are geometrically stable and
there are no saddle points on the potential energy surface. The following formula is used to
calculate the binding energy per unit atom (Eg): Ey= (NgEg+NxExtNcEc-Ec,)/N. With, Ny, Ny,
Nc, and N is the number of hydrogen atoms, doping X-atoms, carbon atoms, and the total
number of atoms, respectively. Ey, Ex Ec, and Ec, is the corresponding total energy,
respectively. The binding energy used for testing stability, where the positive values of E, insure
the stability of the considered systems, can also be used to study the effect of size and doping on
the binding strength. The binding energy calculations are given in Table 1. It is observed that E,
increases by increasing length and width simply due to the increased number of C-atoms that
form three sigma bonds with adjacent C- atoms.

Table 1. Binding energy (Eg), energy gap (E,), and total electric dipole moment (TEDM) of chiral GNR
subjected to the effect of width/length and substitutional doping at the edge (e) and surface (s).

GNR4 Es(eV) | E, (eV) | Doped Es (eV) | E;(eV) | TEDM (D)
GNR4-W3-L4
GNR4-L1 | 7.00 1.16 | N-e 7.56 059 [4.04
GNR4-L2 | 7.28 0.75 N-s 7.34 0.53 12.64
GNR4-L3 | 7.38 0.65 B-e 7.41 049 [3.50
Ficed GNR4-L4 | 7.43 0.61 B-s 7.29 0.44 12.18
widih, W3 | GNR4-LS [7.46 0.59 O-¢ 7.55 2.08 | 7.14
’ GNR4-L6 | 7.49 0.57 O-s 7.17 0.07 | 28.01
GNR4-L7 | 7.50 0.56 OBO-¢ 6.79 2.66 | 0.0001
GNR4-L8 | 7.51 0.55 Cl-e 7.09 0.09 [24.59
GNR4-L9 | 7.52 0.54 Cl-s 7.55 020 [4.27
GNR4-W1 | 6.61 2.37 P-e 7.99 0.55 | 4.15
GNR4-W2 | 7.06 0.22 P-s 7.08 076 | 9.94
Fixed GNR4-W3 | 7.43 0.61 2P-¢ 7.36 0.54 | 0.0001
length, L4 | GNR4-W4 | 7.67 0.52 S-e 7.27 1.85 1.62
GNR4-W5 | 7.83 0.33 S-s 7.73 029 [28.18
GNR4-W6 | 7.95 0.17

The effect of width on the binding strength is more significant than the effect of length because
the number of edge atoms that bound to only two C-atoms in the later is higher than the former.
For instance, for two ribbons with almost the same number of atoms but forming GNR4-W4-1L4
(Fig. 1 (1), N=232 atoms) and GNR-W3-L5 (Fig. 1 e, 236 atoms), E,= 7.7 eV in the former is
higher than Ey= 7.4 eV in the later.
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Fig. 2. The binding energy (Ey) and energy gap (E,) dependence on the GNR4 length and width
(a, b), the electronic density of states (DOS in c-g) and HOMO (h-k) for selected nanoribbons are
presented.

The c-c bond lengths range from 1.36 to1.45 A, the smaller values observed on the edges while
the higher ones observed in the interior of the GNRs. Simultaneously with the increase of the
binding energy the band gap decreases by increasing the GNR width and/or length. This decrease
is a result of the quantum size effect and the previously described edge morphology. The energy
gap smoothly decreases as a function of the length while as a function of width it decreases
faster, similar to the jag parameters of zigzag-shaped ribbons in Refs [17-19]. Increasing the
length by one unit-cell from GNR4-W3-L4 to GNR4-W3-L5 decreases the band gap from 0.61
to 0.59 eV, while increasing the width of the same ribbon to GNR4-W4-L4, E, becomes 0.52 eV.



The origin of that effect is the type of bonds at the edges, where some C-atoms at the edges form
double bonds with smaller bond length ~1.36 A, see encircled bonds in Fig. 1 a, these bonds
form molecular orbitals with energies deeper in the valance band than other edge bonds. The
number of these energetically stable edge orbitals is higher in GNR4-W3-L5 than in GNR4-W4-
L4. The type of the electronic states filling the band gap is the edges localized states as shown by
the HOMO distribution in Fig. 2 (i-k). The antibonding nature of these pi-orbitals make them
more interactive than the extended bonding pi-orbitals in Fig. 2 (c) and Fig. 1 (h). These edge
states that provide perfect conduction at the edges and insulation at the surface of GNR4-W6-L4
(Fig. 2 j) indicate that such systems are promising materials in the field of topological insulators
and should be considered by experimentalists working on this field.
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Fig. 3. Doped GNR4-W3-L4 with different atoms on the edge and surface (a-f), and the HOMO
for O-, OBO- doped nanoribbons (g-i) are presented. The effect of electric field on the energy
gap of selected GNR4 is shown in (j-m).

