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Abstract— In this paper, the effect of structural nonidealities
on the electronic transport properties of ultranarrow zigzag
graphene nanoribbons (ZGNRs) is systemically investigated for
the first time, employing the nonorthogonal third nearest neighbor mean-field Hubbard model along with the nonequilibrium
Green’s function formalism. We have evaluated the influence of
line-edge roughness, single atom vacancies, and substrate-induced
potential fluctuations on the transport gap, ON- and OFF -state
conductances, and the ON/ OFF conductance ratio of 12-nm-length
ultranarrow ZGNRs. The results reveal that while even moderate
amounts of edge roughness lead to a nonuniform suppression of
the transmission probability and increase the transport gap, the
presence of single atom vacancies tends to decrease the induced
transport gap. Furthermore, it is shown that the transport properties of ZGNRs are more robust against potential fluctuations
compared with their armchair counterparts.
Index Terms— Line-edge roughness (LER), mean-field
Hubbard model, nonequilibrium Green’s function (NEGF)
formalism, single atom vacancy, substrate charged impurities,
zigzag graphene nanoribbons (ZGNRs).

I. I NTRODUCTION

T

HE advent of graphene, a carbon-based material with
atomic thickness and high carrier mobility, has heralded
a new horizon in the quest for novel post-silicon materials [1].
However, the semimetal nature of pristine graphene imposes
a serious obstacle regarding its potential application in digital
logic circuits. This can be overcome by patterning graphene
into quasi-1-D elongated strips, namely graphene nanoribbons
(GNRs) [2]–[4]. Such structures are envisioned to be the key
building blocks of a diverse range of future carbon-based
devices. With the edge geometry, GNRs are categorized into
armchair GNR (AGNR) or zigzag GNR (ZGNR). Compelling
experimental evidence regarding the existence of localized
edge states in ZGNRs, which leads to a peculiar type of
magnetic ordering [5]–[8], renders zigzag-edged ribbons
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as suitable candidates for spintronic applications. Indeed,
theoretical prediction of semiconducting to half-metallic
transition in the presence of a transverse electric field and the
realization of spin-valve devices based on ZGNRs with over
50% room temperature magnetoresistance are quite appealing
in this respect [9], [10].
According to [11], at 12-nm technology node, for
GNR-based field-effect transistors (FETs) to be an appropriate
alternate for silicon-based FETs, bandgap of at least 0.4 eV
and an ON/ OFF current ratio as high as 104 are required.
Owing to the inverse proportionality of the bandgap to the
width in ZGNRs [12], only sub-2-nm-wide ribbons can meet
the required projections. Nowadays, such narrow ribbons can
be synthesized either by a chemical solution-based technique
or a bottom-up self-assembly route starting from molecular
precursors [2]–[4]. At these minute scales, sources of disorder
may drastically impact the electronic performance, implying
the necessity for evaluating the influence of relevant sources
of disorder on the electronic transport properties of extremely
narrow and ultrashort ZGNRs.
Extensive studies on the transport properties of AGNRs,
in the presence of vacancies, edge and substrate-induced
disorders have shown that moderate amounts of such
nonidealities—which are inevitable in the state-of-the
art fabrication processes—result in drastic reduction of
linear conductance and induce large transport gaps causing
semiconducting to Anderson insulator transitions [13]–[22].
These effects are more severe for ultranarrow AGNRs with
a few number of propagating channels [20]. For ZGNRs,
however, most of the previous works are either limited to wide
ribbons where electron–electron interactions have a negligible
effect on the electronic transport properties [13], [15], [17],
[22] or mainly focus on the magnetic properties of defected
ZGNRs [23]. In other studies, for performance assessment
of ZGNR-based FETs, the presence of a specific case of
nonidealities [15], [23], or a relatively few number of random
realizations of disorder profile [15] are considered. For
ZGNRs, in all the aforementioned studies, the two-parameter
Hubbard model is used. This model is unable to capture
the electron–hole asymmetry in the electronic band structure
obtained from first principles calculations [25]. Hence, the
necessity for a quantitative study, which accounts for the
spin degree of freedom in the electronic transport properties
of disordered ZGNRs, is of fundamental importance for the
development of GNR-based electronic devices.
In this paper, for the first time, we investigate the effect
of structural imperfections such as single atom vacancies,
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line-edge roughness (LER), and substrate-induced potential
fluctuations, on the electronic transport in ultranarrow ZGNRs.
To model the electronic transport in defected ZGNRs, we
have used the nonorthogonal third nearest neighbor mean-field
Hubbard model along with the nonequilibrium Green’s function (NEGF) formalism. The influence of LER on ZGNRs is
investigated for various geometrical and roughness parameters.
The effect of potential fluctuations induced by charged impurities located close to or far from the ribbon–substrate interface
on the transport properties of ZGNRs is also studied. This
paper is organized as follows: After a brief introduction in
Section I, the models and numerical methods are explained in
Section II. The role of LER, vacancies, and potential fluctuations on the transport properties of ZGNRs are discussed in
Section III. Finally, a short summary and concluding remarks
are presented in Section IV.
II. A PPROACH

