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A B S T R A C T

Recent advances in controlled synthesis of graphene nanodevices urge the understanding of various defects’
effect on the electronic transport properties, such as Stone-Wales defects, single vacancy, double vacancies and
multiple vacancy chains. In this work, we systematically investigated these defects in single-layer graphene, by
using first principle calculations combined with the non-equilibrium Green’s function method. The calculated
current-voltage curves reveal that these defects can lead to current decrease compared with pristine graphene.
Besides, corresponding transmission spectra and device density of states indicate that some defect induced
electron states can strongly enhance the transport of electron between electrodes at certain energy levels, while
others are only localized around the defect sites. Moreover, the distinct results of graphene with multiple va-
cancy chains demonstrate that both the number and arrangement of vacancy defects could affect the electronic
transport properties of graphene nanodevices. We also verified that these vacancy defects could be easily
identified by using a small source-drain voltage and sweeping the gate voltage applied on the graphene field
effect transistors. These results are helpful to further understand vacancy defects’ impact on the transport
properties of graphene nanodevices, and inspiring to tune the electronic behaviors of two-dimensional nano-
devices through controlled defect engineering modifications.

1. Introduction

Since its successful fabrication by mechanical exfoliation in 2004
[1], graphene has attracted extensive interest worldwide, for its unique
physical structures and fantastic electronic transport properties, such as
anomalous quantum Hall and confinement effect [2,3]. Because of its
conical energy band structure with linear dispersion near K-point,
electrons in the graphene behave as mass-less Dirac fermions, which
contributes to a very high carrier mobility (2.5×105 cm2 V−1 s−1).
However, limited by the synthesis techniques, there are always some
inevitable defects exist in every graphene monolayer. Besides that,
tuning the electrical properties of graphene through controlled struc-
ture modifications is also of great interest [4–11]. Therefore, it is of
great importance to extensively understand the electronic properties of
these defects, for the potential applications, such as graphene-based
nanodevices [12].

Many previous ion/ electron beam irradiation experiments and
theoretical calculations have already demonstrated that vacancy defects
could affect the charge carrier mobility of graphene in the mesoscale

regime due to different carrier scattering mechanisms [13–22]. For
example, Zion et al. observed that the increase of vacancy defect con-
centration in graphene could lead to a transformation of conductivity
from metallic to weak localization, and even strong localization
through measurements of the temperature dependence of conductivity
[23]. Nakaharai et al. found that the carrier transport of graphene with
localized low-density vacancy defects is dominated by strong localiza-
tion of carrier at the defect localization sites [21]. More recently,
Naitou et al. observed the metal-insulator transition of graphene at
about 1.2 % vacancy density due to Anderson localization effect [22].
However, these simple typical defects cannot fully represent the prop-
erties of real graphene samples, and the influence of complex large
defects is still a difficult problem urgently needs to be explored.

In order to theoretically investigate the impacts of a specific defect
in graphene nanodevices, only the ballistic transport model can be used
to describe the transport properties of electrons, since the traditional
drift-diffusion model is no longer applicable [20]. As we know, with the
approaching of physical limit of bulk silicon complementary metal-
oxide-semiconductor (CMOS), low dimensional materials with
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ultrashort channels have been proposed as potential candidates of the
next-generation transistors, such as graphene, transition metal sulfides
(TMS), and phosphorene [24–27]. For example, Jiang et al. observed
specific vacancy defects could open a band gap in graphene, and thus
strongly promote the switch ratio (Ion/Ioff ) of graphene field effect
transistors (FET) [28]. Mendez et al. demonstrated that grain boundary
(GB) generally preserve the semiconductor properties of graphene, but
some specific asymmetric GBs could open a moderate transport gap
[29]. By using ballistic transport model, Zaminpayma et al. have suc-
cessfully found that the single vacancy and Stone-Wales defects could
decrease the current through the graphene nanodevices, accompanied
by defect induced electron transmission peaks [30], which means this
method can hopefully be used to study the influence of multiple va-
cancy chains on the electronic transport properties of graphene nano-
devices.

