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Graphene/hexagonal boron nitride/graphene nanopore
for electrical detection of single molecules

Yuhui He, Makusu Tsutsui, Sou Ryuzaki, Kazumichi Yokota, Masateru Taniguchi and Tomoji Kawai

Graphene nanopore device, since its proposal, has witnessed tremendous progress toward the goal of single-molecule detection.

However, one central challenge of preparing electrodes with nanometer precision on the graphene remains unsolved. Here we

show theoretically the feasibility of graphene/hexagonal BN (h-BN)/graphene structure where top graphene layer acts as one

electrical contact while the bottom layer as the other. Based on quantum chemistry/nonequilibrium Green’s function

investigation, we give clear physical pictures why ABC stacking of the above heterogeneous layers results in excellent insulating

of the top and bottom graphene electrodes. On the other hand, when the target molecule is inside the nanopore the background

conductance through the h-BN dielectric will not keep decreasing even though more layers of h-BN are inside the nanopore.

The mechanism is illustrated as that the presence of the molecule will enhance the vertical transmission through the h-BN

dielectric via quantum interference. We employ a single-level molecule model, and show quantitatively that the discussed effect

can be utilized as a powerful signal amplifier for the molecule conductance, thus enhancing the measurability of single

molecules by 3–4 orders.
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INTRODUCTION

The extreme thinness together with the excellent electrical and
mechanical properties of graphene has stimulated great interest in
exploring its potential use for single-molecule detection.1–9 By
fabricating nanogaps or nanopores on the graphene sheet and then
propelling single molecules to electrophoretically translocate through
the gap/pore, information regarding the target molecules can be
recorded and used for characterizing the molecules. This information
can be either the longitudinal ionic current blockage due to the
transient dwelling of molecule in the gap/pore,2–4,9 or the transverse
tunneling current through the molecule measured by the electrodes
embedded in the pore.1,5,7,8 In principle the latter approach is capable
of providing knowledge about the molecule electronic structures1,5,8,10

and should be quite powerful as a sensor for identifying molecule
types. Yet, it is extremely challenging to define electrical contact
regions on graphene electrodes and make them aligned with a
nanopore. Thus, the realization of tunneling-conductance approach
for graphene nanogap/nanopore-based single-molecule detection
remains to be reported.

On the other hand, recent successful fabrication of graphene/
hexagonal boron nitride (G/h-BN) stacked layers11–13 illuminates a
potential strategy of insulating the top and bottom graphene sheets by
inserting layer(s) of h-BN between them14,15 h-BN sheet, which is
known to possess a very large band gap and meanwhile an atomically

smooth surface for accommodating the graphene, is expected to be an
excellent dielectric for the purpose of blocking the cross-layer
conductance. It triggers our idea of designing graphene nanopore
device as illustrated in Figure 1a. The top and bottom graphene layers
can now be utilized as two separate electrodes for probing the target
molecule in the nanopore, as they have been electrically isolated from
each other due to the intermediate h-BN layers. The most alluring
benefit of the above design is the ultra-fine space resolution that can
be provided by the subnanometer-segregated electrodes. Such an
atomic-level resolution for electrical measurement may find enor-
mous applications in single-molecule detection. It can be applied, for
example, in the field of nanopore-based genome sequencing where
the subnanometer distance between adjacent nucleotides on the DNA
strands does require such stringent space resolution for discriminating
each individual nucleotide.

One crucial concern in this multilayer device architecture is the
efficiency. Recent experiments demonstrated that the vertical con-
ductance of bilayer graphene can reach as large as 0.01 S,16 while
the measured molecule conductance is usually in the range of
10�10–10�11 S.17,18 Thereby, a question arises naturally: how many
layers of h-BN are required for completely impeding the vertical
electronic transport through the stacked layers? In order to answer
this nontrivial question, a clear physical picture for the insulating
mechanism of h-BN dielectric in the graphene/multilayer h-BN/
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graphene (G/xL h-BN/G) structure and a quantitative examination
are urgently demanded. There have been some theoretical studies on
the electronic structures of G/h-BN/G trilayer system,19,20 and a
comparison between tunneling through G/h-BN/G and h-BN/G/h-
BN layers19 has been presented. Yet it is rather insufficient as a
systematic and comprehensive understanding.