Fig. 1. (a) Schematic diagram of a 12-nm-length ZGNR with vacancies and
edge defects. (b) Random sample of normalized potential fluctuations due to
the charge impurities in the substrate. For clarity, only the sp2 carbon atoms
belonging to the π -electron system are shown here.

A. Mean-Field Hubbard Model
Adopting the standard convention in categorizing ZGNRs,
we have used the notation of Nz -ZGNR, which refers to an
ZGNR with Nz zigzag chains across its width. Considering
nonorthogonal pz orbitals as the basis set and employing the
mean-field approximation for the Hubbard Hamiltonian, one
obtains:


†
ti j σ ciσ
c j σ + H.c.
H =−
ijσ

+U



[n i↑ n i↓  + n i↓ n i↑  − n i↑ n i↓ ]

(1)

i
†
, ciσ , and n iσ are the creation, annihilation, and
where ciσ
occupation number operators, respectively, for an electron
with spin σ = ↑, ↓ in the pz orbital centered at the i th
carbon atom in the ZGNR. ti j σ is the hopping parameter
for an electron with spin σ between pz orbitals located at
some sites i and j , and U is the on-site Coulomb repulsion
parameter for the inclusion of short-range electron–electron
interactions. Here, we have adopted the generalized tightbinding model from [25], which not only provides a quantitative consistency with first principles local spin density
approximation calculations, but also accurately reproduces the
results of first principles transport calculations in the presence
of structural imperfections in ZGNRs. The values for the
first, second, and third nearest neighbor hopping integrals
(overlap matrix elements) are t1 = 2.7 eV, t2 = 0.09 eV,
and t3 = 0.27 eV (s1 = 0.11, s2 = 0.045, and s3 = 0.065)
and the Hubbard parameter is U = 2 eV. The validity of the
mean-field approximation for the considered values of U and
t1 is comprehensively verified in [26].
Equation (1) can be decoupled into two spin-dependent
Hamiltonians with the diagonal elements of up- or downspin blocks depending on the mean value of the spin resolved
electron density computed as:

n iσ  = d E Di,σ (E) f (E − E F )
(2)

where Di,σ is the local density of states (LDOS) with spin
σ at some site i and f (E − E F ) is the Fermi function. To

calculate the LDOS, the NEGF formalism is employed [27].
The sketch of simulated structure is shown in Fig. 1. Here,
the dangling bonds at the edges are assumed to be saturated
with hydrogen atoms. Due to the same electronegativity of
the carbon and hydrogen, such passivation does not alter
the π-electron system of the ZGNR [23], [28]. Indeed, a
previous study has shown that the hydrogen terminated edges
are realizable employing the hydrogen plasma etching of the
GNRs [29]. The channel length is assumed to be 12 nm.
Disorders are only applied to the channel and the contacts
are assumed to be perfect and semi-infinitely extended. In
addition, the electron–electron interaction is accounted for
both in the contacts and channel region [25]. The retarded
Green’s function of the channel can be written as:
−1

