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Abstract

In this work, we propose a resonant tunnelling diode (RTD) based on a double-barrier
graphene/boron nitride (BN) heterostructure as a device suitable to take advantage of the
elaboration of atomic sheets containing different domains of BN and C phases within a
hexagonal lattice. The device operation and performance are investigated by means of a
self-consistent solution within the non-equilibrium Green’s function formalism on a
tight-binding Hamiltonian. This RTD exhibits a negative differential conductance effect,
which involves the resonant tunnelling through both the electron and hole bound states in the
graphene quantum well. It is shown that the peak-to-valley ratio reaches a value of ~4 at room
temperature even for zero bandgap and can be higher than 10 when a finite gap opens in the

graphene channel.

(Some figures may appear in colour only in the online journal)

1. Introduction

The benefits of the extraordinary intrinsic transport properties
of graphene [1] are usually hindered by the defects of
the supporting insulating substrate. In fact, graphene on
various substrates such as SiO, [2], SiC [3] or other high-
k insulators [4] shows a reduced carrier mobility, which is
usually attributed to surface roughness, charge surface states
or surface optical phonons. Recently, it has been shown
that graphene supported on hexagonal boron nitride (h-BN)
has higher mobility than on any other substrate [5-7]. A
mobility of 275000cm? V~!'s~! at low temperatures and
125000 cm? V~! s~ at room temperature, i.e. as high as that
of suspended graphene, has even been reported [8]. It is due
to the fact that the surface of h-BN is flat, with a low density
of charged impurities, does not have dangling bonds and is
relatively inert [5]. Hence, with the same atomic structure
as graphene and a 1.8% higher lattice constant [9] h-BN
is becoming a very promising candidate as a high bandgap
insulating material to achieve the ballistic transport regime in
graphene devices even at room temperature and exploiting the
peculiarities of graphene properties inherent in the massless
and chiral character of charge carriers.

Additionally, hybrid structures consisting of a mixture
of BN and carbon nanodomains have been recently realized
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[10,11]. In [10], Enouz et al reported on the synthesis
of C-BN single-walled nanotubes made of BN nanodomains
embedded into a graphene layer using a continuous CO, laser
vaporization reactor. In particular, Ci et al in [11] used
a thermal catalytic chemical vapour deposition method to
synthesize 2D monolayers consisting of large BN domains
in graphene. Together with rapid progress in technology,
one can optimistically expect that these structures can be
well controlled on the atomistic scale soon. Hence, the
experimental results above are particularly valuable in terms of
electronic applications of graphene, as they provide a new way
to induce and engineer the bandgap in this 2D material [12].
They have recently stimulated investigations on the electronic
properties of many different graphene/BN heterostructures,
e.g. see [13-18].

In the field of quantum devices, graphene resonant
tunnelling diodes (RTDs) have been proposed and investigated
previously [19, 20]. However, while the operation of graphene
nanoribbon RTDs is strongly dependent on the device shape
and the edge effects [19], the 2D graphene structures studied
in [20] are based on the assumption that a bandgap opens in
graphene epitaxially grown on SiC, which has a drawback
of substrate-induced mobility reduction. In this work, we
therefore propose a new graphene RTD using graphene/h-
BN heterostructures, where the two barriers are formed by

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Simulated resonant tunnelling device wherein the
graphene sheet is supported on a h-BN substrate and two barriers are
formed by BN domains inserted in the graphene layer.

h-BN zones with a large bandgap, as schematized in figure 1.
Although it may be useful and possible in the case of Bernal
stacking on a BN substrate [21, 22], we will show later that the
bandgap in graphene is not necessary for this device to operate
correctly.

To investigate the operation of this RTD, we have
developed a self-consistent simulation code based on the
Green’s function formalism [23] within the tight-binding
model constructed in [17].

