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The transport study of graphene based junctions has become one of the focuses in graphene research. There are two
stacking configurations for monolayer-bilayer—monolayer graphene planar junctions. One is the two monolayer graphene
contacting the same side of the bilayer graphene, and the other is the two-monolayer graphene contacting the different
layers of the bilayer graphene. In this paper, according to the Landauer—Biittiker formula, we study the transport properties
of these two configurations. The influences of the local gate potential in each part, the bias potential in bilayer graphene,
the disorder and external magnetic field on conductance are obtained. We find the conductances of the two configurations
can be manipulated by all of these effects. Especially, one can distinguish the two stacking configurations by introducing
the bias potential into the bilayer graphene. The strong disorder and the external magnetic field will make the two stacking

configurations indistinguishable in the transport experiment.
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1. Introduction

Graphene, a flake of carbon with honeycomb structure
and atomic thickness, has been known for its excellent charac-
teristics in mechanical, electrical, optical, thermal, etc, since
it was fabricated in the laboratory in 2004."~* For the mono-
layer graphene, the energy band is gapless. Thus, it possesses
the characters of massless Dirac fermions,! such as Klein
tunneling, [®! quasi-bound states,!’! Veselago lensing,!® high
mobility,”! etc. The tailoring and the stacking of the graphene
can make up more interesting systems, e.g., nanoribbon and
multilayers graphene.!!%!! The shortcoming of the monolayer
graphene structure is the difficulty in opening an adequate
gap, which greatly restricts its practical application. Fortu-
nately, such a problem can be overcome in bilayer graphene
systems by applying the bias potential between the different
layers.['>17] Nowadays, plenty of quantum electronic devices
fabricated with monolayer or bilayer graphene are extensively
studied due to their excellent physical properties. '8!

The hybrid graphene structures, which contain both
monolayer and bilayer graphene in one sample, have aroused

293444501 The hybrid structures in-

great interest recently. !
herit the advantages of the two types of graphene, and may
have promising applications in devices. In theory, the simplest
hybrid graphene structure is the monolayer—bilayer graphene
junction. Although there are lots of theoretic proposals fo-

30-33,44-49

cusing on the exotic properties recently, ! I the exper-

imental studies of monolayer—bilayer graphene junctions are
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very few. 339 The difficulty originates from the growing pro-
cess. In order to fabricate a monolayer—bilayer graphene junc-
tion, one needs to grow a large bilayer graphene area that con-
tact the monolayer graphene. However, in real experiment, it
is common to observe a small bilayer island surrounded by
monolayer (e.g, see Fig. 1 in Ref. [4]). That is to say, it is
much easier to fabricate a device with the monolayer—bilayer—
monolayer structure in experiment. Nevertheless, there are
still few studies on monolayer—bilayer—-monolayer planar junc-
tion at present. Interestingly, there are two stacking configura-
tions for such a type of junction. One is named bottom-bottom
configuration, where the two monolayer graphene leads con-
tact the bottom layer of the bilayer graphene region (see
Fig. 1(a)). The other is called bottom—up configuration, where
two monolayer graphene leads contact the different layers of
the bilayer graphene (see Fig. 1(b)). It is natural to ask what
exotic properties a monolayer—bilayer—-monolayer planar junc-
tion possesses and how we can distinguish its two stacking
configuration in experiment.

In this paper, we explore the transport properties of
monolayer-bilayer—-monolayer graphene planar junctions un-
der both bottom-bottom configuration and bottom—up config-
uration. With the help of tight-binding model and Landauer—
Biittiker formula, we obtain the conductance of the system
with both disorder and magnetic field by changing the Fermi
energy, the gate potential in the left/central/right part and the
bias potential in the bilayer graphene. We find that the con-
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ductance of the system can be manipulated by Fermi energy,
gate potential and bias potential and so on. In particular, under
finite bias potential U, the conductance behaviors in bottom—
bottom configuration are much different from those in bottom—
top configuration. Based on such a transport phenomenon,
an efficient way that these two configurations can be distin-
guished is proposed. The conductance of the system decreases
rapidly in the presence of the disorder, and shows unique
plateau features under the external magnetic field. Both dis-
order and external magnetic field can eliminate the distinction
of conductance between the bottom—bottom and bottom—top
configuration, making these two configurations indistinguish-
able.

The rest of this paper is organized as follows. In Sec-
tion 2, we introduce the two studied stacking structures. Be-
sides, the tight-binding models and the numerical methods are
described. Subsection 3.1 is dedicated to the influences of dis-
order, gate potential and the bias potential. Subsection 3.2 fo-
cuses on the effect of the magnetic field. Finally, Section 4 is
for summarizing our main results.

