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Moiré superlattices provide a highly tuneable and versatile platform to
explore novel quantum phases and exotic excited states ranging from

correlated insulators to moiré excitons. Scanning tunnelling microscopy has
played akey role in probing microscopic behaviours of the moiré correlated
ground states at the atomic scale. However, imaging of quantum excited
states in moiré heterostructures remains an outstanding challenge. Here we
develop aphotocurrent tunnelling microscopy technique that combines
laser excitation and scanning tunnelling spectroscopy to directly visualize
the electron and hole distribution within the photoexcited moiré exciton
intwisted bilayer WS,. The tunnelling photocurrent alternates between
positive and negative polarities at different locations within a single moiré
unit cell. This alternating photocurrent originates from the in-plane charge
transfer moiré exciton in twisted bilayer WS,, predicted by our GW-Bethe-
Salpeter equation calculations, that emerges from the competition between
the electron-hole Coulomb interaction and the moiré potential landscape.
Our technique enables the exploration of photoexcited non-equilibrium
moiré phenomena at the atomic scale.

Two-dimensional (2D) moiré superlattices exhibit novel correlated
ground and excited states ranging from correlated insulators’™ and
superconductivity® 2’ to moiré excitons”'*”, Although measurements
such as electrical transport'®?>?>>* and optical spectroscopy** have

orbitalsand lattices. Scanning tunnelling microscopy (STM) has played
anindispensablerolein exploring the moiré physics at the nanometre
scale"™** which provides real-space information on various corre-
lated grounds states such as Mott insulators” ™, electron crystals"’

revealed mesoscopic properties of the moiré correlated phenom-
ena, knowledge about their microscopic nature is still limited. Such
microscopic study is particularlyimportant to understand how these
correlated phenomena are affected by the interplay between charge,

and superconductivity’®'’. However, so far little progress has been
made on exploring the moiré excited states at the nanometre scale.
Probingindividual electrons and holes in the transient excited states
isintrinsically challenging since it requires high spatial resolution,
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Fig.1|Laser-STM measurements of a twisted bilayer WS, moiré superlattice.
a, Asketch of the experimental set-up for laser-STM measurements of a near-58°
t-WS, bilayer device. The t-WS, is placed on top of 49-nm-thick hBN and a graphite
(Gr) substrate (that serve as the gate dielectric and back gate). A back gate
voltage Vg is applied between the t-WS, and the graphite back gate. A graphene
nanoribbon array (GNR) is placed on top of the t-WS, to serve as the contact
electrode. A sample-tip bias V,,,is applied between the t-WS, and the STM tip

toinduce a tunnel current. A 520-nm-wavelength continuous wave laser (wavy
greenline) is focused on the tip tunnel junction. b, A typical STM topography
image of the t-WS, surface, exhibiting the triangular moiré lattice. V,, = -4V,
/=100 pA. Three high-symmetry stacking regions (B¥S, BV and AB) are labelled
withsolid dots. ¢, Anillustration of the B¥®, BY" and AB stacking structures.
Yellow and grey dots represent S and W atoms, respectively. d, The theoretically
calculated surface height variation for t-WS,.
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Fig.2|Electronic structure of twisted bilayer WS,. a, The calculated electronic
band structure of the t-WS, moiré superlattice. The moiré flat bands at the
valence band top and conduction band bottom are labelled ‘'v1’and ‘c1. b, The
dI/dVspectrameasured at the BYY (blue) and AB (red) stacking sites for the
valence band. The AB site shows a first sharp peak near V,,,,,=-1.75V.c,d, The
t-WS, d//dVmap measured at V,;,,, = -1.75 V (c) and the calculated charge density
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(p) distribution for v1 (d), both showing strong hole localization at the AB site.

Vg =-2Vforbandc.e, Thedl/dVspectra measured at the BY" (blue) and AB
(red) stacking sites for the conduction band. The B*" site shows a first sharp peak
near V= 0.60 V.f,g, The t-WS, d//dVmap measured at V,;,,= 0.62 V (f) and the
calculated charge density (p) distribution for c1(g), both showing strong electron
localization at the B"" site. V=15 Vforeandf.

