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Abstract

Density functional theory based calculations hagerbcarried out to investigate the
effect of twisting on electronic band structuresl @arrier mobilities of three prototypes of
armchair graphene nanoribbons (AGNRs) within tlxedi boundary conditions. It is found
that twisting causes a modification in the bandgafues and the overall shape of band
structures. The values of longitudinal acousticodeftion potential (DP) are found to be
higher than the torsional acoustic DP values. Tdisidnal strain is also found to have a
profound effect on effective mass and mobilitiesgofen AGNRs. The hole mobility of
hydrogen passivated N=8 AGNRs is found to be coaigarwith the carrier mobility of
intrinsic graphene. The electron mobility of N=8 NBs can be further increased with
fluorine passivation. The width, passivation, artept of twisting together determine n-type
or p-type behavior of AGNRs. Fluorine passivatedNR3 are predicted to be potential
candidates for mechanical and high-frequency switchOur results suggest that twisting of
AGNRs can be an effective mean for tuning theirdoatructure and carrier mobility for

applications in high-speed switching devices.
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1. Introduction

Graphene, the most stable single-layer two-dimexsibexagonal structure of carbon
atoms, exhibits unique electronic band structureweéler, lack of bandgap limits its
application in electronic devices. Various waysitooduce a bandgap in graphene have been
suggested in the literature [1-3]. One of theseswayhe synthesis of graphene nanoribbons
(GNRs) [4,5], which not only creates a bandgap &lsb offers some novel mechanical
properties [6—-8]. These GNRs can be utilized asofsavitches [9], negative differential
resistance materials [10], magnetic resistancenagg¢ll], spin filters [12] and nanosensors
[13,14]. Depending on the edge direction, these &NMBn be categorized into zigzag
graphene nanoribbons (ZGNRs) with metallic propsrand armchair graphene nanoribbons

(AGNRs) with semiconductor and semi-metallic projesr[7,15,16].

The electronic properties of GNRs can be modifigd twisting [8]. Although,
twisting does not change the bandgap of ZGNRs feignily [9], but twisted AGNRs (width
<1 nm) show a substantial change in the electrsinicture [8]. Twisted GNRs form chiral
helical structures which can be fabricated by ayeaof methods [6,17,18]. Twisted GNRs
can also function as a field-effect transistor odevice with non-linear current-voltage

characteristics [10].

Bandgap of AGNRs has been found to be periodicadlgillating as a function of
uniaxial strain[19]. Also, a shift in the band egyesurfaces in the Brillouin zone can also be
introduced by twisting as found in the case of oarmanotubes [20]. Therefore, it is
interesting to investigate the edge passivated AGN&ond uniaxial strain deformation to

torsional deformation.

In this paper, the effect of twisting and passmaton the electronic band structure of

AGNRs has been studied within the fixed boundaryd@mn making translational symmetry
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tractable only for a few discrete twist angles esli#) in bipartite lattice [17,21-23]. The
bandgaps of AGNRs depend on the number of diméyslong zigzag direction [24] which
can be further grouped into three families, nam@yy = 3n — 1 family exhibiting smallest
bandgaps, (ii) th&/ = 3n family exhibiting medium bandgaps, and (iN)= 3n + 1 family

exhibiting largest bandgaps, wherés a positive integer [8]. One case of each ofdlsses
for Hydrogen(H)-terminated AGNRs i.e. HAGNRs anddfine (F)-terminated AGNRs i.e.