(3)
G ch,σ (E) = (E + i η)Sσ − Hch,σ −β L† g L β L −β R g R β R†
where η is an infinitesimally small quantity. Sσ and Hch,σ are
the spin-dependent overlap and channel Hamiltonian matrices,
respectively. β L(R) is the coupling matrix between the channel
and left (right) contact and g L(R) is the surface Green’s
function of the left (right) lead. The latter is efficiently evaluated using the Sancho’s iterative scheme [30]. Once G ch,σ is
obtained, the LDOS in the channel region is calculated as:


1
Di,σ (E) = − Im G ch,σ (E)Sσ ii .
π

(4)

Equations (1)–(4) should be solved self-consistently, starting
from an antiferromagnetic configuration as the initial guess
for the spatial spin densities, until a convergence criterion
on the spin densities is fulfilled. It should be mentioned that
any initial guess for spin resolved charge densities will lead
to similar results if they provide the spin spatial asymmetry
needed for achieving the antiferromagnetic solutions [28]. The
spin-dependent transmission function of the device is defined
as Tσ (E) = Trace[ L G ch,σ  R G †ch,σ ], where  L(R) is the
broadening function for the left (right) contact and is defined
as  L = −2Im[β L† g L β L ] ( R = −2Im[β R g R β R† ]). Finally, in
the linear response regime, the conductance of the device is
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Fig. 2. (a) Normalized average DOS and (b) average transmission probability as a function of energy calculated at various PV in a 1.14-nm-wide ZGNR.
Inset: the electronic band structure of a 1.14-nm-wide ideal ZGNR. (c) and (d) ON- and OFF-state conductances (in units of G0 ) and (f) ON/ OFF conductance
ratio, all plotted as a function of PV for the two examined widths. The maximum standard deviation of the calculated log(G ON /G OFF ) expressed as a
percentage of the average value for 1.14- and 1.54-nm-wide ribbons are 25.04 and 24.20, respectively.

calculated as:
G=−


σ




G0

d E Tσ (E)

∂f
∂E


(5)
E=E F

with G0 = 2e2 / h. The power supply voltage is set to 0.7 V
to meet the required projected VDD for the 12-nm technology
node [11]. Hence, the electrostatic influence of the gate on the
channel is accounted for by calculating the G ON and G OFF at
E F = 0.7 eV and E F = 0 eV, respectively. Room temperature
operation is assumed in all simulations.
B. LER, Vacancy, and Substrate Charged Impurities
LER is proved to be the dominant mechanism in degrading
the conductance of GNRs narrower than 5 nm [31], [32]. To
model LER, we have adopted a relatively realistic statistical
approach outlined in [21]. Here, the LER is described by a
Gaussian autocorrelation function with no cross-correlation
between the edges:
√


|x i | 2
i 3
2
acc
,
xi =
(6)
R(x i ) = W exp
L
2
where acc is the carbon–carbon bonding length. W and L
are the root mean square (rms) and correlation length (CL)
of the roughness fluctuations, respectively. The reason for our
choice is that all the experimental reports on the fabrication
of extremely scaled GNRs claim they have synthesized nearly
perfect edges. Adding a random phase to the Fourier transformation of the autocorrelation function followed by an inverse
Fourier transform is employed to generate the random LER
profiles in real space.
Single atom vacancies are modeled by randomly removing
carbon atoms in the ZGNR to a given percentage, PV , showing
the ratio of the removed to the total number of carbon atoms
in the channel. A vacancy at the i th site is modeled by setting
the respective hopping parameter in the Hamiltonian to zero.
According to [11], even in high-quality SiO2 substrates,
an impurity concentration as large as 1011 cm−2 is present.
Therefore, once the ZGNR is placed on a substrate, its
electronic transport will be affected by the interaction with
the charged impurities. The impurities may lead to a small

variation of the potential profile either on a scale of acc or on
a scale comparable with acc . To model these substrate-induced
disorders, the widely used random Gaussian potential profile
is incorporated as [33]:
Nimp