charge sensitivity and effective excitation, whichis beyond the capabil-
ity of typical optical spectroscopy techniques. There has been recent
effort on using photoemission spectroscopy' and electron excitation™
to microscopically probe the moiré excited states, which, however, still
cannot spatially resolve the internal structures of the photoexcited
holes and electrons. In this Article, we describe the combination of
laser excitation with STM (termed laser-STM) to probe the individual
electronand hole propertiesin moiré excited states at the nanoscale.
We developed a photocurrent tunnelling microscopy (PTM) tech-
nique based on laser-STM, which enabled us to measure the internal
microscopic structure of photoexcited statesin near-60° twisted WS,
(t-WS,) bilayers and reveal the emergence of the in-plane charge trans-
fer (ICT) moiré excitons. Related laser-STM methods have been used
to probe photoexcitation in molecule systems* 2 and conventional
bulk semiconductors® %,

Results

Figure 1a shows anillustration of our gate-tuneable t-WS2 device and
laser-STM set-up (see also Supplementary Fig. 1). The t-WS; sits on
top of a49-nm-thick layer of hexagonal boron nitride (hBN) which is
placed above a graphite back gate. A back gate voltage (V;;) isapplied
between the t-WS, and the graphite back gate to control the carrier
density in the t-WS,. We use a graphene nanoribbon array electrode
on the t-WS, surface to make the sample conductive enough for STM
measurements®, Abias voltage (V,;,,) is applied to the t-WS, relative to
the STMtip toinduce atunnel current. Details of the device fabrication
areincluded in Methods section.

Figure 1b shows atypical STM topography image of the t-WS, sur-
face and features amoiré superlattice with amoiré period of approxi-
mately 9 nm. Three high-symmetry stacking regions canbe seen within
the moiré unit cell: the dark (bright) areas correspond to AB (B%®)
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Fig.3|Photocurrent mapping of ICT excitons. a,b, The STM tunnel current
spectrameasured at the B¥Y (a) and AB stacking sites (b) with the laser turned off
(orange) and on (blue). V;; = 0. The absolute value of the current is plotted on a
logarithmic scale (where the left and right branch of the spectra correspond to
negative and positive current, respectively). For the laser-off case, the current at
both the B¥"and the AB sites indicate an energy gap for -2V <V, <1V.For the
laser-on case (P= 600 pW), photocurrent emerges in the energy gap region and
the B and AB sites show different photocurrent spectral shapes. ¢, A
photocurrent map of t-WS, measured with the laser on (P= 600 pW) for

Viias = —0.60 V and V; = 0, showing positive (negative) photocurrent at the AB

(B"W)sites. d, The calculated electron density for the lowest energy exciton,
[Xo(re, ry)I%, with fixed hole position r,, (solid red dot) at the AB site (left), the BYY
site (middle) and the BSS site (right). The maps show appreciable electron density
at the B¥Ysite only when the hole position s fixed at the AB site (left). Max.,
maximum. e, A schematic showing the tip-position-dependent tunnel current
froman ICT exciton. When the STM tip sits above the electron (left), the larger
tunnel probability for the electron yields a negative current. A positive currentis
detected when the tip sits above the hole (right). f, The calculated charge
distributionmap p (r) = py, (r) — p. (r) of the ICT exciton, where py, (r)

= [1Xo (fe, 1)l dreand pe (1) = f'| Xo (Fe, 1| drp.

stacking regions, while the intermediate height areais a B"" stacking
region. Model structures for the AB, B¥* and B"" stacking regions are
illustrated in Fig. 1c. This topography agrees well with our calculated
height distribution map (Fig. 1d) and arises owing to an out-of-plane
reconstruction that leads to strong variation in the local interlayer
spacing (see Supplementary Information for details). The B stacking
regions have the largest interlayer spacing owing to steric hindrance
arising from the S atoms of the top and bottom layers facing each
other™®. In-planereconstruction of the superlattice leads to anoticeably
larger area for the low-energy AB stacking region and results in strain
redistribution in the two WS, layers (see Supplementary Information
for details). The final relaxed structure reflects a trade-off between
the energy gain from forming large-area AB stacking regions and the
energy cost of strain redistribution.

