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Recent developments in the technology of van der Waals
heterostructures? made from two-dimensional atomic crys-
tals>* have already led to the observation of new physical
phenomena, such as the metal-insulator transition® and
Coulomb dragS, and to the realization of functional devices,
such as tunnel diodes’:, tunnel transistors®'® and photovoltaic
sensors'.. An unprecedented degree of control of the electronic
properties is available not only by means of the selection of
materials in the stack™, but also through the additional fine-
tuning achievable by adjusting the built-in strain and relative
orientation of the component layers'-"7. Here we demonstrate
how careful alignment of the crystallographic orientation of
two graphene electrodes separated by a layer of hexagonal
boron nitride in a transistor device can achieve resonant tunnel-
ling with conservation of electron energy, momentum and,
potentially, chirality. We show how the resonance peak and
negative differential conductance in the device characteristics
induce a tunable radiofrequency oscillatory current that has
potential for future high-frequency technology.

The growing catalogue of two-dimensional (2D) crystals allows
us to construct increasingly complex van der Waals heterostruc-
tures’ 11819 The combination of a hexagonal boron nitride
(hBN) barrier layer sandwiched between two graphene electrodes
is particularly attractive”3? because of the exceptional crystalline
quality and the small lattice mismatch of these two materials. For
example, by utilizing a third (gate) electrode, recently it was
proved possible to make a novel type of field-effect transistor in
which tunnelling between the two graphene electrodes is controlled
by the gate voltage®?!. In the prototype versions of these devices, the
crystalline lattices of the component layers were not intentionally
aligned”®%°, which meant that tunnelling between the two graphene
electrodes required a defect-assisted momentum transfer, so the
tunnelling was not strictly resonant.

Here we report a new series of tunnel transistors in which the
crystal lattices of the two graphene layers are intentionally aligned
to a high degree of precision (within 2°) during the fabrication pro-
cedure. Our measurements and theoretical modelling of the device
characteristics reveal that the current flow is dominated by tunnel
transitions in which both energy and in-plane momentum are con-
served. The resonant conditions exist in a narrow range of bias

voltages, and result in a resonant peak in the current-voltage
characteristics, which leads to a strong negative differential conduc-
tance (NDC). In the NDC region, our devices generate radiofre-
quency oscillations when connected to a simple inductor—

Figure 1| Schematic representation of our device and its band structure.
a, Device schematics with an exaggerated angle 6 between two graphene
layers (separated by a hBN tunnel barrier shown in light blue). The
heterostructure is placed on a SiO,/Si substrate (magenta/light grey), which
serves as an electrostatic gate. Both graphene layers are independently
contacted by Cr/Au metallization (yellow). b, A rotation by 6 of the two
graphene layers in real space corresponds to the momentum shift AK*
between two Dirac points. c-e, Relative alignment between the top

(left cones) and bottom (right cones) graphene Dirac points; the boundary
between magenta (empty states) and blue (filled states) marks the

Fermi level.
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Figure 2 | The device characteristics at 2K. a-c, Experimental. d-f, Theoretical simulations. a,d, Current density-voltage curves at different V, (red, green
and blue lines for +40, O and -40 V, respectively). b,e, Conductance dl/dV plots as a function of V,, and V, (colour scale is blue to white to red, -5 uS to
O pS to 5uS). cf, |d?1/dV?| plots as a function of Vj, and Vg (colour scales are arbitrary and matched for ¢ and f). The solid lines in b and ¢ are theoretical
simulations and correspond to different resonant conditions. Red and blue lines correspond to events when the Fermi level in one of the graphene layers

passes through the Dirac point. The green lines correspond to the event depicted in Fig. 1c, and the yellow lines to the event depicted in Fig. 1d. Device
characteristics: active area ~8 um?, hBN barrier thickness 1.4 nm (four layers), 6~ 1.8°.

capacitor circuit. This proof-of-principle experiment points the way Figure la shows a schematic diagram of our transistor, and
towards new applications for graphene-based resonant tunnelling  Fig. 2a shows the dependence of the current density, /, measured
devices in high-frequency electronics. at 2K as a function of the bias voltage, V}, for three different
2
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Figure 3 | Effect of an in-plane magnetic field on resonant tunnelling in the same device as in Fig. 2. a, Trajectories of the charged quasiparticles tunnelling
from top (left) to bottom (right) graphene layers in zero (black arrow) and finite (purple arrows) magnetic fields (thick black arrow) caused by the Lorentz
force. b, The resulting shift (green and blue hexagons) of the Fermi surface caused by an in-plane magnetic field, exaggerated for clarity. Here the red and
green/blue hexagons represent corners of the Brillouin zones for the top and bottom graphene layers, respectively. c-f, Experimental data (c,e) and
theoretical modelling (d,f). ¢ d, dI/dV maps measured with a 15 T in-plane magnetic field applied (colour scale is blue to white to red, -4 uS to O pS to 4
uS). ef, Difference between the dl/dV maps with and without the in-plane B field (colour scale is blue to white to red, -0.4 uS to O puS to 0.4 uS).

