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Enhancement of electron transport and band gap opening in graphene induced by adsorbates
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Impurities are unavoidable during the preparation of graphene samples and play an important role in
graphene’s electronic properties when they are adsorbed on the graphene surface. In this work, we study
the electronic structures and transport properties of a two-terminal zigzag graphene nanoribbon (ZGNR)
device whose scattering region is covered by various adsorbates within the framework of the tight-binding
approximation, by taking into account the coupling strength γ between adsorbates and carbon atoms, the
adsorbate concentration ni, and the on-site energy disorder of adsorbates. Our results indicate that when the
scattering region is fully covered by homogeneous adsorbates, i.e., ni = 1, a transmission gap opens around the
Dirac point and its width is almost proportional to γ 2. In particular, two conductance plateaus of G = 2e2/h
appear in the vicinity of the electron energy E = ±γ . When the scattering region is partially covered by
homogeneous adsorbates (0 < ni < 1), the transmission gap still survives around the Dirac point even at low
ni, and its width is firstly increased by ni and then declined by further increasing ni; whereas the conductance
decreases with ni in the regime of low ni and increases with ni in the regime of high ni. While in the presence
of disordered adsorbates whose on-site energies are random variables characterized by the disorder degree, the
transmission gap disappears at low ni and reappears at relatively high ni. Furthermore, the transmission ability
of the ZGNR device can be enhanced by the adsorbate disorder when the disorder degree surpasses a critical
value, contrary to the localization picture that the conduction of a nanowire becomes poorer with increasing
the disorder degree. The physics underlying these transport characteristics is discussed. Our results are in good
agreement with experiments and may help for engineering graphene devices.

DOI: 10.1103/PhysRevB.101.115417

I. INTRODUCTION

As the first two-dimensional material, graphene exhibits
excellent physical properties [1], such as the Klein tunnel-
ing [2,3], quantum spin Hall effect [4,5], and high mobility of
charge carriers [6]. These properties promote the development
of graphene in a wide variety of applications, such as transpar-
ent electrodes [7], sensors [8,9], thermally conductive com-
posites [10,11], and electronic focusing devices [12]. The sci-
entific communities have devoted their great efforts to explore
the physical properties of graphene [13–16]. As demonstrated
by the scanning tunneling microscopy [17,18] and the atomic
force microscope [19,20], it is very challenging to keep the
graphene surface atomically clean during preparation process
and device fabrication process [21]. In actual samples, various
impurities coexist and are randomly adsorbed on the graphene
surface [22]. The distribution and type of impurities depend on
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preparation method [23], environmental condition [24], and
substrate [25,26]. These impurities will interact with graphene
and then modify its electronic structures and transport prop-
erties [27]. The results of direct charge transport measure-
ments on graphene are sometimes contradictory, indicating
that it might be an insulator [1,21,24,28] or a semiconduc-
tor [2,4,6,7,29]. These different transport behaviors arise from
a wide range of experimental complications, including the
quality of graphene samples [1,15,24], gas atmosphere [23],
and the interaction of graphene with substrate [25,26,30].

Several experiments showed that when adatoms, such as
gold, tungsten, and indium, are deposited on the graphene
surface, they will supply electrons to graphene, which causes
a strong scattering potential, reduces carrier mobility, and
affects the output characteristics [31–34]. According to the
carrier scattering mechanism, Trambly et al. classified ad-
sorbates on the graphene surface into two types, i.e., reso-
nance scattering and nonresonance scattering [35]. Brar et al.
measured the gate-dependent dI/dV spectra of graphene with
cobalt adatoms, showing a band gap of about 126 meV and
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an additional dip at 220 meV above the Fermi level [36].
Besides, the effect of adsorbate concentration is also critical.
A functionalized graphene decorated with oxygen-containing
functional groups exhibits insulating behavior, where the band
gap width and the electrical conductivity can be tuned by
reducing the oxygen content [37]. Chen et al. studied the
influence of potassium atoms at different deposition concen-
trations on the conductivity of graphene device as a function
of gate voltage. They found that the width of the conductivity
plateau increases with increasing concentration [38]. Subse-
quent works found that Calcium atoms induce similar effects
on the charge transport along graphene [39]. Castellanos-
Gomez et al. studied the electronic transport produced by
the hydrogen adatom by means of the scanning tunneling
spectroscopy, finding that hydrogen atoms induce a band gap
of about 0.4 eV [40]. The band gap opening of graphene,
caused by hydrogen atoms, was also demonstrated by the
angular resolved photoemission spectroscopy, and the width
depends on hydrogen coverage [41]. Recently, monolayer
graphene synthesized by chemical vapor deposition with hy-
drogen plasma treatment has a reversible band gap up to
3.9 eV [42].