In this work we address the above issue based on quantum
chemistry and nonequilibrium Green’s function (NEGF) investiga-
tion. Starting from the conduction and valence bands of individual
graphene and h-BN layers, we demonstrate that inter-layer band
coupling is profoundly tuned by the stacking styles. AB or BA
stacking of G/h-BN leads to entirely different coupling between
graphene and h-BN as sketched in Figure 2. The overall consequences
are that ABC stacking of G/h-BN/G will result in the breaking down
of conducting path through these heterogeneous layers, while
ABA stacking will not. The stacking-sequence-sensitive cross-plane
electron transport properties of G/h-BN/G is far away from a
classical view of tunneling-through-barrier effect, and our
quantitative calculation shows agreement with the latest experimental
reports.14,15

Another major finding of this work is the substantial interference
between the transmission through the h-BN dielectric and that
through the target molecule. We will show that once the target
molecule is placed in the G/h-BN/G nanopore the background
conductance through the h-BN dielectric will be profoundly tuned
due to the quantum interference with that through the molecule. The
result is that the background conductance may not become negligible
compared with that caused merely by the molecule even if more layers
of h-BN are inside the G/h-BN/G structure. We study the effect
quantitatively by using a single-level model for the molecule and

show that it can be utilized for attaining enhanced single-molecule
measurability.

MATERIALS AND METHODS

Hamiltonian for G/h-BN/G
The most stable configuration of G/h-BN stacking has been shown as that one

of the two inequivalent carbon atoms in a graphene primitive cell is on top of a

boron atom while the other one sits above the center of the boron nitride

ring.21,22 The associated ABA and ABC stacking models of G/h-BN/G trilayers

are depicted in Figure 1b. In the vicinity of the highly symmetric K and K0

points in the k-space, the Hamiltonian of ABC-stacked G/h-BN/G trilayer

system can be written as follows23 (detailed derivation is provided in the

Supplementary Material):

HABC ¼

eC þ U
2 vf ke

iy~k 0 0 0 0
eC þ U

2 g1 0 0 0
eB vBNke

iy~k 0 0
eN g10 0

h:c: eC � U
2 vf ke

iy~k

eC � U
2

2
6666664

3
7777775

ð1Þ

In the above equation, eB, eN and eC are the 2pz on-site energies of boron,

nitrogen and carbon sublattices, vf and vBN are related with the hopping

parameters between the nearest neighboring atoms in the graphene and h-BN

sheets respectively, while g1(0) denotes the inter-layer coupling between

vertically aligned carbon and boron/nitrogen atoms; k is the in-plane wave-

vector, and yk is its angle; U is the applied vertical voltage. The values of the

above parameters have been obtained by fitting with ab initio calculations23

and are listed in the end of this section. On the other hand, the Hamiltonian

Figure 1 (a) Graphene nanopore with sandwiched h-BN layer for molecule detection. The top and bottom graphene sheets work as two separate electrodes,

measuring the vertical electrical conductance through the molecule and the h-BN dielectric. (b) ABC stacking and ABA stacking of G/h-BN/G trilayers: top
graphene sheet (gray), intermediate h-BN (pink-blue) and bottom graphene (light blue).
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for ABA-stacked G/h-BN/G trilayer system is as follows23:

HABA ¼

eC þ U
2 vf ke

iy~k 0 0 0 0
eC þ U

2 g1 0 0 0
eB vBNke

iy~k 0 g1

eN 0 0
h:c: eC � U

2 vf ke
iy~k

eC � U
2

2
6666664

3
7777775

ð2Þ

Yet we remind the above is a conventional treatment of constructing

Hamiltonian because it relies on a basis as 2pz orbitals of the two

inequivalent sublattices on each layer with Bloch factors.23 In this work

we deliberately choose to discuss in the framework of conduction

and valence p-bands of individual graphene and h-BN layers.

Mathematically, it means we transfer into another representation

where j CS ¼ fj Ct;c
~k
S j Ct;n

~k
S j CBN;c

~k
S j CBN;n

~k
S j Cb;c

~k
S j Cb;n

~k
Sg. The

superscripts t and b denote the top and bottom graphene layers, while c and
v indicate conduction and valence bands. In this manner, the Hamiltonian for

ABC-stacked G/h-BN/G trilayers becomes (detailed derivation is shown in the

Supplementary Material):

HABC ¼
Ht Vt;BN 0

VBN;t HBN VBN;b

0 Vb;BN Hb

2
4

3
5 ð3Þ

where Ht(b) and HBN are intra-layer Hamiltonian for top (bottom) graphene

sheets and the sandwiched BN layer, while Vt(b),BN is inter-layer coupling

between top (bottom) graphene and the BN. The Hamiltonian for the

individual top/bottom graphene layer becomes diagonalized as Ht,c(v)¼
eC±vfkþU/2 and Hb,c(v)¼ eC±vfk�U/2,

HtðbÞ ¼
HtðbÞ;c 0

0 HtðbÞ;v

� �
ð4Þ

while that for the central h-BN is HBN;cðvÞ ¼ �eBN �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
De2

BN þ v2
BNk

2
p

, where

�eBN ¼ ðeB þ eN Þ=2 and DeBN�(eB�eN)/2.