We characterized the single-particle electronic structure of t-WS,
by applying scanning tunnelling spectroscopy and comparing the
results with theoretical calculations. Figure 2a shows the calculated
electronic band structure of a t-WS, moiré superlattice with a period
of 9 nm, including spin-orbit coupling. Here, we are mainly concerned
with the moiré flat bands at the valence band top (labelled ‘v1’) and
the conduction band bottom (labelled ‘c1’), which host the lowest
energy holes and electrons, respectively. The computed flat bands
arise fromadeep triangular quantumwell potential due to theinhomo-
geneous layer hybridization and structural reconstruction®**” which
yield narrow bandwidths of 1 meV and 5 meV for the vl and cl bands,
respectively. The vl band is derived from states near the I' point in
the pristine unit cell Brillouin zone (BZ) and is twofold degenerate,

while the cl states are folded from around the Q point of the pristine
unit cell BZ and comprise two closely spaced bands (each with sixfold
degeneracy). The small splittingin energy of these two sets of c1 bands
isinduced by interlayer hybridization. The spatial distribution of these
moiré flat bands is experimentally reflected by the differential con-
ductance (d//dV) spectra measured at the B" and AB sites (Fig. 2b,e).
On the valence band side (Fig. 2b), the AB site shows a sharp peak at
around V,,,, = -1.75 Vwhile the B"V site exhibits almost no signal until
Viias = —1.85 V, indicating that the twofold-degenerate vl band is mainly
localized onthe ABsite. This spatial distribution was confirmed by d//
dV mapping measured at V,,;,,=-1.75V (Fig. 2c), which matches the
calculated vl band’s charge density (p) distribution (Fig. 2d), both of
which show maximum density at the AB site. On the conduction band
side (Fig. 2e), the lowest energy d//dV peak appears at the B"" site at
Viias = 0.60 V while the AB site exhibits asmall signal until V,;,;=0.75V,
indicating that the c1 band states are mainly localized on the B*V site.
This was also confirmed by d//dV mapping measured at V,,,=0.62V
(Fig. 2f), which matches the calculated c1 bands’ charge density dis-
tribution (Fig. 2g), both of which show maximum density at the B"/"
site. These results show that a strong moiré potential exists in t-WS,
and that the lowest energy single-particle electron and hole states
are spatially separated (see Supplementary Information for more
details on the calculations). We note that a moiré superlattice modi-
fies photoexcited states in different ways depending on the strength
and shape of the moiré potential. Weak moiré potentials, for example,
generate Umklapp scattering of the pristine Wannier excitons that
leads to some spatial modulation while retaining their overall Wannier
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Fig. 4 |Interaction between STM tip and ICT excitons. a. Azoom-in of the
photocurrent spectra at the AB (hole) site (red) and the B (electron) site (blue).
Spatially alternating current polarity occurs for a V,;,, range of approximately
200 mV (arrow and dashed lines). b-f, The evolution of the t-WS, photocurrent
map for increasing V,;,s values of —985 mV (b), -889 mV (c), =793 mV (d), -697 mV
(e) and -602 mV (f). Spatially alternating current polarity exists only in c-e, while
negative (positive) current dominatesinb (f). g-i, The tip-induced ICT exciton

dissociation effect. V, is the bias voltage offset that compensates the work
function difference between the tip and the back gate graphite: for V,,,,, - V,= 0,
the tip does not strongly perturb the ICT exciton and so both photocurrent
polarities are seen (g); for V,,s— V, > 0, negative charge accumulates at the

tip apex, which attracts holes and repels electrons, thereby dissociating ICT
excitons (h); for V,,, — V, <O, the tip attracts electrons and repels holes, thereby
dissociating ICT excitons (i).

characteristics®. Strong moiré potentials, such as those created by
strain-induced reconstructions in transition metal dichalcogenides
(TMD) bilayers, not only induce Umklapp scattering of excitons but
can also alter the internal structure of moiré excitons'.

To experimentally probe the excitonic states, we illuminated our
t-WS, device with a 520 nm continuous wave laser focused on the tip—
sample tunnel junction (Supplementary Fig. 1). Real-time feedback
control of the laser alignment was performed to maintain astable laser
spotrelative to thetip position (Methods). Photoexcited electrons and
holes in t-WS, relax quickly (on the time scale of picoseconds) to the
lowest energy moiré exciton state through phonon emission®*!. Here,
we set the back gate voltage V; to near O to keep the t-WS, undoped,
so as to avoid free carrier scattering that could decrease the exciton
lifetime** (see Supplementary Section S8 for more details on the impact
of non-zero V). The spatial charge distribution of the lowest energy
(long lived) moiré exciton state was probed through STM tunnelling
photocurrent measurements (as electron tunnelling processes occur
onthetimescale of nanoseconds). Figure 3a,b show the absolute value
of the tunnel current (/) as a function of V. measured at BY'" and AB
stackingsites with (blue) and without (orange) laser illumination (meas-
ured with alaser power of P=600 pW and a laser illumination area of
around 80 pm?; see Supplementary Section S9 for the power depend-
ence). When the laser is off, the tunnel current for both stacking sites
shows a large semiconducting bandgap for-2V <V, <1V. However,
when the laser is turned on, a photocurrent emerges even when V,;,,