Besides the experimental studies, many theoretical works
were performed to understand the effects of adsorbates on the
electronic properties of graphene. By employing the density
functional theory, Wehling et al. studied the electronic prop-
erties of graphene adsorbed by various organic groups and a
midgap state was found near the Dirac point [43]. Robinson
et al. presented a theory of electron transport along graphene
with chemical adsorbates. They found that different types
of adsorbates lead to the asymmetry of conductivity, which
can be distinguished by p-type and n-type transport [44].
Ihnatsenka et al. generalized the effective Hamiltonian of
graphene with impurities and found that even at low adsorbate
concentration the conductance is strongly suppressed and a
transport gap develops near the Fermi energy [45]. Yuan et al.
studied the electronic structures of graphene with different
adsorbate concentrations of hydrogen atoms. They showed
that the adsorption of hydrogen atoms on graphene would
affect its electrical and optical properties, and the band gap
can be generated when the coverage of hydrogen atoms is suf-
ficiently large [46]. Recently, Lee et al. performed theoretical
calculations of the electronic properties by considering several
adatoms and revealed that these adatoms cause a specific
bound state around the Dirac point and lead to unique spec-
tral characteristics in the presence of a transverse magnetic
field [47]. In addition, previous theoretical works also focused
on the possibility of adsorption sites [48], periodic struc-
ture [49], and spatial configuration [50] of adsorbates on the
transport properties of graphene. Based on the sensitivity of
graphene to adsorbates, several groups designed gas-sensitive
detectors [9], two-dimensional topological insulators [51],
and valley filters [52].

Although the effect of adsorbates has been extensively
studied both experimentally and theoretically, there remain
several issues needing to be further clarified, such as the case
of the graphene surface covered by disordered adsorbates. In
this paper, we report on a thorough study of the electronic
structures and transport properties of a two-terminal zigzag
graphene nanoribbon (ZGNR) whose scattering region is

FIG. 1. (a) Schematic view of a two-terminal ZGNR device
composed of a scattering region (dashed rectangle) and two semi-
infinite ZGNRs (wine carbon atoms) as electrodes. Here, the central
scattering region is adsorbed by a variety of foreign impurities
denoted by colorful balls. (b) Enlarged view of a single carbon atom
connected to an impurity whose on-site energy is εα and coupling to
the carbon atom is γ .

covered by various impurities, as illustrated in Fig. 1(a). We
consider the influence of the coupling strength γ between
adsorbates and carbon atoms, the adsorbate concentration ni,
and the on-site energy disorder of adsorbates. Our results
show that (i) when the scattering region is completely covered
by a single type of adsorbates, a transmission gap appears
around the Dirac point and its width is almost proportional
to γ 2, leading to the insulating behavior of graphane [28].
Although the transmission ability is declined by increasing
γ , two transmission peaks develop in the vicinity of the
Dirac point and their height is increased. In addition, two
conductance plateaus quantized at G = 2e2/h emerge around
the electron energy E = ±γ . (ii) When the scattering region
is partially covered by homogeneous adsorbates, the transmis-
sion gap still persists at low ni. In the regime of relatively
low ni, the gap width is increased by ni and the conductance
is declined. While in the regime of high ni, the gap width
is decreased by further increasing ni and the conductance is
enhanced. (iii) When the scattering region is partially covered
by disordered adsorbates, the transmission gap is absent at
low ni but reappears at high ni. In particular, the conductance
can be enhanced by the adsorbate disorder when the disorder
degree surpasses a critical value.

The rest of the paper is organized as follows. In Sec. II, the
model Hamiltonian and the numerical method are introduced.
In Sec. III, the numerical results and discussion are presented.
The results are concluded in Sec. IV.

