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The coherent, interlayer resistance of a misoriented, rotated interface between two stacks of AB
graphite is determined for a variety of misorientation angles. The quantum-resistance of the ideal
AB stack is on the order of 1 to 10mQ um?. For small rotation angles, the coherent interlayer
resistance exponentially approaches the ideal quantum resistance at energies away from the charge
neutrality point. Over a range of intermediate angles, the resistance increases exponentially with
cell size for minimum size unit cells. Larger cell sizes, of similar angles, may not follow this trend.
The energy dependence of the interlayer transmission is described. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4841415]

There is rapidly growing interest in vertically stacked van
der Waals materials for electronic device applications.'™” In
such structures, the interfaces between different materials
will, in general, be misoriented with respect to each other.?
THz cutoff frequencies have been predicted for such devices.®
At such high frequencies, any small series resistance can de-
grade performance. For example, an emitter contact resistance
of 2.5 Q um? is required to achieve a THz cutoff frequency in
a heterostructure bipolar transistor.” Understanding the effect
of the misorientation on the interlayer resistance is required to
fully understand the design requirements and performance of
proposed vertically stacked devices.

The most well studied and well understood of the van
der Waals material are graphite and graphene.®'*"'® There is
a long history of investigations of the c-axis resistance of
graphite.'"'*'*!7 This body of work focused on stacks of
kish graphite or highly ordered pyrolytic graphite with a ran-
dom ensemble of stacking faults in the diffusive limit.

The effect of misorientation on the electronic structure of
bilayer graphene has been studied extensively both theoreti-
cally and experimentally.'®>" After a few degrees misorienta-
tion, the in-plane dispersion becomes linear, and after about
10° misorientation, the in-plane velocity is the same as that of
single-layer graphene. Thus, the two misoriented layers of
graphene act as if they are electronically decoupled.

The interlayer resistance of misoriented bilayer graphene
has received less attention.”®>° The calculated coherent inter-
layer resistance as a function of rotation angle 0 is found to
vary by 16 orders of magnitude as the misorientation angle
changes from 0° to 30°.*® The values vary from approxi-
mately 10° Qum? to 0.1 Qum>. The room-temperature,
phonon-mediated interlayer resistance of misoriented bilayer
graphene shows far less dependence on the misorientation
angle.29’30 It changes by less than an order of magnitude as
the angle varies from 0° to 30°.2*%° Its calculated value is
approximately 100Q um? over a range of intermediate
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rotation angles.”’ Experimental measurements found approxi-
mately an order of magnitude larger resistance that varied
from 750 Q um? to 3400 Q um? as the angle varied from 5° to
24° 3931 Calculations of the interlayer magnetoresistance of
misoriented bilayer graphene ribbons show a large magnetore-
sistance ratio accompanied by large transmission peaks or
Fano resonances resulting from edge states.>”

In this work, we calculate the transmission through two
stacks of AB graphite that are rotated with respect to each
other at their interface. In such a structure, the semi-infinite
AB graphite stacks act as ideal leads so that injection is
well defined using the usual non-equilibrium Green function
(NEGF) approach. The resistance can be calculated for
0 = 0° providing a minimum baseline value. This type of
structure is consistent with the proposed vertically stacked
van der Waals structures. We determine the coherent, inter-
layer resistance for a wide range of rotation angles. The
energy dependence of the coherent interlayer resistance is
calculated and discussed.

The twisted bilayer graphene (TBG) supercell (i.e., the
primitive cell of the commensurate twisted bilayer) is created
following the method described in Ref. 23. The top layer of
the TBG supercell is used to create an AB stacked bilayer
graphene supercell which, in turn, is used to create the top
contact. Similarly, the bottom contact is created using the
bottom layer of the TBG supercell. Thus, the twisted struc-
ture consists of two AB oriented stacks that are rotated with
respect to each other as shown in Fig. 1.