values of the gate voltage, V,. We observed a strong peak in J(V},),
followed by a region of NDC, both of which persisted up to room
temperature. We attribute this peak to resonant tunnelling of the
carriers between the two graphene electrodes with momentum con-
servation. To display in more detail the key features of the device
characteristics, Fig. 2b,c presents colour-scale contour maps of the
dependence of the differential conductance (dI/dV;,) and dI/dvi 2
on V;, and Vj, where I is the current. In Fig. 2b the regions of the
NDC are shown as blue areas. Furthermore, weaker resonances
can be seen as a transition from pink to red colours.

To explain the physics of the electron tunnelling in these devices,
we used a theoretical model??~2* that takes into account the unique
band structure of graphene and the physics of the eigenstates of the
massless Dirac fermions in the graphene layers on the device charac-
teristics. The results of this model, shown in Fig. 2d-{, reproduce the
measured device characteristics. Here we focus on the case of a small
angular misalignment, 0, of the two graphene lattices (see Fig. 1a),
which corresponds to a rotation of the two graphene Brillouin
zones in momentum space (see Fig. 1b). In particular, the neutrality
points at the six K points of the Brillouin zone, #K; (where i=1, 2
and 3 identify equivalent corners, + distinguishes between the K and
K’ valleys and # is the reduced Plank constant) are displaced by the
wavevectors AK; =1, x K.

The resulting intersections of the Dirac cones, which visualize
the conditions for resonant tunnelling of electrons between two
layers, are shown in Fig. lc-e for characteristic regimes of bias

voltage. They display the energy shift of both Dirac cones and
Fermi levels as the carrier concentrations in the two graphene
layers change because of changes in the bias and gate voltages.
Figure lc and Fig. 1d illustrate how the conditions for resonant
tunnelling can be satisfied. The case shown in Fig. 1d is of particular
importance because the tunnel current is maximized when the
momentum difference, AK, is compensated by changing electrosta-
tically the energy difference of the two Dirac cones by an amount
+hvpAK(valid for small 6; here vy is the graphene Fermi velocity).
In this case the conical dispersions in the two layers intersect
along a straight line and a large fraction of the states along that
line are occupied in one layer and empty in the other layer, which
thus facilitates a large resonant tunnel current. Figure le demon-
strates the case at a yet higher bias voltage between the top and
bottom graphene layers, in which the in-plane momentum is con-
served only for a small number of states (far away from the Fermi
levels of the two graphene electrodes), and thus leads to a reduction
in the current. We now consider the detailed features of the
measured differential conductance map in Fig. 2c. The red and
blue lines in Fig. 2c are theoretical simulations and correspond to
the situation in which the Fermi levels of the top and bottom gra-
phene layers pass through Dirac points. These lines are universal
features for all graphene-to-graphene tunnelling systems regardless
of their relative alignment, and can be obtained using a simple
electrostatic model (see Supplementary Section 2). The density of
states (DOS) of graphene close to the Dirac point varies linearly
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Figure 4 | Radiofrequency oscillator based on a resonant tunnelling transistor, T =300 K. a, J(V},) characteristics with (blue line, L =1 mH) and without
(dashed black line, L =0 H) an external LC circuit (L, inductance; Cyy, total capacitance). The red curve shows the V,, dependence of the peak-to-peak
amplitude of the oscillations. b, Resonant frequency of the oscillator (schematics shown in the top-left inset) versus the inductance of the LC circuit. For this
device the total capacitance of the assembly was estimated from a simple circuit model (see top-left inset) to be 65 pF. The red line is a model fit to the
data. Bottom-right inset shows V, as a function of time for L =1 mH. ¢, A dl/dV}, map measured with a 330 pH inductance (red to white to blue, -0.7 puS to
O pS to 0.7 uS), d, Corresponding amplitude map (red to yellow to violet, 0.5V to 0.26 V to 0.03 V). Device structure: active area ~120 pmz, hBN spacer

1.4 nm (four layers), 0~ 0.9°.

with chemical potential, that is DOS o |u|. Thus, the tunnel
conductance decreases when the graphene Fermi level crosses the
Dirac point because the DOS vanishes at this point. The small
but finite conductance at the Dirac point is caused by charge inhom-
ogeneity, which results in the DOS smearing at the Dirac point and
remaining non-zero®.