2. Models and methods

In this paper, as shown in Figs. 1(a) and 1(b), we take into
consideration two stacking configurations with monolayer—
bilayer—monolayer graphene planar junctions. The red (black)

refers to the layer on the top (bottom). Each junction can be
divided into three parts: two semi-infinite monolayer graphene
leads and a finite size bilayer graphene central region. In ex-
periment, the magnetic field and the electric field are the two
important tools to manipulate the transport properties of the
systems. In order to be consistent with experimental condition,
we assume that the magnetic field is uniformly distributed in
the global region while the electric field in each region can be
tuned independently. In the tight-binding representation, the
Hamiltonian can be written as

H = Hi +Hc+HR + Hyc + Hgc,
Hyr = Ztei‘bffcfcj+h.c.+ZVL/Rcch,-,
(i.7) i
HC = Z [ei¢i.icg‘cj+ Z tlc:Cj+h.C.

(i.7) (i.7)
—|—Z(VC +U; + (Di)cjci,
i

Hicre = Y te'%clc;+he., (1)
(i)

where Hy, (Hg) and Hc describe the Hamiltonians of the left
(right) leads and the central region; Hyc (Hrc) is the coupling
term between the left (right) lead and the central region; sub-
script (i, j) refers to a pair of the nearest neighbor sites, c;’
(c;) denotes the creation (annihilation) operator on site i (j),
t and #; are the nearest neighbor hopping integrals for intra
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Fig. 1. (color online) ((a) and (b)) Schematics of monolayer—bilayer—monolayer graphene in two different stacking structures, respectively. The
ribbon junction can be separated into three parts: the left/right monolayer graphene leads and the central part. The disorder only appear in the
central bilayer graphene region with size L x N. In panels (a) and (b), N =5 and L = 13. Panels (c) and (d) show the energy bands of the three
parts with and without the magnetic field. The parameters are set to be N = 80, 1; =0.14¢, U = 0.1¢, B=0 (c), and B =100 T (d).
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and inter layers, ¢;; is the extra phase induced by the external
perpendicular magnetic field and expressed as ¢;; = % fij Adr
with A = (—By,0,0) being the vector potential; Vi=Vy ;g is
the gate potential in the left/central/right part. The perpen-
dicular electric field can also introduce a bias potential with
U;=U/ — U in the top/bottom layer of bilayer graphene. The
disorder is described by on-site energy @; that is uniformly dis-
tributed in the range [—W, W], with W denoting the disorder
strength.

As shown in Figs. 1(c) and 1(d), the band structures
of the corresponding monolayer/bilayer/monolayer graphene
parts with and without the magnetic field are plotted, respec-
tively. For convenience, we have set Vi, = Vo = Vg = 0, be-
cause the presence of V; just globally shifts the energy spec-
trum. Without the magnetic field, all three parts form standard
monolayer/bilayer graphene ribbon band structure. The poten-
tial U opens a band gap 2U in the central part. If the magnetic
field is added, the band forms the Landau levels both on the
monolayer and bilayer condition. Interestingly, the Oth Lan-
dau levels in K/K’ are absent in conduction/valence bands in
bilayer graphene.

With the help of Landauer—Biittiker formula, the linear
conductance at zero temperature of the studied systems can
be calculated from Gir = (2¢?/h)TLr(EF), where Tir(€) =
Tr[ILG'TRG?] is the transmission coefficient, G* = [G*|T =
[Erp — Hc — X1 — Xr]~! being the Green function of the cen-

tral region; Iy ;g is the linewidth function and expressed as

Iir =i[X] g — Zg] being the retard self-energy that couples to
the lead-c, which can be directly calculated.[51-56] The band
structure plotted in Fig. 1 will help us understand the conduc-
tance of the system better. During the following numerical cal-
culation, we have set the energy ¢ to be a unit and #; = 0.14z.
The central region size is fixed to be N = 80 and L = 100. G r
is averaged over 500 disorder configurations.