2. Simulated device and approach

In the simulated RTD (see in figure 1), the two BN barriers are
inserted into a monolayer graphene sheet, which is supported
on ah-BN substrate. The charge transport in the device channel
is considered using the tight-binding model in [17], which
is parametrized from ab initio calculations. The approach
was demonstrated as a simple and efficient method to explore
well the electronic properties of the considered graphene/BN
heterostructure. This tight-binding Hamiltonian of charge
carriers has the form

Hy =Y UyCiCy =Y tan (CjCu+hc), (1)

where t,,, denotes the hoping energy between the atomic
(carbon, boron and nitride) sites [17] and U, is the onsite
energy/potential energy at the nth site. This potential energy is
determined by solving the Poisson equation self-consistently
with the equation of Green’s function as mentioned below.
We assume the transverse width along the OY direction to be
much larger than the typical device length along the transport
direction, i.e. a few tens of nanometres, so that the extension
along the transverse direction can be considered through Bloch
periodic boundary conditions [23]. To conveniently study the
charge states, the considered lattice is split into elementary
cells (see figure 1) and, using the same approach as in [23],
we Fourier transform the operators in equation (1) along the
OY direction. Hamiltonian (1) is then rewritten in terms of
decoupled (quasi-1D) forms

Hy = Z Hyp (ky).
%

o () = Y Ay (), () + A ().

where H, (ky) is the Hamiltonian of cell {n} and 1':1,;IE (ky)
denotes the coupling of cell {n} to cell {n £ 1} along the
transport (OX) direction.

Using Hamiltonian (2), the device retarded Green’s
function in the ballistic approximation is computed for a given
momentum k, as

G (E.ky) = [E+i0* = fip (ky) - = (ky)]il, 3)

where X (k,) = Zp(k,) + Zr (ky) with the self-energy
2Ry describing the device-to-left (right) contact coupling.
The local electron density in the graphene/BN sheet is then
determined by [24]

1 o0
/ dE/ dk,
Tdy J oo BZ
sgn (E — EN) — 1}

X {DL (E, ky; x) [fL(E)+ 5

sgn (E —ZEN) — 1i| } @

in which the local density of states (LDOS) resulting
from the left/right injected states is calculated using
DiLr)y = GI'Lr)G'/2m with the injection rate I'Lr) =
i[Zrr) — E{(R)]; a, is the distance between two nearest cells
along the OX direction, Ey is the charge neutrality level,
JL.r(E) are the left and right Fermi distribution functions with
Fermi levels Epp, and Erg, respectively. This electron density
is fed back into the Poisson equation for a self-consistent
solution. Once self-consistence is achieved, the current density
is computed by

Pe (x) =

+ Dg (E, ky; x) [fR(E)+

J=° / dE / ak, T (E. k) [ (E) — fx (E)]. (5)
wh ) BZ

where the transmission coefficient 7(E,k,) = trace
(I'LGTRrG") and the integral on ky is performed in the first
Brillouin zone.

In our simulation, the Poisson equation is solved in the
domain bounded by the boundaries (dashed lines seen in
figure 1) where the null Neumann conditions are applied.
Its solution of potential energy in the graphene/BN sheet is
then fed back into Hamiltonian (1). The iterative loop of the
Green function and the Poisson equations is repeated until
the self-consistence is achieved. Note that in the case of
Bernal stacking, graphene on a h-BN substrate was shown
to exhibit a finite bandgap, but this bandgap vanishes when
graphene is misaligned with respect to the h-BN lattice [21, 22].
Therefore, unless otherwise stated, zero bandgap of graphene
was assumed in our study. All simulations were performed at
room temperature.

3. Results and discussion

Our simulations were performed for RTDs wherein a
h-BN substrate of thickness 10nm and dielectric constant
& =~ 3.5 [5] was used. The graphene sections (including the
emitter, the collector and the access region of length 17 nm)
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Figure 2. (a) Self-consistent profiles of potential energy and (b)
corresponding electron density for different applied biases. The
doping concentration in both device ends is Np = 5 x 10!6m~2.
The vertical dashed lines indicate the graphene/h-BN junctions.

in both device ends are heavily n-doped while the thickness
of the BN barriers was assumed to be 1.3nm. The active
region sandwiched between the two doped zones is undoped.
Doped graphene can be realized using polyethylene imine
and diazonium salts [25], hydrogen silsesquoxane films on
graphene [26], substitutional donors (nitrogen) or acceptors
(boron) [27], or other different methods reviewed in [28].