U (ri ) =


n=1



|ri − Rn |2
Un exp −
2(ξn acc )2

(7)

where Nimp is the number of impurities centered at an arbitrary
point (Rn ) within the ZGNR plane. ξn and Un are the CL and
amplitude (with realistic values between 0.05 and 0.15 eV
[34], [35]) of the nth impurity, respectively.
To capture the general effect of the previously mentioned
defects on the electronic transport properties of ZGNRs,
for each case of nonidealities, an ensemble average over
50 random samples is carried out to decrease the sample to
sample variabilities.
III. R ESULTS AND D ISCUSSION
A. Single Atom Vacancy
In ZGNRs, the√states with wave vectors between 2π/3az
and π/3az (az = 3acc is the length of a unit cell of ZGNR)
and energies close to the Fermi level, are extended along
the ribbon’s edges and decay exponentially into the interior
parts of the ribbon having wave vector-dependent decay rates.
These so-called edge states are fully localized or mostly
delocalized if they correspond to the Brillouin zone boundary
and k z = 2π/3az , respectively [7], [8]. In narrow ideal ZGNRs
(Nz < 32), considering the electron–electron interaction, due
to hybridization and consequent bonding–antibonding splitting
of mostly delocalized edge states, a width-dependent energy
gap (0 ) opens up at k z  2π/3az [12] [see the inset of
Fig. 2(a)]. Electron–electron interaction in strongly localized
edge states leads to a larger energy band splitting (1 ) at
k z = π/3az .
Density of states (DOS) at various PV are shown in
Fig. 2(a). Evidently, as PV increases, while the general trend
for DOS in ideal ZGNRs is still preserved, more fluctuations
occur in the DOS, and the van Hove singularities are smoothed
out. As shown in Fig. 2(b), introducing vacancies uniformly
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Fig. 3. LDOS for (a) ideal and (b) defected 1.14-nm-wide ZGNR averaged
over energy range 0 − 0.4 eV. PV = 3% in defected ZGNR.

reduces the overall transmission in the whole energy range
and in principle should increase the transport gap, defined as
the energy range where the transmission probability is smaller
than 10−2 . However, reducing DOS at the low-energy edge
states decreases the corresponding charge density. As a consequence, the electron–electron interaction and the resulting
transport gap decreases, diminishing the distinction between
0 and 1 . To distinguish the influence of vacant sites from
the effects due to the LER, placement of single atom vacancies
is prohibited at the edges. Yet, as shown in Fig. 3, due to the
ultranarrow widths of the studied structures, such vacant sites
can still affect the LDOS profile at the edge carbon atoms. In
Fig. 3, an averaging over 0–0.4 eV, the corresponding energy
range of the edge states [see Fig. 2(a)], is performed.
ON -, OFF -state conductances and ON / OFF conductance ratio
as a function of PV for the two examined ZGNRs are shown
in Fig. 2(c)–(e), respectively. As PV increases, due to the
overall reduction of transmission around E F = 0.7 eV, G ON
decreases. Furthermore, the ON-state conductance of wider
ZGNRs is less affected when subjected to vacancies. In the
presence of vacancies, despite the reduction of the transport
gap, OFF-state conductance decreases. To explain this behavior, one should notice that the thermal broadening function
(∂ f /∂ E) in (5), only encompasses transmission probabilities
with energies in a E eff = 0.6 eV energy range around
the Fermi level, which is set to be E F = 0 eV for the
OFF -state (E eff , is the effective energy range for the thermal
broadening function, namely the energy range where product
of averaged transmission probability and ∂ f /∂ E is higher
than 1% of its maximum value). Since, in narrow ribbons
under study, in the 0–0.3 eV energy range, the degradation
of the transmission probability is more pronounced than the
reduction of the transport gap, [see Fig. 2(b)], the decreasing
trend of the OFF-state conductance as a function of PV can be
attributed to the universal reduction of the transmission probability. The trends in ON- and OFF-state conductances should
naturally result in a descending ON/ OFF conductance ratio
versus PV . However, a maximum at PV = 1% is observed,
which is attributed to the steeper decrease of the OFF-state
conductance compared with the ON-state conductance.