3.2 Doping and Electric field
In this subsection, we study the effect of edge and surface doping on the binding energy, energy
gap, and total electric dipole moment (TEDM). The considered dopants are N, O, S, P atoms and
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the O-B-O group similar to Ref. [27]. The dopants positions are shown in Fig. 3 (a-i) along with
the values and direction of TEDM. The effect of electric field directed in x- and y- directions on
the band gap of selected chiral nanoribbons are given in Fig. 3 (j-m).

The results show that the binding energy and the energy gap can be increased/decreased
depending on the type and position of the dopant. From Table 1, all the considered cases show
higher binding energy for edges doping than that for surface doping except for S and CI doping.
For instance, the O atom doped at the edges have two electrons that can form strong covalent
bond with adjacent C-atoms, now the two C-atoms bound to O will have additional two electrons
to form strong double bond with neighbor C atoms with dcc= 1.36 A. This edge reconstruction
will be found around all O-atoms which in turn will increase the binding energy [54,55]. These
strong bonds passivate the localized edge electrons and form HOMO with extended pi-orbitals,
see Fig. 3 g, that significantly widen the band gap to E,=2.08 eV. The even larger band gap,
Eg=2.66 ¢V, in O-B-O doped chiral GNRs is also explained by the passivation of edge states
from C-atoms. The increase of the band gap by edge doping with O-B-O found here are in good
agreement with experimental results in Ref. [27], namely Eg=3.33 eV. This difference in the
energy gap could be a result of the higher number of O-B-O segments that widen the band gap
and/or the approximation of the DFT calculation level. Therefore, our results not only agree with
experimental results but also predict other means to tune the band structure such as type of
dopant and its position.

If O-atoms are doped on the surface both the binding energy and band gap decrease. The broken

bonds at the surface in this case, Fig. 3 d, will decrease the binding energy per atom for the
nanoribbon and at the same time will create localized electrons around the broken bonds that
strongly decrease the band gap to 0.07 eV. The case of edge doping with P-atoms, highest
Ey=7.99 eV, is little different where the edge reconstruction result in double bond between P and
C atoms and the effect on E, is not high because each P atom has three outer electrons that
interact with neighbour C-atoms. This explanation applies also for the doping with N, and B
elements. The special case of S-doping, at the edges S atoms form single bonds with neighbor C-
atoms that are weaker than C-O or C-C bonds, thus lower E,. While the sulfur atoms on the
surface will form three bonds with adjacent C-atoms, two covalent bonds and one coordinate
covalent bond, thus and similar to edge doping by O-atoms, neighbour C-atoms will form C=C
bonds, that enhance the binding energy.

The TEDM substantially affected by the doping, where the originally negligible (~2*107-3 D)
dipole moment in GNR4-W3-L4 could be increased to 28 (D) by surface doping with O-atoms or
kept unchanged by edge doping with O-B-O. The values and direction of TEDM in N-, B-, and
P-doped nanoribbons are comparable, ranging from 4 to 12 (D) as given in Table 1 and shown in
Fig. 3. The TEDM strongly depends on the position of the dopants, for example doping OBO in
the edge position shown in Fig. 3 e results in local dipoles from the upper edge in a direction
opposite to that from the lower one thus cancel each other. While replacing the outer C-atoms at
the edges (Fig. 3 c) result in a net TEDM=7.14 D. The electric field effect is another effective
tool to tune the chiral GNR electronic properties, here we study the effect of electric field on
three undoped nanoribbons with different widths (Fig. 3 j-1) and one doped with OBO (Fig. 3 m).
An electric field applied in y-direction result in an oscillating band gap in undoped nanoribbons



