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% Check for updates The control of elastic and inelastic electron tunnelling relies on materials

with well-defined interfaces. Two-dimensional van der Waals materials are
an excellent platform for such studies. Signatures of acoustic phonons and
defect states have been observed in current-to-voltage measurements.
These features can be explained by direct electron-phonon or electron-
defectinteractions. Here we use a tunnelling process that involves excitons
in transition metal dichalcogenides (TMDs). We study tunnel junctions
consisting of graphene and gold electrodes separated by hexagonal boron
nitride with an adjacent TMD monolayer and observe prominent resonant
featuresin current-to-voltage measurements appearing at bias voltages
that correspond to TMD exciton energies. By placing the TMD outside of the
tunnelling pathway, we demonstrate that this tunnelling process does not
require any charge injectioninto the TMD. The appearance of such optical
modes inelectrical transportintroduces additional functionality towards

van der Waals material-based optoelectronic devices.

Theisolation of two-dimensional (2D) crystals combined withadvances
in fabrication techniques has enabled the realization of new types of
materials, known as vander Waals heterostructures, in which different
atomiclayers are assembled together in a desired sequence’. Tailored
heterostructures comprising graphene, hexagonal boron nitride (hBN),
TMDs and other 2D materials are currently designed to display prop-
erties that are absent in the individual constituents, thus providing a
platform for fundamental studies®” and novel device applications®™°,
Inthis respect, tunnel junctions with different material combinations
form aninteresting system for investigating electron tunnelling pro-
cesses. Previous experiments have shown phonon-assisted resonant
electron tunnelling in metal-insulator junctions", in conventional
semiconductor heterostructures”and ingraphene-based systems®” .
Similarly, exciton-assisted resonant tunnelling has been observed

in conventional semiconductor quantum wells"*¢, Plasmon-assisted
resonant tunnelling has been investigated in metallic quantum well
structures hosting silver nanorods” and graphene-based structures®.
Furthermore, evidence for defect-assisted resonant tunnelling has
been observed in hBN-based junctions®.

Here we demonstrate exciton-assisted resonantelectron tunnel-
linginvander Waals tunneljunctions. Our electron transport measure-
ments reveal distinct resonant peaks that coincide in energy with TMD
excitons. We investigate the current-to-voltage (/-V) characteristics
of TMD/graphene/hBN/Au tunnel junctions and compare them with
TMD-free reference structures. Resonances observed in differential
conductance (d//dV) measurements agree with TMD exciton energies
despitethe factthatthe TMDis placed outside the electron tunnelling
pathway. These resonances can be explained by a one-step process
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Fig.1|Device schematics, band diagrams and /-V characteristics.

a, Illustration of agraphene/hBN/Au tunnelling device. The device is protected by
atop hBN layer (not shown for better visibility). A bias voltage V, applied between
the graphene and gold electrodes gives rise to a tunnelling current through the
hBN spacer. b, Band diagram of the device for positive V.. Electrons tunnel from
graphene to Au both elastically (not shown) and inelastically (kinked arrow).
c,Recorded /-V (red) and d//dV (blue) curves at room temperature from the
deviceina. Nodistinctive features are observed besides an overall asymmetry due
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totheelectronic density of statesin Au. The inset shows a zoom into the low-bias
region displaying phonon-assisted resonances. d, lllustration of a WS,/graphene/
hBN/Au tunnelling device, which includes a protecting top hBN layer (not

shown). e, Band diagram of the device at a positive bias. Electron tunnelling can
be mediated by the creation of excitons (encircled electron-hole pair) in WS,, as
indicated by thered arrow. f, Recorded /-V (red) and d//dV (blue) curves at room
temperature fromthe devicein d. A new feature appears near V,,=2.05 V. Theinset
shows azoom into the low-bias region displaying phonon-assisted resonances.

involvingindirect excitons and atwo-step process involving both pho-
nons and directexcitons. Both of these processes conserve energy and
in-plane momentum. Owing to the large exciton binding energies of
TMD monolayers??*, such as WS,, MoS,, WSe, and MoSe,, the resonant
features canbe observed at room temperature. While exciton-phonon
interactions in TMDs have been investigated by optical methods* %,
our study observes this interaction directly in electronic transport
measurements, shedding light on the ways excitons areinvolvedin the
conservation of momentum during tunnelling. Beyond its fundamental
interest, our work establishes a platform for the investigation of the
physical processes involved in the electrical generation of excitons
in TMDs.