lies in this gap region and the photocurrent response at the B"" and
AB sites show very different behaviour. There is a V,;;, region where
the positive photocurrent at the B"/" site (Fig. 3a) and the negative
photocurrent at the AB site (Fig. 3b) can be observed simultaneously.
We denote the centre of this V,,, region as V,. As explained below,
V, changes between —800 mV and -300 mV depending on the STM
tip status, for example, owing to changes of the atomic structure at
the tip (after tip fixing and reshaping) or an adsorbed molecule on
the tip, which can modify the tip work function and shift V,,. The data
in Figs. 3a,b and 4 were obtained using an STM tip with V,=-790 mV.

Toinvestigate the spatial dependence of the tunnelling photocur-
rent, we performed 2D photocurrent mapping with V;;,,=-0.60 Vand
Vi =0 (Fig. 3¢). The laser power was held at P= 600 pW. The STM tip
configuration has V,=-0.60 V in this set of measurements. Surpris-
ingly, the photocurrent changes sign at different locations even for
fixed V,;,.. Positive photocurrent (red) appears at AB sites, while nega-
tive photocurrent (blue) appears at BV sites. This spatially alternating
photocurrent polarity provides direct experimental evidence for the
emergence of ICT moiré excitons.

To better interpret the photocurrent spatial distribution, we per-
formed calculations of the excitonic states of t-WS, using ab initio GW-BSE
(refs.43,44) calculations. Here, the exciton wavefunction x;is expressed
as alinear combination of single-particle conduction (ck,,) and valence
states (vK,,) inthe moiré BZ: Xs (fe, 1h) = 2 Aﬁ,,km Wi, () Yo, (Te),
where S is the exciton principal quantum number, k., is the electron
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wave vectorinthemoiré BZ,r.andr, are the electronand hole coordi-
nates, respectively, vand clabelavalence and conduction band, respec-
tively,and Aﬁykmare exciton electron-hole expansion coefficients. The
exciton states can be calculated (including electron and hole degree
of freedom) by state-of-the-art full-spinor GW-BSE calculations. How-
ever, owing to the large number of atoms (~4,000) in the t-WS, moiré
unit cell, this calculation is computationally intractable.

To overcome this bottleneck, we developed anew computational
algorithm for calculating the electron-hole interaction kernel matrix
elements. Thisinvolves extending the pristine unit cell matrix projec-
tion (PUMP) method (developed previously for reconstructed mon-
olayers®) to bilayer moiré superlattices. In the new scheme, the
wavefunction of each valence (|i,y_ )) and conduction (|i_ )) statein
themoiré BZ is expressed as alinear combination of many states of the
pristine individual layers: |y, )= Ziai”"m@:f’i'km) + b:,"‘m|q5‘l;f’l.lkm) and

d d
[Wekn) = 2405 " o) + b (D ) , where @, and @, refer to the

pristine superlattice wavefunctions of the bottom and top WS, layer,
respectively. The pristine superlattice states arerelated to statesin the
rotated pristine BZs of the individual layers by band folding. Using the
set of expansion coefficients a;""“,, afkmand bfk'“, we approximate each
moiré electron-holeinteraction kernel matrix elementinthe BSEasa
coherent sumover many pristine unit cell kernel matrix elements. This
generalized PUMP method allows us to calculate moiré exciton energies
and wavefunctions for the t-WS, moiré superlattice (see Supplementary
Information for more details). We study the Q = 0 exciton in the moiré
BZ, where Q is the exciton centre-of-mass wave vector. While these
states are formed by coherent superposition of direct transitions in
the moiré BZ, the valence band and conduction band states involved
originate from different valleys in the unfolded unit cell BZ and are
strongly modified by the moiré potential.

Figure 3d shows the calculated electron density distribution for
the lowest energy exciton wavefunction x, (r., r,,) with a fixed hole
positionr, (labelled with asolid red dot) at the AB site (left panel), the
BV site (middle panel) and the B¥S site (right panel). The electron
density is maximum at the B"Y/" site when the hole is at the AB site and
is vanishingly small when the hole is at the BY" and B¥S sites. The
spin-aligned and spin-anti-aligned excitons have the same energy
owing to the spatial separation of the photoexcited electronand hole,
whichresultsinasmall exchange energy. Inthe out-of-plane direction,
theelectronand hole charge densities are delocalized over both layers
and show no interlayer charge transfer. This demonstrates that the
lowest energy exciton state in t-WS, is a layer-hybridized ICT exciton,
in which the electron and hole prefer the B"'" site and AB site, respec-
tively. The calculated binding energy for the ICT exciton, when the
bilayeris suspendedinvacuum, is ~150 meV.Inthe presence ofthe hBN
substrate, we expect the binding energy to be smaller owing to addi-
tional dielectric screening.