3. Results and discussion
3.1. Numerical results without magnetic field

Figure 2 shows the plots of the conductance Grr versus
EF for different disorder strengths. Obviously, both configura-
tions have the same Grr at Fermi energy Er and —Eg. This
means that the type of the carriers will not influence the con-
ductance. Due to the redundant scattering from mismatched
interface of monolayer—bilayer graphene, Grr does not show
the regular plateaus even in the absence of disorder (see black
line in Fig. 2). By shifting the Fermi energy Er away from
the charge neutral point, more incident modes will be involved
in the transport processes (see Fig. 1(c)). Therefore, GLr in-
creases being accompanied with only small oscillations. When
disorder is considered, the induced scattering will suppress the
conductance GLr. As shown in Figs. 2(a) and 2(b), G r de-
creases rapidly by increasing the disorder strength W. Interest-
ingly, the average of the disorder configuration smoothens the
variation of the conductance G r. Comparing with the W =0

case, the oscillation of Grr at large W becomes negligible.
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Fig. 2. (color online) Plots of conductance Gy r versus Fermi energy Er for different values of disorder strength W = 0.0, 0.4, 0.8, 1.2 1.6. Panels
(a) and (b) correspond to the bottom—bottom and bottom—top configurations respectively. The other parameters are Vi, =Vc =Vg =0, and U = 0.

By comparing the bottom—bottom configuration and bottom—up configuration cases, GLr shows two major different behav-

iors. Firstly, in the absence of disorder and Ef is located around the charge neutral point, GLr shows a peak (dip) with value

2¢2/h(0) in the former (later) case, which may be attributed to the difference in situation for the mismatch of wavefunction

parities.!3! Secondly, Gy is always lager in bottom—bottom configuration than that in bottom—up configuration. Because, in the

transport processes, in the former case the carriers pass through the same layer while in the latter case the carriers need jump

from bottom layer to top layer.
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Fig. 3. (color online) Plots of conductance Gy r versus Ep under different gate potentials in the right lead Vg = 0.00, 0.05, 0.10, 0.15. Panels (a)
and (c) correspond to the bottom—bottom configuration with the values of disorder strength W = 0 and W = 1.2, respectively. Panels (b) and (d)
correspond to the bottom—top configuration with W = 0 and W = 1.2. The other parameters are Vi, = Vo =0, and U = 0. The inset shows the

corresponding band structures in the three parts.

Next, we investigate how Gy R is influenced by potential
on the right lead Vg. The main results are plotted in Fig. 3.
In general, plots of GLr versus Fermi energy Efr and disorder
strength W hold the majority of behaviors described in Fig. 2.
However, a big difference emerges when Ef is located inside
the interval [0,Vr]. The GrRr increases initially until Fermi
energy reaches Er = Vg /2 and then decreases until Er = Vi.
Such a behavior originates from the fact that Gy is controlled
by the minimal conduction modes in the three parts of the
configuration. When Er < Vr/2, Grr is determined by the
number of conduction modes in the left monolayer or bilayer
graphene, which increases with Eg. On the contrary, when
Wr/2 < Egp < W, Grr is determined by the number of con-
duction modes in the right monolayer, which decreases with
Er.

Figure 4 shows the plots of the conductance Grr versus
Fermi energy Ef for different values of U. The presence of U
opens a gap 2U, where GRr equals zero. Significantly, in the
absence of disorder, one can find that Gy r shows totally oppo-
site behaviors between the bottom—bottom configuration and
bottom—top configuration. First, in the former configuration,
the particle-hole symmetry of the whole systems is broken,
where GLr(EF) is no longer equal to GLr(—EF). In the latter
configuration, since Gir(Er) = GLr(—EF), the particle-hole
symmetry still holds. Second, in the former configuration, the
presence of U enhances Gy in the valence band while greatly
suppresses GLr in the conduction band. On the contrary, by
increasing U, Grr is suppressed heavily in both conduction

and valence bands in the latter configuration. In experiment,
the different behaviors of G g with bias U can be used to dis-
tinguish the two configurations.

The unique properties of Grr under U can be briefly
explained, following Ref. [36]. In low energy regime, the
wavefunction of bulk state in bilayer graphene is expressed
as spinor [@g, @r] ", where @g(@r) represents the amplitude in
the bottom (top) layer. The presence of U breaks the equal
amplitudes of the wavefunction (|| = |@r|), and leads to the
redistribution of the carriers in the bilayer graphene.[*®! For
U >0, |gs| > [or| (|¢s| < |er|) and the ratio |@g/¢r| in-
creases (decreases) with U increasing when Fermi energy Ep
is in valence (conduction) band. For the bottom-bottom con-
figuration, Gpg is proportional to |@g|>. Thus, the breaking
of the particle-hole symmetry and the more conductive prop-
erties in valence band can be observed in Fig. 4(a). Oppo-
sitely, for the bottom—top configuration, GLr is proportional
to |@g@r|. The preserve of particle-hole symmetry and the
dependence of Gir on U that are plotted in Fig. 4(b) can be
understood.