and decreases the wide band gap in OBO doped ones. The x-directed electric field
enlarges/narrows the band gap in GNRE4-W3-L4/the remaining selected nanoribbons, results in
semiconductor to conductor transformation for other systems as seen in Fig. 3 (I). The peculiar
behavior of the band gap under the electric field is mainly due to the nature of the low energy
molecular orbitals whether they are edge states or bulk states and the direction of the field. For
instance, y-directed field (parallel to the zigzag edge) will provide an oscillating effect on the
low energy molecular orbitals at the zigzag edge. While the filed applied in x-direction
(perpendicular to the zigzag edge) will increase the small E, between the edge states in GNR4-
W3-L4 and decrease the wide band gap between the surface extended states in doped GNR4-
W3-L4-OBO similar to its effect on hexagonal flakes with zigzag edges reported in [56].
Similarly, the y-field in the latter case decreases the band gap. In contrast, x-directed field
decreases the band gap in Fig. 3 (k, 1), the decrease is simply due to the change in x-direction
orientation with respect to width and length directions, this direction orientation is automatically
adjusted by the Gaussian software. To avoid this confusion, it is convenient to relate the field
direction to the GNR length such that electric field parallel to the length direction oscillates the
band gap while that perpendicular to it enlarge it.
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Fig. 4. Band structure and density of states for selected chiral GNR.

Here we provide additional calculations on periodic systems to generalize and confirm our
results on finite nanoribbons, the selected periodic nanoribbons are GNR4-W3, GNR4-W3-O-s,
GNR4-W3-0-e. The band structure, total density of states (TDOS), and dopant contribution to
the TDOS for these systems are shown in Fig. (4). The band structure and TDOS of GNR4-W3-
L4 show a band gap =0.35 eV, this value is lower than the obtained value in GNR4-W3-L9. This
decrease is a result of the infinite length considered in periodic calculations, also the functional
may affect the band gap. The tunable band structure by doping observed in finite systems occurs
also in periodic nanoribbons where the band can be increased/decreased by doping with O atoms
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at the edge/surface. Also the contribution of the dopant electrons to the low energy states is
higher when these atoms doped at the surface than edge doping that confirms the previous
conclusion on the origin of band structure changes after doping.

3.3 Optical properties

The optical properties of GNR4 are investigated using the TD-DFT calculations of the first 20
excited states. Fig. 5 presents the optical spectra of GNR4 under the effect of length (a), width
(b), doping with different elements (c), and electric field (d). It is observed that increasing the
length or width result in a noticeable red shift while in case of doping the absorption spectrum
may have red shift or blue shift from the undoped GNR4-W3-L4 depending (Fig. 5 c) on the type
and position of the dopant. The dominant absorption UV peak of GNR4-L1 at 273 (nm) can be
smoothly red shifted to 2780 (nm) in GNR4-L9, similarly, increasing the width shifts the
absorption maxima at 573 (nm) in GNR4-W1 to 2187 (nm) in GNR4-W6 (see the structure in
Fig.11).
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Fig. 5. Absorption spectra of GNR4 under the effect of length (a), width (b), doping (¢), and in
plane electric field.

It is observed that the absorption spectra as a function of length have a shoulder transition peak
for small lengths, namely from L1 to L3, and disappear in higher lengths. The shoulder peak in
L1 at 1037 (nm) is a result of transition from HOMO-LUMO with oscillator strength (f) equals
0.16. This transition becomes the dominant transition in higher lengths, L5-L9. The shoulders in
L2 and L3 are mostly due to transitions from HOMO-1 to LUMO+1. Additionally, the
absorption spectrum of a specific GNR4 can be tuned by doping, for example the two dominant
transition peaks at 891 and 2453 (nm) in GNR4-W3-L4 exhibit blue shift to a single peak at 535
(nm) after doping with OBO at the edge (Fig. 5 c). While, doping with 2P atoms at the edge (the
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structure in Fig. 2 e) shift these two peaks to a transition wavelength at 1165 nm or the
significant red shifting to 3576 (nm) in case of doping with B at the edges. The optical spectra of
GNR4-W3-L4 at selected electric field values (Fig. 5 d) show increase of the optical band gap by
increasing the x-directed electric field, following the increase of the electronic band gap Fig. 3
(j), and oscillates as a function of the applied y-field.

The detailed information about the UV-Vis spectra of GNR subjected to the effect of length,
width, and doping are given in Table 2, namely the oscillator strength, wavelength, excitation
energy, dominant transition, and transition composition. The optical calculations for the
remaining doped nanoribbons are given in Table S1 in supplementary material. It is noted from
Table 2 that the two prominent transitions in L1 is a result of transitions from the ground state
(S0) to the excited state S13 and to S20 with considerable high excitation energy 3.83 and 4.54
eV, respectively.

Table. 2. Optical parameters for the prominent excitations in selected chiral nanoribbons, f and A
are the excitation oscillator strength and wavelength. E,, Dx, and TC are the excitation energy,
dominant excitation, and transition composition, respectively.