The set of green lines in Fig. 2b,c traces the low bias and relatively
weak resonance in the device characteristics when the chemical
potential of one of the graphene layers reaches the point at which
the two Dirac cones begin to overlap (Fig. 1c). These four lines
satisfy the condition py = (Ag + hvpAK)/2. The intersection of
these lines at V, =0 provides a good measure of the momentum
mismatch hAK = |e|V, /vp, and therefore gives an accurate estimate
of the misalignment angle, 6. For example, for the device shown in
Fig. 2, we estimate that 6 = 1.8°. It is interesting to note the geometry
of the intersection of the two Dirac cones under the conditions
shown in Fig. 1c and Fig. 2: they form hyperbolic solutions. The
wavevectors of the Dirac plane waves lie on three hyperbolae
obtained by 120° rotations of these hyperbolic solutions (see
Supplementary Section 1). The solutions remain hyperbolic for

4

’A(p| < hvpAK. This low bias resonance does not lead to NDC, but
it does give rise to a significant increase in conductance, as shown
in Fig. 2b.

The voltage dependence of the main resonance peak is shown as
yellow lines in Fig. 2b,c. In this case, the Dirac cones are shifted by
Ag = +hv;AK so that the intersection of the cones is a straight line
(that is, the wavevectors of the Dirac plane waves lie on straight lines
(see Fig. 1d)). In this situation, momentum is conserved for tunnel-
ling electrons at all energies between pr and g, and thus gives rises
to a strong peak in the current density at resonance. When the Dirac
cones are displaced further beyond this resonant condition, that is
for |Ag| > Ay AK, the curve of intersection of the two Dirac cones
becomes an ellipse (Fig. le). In contrast to the hyperbolic and
linear solutions, the elliptic solutions are bound—only wavevectors
limited by these ellipses can contribute to current density. The
reduction of the current once the Dirac cones are shifted off-reson-
ance is the physical mechanism that gives rise to the NDC region
beyond the resonant peak.

The main resonant peak, which would be Dirac-delta like in the
absence of broadening, has a finite width because of the presence of
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short-range scatterers, charge inhomogeneity in the graphene layers
or orientational disorder between two graphene layers because of
bubble formation'. Furthermore, as this mechanism of resonant tun-
nelling relies on momentum conservation, the position of the res-
onant peak and the peak-to-valley ratio are only weakly dependent
on temperature. This mechanism for NDC is only possible in the
graphene-graphene tunnelling system; for example, if one or both
electrodes are replaced with bilayer graphene, then, because of the
parabolic dispersion relation, the extended linear intersection is no
longer possible. In the modelled J-V,, characteristics (Fig. 2d-f)
we take into account the chirality of electrons (the momentum-
dependent phase shift of the wavefunction on the two sublattices
in graphene (see Supplementary Sections 1 and 2)). In the absence
of strain, however, the results stay qualitatively the same.

To confirm our proposed mechanism of resonant tunnelling we
performed additional measurements in which a magnetic field, B,
was applied parallel to the graphene layers, that is, perpendicular to
the tunnel current. Classically, the electron tunnelling between two
2D electrodes through a barrier of thickness d will acquire an
additional in-plane momentum edl, x B because of the action of
the Lorentz force?”?%. Depending on the orientation of the magnetic
field with respect to crystallographic directions of the two graphene
layers, the magnitude of the momentum transfer

hAK] =1, x [0hK] + edB, |

differs for each of the six Dirac cones at the corners of
Brillouin zone.

Figure 3c,d presents the measured and calculated, respectively,
tunnel conductance maps in the presence of a strong in-plane mag-
netic field, B||. In Fig. 3e, the measured contour maps at zero field
(Fig. 2b) and with a magnetic field (B| =15 T) (Fig. 3c) are sub-
tracted from each other. This ‘difference map’ reveals that the bias
positions of the resonances, which correspond to various momen-
tum-conservation conditions, are shifted significantly by the
in-plane field. At the same time, the positions of the yr = 0 and
pp = 0 resonances (which are insensitive to momentum conserva-
tion) in the dI/dV}, contour maps are almost unchanged. The fact
that the in-plane magnetic field affects only the resonances where
momentum-conservation processes are involved rules out possible
artefacts, such as a small perpendicular component of the
magnetic field.