FAGNRs [25-27] has been carried out for N=6, 7 &nd

2. Computational Details

All the spin-polarized density functional theoryiazdations in this work are performed
using the SIESTA [28] package. Norm conserving TiendMartins pseudopotential in fully
separable Kleinman and Bylander form has been teséakat the electron-ion interactions
[29]. The exchange and correlation energies haeea lreated within  GGA-PBE functional
[30]. Although the bandgap of GNRs when calculateth GGA-PBE functional is
underestimated as compared to measured bandg&®2]3the choice of this functional is
guided by the fact that it produces the other prtige of AGNRs like effective mass [33,34]
or work function [35] in good agreement with thepermental studies [31,36]. Also this
functional has been found to produce carrier'satffe mass and mobility with reasonable

accuracy in case of Phosphorene nanoribbons (P[SRs)

The Kohn-Sham orbitals were expanded as a lineabtwtion of nhumerical pseudo-
atomic orbitals (PAO) using a split-valence doubdta polarized (DZP) basis sets with
confinement energy of 0.01 Ry. The convergenceanke for total energy is chosen to be
10~%eV between two consecutive steps. Minimization ofrgpewas carried out using

standard conjugate-gradient (CG) technique. Comeerglues of sampling for the k-mesh
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grid ~10724~! have been used according to Monkhorst-Pack scli@Bjeto sample the

Brillouin zone (See supplementary information).

Structures chosen with a fixed lattice constantewetaxed until force on each atom
was less that0=2eVA~1. Mesh cut-off energy used to expand the Kohn-Sham orbitals
was 800Ry for untwisted AGNRs and the converged values ranged between 1300Ry to
1450Ry for twisted AGNRs. The distance between the two periodic ribbon imagken
perpendicular to the helix axis (X and Y-axis) &824, 12.634, and 11.4 for N=6, 7 and
8 respectively. A unit cell of dimensiazDA x 204 along X-Y direction was taken which
ensures more than~ZRldistance between the periodic images to preventstiperficial

interactions.

3. Resultsand Discussion

We have classified different helical conformatigmesented here by three parameters
shown in Figure 1: Thé&y is the lattice constant id-direction, W is the width of AGNR
from one carbon edge atom to another carbon edga ah the opposite edge along the
zigzag direction. The width (W) corresponds to thenber of dimersN) along the zigzag
direction is labeled from 1 to N as given in Tablelrhe subscripM of lattice constanL,, is
the number of times unit-cell get repeated or mlktd to have required twisted supercell

structure. In our previous study [39] we have exyad the method to determine thg.

The lattice parameters of the studied nanoribbbl#dENRs and FAGNRS) are given
in Table 1. The mechanics of the transition of ptafGNR to helical shaped conformation is
shown in Figure 1(a-b). Increase in torsional andécreases the unit cell sikg and

increases the torsional strain as indicated in reidifb-c). We have also modeled the study
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on a few discrete torsional angles compatible wahslation symmetry along Z-direction for

HAGNRs and FAGNRSs.

Figure 1: Schematic description of mechanics of stthg of AGNRs periodic inZ direction. (a)
Planar untwisted N=7 AGNR with a minimum lattice netant Ly, (torsional angle 8=zero).
Torsional strain morphs planar AGNR into (b) helitgahaped infinite long helix with the increased
value of lattice constant that eventually shrinks {c) a helix with a much smaller lattice constant
on further twisting.

3.1. Electronic properties

The electromechanical response of twisted helixaes lbeen investigated by studying
the effect of effective strain on the three mospamant physical quantities: bandgap,
effective mass and carrier mobility. The effectsimain £°/f, associated with the twist angle
(0) is given bye®f =1/2(0%X2), whereX, is the distance oht"dimer from the AGNR
axis [40]. The calculations reveal that among thevisted passivated AGNRs, H- and F-
AGNR with N=6 have the highest bandgap of 1.14eMd damMleV, respectively, which
increases to 2.01 eV for HAGNRs under extreme a@oedi strain. However, in the case of

FAGNRs (for N=6), bandgap does not vary much (Sgare 2.
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Figure 2: Bandgap as a function of effective strafor different width nanoribbons.