In this article, we explored this problem by applying systematical
investigation on the electronic transport properties of graphene nano-
devices with different typical vacancy defects [31–35] using the density
functional theory (DFT) with the non-equilibrium green function
(NEGF) method [36,37]. Our first principle calculations indicate that
these vacancy defects suppress the current compared with the pristine
graphene, depending on the number and arrangement of vacancies.
More importantly, the bias voltage-dependent transmission spectra and
corresponding projected local density of states demonstrate that some
defect induced electron states can strongly enhance the transport of
electrons between electrodes at certain energy levels, while others are
just localized around the defect sites.[20] Besides that, a novel phe-
nomenon is observed that the increase of vacancies along the transport
direction will not degrade the performance of graphene nanodevices.
Further calculations reveal that the formation energy of multiple va-
cancy chains depends on the number of vacancy contained instead of
the vacancy arrangement. Finally, we have verified a previous scheme
[38] that these defects could be directly identified according to their
specific transport peaks by using a small source-drain voltage and
sweeping the gate voltage applied on the graphene FETs, which enable
the non-destructive inspection of nanodevices and may by applied in
future nano-electronic industry. Overall, our work is helpful to under-
stand vacancy defects’ impact on the transport properties of graphene
nanodevices, and inspiring to tune the electronic behaviors of two-di-
mensional nanodevices through controlled defect engineering mod-
ifications.

2. Methods

Following previous researches [28,30], a two-probe transport
system comprised of three parts: the left/ right electrode, and the
central scattering region, was applied in the following investigation, as
illustrated in Fig. 1. The center region of pristine graphene sample
contains 288 carbon atoms, with dimensions of 17.16 × 44.60 Å2.
Unlike graphene nanoribbon and nanotube, periodic boundary condi-
tion was applied along B axis to avoid any edge effects. Besides, a 10 Å
vacuum along the axis A was employed to avoid the interactions be-
tween the periodic graphene mirrors. The steady state quantum trans-
port calculations were performed by using first principle density func-
tional theory (DFT), with the general gradient approximation (GGA)
combined with the non-equilibrium Green’s function (NEGF) method
[36,37], as implemented in the Atomistix ToolKit (ATK, version
2018.06-SP1-1) program package [39–41]. The Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional was used with a real-
space mesh cutoff of 75 Hartree [42], and the Norm-conserving Fritz-
Haber-Institute (FHI) pseudopotential was used to describe the core
electrons [43].

The wave function was expanded by the double-zeta plus polar-
ization (DZP) basis set for all atoms. This FHI (DZP) setting is widely
used in previous articles to study the influence of defects on the
transport properties of graphene and its derivations including

nanotubes and nanoribbons [19,20,44–49]. Besides that, the FHI (DZP)
setting could give nearly the same band structure and current-voltage
( −I V ) curves compared with the newly-developed PseuDojo (Ultra)
[50] and SG15 (Ultra) [51,52] settings, as discussed in supplementary
materials. The structural relaxations of each two-probe system with
typical defects were performed by using the LBFGS optimizer method
[53] and allowed until the absolute value of force acting on each carbon
atom was less than 0.01 eV/Å, with the Brillouin zone of the electrode
was sampled with 1×3×300 Monkhorst-Pack k-points along the A, B, C
directions, respectively [54]. The current (I) through the transport
system at a given bias voltage Vb and gate voltage Vg was calculated
from the Landauer-Büttiker formula [55,56]:

∫= − − −
−∞

∞
I V V e

h
T E V V f E μ f E μ E( , ) 2 ( , , )[ ( ) ( )]d ,b g b g L L R R

where T E V V( , , )b g is the transmission coefficient, fL and fR are the
Fermi-Dirac distribution functions for the source and drain, while μL
and μR are the electrochemical potentials of the left and right elec-
trodes, respectively. The gate controlling effect was calculated by sol-
ving the Poisson’s and Kohn-Sham’s equations self-consistently. The
gate and dielectric regions were treated as the boundary conditions of
the Poisson’s equation [36]. The energy self-convergence criterion was
set to −10 5 eV. In order to get reliable current results, much more
sampling k-points (KB = 20) were used for the transmission spectrum
calculation. The density mesh cutoff (Egrid), the sampling k-points
K , KB C and the specific KB for transmission spectrum calculations are
examined to make the current deviation of pristine graphene nanode-
vices at Vb = 2 V ( =V 0g V) less than 0.2% (see the supplementary
material for more detail).