One of the celebrated applications of devices with NDC is their
use as high-frequency oscillators, which typically are constructed
by connecting an external resonant circuit to the device. To this
end, as a proof-of-principle we built such an oscillator by adding
an inductance in series with our resonant tunnelling device when
utilizing the intrinsic and parasitic capacitance (Cy) as a capaci-
tance of the LC circuit (L, inductance; C, capacitance; see Fig. 4b).
When the bias and gate voltages are tuned to the NDC region, the
device undergoes stable sine-wave oscillations (see Fig. 4a,c). The
oscillation frequency can be tuned by varying the parameters of
the external circuit (see Fig. 4b).

The operation of an NDC-based LC resonator can be understood
as follows. Once excited, the LC circuit produces damped oscillations
that rapidly decay to zero. This is mainly caused by the internal dis-
sipative resistance, R, of the resonator, as well as other losses. When
the tunnel transistor operates in the NDC region, its negative resist-
ance cancels the internal lossy resistance, and thus supports continu-
ous stable oscillations at the resonant frequency of the LC circuit.
Interestingly, the shape of the J-V}, curve changes in the region of
stable oscillations, as compared with the case without the LC
circuit (see Fig. 4a). This is likely to be caused by the change in
the asymmetric rectification of radiofrequency oscillations in the
strongly nonlinear -V}, region.

To summarize, by aligning the crystallographic orientation of the
two graphene layers in a graphene/hBN/graphene heterostructure,
we have demonstrated that resonant tunnelling with both energy
and momentum conservation can be achieved. This results in a
strong NDC that persists up to room temperature. The bias position
of the resonance can be controlled by the relative orientation
between the two graphene crystalline lattices and by the external
magnetic field. Our tunnel diodes produce stable oscillations in
the megahertz frequency range, limited mainly by the parasitic
capacitance between the contact pads of our devices and the under-
lying Si gate. Much higher frequencies could be reached by reducing
this parasitic capacitance and that of the external circuit. Even
higher frequencies could also be achieved by fabricating a device
in a slot antenna configuration, in which the slot acts as a resonator
with the resonance frequency determined by the geometry of the
slot. Moreover, our tunnel devices are free of the fundamental limit-
ation intrinsic to conventional double-barrier resonant tunnelling
devices, namely the relatively long carrier dwell time (picoseconds)
in the quantum well as compared with the time to transit the barrier
(femtoseconds). This suggests that, potentially, such tunnel circuits
can be scaled to operate in the THz regime.

Methods

Device fabrication. The heterostructures are made by means of a standard dry-
transfer procedure of mechanically exfoliated graphene and hBN layers™?, with the
important additional step that the lattices of the top and bottom graphene flakes are
aligned to within 2° of each other. We used mechanically torn graphene flakes®® with
well-defined facets and were able to distinguish between the armchair and zig-zag
edges by comparing the intensity of the Raman D peak from the edges’!. This
allowed us to know the crystallographic orientation of both the top and bottom
graphene, and thus achieve a high level of alignment (see Supplementary Section 3
for details). An independent proof of the crystallographic alignment between the two
graphene electrodes comes from the measurements of the broadening of the Raman
2D peak for the two graphene flakes. Such broadening serves as a measure of the
rotation angle between graphene and the underlying hBN'>%2, and allowed us to
calculate the relative angle between the crystallographic directions for the two
graphene electrodes (see Supplementary Section 3 for details). To improve its
electronic quality, the bottom graphene electrode was placed on a thick layer of hBN
that overlay the SiO,/Si substrate, with the heavily doped Si wafer acting as a back
gate®. The two graphene layers were independently contacted with Cr/Au
metallization. We chose the thickness of the hBN tunnel barriers to be four
monolayers, which allowed us to work in a comfortable range of current densities
and bias voltages. The current density can be dramatically increased (4-5 orders of
magnitude)”® if thinner (2-3 layers) hBN or a material with a lower tunnel barrier
(such as WS,) is utilized 118,
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SUPPLEMENTARY INFORMATION

Twist-controlled resonant tunnelling in graphene/
boron nitride/graphene heterostructures

A. Mishchenko, J. S. Tu, Y. Cao, R. V. Gorbachev, J. R. Wallbank,
M.T. Greenaway, V. E. Morozov, S. V. Morozov, M. J. Zhu,
S. L. Wong, F. Withers, C. R. Woods, Y.-J. Kim, K. Watanabe,
T. Taniguchi, E. E. Vdovin, O. Makarovsky, T. M. Fromhold,
V. 1. Fal’ko, A. K. Geim, L. Eaves, K. S. Novoselov