Our reference device isillustrated in Fig. 1a, where the graphene
and Au electrodes are separated by a 3-4 nm layer of insulating hBN.
Applying a bias voltage between the two electrodes generates a tun-
nel current through the hBN barrier. The band diagram is depicted in
Fig. 1b for a positive bias voltage V,. The inelastic electron tunnelling
process, indicated by the kinked arrow, can be mediated by different
modes ofthe structure, including phonons, defects, photons and sur-
face plasmons®~*'. The measured /-V curve of such adevice s plotted
inred in Fig. 1c, which features a nearly exponential dependence on
V, for both polarities, in agreement with previous reports***, To gain
furtherinsight, we evaluate the differential conductance d//dV, shown
inblueinFig.1c. This plot reveals anasymmetry in bias voltage (that s,
the differential conductance increases more rapidly for negative V).
This canbe understood by the abruptincrease of the electronic density
of statesin Aufor negative bias voltages (Supplementary Fig. 9).In addi-
tion, some minute features can be observed near the zero bias region,

asshownintheinset of Fig.1c. The minimumappearingaround V,=0V
is claimed to be a signature of inelastic electron tunnelling assisted
by graphene phonons'. The latter mediate the in-plane momentum
mismatch between the electronic states in Auand graphene %,

As shown in Fig. 1d, we place a TMD monolayer on top of the gra-
phene electrode and investigate its influence on electron tunnelling.
Toavoid direct tunnelling between the TMD and Au, we place the TMD
flake fully inside the graphene area. The band diagram of aWS,-based
device is sketched in Fig. 1e for positive bias. Once eV, (e, elementary
charge) reaches the exciton energy of WS,, a new inelastic tunnelling
channel opens up. It arises from the coupling of tunnelling electrons
to WS, excitons, as indicated by the red arrow. Figure 1f shows the
measured /-V dependence (red curve) of the WS, device. It exhibits a
characteristic feature near V,, =2V, which is absent in the /-V curve of
thereference device (Fig. 1c). We attribute this suddenincreasein the
tunnelling current to the onset of exciton-assisted resonant tunnelling.
Note that this feature is not visible for negative V,, because it is masked
by the high current arising from the large electronic density of states
associated with 5d electrons in Au (Supplementary Fig. 9). For the same
reason, the breakdown voltage of the device is considerably lower for
negative V, and we cannot extend our measurements beyond -2 V.
Figure 1f shows the corresponding d//dV curve (blue). For near-zero
bias, it shows phonon-assisted resonances (inset), as in the case of
thereference device. In contrast to the reference device, however, we
now observe a pronounced resonance peak at ~2.05 V. The energy of
2.05 eVmatcheswell withthat of excitonic excitationsinmonolayer WS,
(refs. 22,23), which provides strong support in favour of the
exciton-assisted tunnelling mechanism.
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Fig.2| Temperature dependence of the tunnelling spectra. a-d, d//dV
measurements for WS, (a), MoS, (b), WSe, (c) and MoSe, (d) devices at
temperatures indicated by the legends.

Tosubstantiate our findings, we perform temperature-dependent
measurements for devices with different types of TMD monolayers.
Our results are shown in Fig. 2a-d for WS,, MoS,, WSe, and MoSe,. For
allofthese TMDs, we observe that the resonance becomes sharper and
stronger with decreasing temperature, an effect that we attribute to
the lower thermal broadening of both the electron distributionin the
electrodes and the exciton resonance.

For the WS, device, we observe a shift in peak position to larger
bias voltages, from-2.05V (290 K) to~2.07 V (10 K), consistent with the
temperature-dependent measurements of excitonic resonancesin WS,
(refs.34,35). Upon closer inspection, we find another resonance near
2.26 V, which becomes visible at low temperatures for the WS, device
(Fig. 2a and Supplementary Fig. 6a), suggesting coupling to excitons
of higher energy.

Measurements for a MoS, device are plotted in Fig. 2b, where a
main peak at V/,=2.1V is observed, exhibiting a similar temperature
dependence asthe WS, device. Aweak feature appears at slightly lower
V, and develops into two distinct shoulders at lower temperatures,

oneat-1.92 Vand anotheroneat~2.02 V (also Supplementary Fig. 6b).
Theirregular features at bias voltages beyond 2.2 V, especially at high
temperatures, can be attributed to measurement instabilities.