Because of the sub-lattice symmetry, direct bandgatne high symmetr§-point for
untwisted H-AGNRs (N=6) gets shifted to high symmegioint +K under torsional strain
(Figure 3) except for most twisted case (torsicerajjle=0.207 rad) where the bandgap of
2.01eV transits to indirect bandgap (Figure 3f)wdwoer, the untwisted F-AGNRs (N=6)
exhibits a direct bandgap of 1.41eV BfFigure Sla) which turns to indirect bandgap

promptly when subjected to mild twist (Figure Sidh)).

Unlike a direct-to- indirect bandgap transitiortta critical torsional strain in H- and F-
AGNRs (N=6) helixes, the H- and F-AGNRs (N=8) d show any such transition, and the
bandgap remains direct at high symmetry péirfor helixes of all torsional angles (Figure
4(b to f) and Figure S2(b to f) ). Similar to he&sxof N=6, a shift of direct bandgap frdhto
+K has been found for helixes of N=7 when subjeatetivist. However, in this case, the
bandgap remains direct at the high symmetry poikitfor all twisted topologies (Figure 5(b
to f) and Figure S3 (b to f)). In the effectiveastr space, the trend of bandgap response to
torsional strain suggested a monotonous incredsamgvior forN=6 and 8 HAGNRs (i.e.

N=3 andN=3n+2; where n is positive integer), categorizingnh into one family. Another
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important observation can be made from the spirexdegte band structure of all topologies.

No net magnetic moment has been observed in argidsred case.
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Figure 3. Calculated spin-polarized band structure of (a) twisted 6-HAGNR and twisted 6-
HAGNRs with torsional angle values (b) 0.097rad ) (6.112rad (d) 0.132rad (e) 0.161rad (f)
0.207rad . The order of the magnitude of torsiorsdtain is a=0<b<c<d<e<f.
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Figure 4: Calculated spin-polarized band structure of (a) Wvisted 8-HAGNR and twisted 8-
HAGNRs with torsional angle value (b) 0.086rad (€).097rad (d) 0.112rad (e) 0.132rad (f)
0.162rad. The order of the magnitude of torsionaitasn is a=0<b<c<d<e<f.
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For N=7 helixes (H- and F-AGNRSs), the behavior @néigap as a function of
effective torsional strain is monotonous and linlear with a negative slope Figure 2. This
kind of behavior categorizes tié=7AGNR (i.e. N=3n+1; n is a positive integer) into a
different family. In comparison to the bandgap eslwf all N=7HAGNR helixes (red square
in Figure 2), it is obvious that F passivation cf™NAGNRs helixes reduces the bandgap
values (pink circle in Figure 2). In the case of8NE=AGNR helixes, bandgap values (brown
circles in Figure 2) are higher than the N=8 HAGN&ixes values (blue squares in Figure

2).

The anomalous behavior of N=6 AGNRs helixes canubderstood through our
previous study [39] in which we calculated net geaaccumulation on H and F atoms using
Hirshfeld method [41]. The net charges accumulatiorH and F atoms i4Q= 0.022e and
AQ = -0.030e, respectively. We found that the nerghaccumulation does not vary either
on twisting or by changing the dimer numi&r This means that the F atoms pull more
electrons from the bonding C atoms, thus, the dieplef electron charge density from the
carbon hexagons of N=6 F-AGNRs is more than anyerotHAGNRs and N=7 and 8

FAGNRs.

Furthermore, because of the reduction of abouteM0ib the bandgap values of F-
AGNRs (N=7) compared to H-AGNRs (N=7) and twistilmgextreme point the Dirac cone
appears attK point (Figure S3). This linear dispersion allows tklectrons to flow

ballistically through astrongly twistedN=7 FAGNRs.
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Figure 5:Calculated spin-polarized band structure of (a) Wvisted 7-HAGNR and twisted 7-
HAGNRs with torsional angle value (b) 0.091rad (€).104rad (d) 0.121rad (e) 0.146rad (f)
0.182rad. The order of the magnitude of torsionatan isa=0<b<c<d<e<f.