1 Resonant tunnelling processes in graphene heterostruc-

tures

Here we describe the theoretical model for the tunnelling of Dirac electrons between two slightly
misaligned graphene layers, separated by a thin layer of misaligned hBN [1-5]. Angles 6 and
Opn, 0 < gy, describe the misalignment of the top graphene layer, and the hBN layer, with
respect to the bottom graphene layer. For the sake of simplicity, below we assume [0 <
|0pn| < 1rad, and hence use k - p theory (here i = 1). Also, we take into account that for
Opn = 0.04 radians the energy scale vp|+/(0%y + 02) K| is beyond the Fermi energy obtainable
by electrostatic doping (where 6 ~ 1.8% is the graphene-hBN lattice mismatch). Then, we
model a heterostructure with graphene sheets separated by a single hBN layer, so that the k-p

Ujop  Cky — ik, ex 0
. ; Hpn = .
Ckm +Zl€y Ul/UF 0 €EB

Here we use a basis of the Bloch functions (®%,®% 5N BN o8 d5) taken at the K (K')-point,
¢ = +(—), from the corresponding layer. The 2 x 2 blocks Hy/p describe the Dirac electrons
in the top (7T") or bottom (B) graphene layers, with the voltage bias Ur — Ug = Ap included.
Hpgy describes states on the nitrogen (with energy ey) and boron (with energy ep) sublattices
of the hBN layer. The coupling between the graphene layers (I = T or B) and the hBN layer
is adapted from Ref. [6] and similar theories of twisted two-layer graphene [7-12],

i —iZ5(¢5-1)
Hint,l = é Z e_ZAKCT/B,j‘T ( "YN 04: 1K) ) .

27 -
= (¢j—1
j=1,2,3 INeE 3 ( ) B

Hamiltonian is

H = HiTnt,T Hpy HiTnt,B i Hi—r/p =vp

Hy  Hingr 0 (
0 Hwp Hp
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The momentum shift AK ij =K ij - K5, w; describes the misalignment of the Brillouin zone
corner of the hBN lattice, K CB ~;» from the Brillouin zone corners, K lC ;» of each of the graphene
layers. The Brillouin zone corner label, j, is consistent with Fig. 1 of the main text. Also yn/p
are the hopping integral to the nitrogen sites (vyy) or the boron sites (vg).

Next, we integrate out the hBN layer to obtain the effective Hamiltonian acting in the space

of states in the two graphene layers,

Hp 0O O0Hpp OH: H, 1
off, \ _ (HT _ _ rT OdTp\  (Hint,T t
H(e) = (O HB) +0H (€); 6H(e) = <5H}B 5HBB> = <Hint,B> T~ <Hmt’T Him’B> .

The effect of the intralayer terms, 0H7r and 0H g, consists in the formation of moiré minibands
[13,14], which modify graphene’s spectra at energies E > vp|\/(0%y + 02)K|. For Oz = 2°,
this energy is higher than the energy where features in the current-voltage characteristics are
formed for obtainable carrier densities in graphene, so that we only consider the effective
interlayer hopping. For the same reason, we do not retain terms in 0H(e) that cause the
wavevector transfer of finite hBN reciprocal lattice vector: this would scatter electrons to a
high energy region of graphene’s Brillouin zone that will not contribute to the tunnelling. Also,

since we consider |e| < |ey], |eg|, we find that

e 15 (G=1)

eff 2 2

Y —iAKS 1 off TN B
0Hrp = g e o , here =—— - =
B 3 o123 ’ <€123(<J1) 1 > W v SEN 363

A magnetic field, By, applied in the plane of the device, results in an additional momentum
transferred to the tunnelling electron, so that the momentum shift (AK 5 =K % ;i — K CBJ ~

ol x K§ for B = 0) becomes,
AKS =1 x 0K + edB |, (S.1)

with e the electron charge, I, = (0,0, 1), and d the separation between the two graphene layers.

€

For a single-layer hBN tunnel junction we estimate v*f ~ 10meV using assumptions from

Ref. [6]. For a device with several hBN layers between the graphene sheets, we treat v*% as a

phenomenological parameter which determines the size of the matrix elements between Dirac

plane waves WCT éf/B(kT/B» = \% (1, CST/Bei@SkT/ 5 ) etkr/5T in the two graphene layers (here

or, = tan~'(ky/k;) and sp/p==£1 is the band index),

T B (277)2'Yeﬁ ¢
(V¢ sp (k) [0HTB|YE 5 (KB)) = —3 gokr—kp+AK?}), (S.2)
j:17 b
1 —i( (-1 ~Cng ) (2 (¢~ —~Cony )
g—2<1+<836 ><1+C8T€ >

Then, the Fermi golden rule for the current density, formed by the tunnelling of electron plane

2
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waves between the two graphene flakes reads,

—€gs 1 T (k)| 6HrplB. (kg))|?
J = < /ddekT—ImKwC’ST( T)’ TB‘wC:SB( B)H ( 5Bk . 5Tk ) (83)
(271')3 X T STUF‘kT"f‘AKP—SBUF’kB’—Z’y B.kB 7.kT
sSBST
HT/B

Here g, = 2 accounts for spin degeneracy, and f are the occupancy numbers written

st B.kr/B
using the chemical potentials p7/p on the two layers. Also, we take into account a finite
broadening, ~, of electron states.