Forthe WSe, device showninFig.2c, we observe amainresonance
at V,=1.7V, and the temperature dependence is similar to the previ-
ous two devices. The wiggles appearing at higher bias voltages can
be assigned to measurement instabilities (Supplementary Section 3
and Supplementary Figs. 6 and 7). The MoSe, device plotted in Fig. 2d
presents the same temperature behaviour. The resonance in this case
appears at V,=1.9 V. The smaller feature at ~2.04 V, which becomes
more pronounced atlow temperatures, likely arises from higher energy
excitons. The resonances appear at different bias voltages for every
TMD, an observation that hints at exciton coupling.

Further evidence for exciton-assisted electron tunnelling is pro-
vided by our electroluminescence (EL) measurements. Excitons gen-
erated by resonant electron tunnelling can partially decay through
radiative electron-hole recombination. As shownin Fig. 3¢, this radia-
tive decay givesrisetoadistinctive peakinthe measured EL spectrum.
Figure 3aillustrates the layout of aMoSe,-based device. Electrons tun-
nelintheregionwheregraphene, hBN and the Au electrode overlap (the
areaenclosed by awhite dashed line). The MoSe, monolayer indicated
by the red polygon is placed directly above the graphene layer. The
upper two electrodes onthe left-hand side serve as electrical contacts
tographene. The photographinFig.3b shows that ELis observed when
avoltage V,=2.5Vis applied. The emission is restricted to the region
where the MoSe, monolayer overlaps with the tunnelling device. Spec-
traof the emitted light for different bias voltages are plotted in Fig. 3c.
The peak centred at -1.57 eV agrees with previous studies®** and can
beassigned to the A exciton of MoSe, according also to our photolumi-
nescence spectroscopy measurements (Supplementary Table 2). Note,
however, that the corresponding peak in the differential conductivity
measurements shown in Fig. 2d appears at higher voltages than the A
exciton energy, suggesting coupling to higher-order excitons. The EL
intensity of the other three TMD devices in Fig. 2 is below our detec-
tion threshold because we used a considerably thicker hBN spacer to
prevent breakdown, so the resulting current densities are more than
two orders of magnitude lower than those of the MoSe, device (Sup-
plementary Fig. 1). Excitonic light emission from a WSe, device witha
thinner hBN tunnel barrier is shownin Supplementary Fig. 5.

We continue by theoretically exploring the mechanisms responsi-
bleforresonant tunnellingand EL. The tunnelling processinvolves con-
servation of both energy and in-plane momentum, for which thereisa
clear mismatch between graphene and gold, asillustrated in Fig. 4a,b
(also Supplementary Fig. 10). In addition, tunnelling favours final
electron gold states with alarge out-of-plane energy, which reside close
tothe conductionband of the hBN spacer. Consequently, the momen-
tum of the final states lies near the surface-projected I' point of the
involved materials, asillustrated in Fig. 4b, and also in Supplementary
Fig.10c, where we observe a dramatic depletion of electron spill-out
in gold-bound electrons when moving away from the I' point, corre-
sponding to k= 0 in the space of parallel wave vector k;. Tunnelling
is therefore expected to be dominated by transitions from graphene
electrons near the K, pointin this material to gold states near its Fermi
level at the surface-projected I' point, involving a large in-plane wave
vector transfer of -17 nm™. Phonons can provide such large momentum,
andinfact,graphene and hBN have similarin-plane lattice parameters
(2% mismatch), so that phonons (frequency w,) in both materials can
assist quasi-elastic tunnelling, giving rise to the features observed at
low bias voltages V, = hw,/e = 65 mV (h, reduced Planck’s constant) in
the insets of Fig. 1c,fand in agreement with previous studies™.

We identify two tunnelling mechanisms that can bridge the gra-
phene-gold momentum mismatch, as illustrated by thick arrows in
Fig. 4a,b: (1) a single-step process (/"** current) involving the crea-
tion of indirect TMD excitons (blue arrow) and (2) a two-step process
(P™* current) in which phonons provide the required large in-plane
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Fig.3|Radiative decay of tunnelling-induced excitons. a, Optical microscope
image of aMoSe, device fabricated onaglass (SiO,) substrate. The device consists
ofavertical stack of atop hBN (t-hBN) protection layer, aMoSe, monolayer,
agraphene (Gr) monolayer, a-3.3-nm-thick tunnel hBN layer (tnl-hBN) and a
Auelectrode. The graphene/hBN/Au tunnel junctionisindicated by the white
dashedline, where the graphene is partially covered by aMoSe, monolayer (red
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polygon) on top. The upper two electrodes on the left serve as electrical contacts
tothegraphene sheet. Scale bar, 10 um. b, Image of light emitted from the device
atanapplied voltage of 2.5 V, superimposed on the reference image of the device
taken with back illumination. Scale bar, 10 pm. ¢, EL spectra for different bias
voltages. The exciton peak at ~1.57 eV becomes more pronounced with increasing
bias voltage.