It is noteworthy that graphene with odd number of vacancies is
reactive and unstable [57], so in this work we only considered the
multiple vacancy chains that contain even vacancies. Although the spin-
polarized states may appear in graphene with or without defects, they
usually would become unstable at finite temperature due to the
weakness of magnetism, compared with spin-unpolarized state [58,59].
Besides, previous calculations indicated that graphene with even
number vacancies usually doesn’t have magnetic moment [60]. Thus,
only spin-unpolarized calculations were performed in this work. Con-
sidering the weak electron-phonon coupling in graphene [61–64] and
expensive computational cost, the phonon-assisted electronic transport
has been neglected in the current calculations [20,65,66].

3. Results and discussion

3.1. Stone-Wales defect and single vacancy

Transport properties of graphene with Stone-Wales (SW) defect and
the single vacancy (SV) were firstly investigated in this work, as they
were widely considered to be the simplest and most important defect
types [67,30]. Fig. 1 shows the structures of Stone-Wales defects (SW1,
SW2) and single vacancy (SV) after the geometry optimization, which
have already been observed experimentally using the high-resolution
transmission electron microscopy [31,33,34,68]. As shown in Fig. 1 (a)
and (b), the optimized Stones-Wales defect are illustrated by colored
polygons. The bond length of pristine graphene is 1.43 Å , and about
1.33 Å for SW defect, which are in good agreement with previous
results [30].

Fig. 2(a) shows the self-consistently computed current-voltage
( −I Vb) curves of pristine graphene and graphene with SW1, SW2 and
SV1 defect at the bias voltage range of 0 ~ 2 V. As illustrated in Fig. 2(a),
the behavior of these −I Vb curves is non-linear. Moreover, the SW1 and
SW2 defects have little suppression effect on the electronic transport as
compared with the prefect one, while the SV1 defect obviously sup-
presses the current at high bias voltages. These phenomena are in good
accordance with previous density functional-based tight binding
(DFTB) transport calculations [30,28].
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To explain the different behavior of −I Vb curves, we further
compute the bias-dependent transmission spectra, which could re-
present the coupling between electrodes and central defective regions
[48]. As shown in Fig. 3, the bias depended voltage-dependent trans-
mission spectra within the bias voltage range 0 ~ 2 V of pristine gra-
phene and graphene with SW1, SW2 are nearly the same, while a
transmission peak near the Fermi level is observed above 0.8 V for
graphene with SV1. In detail, when the bias voltage Vb is below 0.8 V,
the electron transmission probability near the Fermi level increases
gradually, which contributes to the current increase most for all the
four cases. However, when the bias voltage Vb is above 0.8 V, the
electron transmission probability keeps almost unchanged around the
Fermi level, while the transmission probability of electrons near −0.5

and 0.55 eV begins to increase gradually, for pristine graphene, and
graphene with SW1, SW2 defects. In other words, high bias voltage re-
sults in improved transmission of electrons at energy near −0.5 and
0.55 eV, which dominates the increase of current.

However, for the case of SV1, a new electron transmission peak
occurs near the Fermi level and the earlier mentioned two transmission
peaks near −0.5 and 0.55 eV disappear above 0.8 V, as compared to
pristine graphene, which means the SV1 defect could strongly enhance
the transport of electron near Fermi level, and suppress the transmis-
sion of electrons at other energy levels when the Vb is above 0.8 eV. The
transmission peak near the fermi level of graphene with SV1 defect, and
sharp transmission decrease near 0.6 eV of graphene with SW1 defect,
have already been observed in previous first-principle calculations

Fig. 1. Top: Schematic diagram of the two-probe pristine graphene transport system. The length of center region and left/right electrode is about 44.598 Å and
4.955 Å, respectively. The configurations of graphene with Stone-Wales defects (a) SW1, (b) SW2, and single vacancy (c) SV1 after geometry optimization. The green
atoms are rotated °90 in advance to form the Stone-Wales defect, while the blue atoms are nearest neighbor atoms around the single vacancy.