II. MODEL AND METHOD

The electron transport along a two-terminal ZGNR device
whose scattering region is covered by various adsorbates, as
illustrated in Fig. 1(a), can be simulated by the tight-binding
Hamiltonian:

H = −t
∑

〈i, j〉
(c†i c j + c†j ci ) + Had , (1)

where the first term describes a clean ZGNR system composed
of a scattering region without any adsorbate and the left/right
electrodes of two semi-infinite ZGNRs. c†i (ci) is the creation
(annihilation) operator at site i of graphene lattice, and t is
the hopping integral between neighboring carbon atoms. The
second term, representing adsorbates and their couplings to
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carbon atoms in the scattering region, is written as:

Had =
∑

α

εαd†
αdα + γ

∑

α

(d†
αcpα

+ c†pα
dα ). (2)

Here, d†
α (dα) is the creation (annihilation) operator at site α

of adsorbates whose on-site energy is εα , pα is the site of
carbon atoms coupled to adsorbates, and γ is the hopping
integral between carbon atoms and adsorbates, as shown in
Fig. 1(b). By decimation of adsorbates, Eq. (1), describing a
ZGNR device in the presence of various adsorbates, can be
renormalized into the following form:

H = −t
∑

〈i, j〉
(c†i c j + c†j ci ) +

∑

α

Vαc†pα
cpα

, (3)

where the renormalized on-site energy is expressed as:

Vα = γ 2

E − εα

, (4)

where E is the electron energy. It is clear that the renormalized
energy Vα is determined by three parameters, i.e., the electron
energy E , the on-site energy εα of adsorbates, and the hopping
integral γ . Notice that previous theoretical works usually
focused on specific adsorbates, where both the parameters εα

and γ are fixed.
To understand the influence of adsorbates on the electronic

structures and transport properties of the ZGNR device, the
density of states is calculated and written as:

ρ(E ) =
∑

k

δ(E − Ek ) = Tr(δ(E − Hsc)), (5)

where Hsc is the Hamiltonian of the scattering region and Ek

is the corresponding eigenvalues. The density of states can be
calculated by the kernel polynomial method which is based on
the Chebyshev polynomials and has been widely used in other
disordered systems [53,54].

The electron transport properties are calculated by using
the scattering theory [55]. For a two-terminal system, the
transport modes are categorized into three types: incoming
modes ψ i, outgoing ones ψo, and evanescent ones ψe. The
former two modes can propagate along the transport direction,
whereas the last one decays quickly. Considering electrons
transmitting along the x axis (the transport direction), the
scattering states �el in the left and right electrodes take the
form [56,57]:

�el
n (x) = ψ i

n(x) +
No∑

m=1

Smnψ
o
m(x) +

Ne∑

l=1

S̃lnψ
e
l (x), (6)

where No (Ne) is the number of the outgoing (evanescent)
modes. Smn (S̃ln) is the scattering amplitude from an incom-
ing mode n to an outgoing mode m (an evanescent mode
l), which are the elements of the scattering matrix S. By
matching the wave functions in the electrodes with those in the
scattering region, i.e., �el

n (x = xb) = �S
n (x = xb), one obtains

the scattering matrix S, where xb is the border between the
left/right electrode and the scattering region. Then, at zero
temperature, the conductance can be calculated by employing

the Landauer-Büttiker formula [55]:

G = 2e2

h
T (E ) = 2e2

h

∑

n∈L,m∈R

|Smn|2, (7)

where L (R) denotes the left (right) electrode. In the present
paper, all the numerical results are performed by employing
the Kwant, a software package for quantum transport [57].

In the numerical results presented following, the width and
length of the scattering region are set to D ≈ 10.5 nm and L ≈
51.2 nm, respectively. We stress that the results still hold for
the ZGNR devices with different sizes. The on-site energies
of the carbon atoms are taken as the energy reference point,
and the hopping integral t between neighboring carbon atoms
is set as the energy unit.

III. NUMERICAL RESULTS AND DISCUSSION

A. Electron transport along the ZGNR device fully
covered by homogeneous adsorbates

We first consider the simple case that the scattering region
is fully covered by a single type of adsorbates with concen-
tration being ni = 1, i.e., each carbon atom in the scattering
region is connected to an identical adsorbate. This corre-
sponds to totally functionalized graphene, such as completely
hydrogenated graphene (graphane) [28,40,42], graphene
oxide [22,37], and fluorinated graphene [19,58], which is
regarded as novel functional materials. Besides, it might also
pertain to the situation when graphene is epitaxially grown on
a substrate, where all the carbon atoms interact with the sub-
strate [25]. Figures 2(1a)–2(1d) show the conductance G of a
two-terminal ZGNR device as a function of electron energy
E , while Figs. 2(2a)–2(2d) plot the corresponding density of
states of the scattering region, by taking into account various
hopping integrals γ between carbon atoms and adsorbates.
The on-site energy of adsorbates is taken as εα = 0 for sim-
plicity and similar results can be obtained when considering
other values of εα . Notice that each adsorbate can be treated
as a single entity with specific potential energy and coupling
to carbon atoms, as demonstrated by first-principles calcula-
tions [43,45,59–62]. Besides, it was shown that the coupling
between carbon atoms and adsorbates strongly depends on
functionalization processes [22,37] and is very sensitive to the
interaction between graphene and substrate [25,27,62,63].