Length Width
GNR |f A E, Dy | TC GNR | f A E, Dy TC
-W3- (nm) | (eV) -14- (nm) | (eV)
L1 043|324 |38 [SI13|H-6L 025 | WI 134 | 573 |2.16 | S1 H—L 0.70
H-5-L 034
H-2—L+1 0.15
H-1-L+2 0.24
HoL+5 048
0.62 273 | 454 |S20 S5 H-2—L 045
H5—L  -0.17 w2 1.29 | 1034 | 1.19 H-1—>1L+1 -0.19
H-35142 -0.12 H—-L 0.15
H-2-L+1 049 H—-L+2 049
H-2 »L+3 0.12 L—H -0.13
H-1-L+2 0.39
H—L+5 -0.19
L2 033443 280 |[S17 |H4-L -021 | W3 0.15 | 2453 [ 0.51 | SI1 H-1—L 0.63
H-3—L+1 -0.37 H—L+1 -0.30
H-1-L+3 0.43
H-1-1+4 -0.13 0.12 | 891 | 1.39 | S12 H-3-L+1  0.12
HoL+5  -0.27 H-2-14+2  0.57
HoL+6 -0.11 H-1-L+1  0.10
H-1—L+3 -0.38
L3 0.20 | 667 1.86 | S10 | H-3>L+1-022 | W6 0.65 | 1494 | 0.83 | S14 H-3— H+1 0.29
H-2-L+2 0.66 H-3—L+3  0.15
L4 0152453 | 051 |SI |H15L 063 H-2—1L+2 047
Holel 030 H-1— L+1 -0.22
H-1—1L+3 031
0.12 | 891 139 | SI12 | H-3—L+1 0.12 E_)Em %‘21%
H2—L+2 057 Lfl e
— H-1 0.15
H-1-»L+1 0.10 Lo H 004
H-1-L+3 -0.38 ’
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L5 0.23 | 2576 | 0.48 S1 H—-L 0.72 Doping
L—-H -0.13
L6 0.31 | 2658 | 0.47 S1 H—-L 0.72 | W3- 0.15 | 2627 | 0.47 | S1 H-L—-L 0.11
L—-H -0.12 | N-e H—L 0.71
L—-H -0.14
L7 0.39 | 2714 | 0.46 S1 H—-L 0.72
L—H -0.10 0.16 | 637 | 195 | S19 H-3 - L+3 0.66
H-2 —-L+4 0.12
L8 0.46 | 2753 | 0.45 S1 H-1—-L+1 0.11 | W3- 3.05 535 232 | Sl H-1 - L+1 -
H—- L 0.71 | OBO 0.16
H—-L 0.68
L9 0.54 | 2780 | 0.45 S1 H-1-L+1 -0.14 | W3 2.30 | 1704 | 0.73 | S1 H—-L 0.70
H—-L 0.71 | -P-s L—-H -0.14

These transitions composed of different transitions all of them are fare from the
HOMO—LUMO (H—L) transition. For instance, the main transition in L1 from SO to S13 is
composed of transitions from H-6—L (12.5%), H-5 —L (23.5%), H-2—L+1 (4.4%), H-1 —»L+2
(11.6%), and H —»L+5 (45.2%). For L2 and L3 the dominant transitions are from SO to S17 (2.80
eV) and from SO to S10 (1.86), respectively. Which are also dominated by transitions far from
H—L. Excitations contributed by transitions close to the H—L transition start to appear in L4
where the main excitations, S1, is contributed by H-1—L and H — L+1 with transition energy
equals 0.51 eV. In Higher lengths starting from L5-L9, the dominant excitation is SO —S1 which
is contributed mainly by H—L transition with percent contribution >96%. In case of width, the
contribution of H—L transition to the optical spectrum in small widths is more significant than
that length case. The prominent excitation in W1, from SO to S1 at A= 573 (nm) is mainly due to
H— L (98.7%) transition. However, in larger widths, W4-W6, the main excitations are not
mainly from H—L like in L5-L9 and contrarily other transitions participate in the excitation such
as H-2—L+2 (44%) in W6. The transitions from higher orbitals to lower ones, like from L—H,
represent a de-excitation that is neglected in our discussion. The contributions to the main
excitations in doped nanoribbons depend on the type of dopant and its position. The main
excitations in GNR4-W3-L4 doped with OBO and B (at the edge) are due to transitions from H
to L while other transitions are involved in the main excitations when doped with CI and P atoms
at the edges (Table S1). It is worth noting that even though the main excitations in P edge doping
occur at excitation energy, 1.71 eV, higher than the corresponding electronic band gap (0.55 eV),
there is a considerable excitation at this low energies (see the shoulder peak in Fig. 5 for P-e).
While the transition from H to L in Cl-doped case (Table S1) and due to the small energy gap, it
will be involved in an excitation containing equal H—L excitation that have a small (4%)
contribution to the optical spectrum.