Fig. 4. (a) Average transmission probabilities of perfect and edge-defected
ZGNRs at various widths. Inset: the results for 1.14-nm-wide perfect (solid
line) and edge-defected (dotted line) ZGNR over a wider interval. Red dashed
curve: the thermal broadening function. (b) and (c) ON- and OFF- conductances
(in units of G0 ) and (d) ON/ OFF conductance ratio, all plotted as a function
of width for perfect (dashed lines) and edge-defected (solid lines) ZGNRs.
(e) Width dependence of the half-transport gap in edge-defected ZGNRs
calculated from the transmission probability and PLOC . In all these figures,
L = 3 nm and W/ W = 2%. The standard deviation of log(G ON /G OFF )
given as a percentage of the average value for 1.14-, 1.54-, and 1.94-nm-wide
ribbons are 26.97, 23.93, and 21.11, respectively.

B. Line-Edge Roughness
The average transmission probability of perfect and edgedefected ZGNRs at various widths (1–2 nm) are shown in
Fig. 4(a). In the presence of LER, the stepwise behavior in the
ideal ZGNRs is washed out. Evidently, as the ribbon’s width
increases, the influence of LER is decreased. Furthermore, as
opposed to ZGNRs defected by vacancies where the transmission probability is uniformly suppressed in the whole energy
range, in the presence of LER, the degradation is stronger at
lower energies. To explain this behavior, one should notice that
low energies correspond to the states localized at the edges.
Such states are highly sensitive to the relative position of the
vacant sites to the edges. Hence, they are severely affected
by LER. As shown in the inset of Fig. 4(a), edge-defected
ZGNRs have nonzero transmission probabilities in the energy
range corresponding to the transport gap of the ideal ribbon
[see inset of Fig. 4(a)]. This behavior can be attributed to
the reduction in the electron–electron interaction similar to
the case previously explained for vacancies. However, due
to the much more significant reduction of the transmission
probability in the presence of LER, and since we evaluate
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Fig. 5. (a) Average transmission probability as a function of energy at various CLs in edge-defected ZGNRs. Inset: the results over a wider interval. (b) and
(c) ON- and OFF-state conductances (in units of G0 ). (d) ON/ OFF conductance ratio, all plotted as a function of CL. (e) Dependence of the half-transport gap
on CL calculated from the transmission probability and PLOC . In all these figures, W/ W = 2% and W = 1.14 nm. The maximum standard deviation of
log(G ON /G OFF ), calculated for various CLs, expressed as a percentage of the average value is equal to 29.76.

the transport gap values at magnitudes of the transmission
probability as high as 10−2 , one can see that the transport gap
in edge-defected ZGNRs is significantly increased compared
with the ideal ribbons.
ON -, OFF -state conductances and ON / OFF conductance ratio
as a function of width are shown in Fig. 4(b)–(d), respectively.
For perfect ZGNRs with widths in the range 1-2 nm, as
the ribbon becomes wider, G ON remains constant owing to
the fixed value of the transmission probability around E F =
0.7 eV and G OFF increases due to the reduction of the bandgap.
In the presence of LER, the aforementioned trend for G OFF
as a function of width is preserved. Furthermore, compared
with ideal ZGNRs and ribbons defected by vacancies, OFFstate conductances have smaller values. Considering G ON , it
can be seen that the ON-state conductance of the edge-defected
ZGNRs are smaller than that of ideal ribbons and the reduction
is less pronounced when the ribbons width is increased. It
should be mentioned that in Fig. 4, defining the relative
roughness amplitude as W/W , the ribbons with different
widths are compared when they are exposed to the same
amount of roughness compared to their width. This approach
has been previously adopted for AGNRs in [21]. Furthermore,
it can be easily concluded that if the ascending trend of G ON
and G OFF are present in the case of fixed W/W , they will
be surely present in the case where W is kept constant.
To study the role of edge defects on the transport gap
of GNRs, mobility edge theory can be applied [20], [34].
This model employs an LDOS-based parameter, which quantitatively describes the degree of uniformity in the spatial
distribution of the DOS along the transport direction:

(8)
PLOC (E) = Nη (E)/Ntot − N R × 100
where Ntot is the total number of atoms in the perfect channel,
N R is the number of removed atoms, and Nη is the number of
atomic sites with DOS higher than 5% of the maximum DOS
at that energy. Previously, it has been shown that mobility
edge theory is unable to predict the transport gap in extremely

scaled AGNRs [20]. In this paper, the validity of this model in
edge-defected ultranarrow ZGNRs is investigated. The width
dependence of the half-gap extracted from the transmission
probability and PLOC (defined as energy range where PLOC
is less than 50%) is shown in Fig. 4(e). While edge-defected
AGNRs exhibit strongly localized nonzero DOS in the transport gap [20], electron–electron interactions in edge-defected
ZGNRs prevent such localized states to be formed in the
transport gap energy range. Although such states in edgedefected ZGNRs are localized at the edges, they are extended
along the ribbon’s length connecting the source and drain
regions. This accompanied by the destructive influence of the
LER on localized edge states lead to a consistency between
PLOC - and transmission-based transport gap values.
Fig. 5(a) shows that the transmission probability decreases
as the CL is reduced. Clearly, the reduction is more pronounced at lower energies. As a result, one would expect both
ON - and OFF -conductances decrease as CL is reduced. While
this is indeed the case for G ON [see Fig. 5(b)], G OFF increases
as CL is shrunk [see Fig. 5(c)]. This behavior is related to the
increase of the transmission probability in the bandgap energy
range of the ideal ribbon at very short CLs [see the inset of
Fig. 5(a)]. Therefore, with increasing CL, the ON/ OFF conductance ratio is increased [see Fig. 5(d)]. Fig. 5(e) compares the
half-gap obtained by PLOC and transmission probability. The
results show that despite the discrepancy at long CLs, PLOC
can appropriately predict the transmission-based transport gaps
at short CLs or in the presence of rough LER profiles.
The average transmission probability as a function of energy
and relative roughness amplitude is shown in Fig. 6(a). Similar
to the case where L is decreased, with increasing W/W ,
the transmission probability is reduced in the whole energy
range. The reduction, however, is much more pronounced
at higher energies compared with the case where CL is
short, suggesting that the corresponding bulk states are more
affected by relative roughness amplitude rather than CL of
the LER profile. Fig. 6(b) and (c) shows ON- and OFF-state
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Fig. 6. (a) Average transmission probability as a function of energy and
relative roughness amplitude in edge-defected ZGNRs. (b) and (c) ON- and
OFF-state conductances (in units of G0 ). (d) ON / OFF conductance ratio, all
plotted as a function of relative roughness amplitude. (e) Dependence of the
half-transport gap on the relative roughness amplitude calculated from the
transmission probability and PLOC . In all these figures, L = 5 nm and W =
1.14 nm. The maximum standard deviation of log(G ON /G OFF ), calculated for
various values of W/ W , given as a percentage of the average value is equal
to 31.03.