As compared with the ideal case that a perfect conductance
plateau of G = 2e2/h exists around the Dirac point (E = 0)
for the ZGNR device in the absence of any adsorbate (see
the black line in Fig. 3), it will be destroyed when graphene
is completely covered by homogeneous adsorbates, even for
small γ . For instance, the conductance is declined, by about
one order of magnitude, to 0.1e2/h in the vicinity of the Dirac
point when γ = 0.1t [Fig. 2(1a)]. When the hopping integral
γ is enhanced and comparable to t , a transmission gap of G =
0 can be clearly observed around the Dirac point. It is interest-
ing to note that the width Eg of this transmission gap is almost
proportional to γ 2, i.e., Eg ∼ γ 2, increasing from Eg ≈ 0.09t
at γ = 0.4t to Eg ≈ 0.3t at γ = 0.7t and Eg ≈ 0.59t at γ = t .
The emergence and enhancement of this band gap, determined
by adsorbates and their couplings to carbon atoms, can also be
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FIG. 2. Electronic structure and transport properties of a ZGNR system whose scattering region is fully covered by identical adsorbates by
considering various coupling strengths between carbon atoms and adsorbates. (1a)–(1d) Conductance G vs electron energy E of a two-terminal
ZGNR device (left column), (2a)–(2d) density of states of the scattering region (middle column), and (3a)–(3d) dispersion relation of an
infinite ZGNR completely covered by adsorbates with concentration ni = 1 (right column). The coupling strength between carbon atoms and
adsorbates is chosen as γ = 0.1t (top row), γ = 0.4t (second row), γ = 0.7t (third row), and γ = t (bottom row).

demonstrated in the density of states of the scattering region,
as illustrated in Figs. 2(2a)–2(2d). Further studies indicate that
this phenomenon is almost independent of the system size, as
clearly seen in Figs. 2(3a)–2(3d) where the dispersion relation
of an infinite ZGNR completely covered by adsorbates is
displayed. This band gap width Eg, extracted from different
numerical results, is almost the same for a specific γ , implying
that the adsorbate-induced band gap opening is a general phe-

FIG. 3. Electron transport along a ZGNR device with identical
adsorbates randomly distributed on the scattering region. Conduc-
tance G vs energy E for typical values of adsorbate concentration,
where the results are calculated from 2000 disorder configurations.
The conductances of a ZGNR device without any adsorbate (ni = 0)
and fully covered by adsorbates (ni = 1) are shown for reference, and
the vertical dash-dotted line represents E = t .

nomenon. Our results are consistent with the first-principles
calculations that the band gap increases with the interaction
between graphene and substrate [64] and qualitatively explain
previous experiments [25,28]. When graphene is physisorbed
on a SiC substrate, the interaction between graphene and
substrate is small, and thus a relatively narrow band gap
is produced which is about 0.26 eV [25]. For completely
hydrogenated graphene with γ = 2.2t [44], the band gap is
sharply increased to Eg ≈ 2.9t . As a result, graphane behaves
as an insulator, as evidenced by Raman spectroscopy and
transmission electron microscopy [28].

This adsorbate-induced band gap opening can be under-
stood as follows. It can be inferred from Eq. (4) that when the
electron energy is equal to the on-site energy εα of adsorbates,
the renormalized energy Vα is infinite and the electron will
be completely scattered at this site. This is the so-called
antiresonant effect [65,66]. In fact, this antiresonant effect
can be extended to the following situation. When the electron
energy locates within the range [εα − 	/2, εα + 	/2] so that
the renormalized energy satisfies |Vα| � E , the electron can
be strongly scattered at this site, leading to the localization
phenomenon with conductance being zero. Although we can-
not provide an analytic expression of the parameter 	 from
Eq. (4), it is reasonable to assume that 	 should depend
on E and be proportional to γ 2. Since the on-site energy of
adsorbates is εα = 0, the localization phenomenon, induced
by the antiresonantlike effect, will occur when the electron
energy locates within the range [−	/2,	/2]. As a result,
a band gap will appear around the Dirac point when the
scattering region is fully covered by homogeneous adsorbates
and its width is almost proportional to γ 2.