3.2. Effective Mass and Mobility

We calculated the carriers transport by applyinfpueation potential (DP) theory
[42] and effective mass approximation. In an eadiedy of carbon nanotubes, it has been
observed that along with the stretching and bragthinodes the twisting mode also
contributes to the electron-phonon scattering [ADgformation in GNRs can be made by (i)
the longitudinal uniaxial straig,,, which represents the stretching mode, (ii) thsitmal

straine,g, which represents the twisting mode and (iii) ldteral straire,,, which represents

vy’
the breathing mode. The band edge can be expresse(;;) = Eg — E1,,, — E1r€50 —
E;geyy for one dimensional AGNRs [42], whekg,,, E;r andE; g represent the deformation
potential (DP) value for three different modes. Tlagitudinal acoustic DPE;; =
8(Ecage — €Yvaccum)/6€zz, Where §(Eqqge — €Vyaccum) 1S the shift of conduction band

maxima (CBM) or valance band minima (VBM) with resp to the energy of vacuum

level, (eVyaccum) 1S Calculated for the considered AGNRSs.
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Tablel:Structural parameters, Bandgap (Eg), Effective massesat VBM (|jmj,|/m,.) and CBM

(Img|/m.) and predicted carrier mobility for hole (u#,) and electron (u¢,). Results of previous
studiestheoretical [24]2, [43], [33]*%, [44]*and [45]% experimental [36]%, [33]**

LM 0 Eg |m;¢|/me mZ/me IJ-,1[D uiD w
A radA-1 eV em?V-1s71 | em?v-1s71 A
4.325; 5 Zero 1.144 | 0.127,0.12*| 0.125,0.12* | 2.92x1G 4.30x1d 6.15,
6.15", 6.1¢
% | 32439, 0.097 1.437 0.133 0.133 2.74x16 3.93x1d 6.133
©)
; 28.11445 0.112 1.524 0.143 0.138 2.45x16 3.69x1d 6.123
© 23789 0.132 1.651 0.166 0.159 1.96x1G 3.0x1d 6.110
19.464, 0.161 1.852 0.179 0.173 1.75x1G 2.64x1d 6.085
15.13955 0.207 2.011 0.303 0.237 7.91x16 1.65x104 6.030
432,,,42% | Zero 1.493 | 0.31,0.33% | 0.35,0.41% 2.0x1G 8.92x10 7.37,
0.41%* 0.40** 7.31#7.34$
ﬂzf 34.525g, 0.091 1.164 0.255 0.232 2.53x10 1.6x1¢ 7.324
©)
§ 30.209,, 0.104 1.081 0.2193 0.219 3.17x10 1.74x16 7.307
™ | 25.894, 0.121 0.963 0.2042 0.216 3.53x10 1.78x16 7.274
215785, 0.146 0.797 0.1762 0.155 4.40x16 2.9 x16 7.224
17.2624, 0.182 0.548 0.1332 0.151 6.70x10 3.05x16 7.131
4.31,,,4.359] Zero 0.198 0.031,0.04* | 0.031,0.04* | 4.0x1d 2.4x10° 8.63,
8.67, 8.66
X | 3672045 0.086 0.276 0.037 0.037 3.65x1d 2.1%10° 8.574
2 32.325,5 0.097 0.336 0.046 0.046 2.64x1d 1.5%10° 8.564
I
® | 28.01545 0.112 0.452 0.061 0.064 1.72x1d 9.6510° 8.535
23.7055 5 0.132 0.631 0.089 0.097 9.82x10 5.1410° 8.493
19.395, 5 0.162 0.898 0.139 0.148 5.04x10 2.7410° 8.420
4443, Zero 1.407 0.137 0.125 6.068
4.17x16 9.50x10
@ | 33322, 0.094 1.543 0.781 0.260 . R 6.059
= 30.6x10 3.17x10
2 28.879 5 0.109 1.539 1.040 0.173 . R 6.052
0 2.0x10 5.85x10
O | 2443655 0.128 1.533 1.017 0.161 . R 6.046
2.1x10 6.49x10
19.993,5 0.157 1.526 0.893 0.241 R R 6.020
2.5x10 3.55x10
15.55155 0.202 1.517 0.837 0.299 R R 5.967
: 2.76x10 2.58x10
44214, Zero 0.926 0.179 0.176 R R 7.263
8.67x10 2.98x10
o | 35.368g, 0.089 0.658 0.115 0.115 . R 7.239
=z 1.67x10 5.63x10
2 30.947,, 0.101 0.608 0.101 0.101 . R 7.222
< 2.04x10 6.87x10
N | 26.5266, 0.118 0.520 0.103 0.103 . R 7.194
1.99x10 6.69x10
22.1055, 0.142 0.355 0.074 0.074 . R 7.141
3.27x10 1.10x10
17.684,¢ 0.178 0.048 Massless Massless 7.043
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44114, Zero 0.319 0.046 0.046 3 s 8.540
1.82x10 4.15x10