In figure 2, self-consistent solutions of potential energy
and electron density are plotted for different biases applied
to the device with well width D = 43nm and doping
concentration in access regions Np = 5 x 10'm~2. The low
doping in the central zone generates a potential barrier, which
controls the threshold voltage of the device. Differently from
the conventional RTDs [29], figure 2(b) shows that the local
charge density is not symmetric even at zero bias. This feature
can be understood as a consequence of the device asymmetry
between the left graphene section coupled to nitrogen atoms
and the right section bounded to boron atoms of the h-BN
lattice. In addition, it is shown that the electron density
accumulated in the quantum well (QW) increases when the
bias voltage is increased from O to 0.4 V and decreases when
the bias is further raised from 0.4 to 0.6 V. This feature is
nothing but an effect of resonant tunnelling [29] as discussed
below.

We now go to explore the electrical behaviour of the
device. In figure 3, we display the /—V characteristics together
with diagrams showing the LDOS and the corresponding
transmission coefficient at different applied biases. In fact,
the diagrams in figures 3(a)—(c) show that the h-BN barriers
with a large bandgap (*3.9 eV [17]) generate the quantization
of carrier states in the graphene QW, which gives rise to strong
resonant tunnelling effects in the transmission coefficient. As
a consequence, the /-V curves can exhibit a strong negative
differential conductance (NDC) in both cases of gapless and

gapped graphene. We should bear in mind that in principle, the
valley current occurs at a finite bias when the resonant level
in the QW is in front of the bandgap of the emitter and the
resonant current is thus switched off. This is not exactly the
same case in the device considered here when the graphene
bandgap (bandgap of the emitter) is zero. The observed NDC
effect is explained as follows. Although the valence band
of graphene touches its conduction band at the Dirac point
corresponding to ky, = K, = 277 /3+/3ac, a finite energy gap
Eg(ky) = 2tcc|l — ZCos(acky\/g/2)| still appears for other
momenta k, # K, (see in [32]), where fcc = 2.5eV [17]
and a. is the carbon—carbon distance. For instance, for k, =
K, +0.0087 /ac~/3, E4(k,) ~ 0.11 eV, which is illustrated by
the energy width of the blue zones in the two device ends of
the LDOS diagram in figures 3(a)—(c). Since the total current
results from the contribution of all different momenta &, a
deep current valley occurs even in gapless graphene devices
(see figure 3(d)) when the tunnelling corresponding to the
large values of |k, — K| is suppressed (due to the energy gap
Eg(ky) mentioned above) at high bias. In fact, it is clearly
illustrated in figure 3 that for k, — K, = 0.0087 /ac.+/3,
the resonant peak numbered (1) at Vs = 0.4V (see in
figure 3(a)) disappears at Viips = 0.6V (see in figure 3(b)).
In addition, the k,-dependence of such a resonant peak at
Vibias = 0.6V is demonstrated in the inset of figure 3(b), i.e. the
transmission coefficient is high for k, around K, but almost
suppressed when |k, — K, | is large enough. Moreover, because
of the zero (or small) bandgap of graphene, it is also shown
that the current valley in this device is much narrower than
that in conventional RTDs [29]. When introducing a finite
bandgap [21, 22, 30, 31] in graphene, both the valley and peak
currents are of course reduced while the peak-to-valley current
ratio (PVR) increases. The latter reaches ~4, 13 and 17 for
bandgaps E, = 0, 50 and 100 meV, respectively. Such high
PVR values are significant in comparison with the best value
obtained at room temperature in other graphene RTDs [19, 20]
and in conventional semiconductor devices [29].