Fig. 2. (a) The −I Vb curves of pristine graphene and graphene with SW1, SW2 and SV1 defects at the bias voltage range of 0 ~ 2 V. (b) The corresponding device
density of states at Vb = 2.0 V. (c) The corresponding transmission spectra at Vb = 2.0 V.
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[30,38], which could also be treated as a verification of our results.
To find out the reason of different electron transmission of the SW

and SV defects, we further calculate the corresponding device density of
states (DDOS) and electron transmission spectra of pristine graphene,
graphene with SW1, SW2 and SV1 defects at the bias voltage Vb = 2.0 V.
Note that in Fig. 2(c), we only plot the transmission spectra of the
pristine graphene and graphene with SW1, SW2, SV1 defects at the bias
voltage Vb = 2.0 V, whose integration area could represent the currents
through these devices at 2.0 V. Therefore, the transmission change of
electrons shown in Fig. 2(c) could only contribute to the currents at
2.0 V, which will not be reflected in the −I Vb plots. Furthermore, as
shown in Fig. 2(b-c), for the case of SV1, a clear state peak occur near
the Fermi level, in accordance with the enhanced transmission peak
shown in Figs. 2(c) and 3(d). In other words, the defect induced elec-
tron states near the fermi level by the SV1 defect when Vb is above 0.8 V
can strongly enhance the transport of electron between electrodes at the
fermi level and therefore we call these states “the defect induced re-
sonant transport states”. Meanwhile, as for SW1 and SW2 defects, there
are also several defect induced electron state peaks near 0.6 and 0.8 eV
as shown in Fig. 2(b). However, no obvious improved electron trans-
mission is observed from the corresponding transmission spectra shown
in Fig. 2(c), which suggests that these defect states are just localized
around the defects and do not improve the corresponding electron
transport. Therefore, we call these electron states “the defect induced

localized states”. Previous studies have already revealed that some
defect induced electron states in defective graphene may localize
around the defect sites which therefore not participate to the transport
of charge carriers but will rather degrade it [20]. Similar phenomena in
graphene nanodevices with multiple vacancy chains have also been
analyzed and discussed in the following section.

3.2. Multiple vacancy chain

The multiple vacancy (MV) chains are also easy to be introduced
deliberately by using the nano-patterning technology [69,34]. How-
ever, it is nearly impossible to consider all potential atomic arrange-
ments of vacancy defects. To simplify this problem, we focused on three
characteristic structures of MV chains as an example: MV along the
zigzag channel (MVl), across the zigzag channel (MVh), and obliquely
across the zigzag chain (MVs). Fig. 4 and S1 show the configurations of
graphene with vacancies chains before and after the geometry optimi-
zation to make a brief illustration, and detailed structure of 4 V are also
provided in Fig. S1 as a representative.

First we concentrate on MV chains that have same type but different
number of vacancies. As shown in Fig. 5(a), for type MVl, it seems that
the current difference of graphene with 2Vl, 4Vl, 6Vl, 8Vl and 10Vl (when
Vb between 0 ~ 2.0 V) is less than 1 μA, which demonstrates that the
increase of vacancies along the zigzag chain would not suppress the

Fig. 3. The bias voltage-dependent transmission spectra of (a) pristine graphene, and graphene with (b) SW1, (c) SW2, (d) SV1, respectively. The red dashed lines
indicate the top and bottom limitation of the bias voltage Vb window. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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transport current further. Besides, it’s surprising to find I(4Vl)> I(2Vl),
which is against the general instinct that more electron losses cause
more current suppression, and also proves that the influence of vacancy
arrangement is as significant as the number of vacancies [30].