Next, we study the effects of central region gate potential
Vc on Gpr under various values of bias potential U. As shown
in Fig. 5, the main features observed in Fig. 4 still hold. The
only obvious exception is that there is an additional gap (dip)
in the region around Er = V¢ with (without) finite U. Such a
phenomenon means that for any Ef, the transport properties of
the system can be greatly manipulated by the local gate in the
central region.
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Fig. 4. (color online) Plots of conductance Gir versus Fermi energy Er for different values of bias potential U = 0.00, 0.05, 0.10, 0.15.
Panels (a) and (c) correspond to the bottom—bottom configuration with the values of disorder strength W = 0 and W = 1.2. Panels (b) and

(d) correspond to the bottom—top configuration under W = 0 and W = 1.2. The other parameters are Vi, = V¢ = Vg = 0. The inset shows the
corresponding band structures in the three parts.
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Fig. 5. (color online) Plots of conductance GLr versus Fermi energy Er for different values of bias potential U = 0.00, 0.05, 0.10, 0.15.
Panels (a) and (c) correspond to the bottom—bottom configuration with the values of disorder strength W = 0 and W = 1.2. Panels (b) and (d)

correspond to the bottom—top configuration under W = 0 and W = 1.2. The other parameters are Vi, = Vg = 0, and V¢ = 0.15. The inset shows
the corresponding band structures in the three parts.
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In addition, in Figs. 3(c) and 3(d), 4(c) and 4(d), and 5(c)
and 5(d), the effects of disorder on GiRr are carefully exam-
ined. Generally speaking, the disorder does not only reduce
the conductance, but also smoothens the abrupt variation of
Girr. For example, comparing with Figs. 5(a) and 5(b), the
absence of oscillations makes the variation tendencies of Gy g
in Figs. 5(c) and 5(d) become much clear. Importantly, one
can find that the strong disorder eliminates the distinction of
G1r between the two stacking configurations. Though big dif-
ference emerges between Fig. 4(a) (Fig. 5(a)) and Fig. 4(b)
(Fig. 5(b)), the strong disorder makes Fig. 4(c) (Fig. 5(c)) and
Fig. 4(d) (Fig. 5(d)) indistinguishable.

In principle, the different transport behaviors can be used
to experimentally distinguish the bottom—bottom configura-
tion and bottom—up configuration. Figures 4 and 5 show that
the local gate induced bias potential U can introduce the differ-
ent behaviors of Gy r with Ef increasing. However, locating a
gate in the small central region needs precise technique, which

is not economic in such a type of experiment. It is much easier

to use a global gate. In this case, the point is whether we can
still distinguish these two configurations.

Under the global gate, the total potentials in the same lay-
ers should be equal. That is to say, for the bottom—bottom
configuration case, the potential in the right lead equals the po-
tential in the bottom layer of bilayer graphene (Vg = Vi, = 0).
On the contrary, for the bottom—top configuration, the poten-
tial in the right lead equals that in the top layer of bilayer
graphene (Vg =2U, Vi, = 0). Figure 6 shows the plots of con-
ductance Gy R versus Er under various potentials. Though Gy r
shows some different behaviors (e.g., the charge netural points
are shifted toward energy U ), the important features of distin-
guishing these two configurations are still hold. Like Figs. 4(a)
and 4(b) and Figs. 5(a) and 5(b), the different behaviors of Gy g
with U and Ef in both conduction and valence band between
the two configurations can be clearly observed in Figs. 6(a)
and 6(b). In conclusion, one can also use a simple global gate

to distinguish the configurations.
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Fig. 6. (color online) Plots of conductance Gy r versus Fermi energy Ef for the values of bias potential U = 0.00, 0.05, 0.10, 0.15. The disorder strength
W = 0. Panel (a) corresponds to the bottom—bottom configuration with Vi, = Vg =0, V¢ = U. Panel (b) corresponds to the bottom—top configuration
with Vi, =0, Vo = U, Vg = 2U. The inset shows the corresponding band structures in the three parts.

3.2. Results in the presence of magnetic field

In this subsection, we study how the magnetic field influ-
ences the transport properties of the system. Unlike the sce-
nario in the above subsection, under strong magnetic field, the
bulk states in both monolayer and bilayer graphene form the
Landau levels. The transport processes in the system are dom-
inant by the corresponding edge states. Therefore, GLr shows
totally opposite behaviors to the situations with no magnetic
field. Under strong magnetic field and finite disorder, GiR is
not sensitive to the stacking configuration. We have checked
many cases, the behaviors of GLr are nearly the same for the
configurations bottom—bottom and bottom—up. In the follow-
ing, we only describe the variations of Gir under different

conditions without comparing the two configurations.