HBN ¼ HBN;c 0
0 HBN;v

� �
ð5Þ

These bands are visualized by the curved surfaces in Figure 2. Moreover, the

inter-layer coupling matrices now are as follows:

Vt;BN ¼ vBNke
iy~kg1ffiffiffi
2

p
� 1

a1
� 1

a2
1
a1

1
a2

" #
ð6Þ

Vb;BN ¼ eiy~kg10ffiffiffi
2

p
DeBN

a2
1 � 2v2

BNk
2

2a1

a2
2 � 2v2

BN k
2

2a2

a2
1 � 2v2

BNk
2

2a1

a2
2 � 2v2

BN k
2

2a2

" #
ð7Þ

In the above expression ~k ¼ ðk; y~kÞ is the in-plane wave-vector expressed in the

polar coordinate, and a1ð2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2De2

BN þ 2v2
BNk

2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
De2

BN þ v2
BNk

2
pq

.

Now here comes the central finding for the vertical conductance of

heterogeneous ABC-stacked G/h-BN layers: under small doping concentration,

that is, k-0, the coupling matrices between the graphene and the neighboring

h-BN become as follows:

Vt;BN ¼
j CBN;c

~k
S j CBN;v

~k
S

/Ct;c
~k

j
/Ct;v

~k
j

� 1 0
1 0

� � � g1e
iy~kffiffiffi
2

p ð8Þ

Vb;BN ¼
j CBN;c

~k
S j CBN;v

~k
S

/Cb;c
~k

j
/Cb;v

~k
j

0 1
0 1

� � � g10 e
� iy~kffiffiffi
2

p ð9Þ

The above expressions have fairly clear physical interpretations as shown in the

upper-right of Figure 2: the AB stacking of top graphene and h-BN will result

in hopping of both electrons and holes in the graphene sheet to the conduction

band of h-BN, while BC stacking of h-BN and bottom graphene, which is in

fact AB stacking of h-BN and bottom graphene, will lead to hopping of

graphene carriers to the valence band of h-BN. These diagrams are depicted by

the corresponding arrows in Figure 2. It predicts that in the absence of effective

coupling between h-BN conduction and valence bands, there will be no

conducting path from top graphene sheet to the bottom one. Usually such

inter-valley coupling is offered by impurity scattering or phonon scattering in

two-dimensional hexagonal materials,24,25 and in h-BN it would be very small

due to the very large band gap. On the other hand, given the symmetry of the

top and bottom graphene layers with respect to the central h-BN one in the

ABA stacking, there will always be an effective conducting path through the

trilayers as shown in the upper-left of Figure 2. Thus we reveal an absolutely

Figure 2 The cross-layer electrical conducting mechanism near the K points of graphene and h-BN energy bands: for the upper half there is 1 h-BN layer

inside as G/1L h-BN/G, while for the lower half there are 2 layers as G/2L h-BN/G; for the left half the graphene and h-BN are ABA-stacked, while for the
right half they are ABC-stacked. It demonstrates that for ABA stacking near the Dirac points there exists always a conducting path from the top graphene

sheet to the bottom one, whereas for ABC stacking such a path does not exist.
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different insulating mechanism compared with the classical tunneling-

through-barrier explanation: The conducting path will be switched on or off

depending on the G/h-BN/G stacking sequence. We remind that previous

density functional calculation showed similar results that the tunneling

transport through stacks of graphene and h-BN depends sensitively on the

stacking order.19 Here we present a clear physical picture why such dependence

occurs.

In the case there are more than one layer of h-BN fabricated between

the top and bottom graphene sheets (G/xL h-BN/G),15 the Hamiltonian of

AB-stacked h-BN/h-BN is written as follows in the sublattice Bloch wave

representation:

HBN ¼ H1 V12

V21 H2

� �
ð10Þ

With the intra-layer BN Hamiltonian

H1ð2Þ ¼
eB þU1ð2Þ vBNke

iy~k

vBNke
� iy~k eN þU1ð2Þ

� �
ð11Þ

and the inter-layer counterpart

V12 ¼ 0 0
g2 0

� �
ð12Þ

In the above expression, the subscripts 1 and 2 denote the upper and lower

h-BN sheets respectively, and g2 is the parameter characterizing coupling

strength between the two BN sheets.15 After transforming to the representation

of eigen-states of individual sheets j C1;c
~k
S j C1;v

~k
S j C2;c

~k
S j C2;v

~k
S

n o
,

the intra-layer BN Hamiltonian H1(2) gets diagonalized as similar to that

shown in Equation (5), while the inter-layer coupling V1(2) between the

AB-stacked two h-BN layers now becomes (see derivation detail in the

Supplementary Material):