Besides the band gap opening, one can see other interesting
features. (i) The curve G-E is symmetric with respect to the
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line E = 0, independent of γ . This is due to the fact that
the electron-hole symmetry is still preserved in the ZGNR
device in the presence of identical adsorbates. (ii) Almost all
the quantized conductance plateaus will be progressively de-
stroyed by increasing γ and the curve G-E becomes rougher.
However, we emphasize that two conductance plateaus of G =
2e2/h still emerge around E = ±γ , regardless of γ . When
the electron energy approaches γ , the renormalized energy
is approximated as Vα ∼ E for εα = 0. Then, the resonant
tunneling mechanism dominates the electron transport process
and the conductance plateaus appear around E = ±γ , just as
the one found around the Dirac point for the clean ZGNR
device. In addition, two flat bands can be exactly observed
at E = ±γ , as can be seen in Figs. 2(3a)–2(3d). (iii) The
conductance is declined in general by increasing γ , because
the renormalized sites serve as the potential barriers for Vα >

E or the potential wells for Vα < E and their height/depth is
monotonically increased. Nevertheless, when the hopping in-
tegral γ is comparable to t , two additional transmission peaks
emerge symmetrically near the Dirac point and their height
is enhanced by increasing γ [Figs. 2(1b)–2(1d)], contrary to
the decrement of the transmission ability discussed above.
This originates from the appearance of additional conduction
channels induced by adsorbates, as indicated by two sharp
peaks near the Dirac point in the density of states [Figs. 2(2b)–
2(2d)], and these channels become more important for larger
γ . Besides, these two peaks will be further separated from
each other by increasing γ . In the following, we set γ = t
except for Fig. 7(c).

B. Electron transport along the ZGNR device partially
covered by homogeneous adsorbates

We then consider a more general case that the scattering re-
gion of the ZGNR device is partially covered by homogeneous
adsorbates which are randomly distributed on the graphene
surface. Figure 3 plots the conductance G for typical values
of adsorbate concentration ranging from ni = 0 to ni = 1,
as a function of electron energy E . Here, ni = 0 and ni = 1
are shown for reference, where the former corresponds to
a ZGNR device in the absence of any adsorbate and the
latter refers to the one fully covered by adsorbates. It is clear
that the curve G-E is also symmetric with respect to the
line E = 0, for whatever the values of ni, because of the
conservation of the electron-hole symmetry. In a clean ZGNR
device, the transmission spectrum is characterized by many
conductance plateaus quantized at integer multiples of 2e2/h
(see the black line in Fig. 3). However, these plateaus are
fragile and can be destructed in the whole energy spectrum
by partially covered adsorbates as well. When the electron
energy is close to the Dirac point, a transmission gap of G = 0
can be observed at small ni (see the red line in Fig. 3). This
implies that full coverage is not a prerequisite ingredient to
yield the band gap opening in the graphene device. Instead,
it can be achieved by a small amount of adsorbates randomly
distributed on the scattering region, facilitating the band gap
engineering of the graphene device. Although the number
of the potential barriers/wells produced by the adsorbates is
increased by increasing ni, the width Eg of this transmission
gap does not always increase with ni. One notices that this gap

FIG. 4. Electron transport along a ZGNR device with identical
adsorbates randomly distributed on the scattering region. Conduc-
tance G vs adsorbate concentration ni for typical values of electron
energy E , where the results are calculated from 2000 disorder
configurations.

width is increased from Eg ≈ 0.06t at ni = 2% to Eg ≈ 0.79t
at ni = 50% and then decreased to Eg ≈ 0.66t at ni = 90%
and Eg ≈ 0.59t at ni = 1. These results are consistent with
previous experiments [41,42,67–69]. It was confirmed by
several experimental groups that the band gap of graphene
increases with hydrogen coverage in the regime of relatively
low ni [41,42,67]. Besides, other experiments demonstrated
that the band gap of graphene increases with humidity ratio
when adsorbed by water molecules [68] and increases with
the concentration of manganese oxide nanoparticles [69].

Away from the Dirac point, the transmission ability does
not decrease monotonically with increasing ni. When the
adsorbates initially adsorb on the clean ZGNR device, the con-
ductance is sharply declined and exhibits oscillating behavior
with increasing E (see the red line in Fig. 3). For relatively
low ni, both the conductance and the oscillating amplitude
are decreased by increasing ni, while for large ni, they are
increased by increasing ni and the oscillating pattern of the
fully covered ZGNR device becomes irregular (see the olive
line in Fig. 3). This phenomenon can be further demonstrated
in Fig. 4, where the conductance is displayed as a function of
ni for several values of E . It can be seen from Fig. 4 that the
dependence of G on ni is not monotonic. A turning point is
found in the curves G-ni that the conductance decreases with
ni for ni < nc and then increases with ni for ni > nc.