In the limit v — 0 the allowed tunnelling processes for electrons in each valley must

simultaneously conserve both energy and momentum:
STUF|kB — AK§| + ALP — SBUF“CB‘ =0.

This constraint is clearly seen in Supplementary Fig. 1, which shows the dependence of the
current density on the band offset Ap for 6 = 0.5° (correspondingly vp|AK §| = 0.1eV). The
right panel of each insets shows the relative alignment of the Dirac cones on the bottom
layer (grey) and the top layer (blue), for particular values of Ap. The left panels show the
contribution to the current density arising from states in the valley K for electrons on the
bottom layer. Here the four sub-panels correspond to tunnelling between the bands: conduction
to conduction, valence to conduction, valence to valence, and conduction to valence (listed
clockwise from top left). The contribution of states with momentum near the valley K’ can be
described by rotating these images through 60°. In the absence of a magnetic field, graphene’s
two valleys make the same contribution to the current density, whereas in a finite B this
valley degeneracy is lifted. Depending on the value of |Ap| — vp|AK §| we find that:
(i) For |Ap| > UF|AK§-| the wavevectors lie on an ellipse parametrised by 0 < ¢ < 27,

ZIAKS
o — \/wsm(qﬁ) sp=1, sp=—1 for Ap>0 (S.4)
B |AKS| ’ —_ — '
%cos(qb)%—T sp=—1, sp=1 for Ap<O0.

This is exemplified in Supplementary Fig. 1 (a,b) which show that the dominant contribution
to the current density arises from the three ellipses described by 27 /3 rotations of Eq. (S.4),
where the chirality factor g in Eq. S.2 modulates the tunnelling efficiency along the perimeter
of each ellipse.

(i) For |Ap| < vF|AK§| the states lie on a hyperbola parametrised by —oo < y < oo

sinh(x)

AKS ’
SB%‘% cosh(x) + %

\/ |AKS[2—(Ap/vp)?
— 4

kg for sg=sr=1and sp=s7= —1 (S.5)

This is exemplified in Supplementary Fig. 1 (e-f) where only half of each hyperbola is visible
due to the chirality of the electron states in graphene.

(iii) Insets (c,d) in Supplementary Fig. 1, single out the special case |Ap| = vF|AK§|. Here

3

© 2014 Macmillan Publishers Limited. All rights reserved.



a) Ap=0.2¢V

C) Ap=-0.1eV

i

A

€ Az,o—-O O5eV

x ﬁﬂ‘ 1T

Supplementary Fig. 1: Dependence of the current density on band offset Ap for § = 0.5°,
B =0, and pp = —pr = 0.5eV. The insets, calculated for v = 5meV, show the contribution
to the current density arising from states with momentum kg in valley K of the bottom layer
(see discussion in text).

the wavevectors lie on the straight lines separating elliptical (i) and hyperbolic regimes (ii).
These give rise to sharp peaks in the current, the height and width of which is controlled by
the broadening 7.

2 Electrostatics and the current-voltage characteristics

of graphene based tunnelling transistors

The electrostatic properties of the device can be described in terms of a three-plate capacitor
model. The doped n-Si (plate) is separated from the bottom graphene layer by a 290 nm-thick
silicon oxide barrier and a 30 nm-thick hBN substrate layer. A hBN tunnel barrier, a few atomic
layers thick, separates the two graphene electrodes. The electric field generated by charge on
the gate electrode is only partly screened by the lower graphene layer, due to graphene’s low
density of electronic states when the chemical potential is close to the neutrality (Dirac) point.
For the case of chemically undoped graphene layers which, to a good approximation, is the
case in our devices, it can be shown that the bias voltage, V;, the gate voltage, V,, and the

chemical potentials in the top (u7) and bottom (up) graphene layers are related by the following