Figure 7 shows the plots of Grr versus Eg for differ-
ent disorder strengths, with magnetic field B fixed at 100 T
(B =100 T). A series of plateaus originating from the cor-
responding Landau levels emerge in Gyr.>’>° With the in-
crease of disorder strength, the plateaus tend to disappear. For
example, there is no plateau for W > 3.0 in Fig. 7(a) nor
Fig. 7(b). Moreover, for Er < 0, the plateau becomes unclear
when both monolayer and bilayer graphene are in high Landau
level states. For Ef in the valence band, there are no obvious
plateaus in neither of configurations. In addition, if all three
parts of system are in the hole-type low Landau level states,
a stable plateau always exists even when the disorder strength
W is strong (e.g., Er€ [—0.1,0.1] in Figs. 7(a) and 7(b)).
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Fig. 7. (color online) Plots of conductance G r versus Fermi energy Er under the values of disorder strength W = 0.0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6,
4.2. Panels (a) and (b) correspond to the bottom—bottom and bottom—top configurations, respectively. The other parameters are Vi, = Vg =0,

Ve=0.15U=0.1,and B=100T.

In Fig. 8, we investigate the effects of potential Vg on GLr
under strong magnetic field. The plateaus exist in the whole
energy region [—0.3, 0.3]. When Ef < 0, the gate potential in
the right lead VR has little influence on conductance Grr. But
when Er > 0, the right shifts of all the plateaus by Vi can be
clearly observed.

In Fig. 9, we examine the relations of G r with the bias
potential U and gate potential V¢ in the central region under
strong magnetic field. The presence of V¢ shifts the charge
neutral point of bilayer graphene, which clearly separates the

variation tendencies of Grr in the figure by Er = V¢ (see
Figs. 9(a) and 9(b)). As plotted in Fig. 1(c), the edge states
also exist inside the bulk gap of bilayer graphene. However,
for large U, we observe GLr = 0 around Er = V¢ in Figs. 9(a)
and 9(b). Because such a type of edge state does not orig-
inate from the Landau level.[%! Thus, those edge states are
not robust against the disorder. Moreover, when Fermi energy
Er <V, aseries of stable plateaus exists in G R for all values
of U. In contrast, there is no plateau in Gy g when Eg > V¢ for

neither of configurations.
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0 L L L L L
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0.3
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Fig. 8. (color online) Plots of conductance Gy r versus Er under different gate voltages in the values of right lead Vg = 0.05, 0.10, 0.15. Panels (a) and
(b) correspond to the bottom—bottom and bottom—top configurations respectively. The other parameters are Vi, = Ve =U =0,B=100T, and W = 1.2.
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Fig. 9. (color online) Plots of conductance Gr versus Fermi energy Ef for different values of bias potential U = 0.05, 0.10, 0.15. The gate
potential in the central region is Ve = 0.15. Panels (a) and (b) correspond to the bottom—bottom and bottom—top configurations, respectively.

The other parameters are Vi, =Vr =0,B=100T, and W = 1.2.
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Finally, although Gir always exhibits the plateau fea-
tures, we find that it is very difficult to obtain a quantized
plateau value in monolayer—bilayer—monolayer graphene pla-
nar junction (see Figs. 7-9). Oppositely, under strong mag-
netic field and moderate disorder, the quantized plateaus only
depend on the filling factor of the composed parts for Gig,
which have been reported in both monolayer—-monolayer and
monolayer—bilayer graphene planar junctions.[31-3430.61.62]
Such a difference may be attributed to much stronger scatter-
ing due to the mismatch interface and imperfect mixing of the
edge states due to the small central region size in our studied
system.

4. Summary

In this work, the electrical conductances of monolayer—
bilayer—-monolayer graphene planar junctions under both
bottom—bottom configuration and bottom—up configuration
are investigated. We find that the transport properties of the
junctions can be controlled by the Fermi energy, the gate po-
tential on each junction part, the bias potential on bilayer
graphene, the disorder effect and the external magnetic field.
Especially, according to the obvious difference between the
transport behaviors of the different junctions under finite bias,
we propose an efficient way that bottom—bottom configuration
and bottom—up configuration can be distinguished in experi-
ment.
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