nd 3749445 0.084 0.595 0.080 0.076 ) s 8.510
=z ’ 8.0x10 1.94x10

% 33.083,5 0.095 0.654 0.094 0.089 N s 8.494
o 6.27x10 1.51x10

o 28.672¢ 5 0.110 0.748 0.110 0.110 ) s 8.469
’ 4.94x10 1.11 x10

24.26155 0.129 0.912 0.139 0.139 ) 4 8.424
' 3.47x10 7.77x10

19.85045 0.158 1.186 0.188 0.208 N 4 8.351
’ 2.22x10 4.26x10

The DP term for twisting mode has been obtained a&&;;=
8(Ezage — €Vvaccum)/6€7Twhere Egqg, is the VBM for holes or the CBM for electrons.

Within the elastic limits, the magnitude of DP déses the degree of interaction between
electrons and phonons. Therefore, the small valuBPRoindicates a weak electron-phonon

interaction, which results in high mobility of clgar carriers Accordingly, for 1D systems

2
the carriers’ mobility sy, =%, where T=300K, and’;, is the stretching

(2rkpT)2|m*|2E2
modulus caused by uniaxial strain which has bedtuleaed using the expressidh, =

L:)—dd;Eg whereE, is the strain energy of a unit cell [46]. In these of the parabolic bands,

the effective mass is calculated from band enetgy,)( versus wave vectork] curve

—2 azEnk

x—1 _
bym* ™" =4 —e:
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Figure 6: Energy—strain relationship in an armchair directioof (a) HAGNR and (b) FAGNR.

The variation of difference in strain ener@yE) with the uni-axial strair(e) applied
along the armchair directions is shown in Figuré8&sed on these energy-strain curves we
have calculated the line-stiffness coeffici€pg given in Table 2 which comes out to be
smaller than that in a previous study [44]. TheuealofC,, of N=6, 7 and 8 HAGNRs are by
about 12% smaller than those of their FAGNRs capaits. The magnitude of calculated
longitudinal acoustic DPs for electrons and holagiers are given in Table 2. In earlier
reported studies the value of Bvaries significantly [44] and, [15] because of th#erent
reference energy points taken in these studiesfoleved the method described in ref. [15]
for determiningE,;, the calculated values are in fair agreement whth earlier reported

values as shown in Table 2.
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Figure 7: Shift of valance band minima (VBM) and conductidmand maxima (CBM) under effective
torsional strain for different cases. The dasheddis are the linear fitting.