In particular, from figure 3, we find an interesting feature:
differently from other RTDs [19, 29], where only the electron
states in the QW are involved in the resonant tunnelling, here
due to zero (or small) graphene bandgap, both electron and
hole states can contribute to the current. This point has also
been discussed in [33] and was shown to reduce the NDC effect
in single potential barrier graphene structures. Practically, as
we can understand from figure 3(a), the confined hole states
in the QW make the tunnelling from the hole states in the
emitter to the electron states in the collector possible. This
band-to-band (BTB) process (numbered (-1)), in addition to
the normal resonant tunnelling (numbered (1)) of electrons via
the electron states in the QW, contributes to the rapid increase
in current beyond Vyi,s = 0.25 V. The vanishing of the latter
process (see figure 3(b)) is responsible for the valley regime
in the I-V characteristics. When V;,s is further increased,
the BTB tunnelling through the first electron level in the QW
occurs (see the resonant peak numbered (1) in figure 3(c)),
which leads to the rapid re-increase in current and a narrow
current valley, as seen in figure 3(d).
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Figure 3. (a), (b), (c) Diagrams showing the LDOS (left) and the transmission coefficient (right) as a function of energy at different applied
biases and (d) -V characteristics of the simulated device for different graphene bandgaps. The figures in (a), (b), (c) are plotted for a
transverse momentum k, # K, (K, is the momentum at the Dirac point, see discussions in the text) and for gapless graphene. Numeral
indices indicate the confined levels for which the resonant tunnelling appears while the signs (+/—) correspond to the electron/hole states.

The inset of (b) shows the k,-dependence of the transmission peak via

ko = 10737 /a /3. The corresponding electron/hole potential profiles
concentration is Np = 5 x 10" m~2.
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Figure 4. /-V characteristics (a) for different doping
concentrations Np in both device ends and (b) for different well
widths D; D = 4.3nm in (a) and Np = 5 x 10'°m~2 in (b).

To evaluate the role of device parameters on the RTD
operation, we display in figures 4(a) and (b) the I-V
characteristics obtained for different doping concentrations
Np in the access regions and for different well widths D,

the confined level numbered (1) at Vj,;,, = 0.6V, where
(solid lines) are superimposed on the LDOS. The doping

respectively. Actually, when Np is increased, the flat potential
profile in the two doped access zones (see in figure 2(a)) moves
down in energy and the valley current hence occurs at a higher
bias voltage. In addition, the contribution of BTB resonant
tunnelling, which is more important at high bias, makes both
the peak and valley currents higher with increasing Np. This
finally reduces the PVR, i.e. it reaches ~3.9, 3.8, 2.2 and 1.8
for Np = 2.5 x 10"°m=2, 5.0 x 10'"°m~2, 7.5 x 10'°m—2
and 10'7 m~2, respectively. Figure 4(b) shows that when the
well width D is increased, the current valley shifts towards low
bias while the NDC effect generally weakens. This feature can
be straightforwardly understood as the influence of D on the
energy spacing and number of energy levels in the QW. In the
case of large D (e.g. 6.4nm in figure 4(b)), the multi-level
contribution gives rise to a quite complex /-V curve with a
low PVR.

Finally, though not shown here, the overall current appears
to be strongly reduced when the BN barrier thickness is
increased, as a consequence of the large bandgap of h-BN. It,
therefore, suggests that to clearly observe the effects discussed
above, a barrier thickness smaller than 2 nm is mandatory.

Note that all results presented in this paper were obtained
in devices with perfect edges between graphene and BN
sections. Since the precise control of these edges on the
atomistic scale is still a technological challenge, edge disorder
may occur and affect the transport characteristics of the device.
However, differently from the case of disordered graphene
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nanoribbons (e.g. see in [34]), wherein the rough edges are
parallel to, they are perpendicular to the transport direction
here. The edge disorder makes the width (along the OY
direction) of graphene QW and BN barriers inhomogeneous,
which can affect the position of confined levels in the QW.
Though not shown here, we find that in spite of such a feature,
the main (resonant and NDC) effects in this kind of device
are not strongly influenced except in the case of too strong
disorder making the device geometry (i.e. QW and barriers)
very complicated.