4. Conclusion

In this work, the electronic and optical properties of chiral graphene nanoribbons are investigated
using density functional theory calculations. The effects of length, width, doping, and electric
field are taken into account. The optimized structures in addition to the positive frequencies from
infrared spectra and positive binding energies confirm the stability of the considered systems.
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The binding energy increases with increasing the width more than length increase due to the
higher number of surface C-atoms, with three sigma bonds, in the former. Abrupt decrease in the
band gap is observed when increasing width with respect to the smooth decrease as a function of
length due to the lower number of the interactive edge states in the later. That decrease is a result
of chirality which leads to the formation of strong edge bonds that in turn form molecular
orbitals with energies deeper in the valance band than other edge bonds. The position of the
dopant (edge or surface) is an important factor affecting the binding energy and the electronic
properties. For instance, O-atoms at the edges have only two electrons for binding this will leave
additional electrons in neighbor C-atoms that will form strong C=C bonds with other edge atoms
that enhance the binding energy. In contrast, at the surface they will break some of the strong
sigma bonds and therefore decrease the binding energy. The energy gap in the first case equals
2.08 eV because of the passivation of some of the edge electrons by the C=C bonds while in the
second case the gap decreases to 0.07 eV due to the created localized energy states at the surface.
The band gap can also be increased by OBO doping at the edges, which agree with the
experimental results. The behavior of band structure for selected periodic nanoribbons under the
effect of doping confirms and generalizes the results of the finite systems. The band gap
oscillates under y-direction field in undoped nanoribbons and decreases in OBO doped ones.
This peculiar behavior is a result of the different nature of the low energy states where they are
localized edges states in the former and extended surface states in the later. Moreover,
semiconductor to conductor transformation can be achieved by applying electric field in x-
direction. The optical band gap increases/oscillates by applying x/y-electric field in a way similar
to the behavior of the electronic band gap. The optical spectrum can be controlled by varying the
length, the width, and by doping where a considerable red shift is observed by increasing width
or length and by doping the absorption spectrum may experience red shift or blue shift
depending on the dopant type and position.
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Supplementary Material

Further confirmation of stability is obtained from the positive frequencies in the infrared spectra
for different chiral GNR before and after doping.
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Fig. S1. Infrared spectra for selected chiral graphene nanoribbons before and after doping.

b- Optical parameters of doped nanoribbons

Table. S;. The dominant excitations parameters in doped GNR-W3-L4 optical, f and A are the excitation
oscillator strength and wavelength. EX, DX, and TC are the excitation energy, dominant excitation, and

transition composition, respectively.

Doping

GNR4-W3-14 | f AMnm) | E, (eV) | DX | TC

B-e 0.13 | 3576 | 0.35 S1 |H—-L 0.74
L—-H -0.19

B-s 0.87 | 2565 | 0.48 S1 |H-1->L 0.19
H-1 - L+1 0.12
H—L 0.66
H— L+1 0.25
L—H -0.25

CL-e 0.18 | 1446 | 0.86 S17 | H-3— L+2 0.15
H-2— L+2 0.48
H-1— L+1 0.13
H-1— L+2 0.11
H-1-L+3 0.44
H—L -0.14
L—H 0.13

N-s 1.41 | 2151 | 0.58 S1 | H-2 ->L -0.17
H-2 —»L+1 0.10
H-1-L 0.69
H-1->1+1 0.14
L—-H -0.23
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O-e 255 692 | 1.79 S1 H-2—->L+1 0.14
H—-L 0.68
O-s 0.07 | 4069 | 0.31 S6 H-3—-L 0.6l
H—-L 0.21
H— L+1 0.28
L—-H -0.14
2P-¢ 0.08 | 1165 1.06 S12 | H—>L 0.73
L—-H -0.15
P-e 0.15| 725 | 1.71 S20 | H-4 — L+1 0.11
H-4 -L+2 0.14
H-3 —» L+3 0.62
H-1-1+4 -0.11
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