V1;2 ¼

j C2;c
~k
S j C2;v

~k
S

/C1;c
~k

j
/C1;v

~k
j

a2
1 � 2v2

BNk
2

2a2
1

a2
1 � 2v2

BN k
2

2a1a2

a2
2 � 2v2

BNk
2

2a1a2

a2
2 � 2v2

BN k
2

2a2
2

2
4

3
5� � g2vBNke

iy~k

DeBN

� �
ð13Þ

Again, j C1ð2Þ;c
~k

S and j C1ð2Þ;v
~k

S denotes the conduction and valence states of

the individual BN sheets. Near the Dirac points, it becomes

V1;2 ¼
j C2;c

~k
S j C2;v

~k
S

/C1;c
~k

j
/C1;v

~k
j

0 0
1 0

� � �ð� g2e
iy~k Þ ð14Þ

As depicted in the lower-right of Figure 2, upon AB stacking of h-BN/h-BN,

only the coupling between valence band of the upper h-BN and conduction

band of the lower h-BN survives. The figure further demonstrates the overall

consequences as that ABC stacking of G/2 L h-BN/G will result in the breaking

down of conducting path through these heterogeneous layers, while ABA

stacking of the quadri-layers will not. More generally, there are three styles of

inter-layer band coupling depicted as AB-stacked G/h-BN, BA stacked G/h-BN

and AB-stacked h-BN/h-BN, which have been clearly marked by the arrows in

Figure 2 (here we remind that BC staking is the same as the AB), and arbitrary

number of sheets of ABA or ABC stacking can always be evaluated as a

combination of the above three types in series. By utilizing these diagrams, we

perform similar plotting of the conducting paths for increasing number of

h-BN layers. As an example, the diagrams for G/3L h-BN/G structure stacked

in ABC and ABA models are presented in Supplementary Figure S2 of the

Supplementary Material. Then, the conclusion is as readily seen: the ABABAB

stacking of G/xL h-BN/G will always preserve a conducting path for the cross-

layer carriers, whereas ABCABC will never do so.

The cross-layer electrical current is then expressed by the transmission

function TðE;~kÞ according to the Landauer formula

I ¼
Z

dE
X
~k

TðE;~kÞ½f ðE� mtÞ� f ðE�mbÞ� ð15Þ

where f(E) is the Fermi distribution function, and mt(b) is the chemical

potential of top/bottom graphene electrodes. TðE;~kÞ is evaluated via the

nonequilibrium Green’s function formalism:

TðE;~kÞ ¼ Tr GtGðE;~kÞGbG
þ ðE;~kÞ

� �
ð16Þ

In the above expression, GtðbÞ ¼ i �t bð Þ ��þ
tðbÞ

� �
and G is the full Green’s

function of the BN layers (the superscriptþ means Hermitian conjugate):

GðE;~kÞ ¼ 1

E�HBNð~kÞ��tðE;~kÞ��bðE;~kÞ
ð17Þ

The self-energies of top and bottom graphene layers for ABC stacking are

calculated via �t bð ÞðE;~kÞ ¼ V þ
tðbÞ;BNgt bð ÞVt bð Þ;BN and are presented as follows:

�tðE;~kÞ ¼
j g1 j2

2
v2
BNk

2 gt;cðE;~kÞþ gt;vðE;~kÞ
� � 1

a2
1

1
a1a2

1
a1a2

1
a2

2

" #
ð18Þ

�bðE;~kÞ ¼
j g10 j2

2
gb;cðE;~kÞþ gb;vðE;~kÞ

� � 1� v2
BN k

2

a2
1

1
a1a2

1
a1a2

1� v2
BNk

2

a2
2

2
4

3
5 ð19Þ

In the above, gt(b),c and gt(b),v are Green’s functions of conduction electrons and

valence holes in the top (bottom) graphene layers:

gt;cðvÞ ¼
1

E� Ut þ eC � vf k
	 


��ph ��im

ð20Þ

where Sph and Sim are self-energies due to electron–phonon26,27 and impurity

scattering.24,25 The expressions and parameters will be listed in the end of this

section.