Figure 7 shows the shifts of band edges as a fumcti effective torsional strain along
the armchair direction. The torsional DB is then calculated asEEdge/dseff, equivalent
to the slope of the fitting lines, wheig,,. is the energy of the conduction (valence) band
edge. Thek:r values of H- and F-AGNRs are shown in Table 2.dpxdor N=6 FAGNRs
helix, the standard deviation of dHr values is smaller than 1%. The lattice scattergg i
determined by the shifts in the band’s energy tegufrom dilations associated with acoustic
waves [42]. The higher value of shift in the bamtergy occurred because of stretching
mode, therefore, only the longitudinal DP valueaken for determining the mobilities. As

we will see that the effective mass’s response&visting has a profound effect on mobilities.

Based on the obtained energy band spectrum andlai®@d values oE.., Eir, and Gp
we determined the acoustic phonon-limited mobiéityroom temperature (300 K). As was
already concluded, the scattering rate of carireSGNRs is dominated by the longitudinal
acoustic mode, rather than by the twisted mode. é¥ew the longitudinal acoustic DPs for
an electron of N=6 HAGNR and N=8 FAGNR helixes @@0eV and -0.57eV, respectively,
which are smaller than that of remaining considdrelixes. This implies that the electron-
phonon interaction is very small for N=6 HAGNR add8 FAGNR helixes which promotes

very high mobility.
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Table 2: The line stiffness (), the longitudinal DP (E&,) and torsional DP (k&) of Hydrogen and
Fluorine passivated AGNR¢15]® [44]*

Cip Eq, of electron  Eqp of electron  E4; of hole Er of hole

(1012 eV /m) (eV) (eV) (eV) (eV)
6HAGNR  2.96, 3.96 0.30,0.84° -0.76 9.11 0.82
7THAGNR  3.32,4.28 8.59,9.36° 0.74 -2.01 -0.67
8HAGNR  3.34,42%  9.79,10.41° -0.40 -2.39 0.53
6FAGNR 3.22 1.74 -0.52 7.76 -0.39
7FAGNR 3.76 8.23 0.77 -1.51 -0.61
8FAGNR 3.78 -0.57 -0.43 8.53 0.73

Based on the obtained band structures, we calcuthte effective mass of the charge
carrier by parabolic fitting of bands near the baddes (Table 1). It is found that the values
of carrier effective masses are small which meaas the AGNRs have considerably high
carrier mobility. The value of effective mass (|im) is observed to be very sensitive to
twisting. The response of electron and holes madslias a function of effective strain is
shown in Figure 8. Our results show that the |mgfon electrons (holes) in untwisted 6, 7

and 8 HAGNRs are 0.13 (0.13), 0.34 (0.30) and Q0033), respectively, which are in good
agreement with the values reported by Fischetalef15]. The value o!%| for electrons and

holes in untwisted N=7 HAGNRs are also in good agrent with the values reported by
Senkovskiy et. al. [34] and Sode et. al. [33]. Rerinore, it can be seen from Table 1 that the
effect of F passivation on the effective mass et®bn or hole for N= 7 and N=8 is small,
however, a drastic change for N=6 is noticed. @suits also show the response of twisting
for N=7 where thgm;|/m, (Jm;|/m.) decreases from 0.34 to 0.15 (0.29 to 0.13) for H-
AGNRs and 0.18 to zero (0.18 to zero) for FAGNRswidver, opposite trend is observed for
N=6 and 8i.e. the|m}|/m, (Im}|/m.) values increased as a response to twisting, @srsh

in Figure 8. Furthermore, it is clearly seen thagrefor the most mild twisting, theu, |/m,.
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for N=6 FAGNRs helixes becomes bigger than th€|/m.. This indicates an n-type

behaviour of N=6 FAGNRSs helixes.
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Figure8: The response of (a) holes effective mass and [&3teon effective mass to effective torsional strai