For this reason, we calculate the electron transmission spectra at
2.0 V for graphene with 2Vl, 4Vl, 6Vl, 8Vl and 10Vl. As shown in
Fig. 5(d), the transmission spectra of these five cases are almost the
same when the electron energy is above 0.3 eV, with a stable peak near
0.36 eV, which can be treated as a typical signature of the MVl defect.
Another transmission peak near −0.3 eV also becomes sharper and
moves to −0.4 eV, accompanied with the slight transmission decrease
between −0.9 ~ −0.2 eV. The synergistic effect of these two trends
leads to the little difference between the calculated current of graphene
samples with 2Vl, 4Vl, 6Vl, 8Vl and 10Vl defects.

However, although the calculated −I Vb curves are nearly un-
changed, the transmission spectrum shown in Fig. 5(d) indicated that
the defect induced resonant transport energy has been changed due to
the different number of vacancy. Therefore, in Fig. 6, we calculate the
projected local density of states (PLDOS) of graphene with 2Vl, 4Vl and
6Vl at Vb = 2.0 V, which can illustrate the space-resolved electron
densities of states. A clear defect induced resonant transport state can

be observed at 0.36 eV for all the three cases, which is corresponding to
the sharp transmission peak near 0.36 eV as shown in Fig. 5(d). Besides,
two defect induced localized states of 6Vl can also be found in Fig. 6(c),
while no corresponding improved electron transmission occurs in
Fig. 5(d). The similar phenomena in the cases of grephene with SW1,
SW2 and SV1 defects occur again in graphene with MV chains that some
defect induced electron states could strongly enhance the electron
transport at their energy levels, while others are only localized around
the defect sites and barely improve the corresponding electron trans-
mission [20].

However, things are more complicated for graphene with MVh and
MVs defects. It can be seen from Fig. 5(b, c) that I(2Vh) ≈ I(4Vh) ≈ I
(6Vh)> I(8Vh)> I(10Vh), while I(2Vs)> I(4Vs)> I(6Vs) ≈ I(8Vs) ≈ I
(10Vs). It seems for MVh defects, at the beginning the increased vacancy
defects have little suppression effect on the transport currents, while
when the number of vacancy is above 6, the currents decrease with the
increase of vacancy defects. However, for MVs defects, the currents
decrease with the increase of vacancy defects at first, while when the
number of vacancy is above 6, the increased vacancies don’t degrade
the current anymore. These phenomena can be explained by the cor-
responding transmission spectra. As shown in Fig. 5(e), for MVh defects,

Fig. 4. The structures of some multiple vacancy chains before and after geometry optimization. The red atoms represent the carbon atoms deleted to form specific
defects, while the blue atoms nearest the vacancies are mapped to demonstrate the structural modifications during the geometry optimization. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The −I Vb curves of graphene nanodevices with (a) MVl, (b) MVh and (c) MVs defects when M = 2, 4, 6, 8 and 10. (d–f) The corresponding transmission
spectra at Vb= 2.0 V.

Fig. 6. The projected local Density of states of graphene nanodevices with (a) 2Vl, (b) 4Vl and (c) 6Vl defects, respectively.
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the transmission peaks near −0.6 and 0.5 eV decrease and disappear
with the increase of vacancy defects, while a new transmission peak
near the Fermi level occurs and enlarges. At first, the current decrease
caused by the transmission decrease can be remedied by the new in-
duced transmission peak near the Fermi level, which results in little
difference between I(2Vh), I(4Vh) and I(6Vh). Then the effect of trans-
mission decrease cannot be complemented by the new induced trans-
mission peak, the current decrease I(6Vh)> I(8Vh)> I(10Vh) is clearly
observed in Fig. 5(b). As for MVs defects in Fig. 5(f), the transmission
probability of electrons between 0.0 ~ 0.4 eV decreases sharply at first,
which causes the current decrease I(2Vs)> I(4Vs)> I(6Vs). However,
when the transmission probability is near 0 for electrons between this
energy range, the contribution of these electrons can be neglected and
the electrons between −0.8 ~ −0.2 eV dominate the transport current,
which results in I(6Vs) ≈ I(8Vs) ≈ I(10Vs). In other words, the diverse
electron transmission spectra could account for the different −I Vb