The interlayer coherent transport through the twisted
structure is modeled using the NEGF formalism with an em-
pirical tight binding Hamiltonian. The coherent resistance is

calculated using
of
TE)| —==
w(-Z)
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where f(E) is the Fermi function. The transmission T(F) is
given by T(E) = [,«p,dk T(E,k), where k is 2D wave vector
in the TBG Brillouin zone and T(E, k) is the wavevector
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FIG. 1. Atomistic geometry of the rotated interface. It consists of two AB
oriented stacks that are rotated with respect to each other. The interface
layers where the misorientation occurs have been colored for visualization.
The two misoriented layers are the “device” in the NEGF calculation.

resolved transmission calculated using NEGF. A tight-binding
Hamiltonian is used. The in-plane nearest neighbor hopping
element is r=3.16eV."? The model developed by Perebeinos
et al. is used for the out-of-plane coupling.”® Details of the
methods are given in the supplementary material.*

Figs. 2(a) and 2(b) show the zero-temperature, interlayer
resistance over a range of Fermi energies from *1 eV around
the charge neutrality point in Fig. 2(a) and from *0.7eV in
Fig. 2(b) for a range of rotation angles from 0° to 27.79°.
The lowest curve is the coherent resistance of the ideal AB
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stack with 0 = 0°. This resistance is the fundamental limit-
ing “quantum resistance” inversely proportional to the num-
ber of transverse modes available to carry the current at a
given energy. This quantity has recently been calculated for
other materials to determine the fundamental lower limit on
the contact resistance.**

The magnitude of the coherent interlayer resistance
increases several orders of magnitude as the layers become
misaligned. The legends in Figs. 2(a) and 2(b) are ordered
according to the size of the corresponding commensurate
unit cell so that, among the rotated interfaces, 6 = 21.8°
gives the smallest unit cell and 0 = 2.87° gives the largest
unit cell. For angles >7.34°, the magnitude of the resistance
increases with the size of the unit cell. This is the same trend
found for the coherent, interlayer resistance of bilayer gra-
phene discussed in Ref. 29. The resistances for angles
< 7.34°, fall off rapidly as the energy moves away from the
charge neutrality point, so that at larger energies, this trend
fails for the smaller rotation angles.

All of the angles shown excepr 20.31° fall along the line
of minimum unit-cell size shown in Fig. 2 of Ref. 23. A
1°-2° change in the rotation angle can change the commen-
surate unit cell size by over 3 orders of magnitude. Thus, it is
interesting to consider two very close angles with a large dif-
ference in cell size. Two such angles are 21.78° in Fig. 2(a)
and 20.31° in Fig. 2(b). These two angles differ by 1.47°, yet
the 21.78° rotation gives the smallest unit cell with a lattice
constant of 6.51 A, and the 20.31° rotation gives the second
largest unit cell with a lattice constant of 36.23 A. Near the
charge neutrality point, the resistance of the 20.31° structure
is the highest of all of the structures. This follows the trend
of increasing resistance with unit cell size. At energies
*0.2eV away from the charge neutrality point, the resist-
ance rapidly falls 4 to 5 orders of magnitude and approaches
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FIG. 2. (a, b) Zero temperature coherent contact resistance of twisted bilayer graphene as a function of Fermi Energy for different rotation angles. (c, d) Room
temperature coherent contact resistance of twisted bilayer graphene as a function of Fermi energy for different rotation angles.
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the resistance of the 21.78° structure. This can be understood
by considering the extended zone scheme of the reciprocal
lattice. At this energy, the Fermi surfaces around the K
points that coincide in the extended zone scheme of the
21.78° structure just begin to touch.

We refer to the magnitude of the K points of the 21.78°
structure in the extended zone scheme as K,. They are illus-
trated in Fig. 3. They lie in the second Brillouin zones and
their magnitude is K, = \/7[(0, where K|, is the magnitude of
the K point in the first Brillouin zone, K, = ‘3‘—’;, and
a=246A. At a rotation angle of 20.31°, these points are
misaligned by 60 = 1.47°, and their centers are misaligned
in k-space by ok = v/7Ko30 = 0.116 A~". The radius (k,) of
the Fermi circle in the k, — k, plane of ideal AB graphite at
E=0.2eVis k.- =0.058 Aq = 0k/2. Thus, at E=0.2¢eV in
the 20.31° structure, the Fermi surfaces begin to touch
around the K, points. In the extended zone scheme, at low
energies, in the 20.31° structure, conduction takes place at K
points with a magnitude of v/217K,. At E=0.2eV, conduc-
tion begins at the K, points with a magnitude of \/7K,. Since
the matrix element coupling the states decays exponentially
with the magnitude of k, there is a sudden decrease in resist-
ance when a channel opens at a much smaller k-point in the
extended zone.?®

As the magnitude of the energy increases, new channels
open around K-points in the extended zone. When these K
points are closer to I', the resistance suddenly drops and
approaches a new value dominated by the transmission
through the smaller K points. For example, at ~0.8 eV, the
0 = 17.89° structure begins to conduct around the K, points
and its resistance falls several orders of magnitude to that of
the 0 = 21.78° structure. When the resistance falls to the
same order of magnitude as that of the ideal AB structure, it
indicates that the transmission is taking place around the
K-points of the first Brillouin zone. At higher energies, this
is the dominant transport channel for all of the low-angle
structures as can be seen in Fig. 2(b).