The electrons (holes) mobilities for N=6, 7 and @wisted FAGNRs are 9.5x10
(4.17%x10), 2.98x16 (8.67x16) and 4.15x10(1.82x16) cn?V's?, respectively. For N=6,
7 and 8 untwisted HAGNRS, the electrons (holes) ilitiels are calculated to be 4.3%¥10
(2.92x10), 8.92x10 (2.0x10) and 2.42x1d(4.0x1d) cnfV~'s* respectively which are in
good agreement with the electron mobilities of HARNreported in ref [15]. Similar to the
earlier reported results, it is found that the Idda3n wide HAGNR exhibits electrons’
mobility comparable to the charge carriers’ mowildf intrinsic graphene [15]. We also
found that ideal N=3n+2 HAGNR holes’ mobility is itei close to the charge carriers’
mobility of intrinsic graphene. In the case of NA&NRs the mobility of electron (hole)
could be further increased (decreased) through $siyation up to 4.15x£0(1.82x16)
cn?V~!s ™. Thus, the control of the ribbon’s width along lwihe passivation is crucial for

determining the n-type or p-type of ribbons. Al$¢+8 FAGNRS helixes have the best
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electron carrier transmitting capacity and the bgiglifference between the electron and hole

mobility among all considered cases that suggest-tipe characteristic.

The electron (holes) carrier mobility of N=7 FAGNRslixes is ~5 (~3) times larger
than N=7HAGNRS’ electron (holes) carrier mobilityhereas, the electron (holes) carrier
mobility of N=6 H-AGNRs helixes is ~10 (~10) timémrger than that of N=6 FAGNRs.
Interestingly, for N=8 the electron (holes) carmeobility of FAGNRSs is of the order ~1/100
(~100) times smaller (larger) than electron (holeajrier mobility of HAGNRs. As a
function of twisting, the carrier mobilities decsea (Figure 9) for N= 6 and 8 FAGNRs and
HAGNRs helixes. For example, in N=6 HAGNRs, elesrg¢holes) mobility decreases from
4.30x10 (2.92x16) cnfV s to 1.65x10 (7.91x10) cnfV st and for N=8 H-AGNRs it
decreases from 2.42x10t.0x10) cn?V s ' to 2.74x16 (5.04x16) cn?V~'s™. However, in
the case of N=7 HAGNRs the mobility gets increaseth 8.92x10 (2.0x10) cn?V s to
3.05x1G (6.70x10) cnfV's™. The most twisted configuration of N=7 FAGNRs hhe
Dirac cone formation at the largest twist resultindpallistic conductance and calculation of
its mobilities goes beyond the scope of DP thetirys clear from Figure 9 that electron
(hole) mobility for N=8 FAGNRs is 4.15x10(1.82x10) cnf?V™'s™* is comparable to
graphene’s charge carriers mobility. Also, it Has most sensitive and monotonous response
to torsional strain. We find that the twisted AGNRsth appreciable bandgaps have
relatively very high mobility (e.g. for HAGNRs~4.800' cn?V’s™* and for FAGNRs
~4.15x10 cm?V s ™), thus ‘on-off’ ratio may be way higher than TMDs.g. MoS ~500

cn’V's1[47]) and Black Phosphorene (~2.6%&67V s *[48,49]) monolayer.
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Figure9: The response of (a) holes mobilities and (b) elentmobilities to effective torsional strain.

4, Conclusion

In summary, we have calculated the electronic Enetures and the intrinsic charge
carrier mobilities of H and F passivated AGNRs afuraction of torsional strains, using
density functional theory combined with DP theony &ffective mass approximation. From

this study, following can be concluded:

(a) We find that the directness of the gap remainsinda twisting except in the case of
N=6 F-AGNRs helixes. The bandgap varies monotoyoasla function of torsional
strain.

(b) The influence of twisted mode on electron-phononhole-phonon interaction is
smaller than that of stretching mode; nonethelegisting has a profound effect on
effective mass and mobility of AGNRSs.