curves’ behaviors of graphene with typical defects.
We have also compared the −I Vb curves of graphene nanodevices

with MVl, MVh, MVs defects made of equal vacancies to find out whether
the arrangements of vacancy defects could affect the transport prop-
erties of graphene. As shown in Fig. 7, the current suppression effect is
always least for MVl defects, while there is no clear relationship be-
tween MVh and MVs defects. As can be seen from Fig. 5, the current
suppression effect of MVh defects increases with the number of vacancy,
while is opposite for MVs defects. Therefore, it is not surprised to see
that I(6Vl)> I(6Vh)> I(6Vs) while I(10Vl)> I(10Vs)> I(Vh).

To display the impact of defect configuration on the electron
transmission at the same energy, we have plot the corresponding
transmission spectra of graphene with 6Vl, 6Vh and 6Vs at the bias
voltage (Vb = 2.0 V). As shown in Fig. 8(a), the transmission of elec-
trons at the same energy varies with the defects contained in graphene,
for example T(6Vl)> T(6Vh)> T(6Vs) for electrons at 0.36 eV. We
further exhibit the eigenstates at Γ point of 6Vl, 6Vh and 6Vs at the

eigenvalue of E = 0.36 eV when the bias voltage Vb = 2.0 V. As shown
in Fig. 8(b-d), much more electron states are scattered back by the 6Vs
defect than 6Vl and 6Vh defects, thus only a few electrons could access
the right electrode, which is also corresponding to the relative trans-
mission coefficients T(6Vl)> T(6Vh)> T(6Vs) at 0.36 eV shown by the
green dash line in Fig. 8(a). The discrepant transmission behaviors of
electrons at the same energy indicates the characteristic features of
various defects. Above all, we have demonstrated that both the number
and arrangement of vacancy defects could affect the transport proper-
ties of graphene nanodevices.

3.3. Defect formation energy

In order to investigate the stability of graphene with these defects,
we have calculated the defect formation energy Ef of various defects
concerned in this work: = − +E E E Nμf defect total C, where Edefect is the
total energy of the defective graphene, Etotal is the total energy of the
pristine graphene, N is the number of removed atoms, and μC is the C
chemical potential (the mean C atomic energy in pristine graphene in
this work).

Previous articles have reported that the formation energy Ef of SV,
SW and 2 V defects is about 7.9 [70], 5.0 [71,72] and 8.0 eV [71,72],
respectively, which is in good accordance with our calculations and
indicates the FHI pseudopotential with the DZP basis set could give a
reliable description of the graphene systems concerned in this work
[38]. As for vacancy defects that contain more than four vacancies,
previous articles have indicated that the formation energy of the dis-
location vacancy defects (similar to our work) including 4 V, 6 V, 8 V,
10 V is about 14, 21, 26 and 30 eV [73], respectively, which is also in
good agreement with our results. Besides that, as shown in Table 1, it’s
worthy noted that the Ef of multiple vacancy chains depends on the
number of vacancy contained instead of the vacancy arrangement, for
example Ef (2Vl)< Ef (4Vl)< Ef (6Vl)< Ef (8Vl)< Ef (10Vl) while

Fig. 7. The −I Vb curves of graphene with MVl, MVh and MVs defects when M = (a) 4, (b) 6, (c) 8 and (d) 10, respectively.
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Ef (6Vl) ≈ Ef (6Vh) ≈ Ef (6Vs), which has also been observed in previous
work [73]. Although these vacancy defects have rather large formation
energy values, they could be easily produced using the modern elec-
tron/ion beam lithography.