momentum (purplearrow) and direct excitons provide the energy differ-
encebetweeninitial and final states (green arrow). A detailed analysis of
these channelsis provided in Supplementary Notes 6-9, from whichwe
concludethat theassociated currents bear adependence on V, givenby

Jnd—ex & Im {_WGG(k“,d, d,eVb/fl)}, (1a)

Iph+ex

o« Im{~Wyo(0,d,d, eViy /i — wp)}, (1b)

expressedinterms of the screened interaction Wqe (K ,z,2",0) (ref. 38).
This screened interaction is defined as the potential created at a dis-
tance z from the gold surface by a unit charge placed at a distance 2/,
oscillating with frequency w, and decomposed in parallel wave vectors
k, withinthe first Brillouin zone (1BZ) of the TMD, as well as reciprocal
lattice vectors G and G’. We set z = 2’ = d at the graphene plane (there-
fore, d corresponds to the graphene-gold spacing), where the initial
source of electronsis located. Also, the frequency w is determined by
the associated bias frequency eV,/h in ["*, a value that needs to be
corrected by the emitted phonon frequency in P, The actual expres-
sions that we use to compute the contributions in Fig. 4c,d are slightly
more complex, as detailed in the Supplementary Information, but
essentially captured by equations (1a) and (1b).

Thesingle-step current /"™ (equation (1a)) receives equal contri-
butions from each of the six smallest non-vanishing reciprocal lattice
vectors G of the TMD, involving adominant k; value in the 1BZ where
the optical conductivity reaches a maximum (colour plot in Fig. 4a).
These features are associated with indirect excitons connecting the K
point of the TMD with the Q point. Although the relative lattice orien-
tations of TMD and graphene are undefined in our samples, we note
that |k, + G| provides the required -17 nm™ in-plane wave vector, and
in fact, even after averaging over lattice orientations, indirect exci-
tons produce discernible shoulders in the V,-dependent profile of
theresulting current (Fig. 4c), which are better visualized in the d//dV
curves (inset). The single-step indirect-exciton-assisted current thus
displays features similar to experiment, although a determination of
their detailed energies demands further computations exceeding our
current resources. In the two-step tunnelling process (equation (1b)),
the screened interaction is evaluated at k, =0 and G=0, and the
resulting current displays direct-exciton features (Fig. 4d), but their
strengths relative to the background are small compared to those of
the indirect-exciton mechanism.

Since it is revealed that not only phonons but also indirect excitons
between K-point valence-bandstates and Q-point conduction-band states
can provide the missing in-plane momentum for tunnellingin our devices,
wefinalize our study by comparing the peak positions of our d//dVcurves
withdirectandindirect excitonenergies. Supplementary Table 2 includes
experimental and calculated values of exciton energies and in-plane
momentum values for various TMDs. The Mo-based TMDs present peaks
thatarehigherinenergy than A excitons, and they fit well with the reported
values of K-Q indirect excitons, suggesting that mostly indirect exciton
transitions contribute to the observed resonant tunnelling behaviour.In
contrast, K-Qindirectexcitonenergiesinthe W-based TMDs are closer to
the Aexcitonenergies, and both of them appear near their corresponding
di/dVpeakenergies, making the distinction betweenthemmore difficult.
Althoughaone-stepindirect excitontransitionislikely tobe more efficient,
the EL emission from our MoSe, devices suggests theinvolvement of direct
excitons. Suchradiative exciton decay can happeneither from the phonon
plusdirect-exciton transitions or by phonon-assisted luminescence from
indirect excitons, as reported in previous studies®.