4. Conclusion

In summary, a numerical simulation of graphene RTDs based
on graphene/h-BN double-barrier structures was performed
by means of the self-consistent solution of the Poisson and
Schrodinger equations within the tight-binding model. It was
shown that the resonant tunnelling and the resulting NDC
behaviour may involve both the electron and hole bound states
in the graphene quantum well. The sensitivity of the electrical
characteristics to the device parameters such as the doping
density of access zones, the QW thickness and the barrier
thickness was analysed. Although the band-to-band tunnelling
tends to reduce the width of the valley region in the I-V
characteristics and to induce a rapid re-increase in current, the
PVR of NDC effect reaches a value of ~4 at room temperature
even for zero bandgap and can be higher than ten when a finite
gap opens in graphene, which may result from Bernal stacking
of graphene on h-BN. This work suggests that the engineering
of graphene/h-BN structures is opening a new route for high-
performance graphene devices.

Acknowledgments

This work was partially supported by the French ANR through
the projects NANOSIM-GRAPHENE (ANR-09-NANO-016)
and MIGRAQUEL (ANR-10-BLAN-0304). One of the
authors (V H N) thanks the Vietnam’s National Foundation
for Science and Technology Development (NAFOSTED) for
financial support under the Project No 103.02-2010.33.

References

[1] Bolotin K1, Sikes K J, Jiang J, Klima M, Fudenberg G, Hone J,
Kim P and Stormer H L 2008 Solid State Commun. 146 351
[2] ChenJ H, Jang C, Xiao S, Ishigami M and Fuhrer M S 2008
Nature Nanotechnol. 3 206
[3] Lin Y-M, Dimitrakopoulos C, Jenkins K A, Farmer D B,
Chiu H-Y, Grill A and Ph. Avouris 2010 Science 327 662
[4] Ponomarenko L A, Rang Y, Mohiuddin T M, Katsnelson M I,
Novoselov K S, Morozov S V, Zhukov A A, Schedin F,
Hill E W and Geim A K 2009 Phys. Rev. Lett. 102 206603

(5]

(6]

(7]

(8]

(9]
[10]

[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]

[19]

[20]
(21]

[22]
(23]

[24]

(25]

[26]
(27]

(28]
[29]
(30]
[31]
(32]
[33]

(34]

Dean C R, Young A F, Meric I, Lee C, Wang L, Sorgenfrei S,
Watanabe K, Taniguchi T, Kim P, Shepard K L and Hone J
2010 Nature Nanotechnol. 5 722

Xue J, Sanchez-Yamagishi J, Bulmash D, Jacquod P,
Deshpande A, Watanabe K, Taniguchi T, Jarillo-Herrero P
and LeRoy B J 2011 Nature Mater. 10 282

Decker R, Wang Y, Brar V W, Regan W, Tsai H-Z, Wu Q,
Gannett W, Zett A and Crommie M F 2011 Nano Lett.

11 2291

Zomer P J, Dash S P, Tombros N and van Wees B J 2011 Appl.
Phys. Lett. 99 232104

Liu L, Feng Y P and Shen Z X 2003 Phys. Rev. B 68 104102

Enouz S, Stephan O, Cochon J-L, Colliex C and Loiseau A
2007 Nano Lett. 7 1856

CiL, Song L, Jin C, D Jariwala, Wu D, Li Y, Srivastava A,
Wang Z F, Storr K, Balicas L, Liu F and Ajayan P M 2010
Nature Mater. 9 430

Rubio A 2010 Nature Mater. 9 379

XuB,LuYH,Feng Y Pand LinJ Y 2010 J. Appl. Phys.

108 073711

He J, Chen K-Q, Fan Z-Q, Tang L-M and Hu W P 2010 Appl.
Phys. Lett. 97 193305

Li J and Shenoy V B 2011 Appl. Phys. Lett. 98 013105

Basheer E A, Parida P and Pati S K 2011 New J. Phys.