4
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equation:

e2dnyr

e p(nr) + png — nea(Vy)) + eV = 0, (5.6)
or equivalently, Ap + pur — g + eV, = 0. Here ¢, is the vacuum permittivity, d and egy are the
thickness and dielectric constant of hBN, respectively, and pr = p(nr) and np are the Fermi
energy and sheet carrier density in the top graphene electrode. The chemical potential has a
square-root dependence on carrier density, n, given by p(n) = fvp \/W . The gate-induced
carrier density on the doped n-Si layer, n.,(V,) is defined by the gate capacitance and gate
voltage. The term Ap/e is the electrostatic voltage drop between the two graphene layers and
represents the classical capacitance of the device. The Dirac cones are displaced in energy by
an amount Ap. The second and third terms in Eq. S.6 result from the quantum capacitance of
the top and bottom graphene layers respectively [15]. By changing the bias and gate voltages,
the electrochemical potentials (ur ) of the graphene layers can be adjusted interdependently.

In Supplementary Fig. 2 we have employed the electrostatic model, Eq. (S.6), to recalculate
the parameters pp, pr and Ap, used in Eq. (S.3), into the gate and bias voltages V, and
Vp. Supplementary Fig. 2 (a) displays the zero-magnetic-field current density J/.Jy and the
differential currents j—éRg and %R%, normalised to their peak values Jy, Ry I and Rl_l/ 2
obtained at the values of Vj, and V, marked by a white crosses in the figure. Maxima in .J/J,
and corresponding features in j—éRo and j—{/;Rf, occur along such lines on the Vj-V; plane
that |Ap|=vr|AK §|, and are visible in the main panels of Supplementary Fig. 2(a). Features
corresponding to the characteristic lines yi0/5 =0 and pir/p = (Ap & UF|AK§|) /2 (discussed in
main text) are more clearly visible in the insets in Supplementary Fig. 2.

Supplementary figures 2 (b,c) show the normalised current density for two orientations of
the in-plane magnetic field, By = 15T. Here the length of the in-plane wavevector transferred
upon tunnelling (|AK §|, Eq. (S.1)) may be different for each of the six Brillouin zone corners
K']C Hence the features associated with the characteristic lines |Ap| = vF|AK§] and p; =
(Ap +vp|AK §|) /2 (which depend on |AK §|) are split into multiple features in Supplementary
Fig. 2(b,c). Note that the higher value of broadening, v = 40 meV, in Supplementary Fig. 3
(d,f) of the main text, as compared to v = 5meV in Supplementary Fig. 2, obscures the
above mentioned peak splitting so that the effect of the magnetic field is more subtle. This
is illustrated in Supplementary Fig. 3, which displays the normalised current, for cuts in the
V,-V4, plane at constant gate voltage, for both v = 5meV (panels a-c) and v = 40 meV (panels
d-f).

3 Crystallographic alignment of graphene layers

Devices were fabricated using the standard dry-transfer procedure [16], with one critical step
added: during transfer the crystallographic orientations of the two graphene flakes were aligned

to within 2°, see 4e. To this end, for the device fabrication we selected mechanically exfoli-

>
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Supplementary Fig. 2: a) The current density J/Jy and the differential currents j—éRO and

g—‘I/QZR%, normalised to their peak values Jy, Ry ! and Rl_l/ ? obtained at the values of V, and V,
b

marked by a white crosses. Insets show the enlargement of the regions marked with dashed lines.
b-c) The same as (a) but including 15T in-plane magnetic fields oriented either perpendicular

(0 = 0°) or parallel (fp = 90°) to the carbon-carbon bonds in the bottom graphene layer
(zig-zag or armchair directions).
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Supplementary Fig. 3: The dependence of the current density (normalised to its highest ob-
tained value in (a)) for various gate voltages. Results are shown for the broadening v = 5 meV
and B = 0 as well as for two orientations of a 15T in-plane magnetic field (b,c). Panels (d-f)
show the same as (a-c) but for v = 40 meV.
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ated graphene flakes with edges oriented along crystallographic directions (so the facets of the
flakes comprise angles of multiples of 30°). Typically we use narrow ribbons (few micrometre
across) as the top and bottom graphene electrodes, so they form a junction of several square
micrometres in area at the place of their crossing, when oriented at 90° to each other.

We employ Raman spectroscopy in order to distinguish between zig-zag and armchair edges
and thus determine the crystallographic orientation of flakes with well-defined facets. It has
been shown previously [17] that the zig-zag edge of graphene should not produce any D peak, in
contrast to armchair edge. In reality, because the graphene edges are not perfect (even though
predominantly oriented) the typical ratio for the amplitude of the D peak from armchair and
zig-zag edges is around 1.5, Supplementary Fig. 4c,d [18].