The nonmonotonic dependence of Eg on ni and G on ni can
be understood from the Anderson localization. In the absence
of any adsorbate (ni = 0), the ZGNR device is a periodic
system. When the adsorbates are initially introduced into the
clean ZGNR device, the structural disorder appears and the
system becomes disordered. Actually, the structural disorder
strength is the largest at ni = 50% and the corresponding
ZGNR device is the most disordered system, where half
of the carbon atoms are randomly coupled to adsorbates.
In the region of relatively low ni, the structural disorder is
enhanced by increasing ni. As a result, the transmission gap
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FIG. 5. Electron transport along a ZGNR device with a variety of impurities randomly distributed on the scattering region. G vs E
for typical values of adsorbate concentration ni and disorder degree W . (a) ni = 2%, (b) ni = 50%, and (c) ni = 90%, where the different
curves denote the disorder degree of the on-site energies of the impurities. The inset shows the enlarged view of G-E within the interval of
[−0.2t, 0.2t].

becomes wider and the conductance is declined. In the region
of large ni, the structural disorder is decreased by further
increasing ni. Then, the transmission gap becomes narrower
and the conductance is increased. When the scattering region
is fully covered by adsorbates (ni = 1), the structural disorder
vanishes and the ZGNR device can be regarded as an ordered
system. In the case of extremely low (large) ni which is
close to the order-disorder transition point, the electronic
wave function is very sensitive to the structural disorder and
the conductance will be dramatically changed by ni. For
example, when the electron energy locates around the Dirac
point, the conductance quickly drops to zero for ni = 1% (see
the black line in Fig. 4). This is consistent with previous
studies that the transmission ability near the Dirac point
is significantly affected by foreign impurities [32–34,70].
However, the conductance tends to fluctuate around a cer-
tain value when the adsorbate concentration changes around
ni = 50%, because the electronic wave function is not sensi-
tive to additional adsorbates when the structural disorder is
sufficiently large.

C. Electron transport along the ZGNR device partially
covered by disordered adsorbates

Generally speaking, a variety of impurities may adsorb on
the graphene surface during the preparation procedure and
interact with carbon atoms when the graphene is deposited
on the substrate. It would be suitable to simulate different
experimental situations by choosing the on-site energies of
adsorbates satisfying a certain disorder relationship. Here,
we consider the most disordered situation that the scattering
region is randomly covered by different adsorbates whose
on-site energies εα are uniformly distributed within the range
[−W/2,W/2], with W the disorder degree. Then, both the
structural disorder and the on-site energy disorder coexist
in the ZGNR device, leading to the emergence of several
intriguing phenomena, as discussed below.

Figures 5(a)–5(c) plot the conductance G for several values
of W and ni, as a function of E . Here, different curves in each
panel denote different disorder degrees W . Since the electron
transport through the ZGNR device is mainly determined
by the electrons whose energy is close to the Dirac point,
the conductance is displayed within a small energy region

[−t, t]. By inspecting Figs. 5(a)–5(c), one can identify several
important features. (i) When the adsorbate concentration is
small, the oscillating behavior of G vs E persists at small W
[see the black solid line in Fig. 5(a)] and gradually disappears
with increasing W [see the olive-dotted line in Fig. 5(a)]. It
seems that the conductance beyond the region [−0.66t, 0.66t]
is declined by increasing W . (ii) When the adsorbate con-
centration is increased up to ni = 50%, the conductance is
declined by about two orders of magnitude, because here
the structural disorder strength is the largest. Meanwhile,
the transmission gap develops and widens with increasing
W , changing from Eg = 0.85t at W = 0.2t to Eg = 0.93t
at W = 0.6t , Eg = 1.04t at W = t , Eg = 1.19t at W = 2t .
(iii) When the adsorbate concentration is further increased
up to 90%, the conductance is enhanced by approximately
one order of magnitude as compared with the case of ni =
50%, because of the decrement of the structural disorder. Two
transmission peaks emerge in the energy spectrum and their
height is declined by increasing W . Besides, the transmission
gap becomes wider with increasing W , changing from Eg =
0.72t at W = 0.2t to Eg = 0.84t at W = 0.6t , Eg = 1.1t at
W = t , Eg = 1.93t at W = 2t , and Eg = 2.1t at W = 4t . It is
clear that in the case of low W , Eg at ni = 50% is larger than
that at ni = 90%, because the structural disorder dominates
the electron transport property and is greater in the former
case, while in the case of large W , Eg at ni = 50% is smaller
than that at ni = 90%, because the number of the potential
barriers/wells is less at ni = 50%.