Molecule conductance
With the under-interrogation molecule dwelling in the nanopore, the

basis is extended to include the molecule wavefunction |FMS¼
{|f1S|f2Sy|fiSy}, which is a linear combination of atomic orbitals on

the molecule. The system is now divided into three parts: top and bottom

graphene electrodes, and the extended molecule including the sandwiched

h-BN layers and the target molecule. Hamiltonian for the extended molecule

now becomes:

Hext ¼
j CBN

~k
S j FMS

/CBN
~k

j
/FM j

HBN VBN;M

VM;BN HM

� � ð21Þ

and the element of coupling between top (bottom) graphene electrode and the

molecule Vt(b),M is evaluated as follows:

Vt;a;M;i ¼ /Ct;a
~k

j Ĥ j fiS ¼ 1ffiffiffiffi
N

p
X
~R0
t;a

f�
pð~r�~R0

t;aÞHð~rÞfið~rÞ ð22Þ

Here ~R0
t;a are those atoms on the a-sublattice of top graphene layer that have

overlaps with the target molecule, and N is the number of primitive cells on

the graphene. We denote the above equation as Vt,a;M,i¼Vt,a;i/ON. For the

evaluation of real molecules a standard ab initio-NEGF calculation will be

implemented, while at current stage in order to clearly figure out the physical

mechanism, we employ a single-level model for the target molecule. We further

assume the molecule energy level is EM¼ 0 eV, and its couplings with edge

atoms on the two sublattices of both top and bottom graphene electrodes are

kept at Vt(b),a;M¼Vt(b),b;M¼ 0.4/ON e V,2 a bias voltage U¼ 0.2 V is applied

and the electron doping concentrations of the graphene electrodes are

Nc¼ 1010 cm�2.

Parameters used in the calculation: eB¼ 3.34 eV, eN¼ �1.40 eV, vf¼ 106

m s�1, vBN¼ 1.057� 106 m s�1 and g1¼ 0.43 eV, while the graphene Dirac

point eC is set at 0 eV. The expressions for self-energies in equation (20) are

Im½�ph� ¼
ffiffiffi
3

p

16
a2a2

g g
2 E� sgnðE�Ef Þ�hoph �ED
�� ��yð E� Ef

�� ��� �hophÞ

yðw� E� EDj jÞ

Im½�im� ¼ Nimp2a2 E

ðE=vf þ qTFÞ2

In the above expression, Im[S] is the imaginary part of the self-energy, a is the

lattice parameter of graphene sheet, ag¼ 2.53 is the effective fine structure
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constant of graphene, g¼ 3.5� 10�2 Ry is the average electron–phonon matrix

element in Rydberg unit, :oph¼ 0.2 eV is the optical phonon energy, Ef is the

Fermi level of the doped graphene sheet, w is the width of graphene p-band,

a¼ 0.75 and qTF¼ 4aOpNim is the wave-number at the Fermi level of

graphene sheet.

RESULTS

Cross-layer conductance
The quantitative calculation results by using the Landauer formula
and nonequilibrium Green’s function technique (calculation details
are given in the Supplementary Material) are presented in Figure 3.
Here the graphene layers are assumed to be n-doped with concentra-
tion Nc¼ 1012 cm�2,28 which corresponds to Fermi energy
Ef¼ EDþ 0.12 eV (ED is the energy of graphene Dirac point). The
zero-bias transmission spectrums T(E,k) are demonstrated in the
upper-row for ABA and ABC-stacked G/h-BN/G trilayers respectively
(E¼ 0 is set at the graphene Dirac point ED). In the interested
energy range, there are two bright lines starting from the same point
(E, k)¼ (0, 0) and becoming divergent from each other when k grows
larger. These are corresponding to the tunneling of graphene electrons
and holes, since they manifest exactly the energy dispersion relation of
graphene sheets. Besides, there exist two much weaker transmission
lines starting from the point (E, k)¼ (�1.40, 0) and (E, k)¼ (3.34, 0)
as shown in Supplementary Figure S2 of Supplementary Material
where a larger energy range is exhibited. They are the transmission
caused by h-BN electron and hole transport. By comparing the ABA
and ABC stacking cases, we conclude that ABC stacking does block
the tunneling of carriers from top to bottom graphene layers.
Moreover, if there are two h-BN layers sandwiched and the layers
are ABC-stacked, the transmission will be further reduced by two
orders as shown in the lower row of Figure 3. In such a quadri-layer
system, the tunneling by the graphene electrons and holes is almost
eliminated when |E|o0.1 eV and |k| oo k0. The physical implication
is that under low doping concentration (|kF| oo k0) and small bias
(Uo0.1 V) the cross-layer conductance in ABC-stacked G/2L h-BN/G
system can be neglected. This is further shown in Table 1 where the

calculated vertical conductance per-square micrometer of ABA- and
ABC-stacked G/h-BN/G layers is listed (Nc¼ 1010 cm�2 and
Ef¼ EDþ 10�3 eV15). As a reference, that of trilayer graphene
G/G/G is also presented. It indicates that the vertical conductance
of G/h-BN/G trilayers will drop about two orders if piled in the ABC
style. Furthermore, by introducing one more layer of h-BN the
conductance will decrease three to four orders with the ABC stacking
structure while two orders in ABA case. We find that for the ABA
stacking case, both the calculated conductance and its variance trend
with the number of h-BN sheets, show agreement with the
experimental observation.15