13 053008

Seol G and Guo J 2011 Appl. Phys. Lett. 98 143107

Fiori G, Betti A, Bruzzone S and Iannaccone G 2012 ACS
Nano 6 2642

Teong H, Lam K-T, Khalid S B and Liang G 2009 J. Appl.
Phys. 105 084317

Liang G, Khalid S B and Lam K-T 2010 J. Phys. D: Appl.
Phys. 43 215101

Hung Nguyen V, Bournel A and Dollfus P 2011 Semicond. Sci.
Technol. 26 125012

Giovannetti G, Khomyakov P A, Brocks G, Kelly P J and
van den Brink J 2007 Phys. Rev. B 76 073103

Kharche N and Nayak S K 2011 Nano Lett. 11 5274

Hung Nguyen V, Mazzamuto F, Saint-Martin J, Bournel A and
Dollfus P 2012 Nanotechnol. 23 065201

Guo J, Datta S, Lundstrom M and Anantram M P 2004 Int.

J. Multiscale Comput. Eng. 2 257

Farmer D B, Golizadeh-Mojarad R, Perebeinos V, Lin Y-M,
Tulevski G S, Tsang J C and Avouris P 2009 Nano Lett.

9 388

Brenner K and Murali R 2010 Appl. Phys. Lett. 96 063104

Panchakarla L S, Subrahmanyam K S, Saha S K,
Govindaraj A, Krishnamurthy H R, Waghmare U and
Rao C N R 2009 Adv. Mater. 21 4726

Liu H, Liu Y and Zhu D 2011 J. Mater. Chem. 21 3335

Nam Do V, Dollfus P and Lien Nguyen V 2006 J. Appl. Phys.
100 093705

Fan Y, Zhao M, Wang Z, Zhang X and Zhang H 2011 App!.
Phys. Lett. 98 083103

XuY, Guo Z, Chen H, Yuan Y, Lou J, Lin X, Gao H, Chen H
and Yu B 2011 Appl. Phys. Lett. 99 133109

Castro Neto A H, Guinea F, Peres N M R, Novoselov K S and
Geim A K 2009 Rev. Mod. Phys. 81 109

Nam Do V, Hung Nguyen V, Dollfus P and Bournel A 2008
J. Appl. Phys. 104 063708

Mucciolo E R, Castro A H Neto and Lewenkopf C H 2009
Phys. Rev. B'79 075407


http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1038/nnano.2008.58
http://dx.doi.org/10.1126/science.1184289
http://dx.doi.org/10.1103/PhysRevLett.102.206603
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nmat2968
http://dx.doi.org/10.1021/nl2005115
http://dx.doi.org/10.1063/1.3665405
http://dx.doi.org/10.1103/PhysRevB.68.104102
http://dx.doi.org/10.1021/nl070327z
http://dx.doi.org/10.1038/nmat2711
http://dx.doi.org/10.1038/nmat2746
http://dx.doi.org/10.1063/1.3487959
http://dx.doi.org/10.1063/1.3515921
http://dx.doi.org/10.1063/1.3533804
http://dx.doi.org/10.1088/1367-2630/13/5/053008
http://dx.doi.org/10.1063/1.3571282
http://dx.doi.org/10.1021/nn300019b
http://dx.doi.org/10.1063/1.3115423
http://dx.doi.org/10.1088/0022-3727/43/21/215101
http://dx.doi.org/10.1088/0268-1242/26/12/125012
http://dx.doi.org/10.1103/PhysRevB.76.073103
http://dx.doi.org/10.1021/nl202725w
http://dx.doi.org/10.1088/0957-4484/23/6/065201
http://dx.doi.org/10.1615/IntJMultCompEng.v2.i2.60
http://dx.doi.org/10.1021/nl803214a
http://dx.doi.org/10.1063/1.3308482
http://dx.doi.org/10.1039/c0jm02922j
http://dx.doi.org/10.1063/1.2364035
http://dx.doi.org/10.1063/1.3556640
http://dx.doi.org/10.1063/1.3643899
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1063/1.2980045
http://dx.doi.org/10.1103/PhysRevB.79.075407

	1. Introduction
	2. Simulated device and approach
	3. Results and discussion
	4. Conclusion
	 Acknowledgments
	 References