Besides, one can see other unusual phenomena. (i) At
small ni, the transmission gap vanishes in the presence of the
on-site energy disorder and the conductance is increased by
increasing W [see the inset of Fig. 5(a)]. (ii) At ni = 50%,
the transmission gap vanishes when the disorder degree is
extremely large. To further understand the on-site energy dis-
order effect on the electron transport along the ZGNR device,
Figs. 6(a)–6(c) present the conductance G with typical values
of E and ni, as a function of W . By inspecting Figs. 6(a)–6(c),
a general trend of G vs W is observed for all the investigated E
and ni. When the electron energy is away from the Dirac point,
the dependence of G on W is not monotonic. A crossover is
observed in all the curves G-W that the conductance decreases
with W when W < Wc, whereas it is increased with increasing
W when W > Wc, especially in the case of low adsorbate
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FIG. 6. Electron transport along a ZGNR device with a variety of impurities randomly distributed on the scattering region. Conductance
G vs disorder degree W for typical values of E and ni. (a) ni = 2%, (b) ni = 50%, and (c) ni = 90%, where different curves denote different
electron energies E . The inset shows log G-W with E = 10−3t .

concentration [Fig. 6(a)]. This crossover Wc is very sensitive
to E .

This can be understood from the antiresonantlike effect
mentioned above. For an electron with energy E transmitting
through the ZGNR device, it will be dramatically scattered at
carbon atoms connected to adsorbates whose on-site energy
locates within the vicinity of E , i.e., εα ∈ [E − 	/2, E +
	/2]. The closer εα to E , the stronger scattering the electron
suffers and the stronger the antiresonantlike effect is. In
the regime of relatively small W where εα locates outside
the vicinity of E , i.e., W < 2|E |, the antiresonantlike effect
will become stronger by increasing W and consequently the
transmission ability is decreased, consistent with the disorder-
induced Anderson localization. While in the regime of rela-
tively large W where εα may locate within the vicinity of E ,
i.e., W > 2|E |, the probability of adsorbates whose on-site
energy locates within the vicinity of E will be gradually
declined by increasing W , i.e., the number of adsorbates
exhibiting strong antiresonantlike effect will be decreased.
Additionally, the on-site energy of adsorbates will be further
away from E and the corresponding antiresonantlike effect
becomes weaker. As a result, the transmission ability will
be enhanced by increasing W when W > 2|E |. In particular,
when the electron energy is very close to the Dirac point, i.e.,
E ∼ 0, the antiresonantlike effect is progressively weakened

by increasing W and thus the conductance is increased, as il-
lustrated in the insets of Figs. 6(a)–6(c). These results suggest
that the impurity disorder-induced enhancement of transport
may be a general phenomenon when the environment-induced
disorder is sufficiently large, and one expects that the depen-
dence of Wc on E may be approximated as W ∼ 2|E |.

To demonstrate the robustness of the results, we investigate
the electron transport along the ZGNR devices with different
sizes and nonuniform coupling between carbon atoms and
adsorbates and take the case of ni = 2% as an example
[Fig. 6(a)]. Figures 7(a) and 7(b) plot G vs W for several val-
ues of length L and width D, respectively, with ni = 2% and
E = 0.4t . Here, the black-solid lines are shown for reference,
which are identical to the red dash-dot-dot line in Fig. 6(a).
It can be seen from Fig. 7(a) that the conductance is declined
by increasing L for whatever the values of W , because the
electron suffers stronger scattering when transmitting along
longer ZGNR devices. Contrarily, the conductance increases
with the width D [see Fig. 7(b)], because the number of
conduction channels is enhanced by increasing D. Although
the magnitude of the conductance is sensitive to the length
and width, the nonmonotonic behavior of G vs W can still
be observed for the ZGNR devices with different sizes. It
is clear that the conductance decreases with W for W < Wc

and increases with W for W > Wc, for all the investigated

FIG. 7. Electron transport along a ZGNR device with a variety of impurities randomly distributed on the scattering region by considering
different device sizes and nonuniform coupling γ between carbon atoms and adsorbates. Conductance G vs disorder degree W for (a) several
values of length L with D ≈ 10.5 nm and (b) several values of width D with L ≈ 51.2 nm. The black-solid lines in (a) and (b) are shown for
reference. (c) G vs W for typical values of E by considering nonuniform γ which is randomly distributed within the range [0.8t, 1.2t]. The
inset shows log G-W with E = 10−3t . The other parameters are the same as Fig. 6(a).
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FIG. 8. Turning point Wc of the impurity disorder strength vs the
electron energy E for several adsorbate concentrations ni of a ZGNR
device. Here, the dash-dotted line denotes the curve of Wc = 2E .