There are two potential explanations concerning the experimentally
fabricated G/h-BN/G. One is that these heterogeneous layers are ABA-
stacked due to energy favorableness, and the other is they are piled up
in a lattice constant mismatched manner. The first possibility is based
on the fact that the total energy of ABA stacking is smaller than that
of ABC stacking, and thus the former should possess a higher
preference during the fabrication than the latter. Here the physical
mechanism is that ABA-stacked G/h-BN/G trilayers can be viewed as
the sum of nitrogen-centered (N-centered) G/h-BN and N-centered
h-BN/G again, while ABC-stacked ones are the add-up of N-centered
G/h-BN and then boron-centered (B-centered) h-BN/G. For G/h-BN
bilayer stacking the most energetically favorable structure is the
N-centered piling as indicated by density functional calculations.21

Therefore, we conclude ABA stacking should be more preferred than
ABC case. Quantitatively, the difference is B3.9 meV per atom,22

which suggests a gap of 306 meV nm�2 between ABA- and ABC
stacking. The other plausible explanation is that the G/h-BN/G layers

Figure 3 The calculated transmission spectrum T(E,k) from top graphene layer to the bottom one. Results are arranged in the same order as in Figure 2.

Here the graphene layers are assumed to be N-doped with doping concentration Nc¼1012 cm�2, and thus the corresponding Ef¼EDþ0.117eV. The

systems are unbiased U¼0 while E¼0 eV is set at the Dirac point of graphene.

Table 1 Cross-layer conductance under U¼200 mV (mSmm�2)

G/G/G G/h-BN/G G/2L h-BN/G G/3L h-BN/G

ABA stacking 7.8�102 4.5�102 99 7.6

ABC stacking 4.1�102 12 1.5�10�2 1.6�10�6

Experiments14 1000 50 1
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do not match each other’s lattice constant. This is clearly
demonstrated by Moiré patterns in the latest experiments related to
G/h-BN layers.13,29 In this case the intermediate h-BN layers serve as
pure tunneling barriers while the quantum interference effect is
neglected.15 Yet for the purpose of nanopore-based single-molecule
detection, we suggest ABC stacking since Table 1 indicates that the
vertical conductance of G/3L h-BN/G will be as small as 2 pSmm�2.
We put the discussion of the physical mechanism and strategies for
experimental fabrication in the ‘Commensurate and incommensurate
stacking’ section of Supplementary Material.

Molecule conductance
The above analysis demonstrates that the ordered stacking of h-BN
dielectric layers will lead to quantum interference effect on the cross-
layer conductance. Will it also modulate the molecule conductance
profoundly, which cannot be depicted by the turbostratic stacking of
h-BN dielectric? In this subsection we are going to show our
investigation on this topic.

Figure 4 plots the transmission spectrums in logarithm scale log10T
when the target molecule dwells in an ABC-stacked nanopore, while
the number of sandwiched h-BN sheets NBN varies from 1–4. By
comparing Figures 4a and b we find that with only one layer of h-BN
inside, the transmission caused by the graphene electron and hole
tunneling is observed while that caused by the molecule near E¼ 0 eV
cannot be found. The absence of molecule signal is just as expected
because one layer of h-BN dielectric is too weak to insulate the
electron tunneling between top and bottom graphene electrodes. As a
result, the molecule conductance is completely immersed in the
background conductance. Then, if NBN increases from 2 to 3,
the transmission line caused by the molecule becomes evident, as
the background conductance turns darker. However, it is intriguing to
see that the background transmission no longer decreases when NBN

grows beyond 3. Instead, it remains at the same level as that of the
molecule transmission. This is even more clearly demonstrated in
Supplementary Figure S4 of the Supplementary Material where the
cases with 5, 6, 7 and 8 layers of h-BN inside nanopores are plotted.

According to the discussion in previous section, the background
transmission should attenuate in an exponential manner with
increasing number of h-BN dielectric. However, our calculation
now suggests that there should be some hidden interference effect
that helps preserve the background transmission against the increas-
ing thickness of h-BN dielectric.