(c) The F passivation lowers the bandgap value of &7 NHHAGNRs topologies,
however, it raises the bandgap value of all N=8 MRS topologies. The

longitudinal acoustic DP of hole (electron) is difnt for different AGNRs having an
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order as E3t? > g3+l > g3 (B3 > E3M? > B3V for H-AGNRs and as
E3ML > B3 > ESMZ (B3N > MY > EJY) for F-AGNRs.

(d) The electron (hole) carrier mobility of N=7 FAGNRs ~5 (~3) times higher than
N=7 HAGNRs, whereas, the electron (hole) carriebitity of N=6 HAGNRSs is ~10
(~10) times higher than N=6 FAGNRSs. Interestindly; N=8 the electron (holes)
carriers mobility of FAGNRs are of the order of 200 (~100) times smaller (higher)
than its HAGNRs counterparts. The electron (holepiiity has the following trend
aspg > pg > pZ (uy > uj, > pp) for HAGNRs and agg > g > uf (uy > 1y > pp)
for FAGNRSs. Due to the huge difference in hole atettron mobilities of N=8 and 6

FAGNRs, these emerge as n-type semiconductors.
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Dear Editor,

The highlights of the study entitled aslé&ctronic Structure and Carrier Mobilities of
Twisted Graphene Helix” are following.

(1) The band varies monotonously as a response tmmbaisstrain. The influences of
twisted modes electron-phonon or hole-phonon iotema is smaller than stretching
modes, nonetheless, twisting has a profound efieetffective mass and mobilities.

(2) The longitudinal DP are different for hole and ¢élex for different AGNRs having
order for CBM (VBM) as E3*? > E3MY > B3P (B3 > EMY2 > EJY) for
HAGNRs and ag;/**! > E3 > E3PY2 (B2 > B3 > B3 for FAGNRSs.

(3) The numerical results indicate that the electrdmdeS) mobilities of N=6 and 7
twisted FAGNRs at room temperature, are of theror@el (~0.1) times smaller and
~5 (~3) higher than its HAGNRs counterparts. Irdéngly, for N=8 the electron
(holes) carriers mobility of FAGNRs are of the ard®.01 smaller (~100 higher)
times than its HAGNRs counterparts.

(4) The trend of electron (holes) mobility @& > p8 > u7 (ud > p/ > u$) for HAGNRs
and agi® > ué >l (u), > pud >p8) for FAGNRs. Due to the huge difference
mobilities in hole and electron, N=8 & 6 FAGNRs cha considered as n-type
semiconductors.



Author Statement

Rajesh Thakur: Conceptualization, Software, Data Curation, Investigation, Writing -
Original Draft. P. K. Ahluwalia: Writing - Review & Editing. Ashok Kumar: Writing -

Review & Editing. Brij Mohan: Validation. Raman Sharma: Resources, Project
administration.



Conflict of Interest and Authorship Conformationrifo

Please check the following as appropriate:

o All authors have participated in (a) conceptiod design, or analysis and
interpretation of the data; (b) drafting the adiok revising it critically for
important intellectual content; and (c) approvathd final version.

o0 This manuscript has not been submitted to, nonder review at, another
journal or other publishing venue.

o The authors have no affiliation with any orgatiawith a direct or indirect
financial interest in the subject matter discugsdtie manuscript

o The following authors have affiliations with orgaations with direct or
indirect financial interest in the subject mattescdssed in the manuscript:

Author’'s name

Rajesh Thakur

Affiliation

Himachal Pradesh University, Shitfd,005, Himachal Pradesh
(INDIA)

P. K. Ahluwalia

Himachal Pradesh University, Shind@1005, Himachal Pradesh
(INDIA)

Ashok Kumar

School of Basic and Applied Sciences, Central University of
Punjab, Bathinda, 151001 Punjab (INDIA).

Brij Mohan

Department of Physics, Govt. Degree College Sanjauli, Shimla-
171006, Himachal Pradesh (INDIA).

Raman Sharma

Himachal Pradesh University, Shinfld005, Himachal Pradesh
(INDIA)