When a new channel opens up in the extended zone
scheme, it will generally appear in the reduced zone of the
commensurate primitive cell as a sudden movement of the
transmission in k-space. This results from the fact that new K
points in the extended zone do not, in general, map onto the
K points of the reduced Brillouin zone. For the 20.31°
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FIG. 3. Upper right quadrant of the extended Brillouin zone. The unrotated
K-points are red, and the rotated K-points are blue. The rotation angle is
20.31°. In the second Brillouin zone, at a distance \/71(0 from I, the
K-points of the unrotated and rotated lattices are misaligned by 1.47°. At
low energies, transmission takes place around a K point with magnitude
WKO. At 0.2 eV, transmission begins around the K-point at \/7[(0.
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FIG. 4. Room temperature coherent (R,.) resistance as a function of the com-
mensurate unit cell size at Er=0.26eV. The corresponding angles are
shown in the figure.

structure, the transmission in the reduced Brillouin zone
shifts from the K point to the M point at E=0.2¢eV.

The coherent interlayer resistances at 7T=300K are
shown in Figs. 2(c) and 2(d). They are obtained by convolv-
ing the transmission with the room temperature thermal
broadening function in Eq. (1), which removes the sharpest
features from Figs. 2(a) and 2(b). At room temperature, the
interlayer resistances for angles < 7.34° exponentially decay
with energy towards the ideal unrotated value.

The room temperature resistance values for all structures
are plotted in Fig. 4 at a Fermi energy of 0.26eV as consid-
ered in Refs. 28 and 29 for rotated bilayer graphene. The val-
ues are also listed in Table I. The trend of exponentially
increasing resistance with unit-cell size is clear for rotation
angles > 9.34°. An abrupt, three order of magnitude discon-
tinuity in the trend occurs between 9.43° and 7.34° for the
low rotation angles. In these structures, transmission is tak-
ing place around the K-points of the first Brillouin zone.

There is also the one outlying point from the 20.31°
structure. While its unit-cell size is huge, and it is not a small
angle, its resistance is far off of the initial trend. It has the
same resistance as the smallest 21.78° structure. That is
because, at an energy of 0.26eV, its transmission is taking
place around the same K points in the extended zone as that
of the 21.78° structure.

TABLE 1. Coherent resistance R., as a function of rotation angle and
primitive-cell lattice constant. Resistance units are (Q um?). Angles are in
degrees and the lattice constants are in A. T=300K and Er=0.26eV. The
angles are ordered according to the supercell size from smallest to largest.

Rotation angle 0 Lattice constant No. of atoms R.

AB 2.46 2 3.89%x 1073
21.78 6.51 28 3.28
27.79 8.87 52 27.7
13.17 10.72 76 363
17.89 13.69 124 1860
9.43 14.96 148 4080
15.17 16.13 172 3720
16.42 17.22 196 16400
7.34 19.21 244 0.90
6.00 23.46 364 5.55
5.08 27.71 508 0.24
4.40 31.97 676 4.03 x 1072
3.89 36.23 868 1.69 x 102
20.31 36.23 868 7.11
2.87 49.01 1588 7.45%x 1073
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The vast number of huge commensurate primitive cells a
small rotation angle away from much smaller primitive cells,
as shown in Fig. 2 of Ref. 23, will not follow the exponential
trend of resistance versus cell size at any energy a few hun-
dred meV away from the charge neutrality point. Instead, their
finite Fermi surfaces will overlap at some much reduced K
point in the extended zone, and those K-points, corresponding
to a much smaller cell size, will control the conductance.

In conclusion, the quantum-resistance of ideal AB gra-
phene is on the order of 107° — 1072 Qum?. For small
misorientation angles, the coherent interlayer resistance
exponentially decreases towards the ideal, unrotated AB
value at higher energies. For intermediate angles of minimal
cell sizes, the coherent interlayer resistance exponentially
increases with cell size. For intermediate angles with very
large cell sizes, the resistance will correspond to a much
smaller cell size of a nearby angle for any finite Fermi
energy of a few hundred meV.
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