DISCUSSION

In order to illuminate the physical mechanism for the above
molecule-conducting behavior, we perform the analysis within the
Landauer-NEGF formalism. Basically, there are four conducting paths
from the bottom graphene to the top one given a target molecule in
the nanopore:

TM ¼ Tr GtGMGbG
þ
M

	 

ð23Þ

Th�BN ¼ Tr GtG1;nGbG
þ
n;1

� �
ð24Þ

T1M ¼ Tr GtG1;MGbG
þ
M;1

� �
ð25Þ

TMn ¼ Tr GtGM;nGbG
þ
n;M

� �
ð26Þ

In the above expression, G¼ (E�Hext�St�Sb)
�1 is the Green’s

function of the extended molecule where St¼ [Vt,BN*; Vt,M*]
gt[Vt,BN Vt,M] is the self-energy of top graphene electrode, and so is
Sb for the bottom one. Gt(b)¼ i(St(b)�St(b)

þ ) is the line-width
function. The subscripts M, 1 and n denote the wavefunctions of target
molecule, the uppermost and lowermost h-BN layers. Thus, G1,n¼
/C1| G

r |CnS characterizes the propagation of electronic wavefunc-
tion from lowermost h-BN sheet n to the uppermost h-BN 1, while
GM¼/CM| Gr |CMS denotes the propagation in the target molecule.

Equation 23 characterizes the first conducting route where elec-
trons/holes from the bottom graphene electrode pass through the
molecule and arrive at the top one ‘b-M-t’; equation 24 denotes
the second route where those carriers pass first through the lowermost
sheet n and then through the uppermost h-BN sheet 1, and reach the

Figure 4 The molecule transmission spectrum log10T when using an ABC-stacked nanopore of (a) G/1L h-BN/G; (b) G/2L h-BN/G; (c) G/3L h-BN/G; (d) G/4L

h-BN/G. Here a single-level model is used for the molecule with Emol¼0 eV, the applied voltage U¼0.2V and the electron-doping levels of top and bottom

graphene sheets are Nc¼1010 cm�2.15
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top graphene in the end ‘b-n-1-t’; equation 25 stands for the
third one ‘b-M-1-t’; equation 26 refers to the fourth one
‘b-n-M-t’. Besides the four paths there exist 12 interference
terms between the paths as explicitly demonstrated in the
Supplementary Material.

Since the second route reveals the background transmission Th-BN,
we plot in Figure 5a the associated conducting diagram, while we
leave the diagrams for the other three routes in the Supplementary
Material for the interested readers. Both the dashed line and real line
in the figure characterize propagation of electrons from the lowermost
h-BN layer n to the uppermost one 1 as ‘n-1’. Yet the key difference
is that the former does not pass through the molecule or graphene
electrodes, namely free Green’s function g1n, while the latter does
through them as one potential route of full Green’s function G1n

‘n-b-M-t-1’. Here we remind that actually there exist quite a
few propagation paths possessed by G1n, such as ‘n-M-1’, ‘n-b-
M-1’ and ‘n-M-t-1’ (a full description of the possible routes is
presented in Supplementary Figure S10 in the Supplementary
Material). We deliberately choose to demonstrate the path shown in
Figure 5a and will show our rationale in the following discussion. The
strength of the propagation g1n will keep decreasing with increasing
number of h-BN layers as shown in the previous section. On the other
hand, we are going to show that the magnitude of one propagation
path of G1n shown in Figure 5a is determined by the transmission
through the molecule TM. As shown by the black real line, a typical
route for G1n is sketched in the figure as ‘n-b-M-t-1’. It
involves three stages: first, electrons/holes from the lowermost h-BN
layer n hop to the bottom graphene electrode ‘n-b’; then, they
transmit to the top graphene contact via the molecule ‘b-M-t’;
finally, the carriers jump from top graphene sheet to its adjacent h-BN
layer 1 ‘t-1’. We remind that the intermediate stage is also
characterized as TM, while the first and last transmission processes
are quite easy due to the large-area contact between the neighboring

graphene and h-BN layers. Therefore, the magnitude of background
transmission Th-BN is actually dependent on the second progress
‘b-M-t’, which is the molecule transmission TM. In other words,
given good molecule transmission TM the background transmission
Th-BN will remain at the same level no matter how many h-BN layers
are inside the nanopore. In a short summary, our analysis based on
Green’s function theory indicates that without the target molecule the
background transmission Th-BN through the h-BN will keep decreas-
ing with increased number of h-BN sheets inside the nanopore, as
characterized by free Green’s function g1n, while in the presence of the
molecule Th-BN will stay largely at the same level as the molecule
transmission, as marked by full Green’s function G1n.