Raman spectroscopy was performed at room temperature in the backscattering geometry using

a Renishaw inVia Raman microscope. A grating with 2400 lines mm™!

was used, providing a
spectral resolution of &1 em™!. An excitation laser source of 514 nm with power less than 0.7
mW was used in the measurements, using a 100x objective. The excitation source is linearly
polarised in the horizontal direction of the sample plane. No peak evolution due to heating or
beam damage were observed during each individual scan. Peak intensity maps were obtained
from fits of the graphene-associated Raman D peak with baseline corrections accounted for.
Supplementary Fig. 4a,b presents the spatial map of the Raman D peak amplitude for the top
and bottom flakes. By comparing the amplitude of the D peak from the long edges of the
top and bottom graphene electrodes (4d) we confirm that they most probably have different
chirality (zig-zag for the top graphene electrode and armchair for the bottom), which confirms
that the two electrodes are crystallographically aligned.

Moreover, it has been demonstrated previously that due to the reconstruction of graphene
lattice, the Raman spectrum of graphene on hBN changes [19] if the misorientation angle
between the two crystals is less than 5°. In particular, the 2D peak becomes significantly
broadened. This gives one a tool to determine the relative orientation of graphene with respect
to hBN.

By comparing the broadening of the 2D peak of the top and bottom graphene electrodes (in
case they both rest on the same monocrystalline flake of hBN) one can conclude on the relative
orientation between the two electrodes. This technique, however, is limited to the cases when
crystallographic orientation of the graphene flakes is within 5° with respect to that of hBN.

Supplementary Fig. 5 presents measurements of the broadening of the 2D peak for the top
and bottom graphene for the device presented in Supplementary Fig. 4. Measurements suggest
that the top and bottom graphene crystals are aligned to the crystallographic orientation of
the underlying substrate hBN by £2° and £3° degrees respectively. This means that the
graphene layers are misoriented with respect to each other either by 1 degree (if the sign of
misorientation to hBN is the same) or by 5 degrees (if the misorination to hBN is of the opposite
signs). The position of the resonances in the tunnelling current suggest that indeed, the flakes

are misoriented by 1°.
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Supplementary Fig. 4: Crystallographic alignment of the two graphene layers in the resonant
tunnelling device (shown in panel (e)). Panels (a-c) show Raman D peak intensity maps - top
(a) and bottom (b) graphene layers for device, and mechanically exfoliated graphene flake (c)
with 90° angle between edges. Laser is linearly polarized along horizontal axis. Panel (d) is the
D peak intensity ratio between armchar to zigzag edges. Panel (e) is the optical micrograph of
the studied device, scale bar 10 ym. Red and blue rectangles outline regions mapped on panels
(a) and (b), respectively.
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Supplementary Fig. 5: Crystallographic alignment of the two graphene layers in the resonant
tunnelling device (device shown in 4e). Panels show Raman 2D peak full width at half
maximum maps: top (a) and bottom (b) graphene layers for device. Scale: blue to white to
red, 0 to 15 to 30 cm™!. Pixel size is 0.5 um.

4 Results obtained for other devices

We fabricated several aligned devices. The data for one of the devices is presented in the main
text. Supplementary Fig. 6 shows J — V}, characteristics as well as contour plots of dI/dV,, and

d?I/dV;? for two more aligned devices.

5 Room Temperature Operation

In Supplementary Fig. 7 we demonstrate the room temperature operation of the device pre-

sented in the main text.

6 Comparison with resonant tunnelling in conventional

resonant tunnelling devices

Previously, it has been demonstrated that graphene/hBN /graphene devices should not exhibit
instabilities which would result in intrinsic oscillations [20]. In conventional double barrier
resonant tunnelling devices (DBRTDs), the build-up of charge in the quantum well leads to
a delay of the current with respect to the voltage which can be represented in terms of an
inductance in the equivalent circuit of the device [21-23]. This effective inductance, which is
an important feature in the operation of DBRTD oscillators, is absent in our single barrier
devices [20].
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Supplementary Fig. 6: Tunnelling characteristics of two additional devices with different mis-
alignment angles. T' = 2 K. Left panels - device with 0.9° misalignment angle, right panels -
device with two misalignment angles: 0.6° and 1.1°, possibly due to the presence of a large
bubble in the active area of device. a) and b) J — V}, characteristics, ¢) and d) dI/dV} contour
plots, e) and f) |d*I/dV;?| contour plots. Device area: 120 um? for a, ¢, e and 100 yum? for b, d,

f.
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Supplementary Fig. 7: Tunnelling characteristics of the device presented in main text, measured
at 300K. a) J — V, characteristics, b) dI/dV; contour plot, ¢) |d*I/dV;?| contour plot.
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