length and width. In particular, the turning point Wc is almost
independent of the device sizes.

Note that the coupling γ may differ from one type of
adsorbates to another; we thus consider nonuniform γ be-
tween carbon atoms and adsorbates. Here, the most disordered
case is considered that γ is randomly distributed within a
certain range. Then, the scattering region contains three types
of disorder, i.e., the structural disorder, the on-site energy
one, and the coupling one. Figure 7(c) displays G vs W for
typical values of E with ni = 2% and γ randomly distributed
within [0.8t, 1.2t]. The only difference between Fig. 7(c) and
Fig. 6(a) is that the coupling γ is random in the former case
and is uniform in the latter one. We find that although the
conductance in Fig. 7(c) is different from that in Fig. 6(a),
similar behavior can be observed in the curves G-W when
random coupling is taken into account. When the electron
energy locates away from the Dirac point, the nonmonotonic
behavior remains in the curves G-W for whatever the values
of E ; when the electron energy is very close to the Dirac point,
the conductance increases with W [see the inset of Fig. 7(c)].
Additionally, the turning point Wc is nearly unchanged. There-
fore, one can conclude that the results are robust and still hold
for the ZGNR devices with different sizes and nonuniform
coupling between carbon atoms and adsorbates.

Finally, Fig. 8 displays the turning point Wc of the adsor-
bate disorder strength with several ni, as a function of E ,
which is extracted from Fig. 6. Here, the dash-dotted line
represents the curve Wc = 2E . For all the investigated E and
ni, there always exists a turning point Wc, indicating that
the adsorbate disorder-induced enhancement of transport is
a generic feature for the ZGNR device when the disorder
strength is sufficiently large. Besides, it is clear that the
dependence of Wc on E follows the general trend of the curve
Wc = 2E and increases with E , because the antiresonantlike

effect dominates the electron transport along the ZGNR de-
vice. However, the curves Wc-E deviate from each other for
different ni and fluctuate along the curve Wc = 2E , which is
quite different from one-dimensional systems [66,71]. In fact,
besides the antiresonantlike effect, the electron transport is
also affected by other physical mechanisms: (i) the structural
disorder which is the largest at ni = 50%, (ii) the number
of potential barriers/wells which increases with increasing
ni, (iii) the on-site energy disorder of adsorbates. All these
factors coexist and act simultaneously in the electron transport
process, leading to the deviation of the curve Wc-E from Wc =
2E . In addition, since the parameter 	 is also determined by
the electron energy, the deviation also depends on E .

IV. CONCLUSION

In summary, we investigate the electronic structures and
transport properties of a zigzag graphene nanoribbon whose
scattering region is adsorbed by various impurities. By using
the scattering theory and the Landauer-Büttiker formula, the
two-terminal conductance is calculated by taking into account
the hopping integral γ between carbon atoms and adsorbates,
the adsorbate concentration ni, and the on-site energy dis-
order of adsorbates. Our results indicate that a transmission
gap develops around the Dirac point and its width is nearly
proportional to γ 2 when the scattering region is fully covered
by identical adsorbates, leading to the insulating behavior
of graphane which is a completely hydrogenated graphene.
Besides, two conductance plateaus are visible in the vicinity
of E = ±γ . This transmission gap still holds when the scatter-
ing region is partially covered by identical adsorbates. In the
regime of low ni, the width of the transmission gap increases
with ni and the conductance decreases with ni; while in the
regime of high ni, the width is declined by further increasing
ni and the conductance is enhanced. When the scattering
region is covered by disordered adsorbates, the transmission
gap disappears at low ni and will reemerge by increasing ni. In
particular, the transmission ability of the graphene nanoribbon
can be enhanced by the adsorbate disorder when the disorder
strength of the on-site energies of adsorbates is sufficiently
large, contrary to the localization picture that the conduction
of a nanowire becomes poorer by increasing the disorder
strength.
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