conductances at various W/W for a 1.14-nm-wide ribbon,
respectively. Accordingly, as W/W increases, G ON (G OFF )
decreases (increases). As shown in Fig. 6(d), PLOC -based
transport gaps for large values of W/W are in good
agreement with the transmission-based gaps. These results
can be explained in the same manner as that of CL.
C. Substrate Charged Impurities
The average transmission probability of a 1.14-nm-wide
ZGNR as a function of ξ for U = 0.3 eV is shown in Fig. 7(a).
Evidently, substrate impurities have negligible influence on
the transmission probability, regardless of ξ or their relative
distance from the ZGNR plane. As shown in the inset of
Fig. 7(a), as ξ increases—corresponding to impurities being
located closer to the ribbon’s plane—transport gap is slightly
reduced. Hence, considering realistic values of fluctuation
amplitude, which are well below U = 0.3 eV (50 meV ≤
U ≤ 150 meV), variation of ξ has negligible impact on the
transmission probability. To explain the results, it should be
mentioned that in the presence of charged impurities, the
diagonal elements of the channel Hamiltonian are remained
relatively unchanged compared with the ideal ZGNR. In other
words, on-site potentials are more influenced by the onsite Coulomb repulsion term than by the associated potential
perturbation terms due to substrate charged impurities. This
results in a strong robustness of the electronic transport properties of ZGNR in comparison with its armchair counterpart,
where the ground state is nonmagnetic and on-site potentials
are initially assumed to be zero. As a result in AGNRs, even
realistic values of fluctuation amplitudes can affect the DOS
and transmission probability [20]. Transport gap as a function
of disorder amplitude is shown in Fig. 7(b). It is clear that
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Fig. 7. (a) Average transmission probability of a 1.14-nm-wide ZGNR for
U = 0.3 eV and various magnitudes of ξ . (b) Transport gap of a 1.14-nm-wide
ZGNR as a function of U for different values of ξ .

even for relatively large values of U , transport gap is weakly
affected. Our results show that irrespective of the strength of
charged impurities, ON- and OFF-state conductances are negligibly affected compared with the ideal ribbons. This can be
readily inferred from the 3.12% maximum standard deviation
of ON/ OFF conductance ratio for potential fluctuations induced
by the charged impurities.
IV. C ONCLUSION
The role of LER, single atom vacancies, and potential
fluctuations due to the substrate charged impurities on the
electronic transport properties of ultranarrow ZGNRs has
been investigated in this paper. Mean-field Hubbard model
with nonorthogonal basis set considering up to third nearest
neighbor interactions along with the NEGF formalism has
been employed to evaluate the results.
In contrast to ultranarrow AGNRs, our calculations revealed
that introducing vacancies can reduce the transport gap in
ZGNRs. We found that in the presence of vacancies, despite
the transport gap is reduced, the OFF-state conductance is
decreased due to the reduction of the transmission probability
around the Fermi energy level.
With our results, LER significantly suppresses the transmission probability at low energies, resulting in an increase in the
transport gap as the degree of roughness in the edge profile
increases. Hence, as CL (rms) decreases (increases), ON- and
OFF -state conductances tend to decrease and increase, respectively. Moreover, by incorporating an LDOS-based parameter
model, we showed that the mobility edge theory can accurately
assess the transport gap in rough edged ultranarrow ZGNRs, in
contrast to the case for extremely scaled edge-defected AGNRs
where this model fails to predict the transport gap [20].
Employing the widely used random Gaussian potential profile, we have shown that potential fluctuations have a negligible
influence on the transport properties of ZGNRs in comparison
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with their armchair counterparts, implying superior robustness
of ZGNRs in the presence of potential fluctuations.
In conclusion, our results demonstrate the significant
influence of the structural disorders on the electronic
transport properties of technologically relevant extremely
scaled ribbons, emphasizing the role of nonidealities in the
performance characteristics of realistic devices. Our work for
ultranarrow ZGNRs along with a similar study for AGNRs
presented in [20], comprehensively unfolds the effect of
structural imperfections on the electronic transport properties
of GNRs at extremely scaled dimensions.
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