Figure 5b–e show the calculated Th-BN(E,k) spectrum under various
layers of h-BN dielectric. The quantitative results demonstrate a sharp
contrast to those without the target molecule as shown in Figure 3 in
the sense that with the target molecule dwelling in, the cross-layer
transmission does not keep decreasing when Nh-BN goes beyond 3.
The calculation matches our previous analysis based on Green’s
function theory. We stress that the destructive/constructive quantum
interference phenomena have been reported in the molecule con-
ductance measurement.30 Here we predict its existence in the G/xL
h-BN/G nanopore system. Our results are reasonable in sense yet
beyond expectation, since the ordered stacking of graphene and h-BN
sheets is capable of preserving the coherence of vertically propagating
electronic wavefunction and thus leads to quantum interference effect,
while on the other hand such behavior is definitely out of the scope of
traditional role of dielectrics.

The above results suggest that ABC-stacked G/h-BN/G layers are
capable of greatly reducing the background conductance in the case of
open nanopore, and meanwhile they can substantially raise the overall
vertical conductance when the target molecule locates within, thus
enhancing the molecule measurability. Therefore, by carefully tuning
the Fermi energies Ef of top and bottom graphene electrodes through

Figure 5 (a) The vertical transmission diagram through the h-BN dielectric Th-BN when the target molecule dwells inside the ABC-stacked G/xL h-BN/G

nanopore. The superscripts t and b denote the top and bottom graphene sheets, while 1 and n mark the uppermost and lowermost h-BN layers. The red lines
G1

t denote the coupling between top graphene and the uppermost h-BN layer, while the lines Gn
b denote that between bottom graphene and the lowermost

h-BN layer. The black dashed line indicates the propagation of electrons from the lowermost h-BN layer n to the uppermost one without going through the

molecule, as free Green’s function g1n, while the black real lines indicate one potential route starting from the h-BN layer n, passing through the graphene

electrodes and molecule, and finally arriving at the layer 1, of full Green’s function G1n. The calculated transmission spectrum log10Th-BN(E,k): (b) G/1L

h-BN/G; (c) G/2L h-BN/G; (d) G/3L h-BN/G; (e) G/4L h-BN/G. Here all parameters are the same as in Figure 4.
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electron/hole doping and by modulating the applied voltage U, the
characteristic energy level of target molecules can be selected by the
bias window and the h-BN dielectric will function as a signal
amplifier for the single-molecule conductance. The resulting tunnel-
ing conductance is then utilized as electrical signature of the target
molecule. More specifically, one of the most promising applications
for nanopore sensors, namely the tunneling-conductance approach
for nanopore-based DNA sequencing, calls for that those very small
differences between energy levels of adenine, thymine, cytosine and
guanine can be amplified on the measured conductance curves for the
distinguishing purpose.31,32 Figure 6 shows our investigation on this
issue where the calculated molecule conductance is plotted as a
function of the molecule energy level Emol. Here we have assumed that
the coupling between the molecule and the graphene electrodes
remains invariant so that the difference caused by the shift of
molecule energy levels can be singled out. The effective bias window
offered by the graphene electrodes is sketched in the figure. The red
line shows the molecule conductance using G/3L h-BN/G nanopore
and the black line for G/4L h-BN/G nanopore. It indicates that the
conductance difference between molecule with Emol¼ 0 eV and that
with Emol¼±0.1 eV is about 4 orders. Here we remind that the
bigger the difference, the better it is, as in the real experiments it is
easily immersed in the aqueous environment.31,32 Thereby, our
theoretical investigation demonstrates that the orderly stacked h-BN
dielectric is capable of improving the molecule sensitivity of the
proposed G/xL h-BN/G nanopore system through quantum
interference effect.

In conclusion, we have proposed and shown theoretically the
feasibility of G/xL h-BN/G nanopore sensor for single-molecule
detection. The major findings are the quantum mechanical effects
caused by the orderly stacked h-BN dielectric. First, the cross-layer
conductance from the top graphene sheet through the h-BN layers
to the bottom graphene, which is the background conductance for
molecule measurement, is found to be dependent on the stacking
style of the layers. The physical picture is that in the ABA stacking
there is always a conducting path through the layers, while in the
ABC case there is always no such path under small voltage and
doping level. By making use of this property, we expect perfect
elimination of the vertical conductance through the layers in the
absence of target molecules. Second, the molecule conductance will
be profoundly tuned by the sandwiched h-BN and such quantum
mechanical effect is anticipated for further enhancing the sensitiv-
ity of the device.
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