3.4. Graphene field effect transistor

Since different defects present specific transmission spectra, it is
reasonable to expect whether we can identify these defects from each
other simply using the −I V curves. Haldar et al. proposed a method
that these characteristic defect states could be obtained, by applying
small bias voltage and a relatively small gate voltage, then differentiate
between these defects by comparing the relative behaviors of −I Vg
curves [38]. According to this method, we have designed a graphene
field effect transistor (FET) sample with 6Vl, 6Vh and 6Vs defects, and
calculated the corresponding −I Vg curves. The schematic diagram of
the graphene FETs with defects are illustrated in Fig. 9(a, b). A SiO2

semiconductor layer with 2 Å thickness is above the graphene layer, at
the distance of 1 Å. A metal gate is 3 Å right above the graphene layer
and its thickness is 1 Å. The gate voltage is modeled by adding an
electrostatic potential into the one-electron Kohn-Sham equation (see
supplementary for more detail). In order to exhibit the characteristic
behaviors of these −I Vg curves, we have plot the current relative ratio
using the currents at Vg = 0 V as a reference. The −I Vg curves shown
in Fig. 9(c, d) exhibit different peaks and magnitudes for graphene FETs
with 6Vl, 6Vh and 6Vs defects, which demonstrates that we could differ
these defects contained in graphene FET nanodevices by recognizing
the characteristic peaks of the −I Vg curves directly, instead of ex-
pensive and complicated TEM characterizations. Besides, this phe-
nomenon may also be applied to design specific nanodevices in future
nano-electronics, for example the amino acid sensors and protein

sequencers [74].
It’s also worthy to note that the ultrashort channel graphene na-

nodevices shows better irradiation resistance compared with the mi-
crometer-scale graphene devices. In previous studies, 1.2% defect
density could lead to the metal-insulation transition in graphene de-
vices [22,20]. However, graphene sample with the 10Vs defect, which
corresponding to over 3% defect density, only results in about 50%
current loss. Therefore, ultra-short channel nanodevices may have
natural irradiation resistance due to the ultra-short source-drain length.
Under the same irradiation environment, the electron transport will be
less affected with fewer scattering defects in the much shorter channel.
However, due to the challenging fabrication of two dimensional na-
nodevices, irradiation experiment result on such ultra-short nanode-
vices has not been reported yet, and further investigation on this field
still remains to be explored.

4. Conclusions

In summary, we have investigated the electronic transport proper-
ties of graphene nanodevices with typical defects, including Stone-
Wales defects, single vacancy, double vacancies and multiple vacancy
chains. The calculated results indicate that these defects suppress the
current compared to the pristine graphene, accompanied with char-
acteristic defect induced resonant transport states and defect induced
localized states. The distinct result of multiple vacancy chains demon-
strates that both the number and arrangement of vacancies could affect
the electronic transport properties of graphene nanodevices.
Furthermore, we also verify that different defects could be easily
identified according to the characteristic behaviors of −I Vg curves, by
using a small bias voltage and sweeping the gate voltage applied on the
graphene FETs. This work would provide an inspiring perspective to
modify the electronic transport behaviors of two-dimensional nanode-
vices through controlled defect engineering.
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Fig. 8. (a) The transmission spectra of pristine graphene and graphene with 6Vl, 6Vh and 6Vs defect at Vb = 2.0 V, respectively. The green dashed indicates
T(6Vl)> T(6Vh)> T(6Vs) for electrons at 0.36 eV. The eigenstates (at the Γ point) of graphene nanodevices with (c) 6Vl, (d) 6Vh and (e) 6Vs defects at an eigenvalue of
E = 0.36 eV when Vb = 2.0 V, respectively. The phase and amplitude are illustrated by color and radius. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
The calculated defect formation energy (Ef ) in graphene.

Defect Ef (eV) Defect Ef (eV) Defect Ef (eV)

SW1 5.26 SW2 5.01 SV1 8.17
2Vl 7.68 2Vh 7.92 2Vs 7.68
4Vl 14.31 4Vh 14.50 4Vs 14.29
6Vl 21.08 6Vh 21.11 6Vs 21.06
8Vl 27.83 8Vh 27.53 8Vs 27.76
10Vl 34.67 10Vh 33.78 10Vs 34.45
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