In conclusion, we have demonstrated exciton-assisted resonant
electrontunnellingin graphene/hBN/Au tunnel junctions witha TMD
monolayer placed in proximity to the graphene layer. This process
manifests as an abrupt increase in the tunnel current when the bias
electron energy eV, matches an exciton energy, resulting in aresonance
peakinthed//dVcurve. Anobserved blueshift of the resonant peak with
decreasing temperature is consistent with that of the corresponding
excitonsrevealed by optical spectroscopy’**. We find that the exciton
states giving rise to the main resonance peaks in the d//dV curves are
different for the four studied TMD devices. We theoretically explain
our measurements by electron tunnelling mechanisms that involve
either indirect or direct excitons. Indirect excitons can supply both
the energy and in-plane momentum required to tunnel from graphene
to gold, while direct excitons require additional in-plane momentum
supplied by phonons. Our findings are further substantiated by optical
measurements, which reveal excitonic light emission driven by inelastic
electron tunnelling. In our devices, the TMD layer is placed outside
of the electron tunnelling path, which allows us to suppress exciton
generationby direct charge injection, in contrast with previous studies
of excitonic emissionintunneljunctions where exciton generation by
charge injection cannot be excluded®*°. Finally, this device structure
providesa platform not only for studying fundamental aspects of tun-
nelling processes, but also for exploring novel device functionalities
for optoelectronics, all-electrical sensing and spectroscopy.
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Fig. 4| Exciton-assisted electron tunnelling pathways. a, We consider two
possible tunnelling channels under the configuration of Fig. 1d, illustrated here
by an on-scale representation of the graphene first Brillouin zone (1BZ; dashed
hexagonin the space of parallel wave vectork,), the surface-projected gold Fermi
surface (orangecircle, k;‘“ is the Fermi wave vector of Au) and the TMD 1BZ
(colour plot, showing the non-local surface conductivity for MoSe, at 2.1eV
photon energy). The two channels are (1) one-step tunnelling assisted by the
creation of indirect TMD excitons (blue arrow) and (2) two-step tunnelling
associated with phonon creation (purple arrow) followed by direct-exciton
creation (green arrow). Direct excitons produce the intense feature at the I' point
inthe TMD conductivity, while indirect excitons show up as maxima at special
regions of the TMD 1BZ, such as the Q point (colour plot, showing the non-local
surface conductivity (logarithmic scale) for MoSe, at 2.1 eV photon energy).

Bias voltage, V,, (V)

b, Gold conduction-band dispersion diagram (orange), along with the energy-
momentum region occupied by graphene electrons (light blue), involving a bias
energy eV, as well as the gold and graphene Fermi energies E’F*” and E%,
respectively, out-of-plane electron energy in gold at the Fermi level, Eé. Asa
function of k,, the out-of-plane gold Fermi surface (dashed orange parabola) has
aminimum energy mismatch (thatis, amaximum spill-out of gold electrons
towards the hBN barrier) at the I' point. The two considered tunnelling channels
bridge the energy-momentum mismatch between the graphene K point and gold
Fermienergy at k= 0. The direction of k; in b is along the radial dashed line in a.
c,d, Calculated voltage-dependent tunnelling current associated with one-step
indirect TMD exciton creation (c) and two-step phonon plus direct-exciton
creation (d) for ahBN tunnel barrier of 3 nm and different TMDs. The insetsin ¢
and d show the corresponding d//dV curves.
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Methods

Sample fabrication

All flakes are mechanically exfoliated from bulk crystals in air (hBN)
orinanargon-based glove box (TMD and graphene). The heterostruc-
tures are first assembled using a standard pick-up technique with a
polydimethylsiloxane/polycarbonate stamp*, then transferred onto
the prefabricated Au electrodes on a glass substrate in the glove box.

Electrical and optical measurements

Room temperature electrical measurements are performed using a
Keithley 2602B source meter. Low-temperature measurements are
performed in a variable temperature probe station. Currents are
measured using a Femto DDPCA-300 current amplifier. An ADwin
Prolldataacquisition and control systemis used to apply the bias volt-
age and read the output voltage of the current amplifier. For optical
measurements, the samples are mounted on a Nikon TE300 inverted
microscope under ambient conditions. The emitted light is collected
by ax100 objective (numerical aperture = 0.9) and analysed using an
Andor iXon Ultra camera and a Princeton Instruments Acton Spec-
traPro 300i spectrometer.

Theoretical calculations

The screened interaction in equation (1) is obtained by combining
first-principles calculations of the non-local conductivity of TMD
monolayers, the random-phase-approximation non-local response of
graphene and the specular-reflection model for the non-local response
of the gold surface based on the Lindhard permittivity for the bulk
metal. The anisotropicresponse of hBNis accounted for throughalocal
permittivity tensor. To deal with indirect TMD excitons, the response
of the heterostructure is calculated with the inclusion of umklapp
processes for the reflection and transmission coefficients of the TMD
layer, which permeate the screened interaction, such that it becomes
atensor labelled by TMD reciprocal lattice vectors and wave vectors
withinthe 1BZ. The derivation of equation (1) further involves the analy-
sis of the electron potential landscape in the heterostructure, which
isincorporated through the corresponding electron Green function.
A detailed self-contained analysis of these elements is presented in
Supplementary Notes 6-9, along with graphical information on the
TMD non-local conductivities and the screened interaction of our
heterostructures.
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