ICT moiré excitons can be expected to yield a STM tip position-
dependent photocurrent polarity owing to their intrinsic lateral elec-
tron-hole separation. As illustrated in Fig. 3e, when the STM tip is
parked above the photoexcited electron of an ICT exciton (left panel),
the tunnelling probability for the electron dominates compared with
the spatially displaced photoexcited hole, thus resulting in negative
tunnelling current. Similarly, positive tunnel current is expected when
the tip is parked above the photoexcited hole (right panel). Our pho-
tocurrent measurements thus directly reflect the charge density dis-
tribution of the lowest energy ICT moiré exciton, which can be
expressed in units of proton charge as p (r) = pp (¥) — p(t),, where
Pe (1) = [ Xo (Te. )| drand py (r) = f [Xo (¥, y)|* draretheelectron
and hole density, respectively. The calculated distribution map for p(r)
is shown in Fig. 3f. The laterally separated electrons and holes of the
ICT excitons yield an alternating charge polarity that nicely matches
our photocurrent map (Fig. 3¢), providing quantitative spatial evidence
that we are imaging ICT moiré excitons.

Discussion

We are able to explore the interaction between the STM tip and ICT
moiré excitons by investigating the V,,;,, dependence of the photocur-
rent. Figure 4ashows the photocurrent as afunction of V;;,, measured
at the AB (red, hole dominant) and B¥" (blue, electron dominant)
sites (with the same tip status as when measuring Fig. 3a,b). It shows a
~200 mVtip bias range (dashed lines) where positive photocurrent (at
ABsites) and negative photocurrent (at BV sites) coexist. To observe
thetip’seffect onthe photocurrent, we measured photocurrent maps
for -985mV < V,;,, < —602 mV using the same tip status (Fig. 4b-f).
These maps also show a ~200 mV range of V,,,, values where positive
and negative photocurrent coexist, consistent with Fig. 4a. This V,,
range varies depending on the tip sharpness but always lies between
100 mVand 250 mV (see the Supplementary Information for more Vy;,,
dependent photocurrent maps).

The V,;,, dependence of the photocurrent reflects a tip-induced
exciton dissociation effect, asillustrated in Fig. 4g—ifor different V,,
values. Because of capacitive coupling between the back gate graphite
and the STM tip, a potential difference between theminduces anelec-
tricfield near the tip apex that perturbs the ICT moiré excitons (thatis,
atip-induced band bending effect). The t-WS, chemical potential lies
withinanenergy gap at V= 0 and so does not screen the electric field.
The work function difference between the tip (made of Pt/Ir) and the
graphiteback gate causes this field to be present evenat V,,, = 0, but it
canbe cancelled by setting V, .. = V,, where V, is the work function dif-
ference. At V,, — V, = 0 (Fig. 4g), the tip exerts only aweak pertubation
on the ICT excitons and the tip chemical potential is within the t-WS,
bandgap. Therefore, a spatially alternating photocurrent polarity
can be observed (Figs. 3c and 4c-e). However, at V,,;,, — V> 0, the tip
apex accumulates negative charge and attracts holes while repelling
electrons (Fig.4h). Above a certain threshold, this effect dissociates the
ICT excitons and only a positive current can be observed as in Fig. 4f.
Similarly, only anegative currentis seen when V,;,, — V,ismuch smaller
than zero (Fig. 4b) owing to opposite dissociation of the ICT excitons,
asillustratedin Fig. 4i.

In conclusion, our PTM enables real-space imaging of ICT moiré
excitons with sub-nanometre spatial resolution. The observed elec-
tron and hole distributions agree well with ab initio GW-BSE calcula-
tion results. This work establishes a new approach for probing the
microscopic behaviour of photoexcited states in 2D van der Waals
heterostructures.
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Methods

Sample fabrication

Thet-WS,device was fabricated usinga micromechanical stacking tech-
nique*. A poly(propylene) carbonate (PPC) film stamp was used to pick
up all exfoliated 2D material flakes. The 2D material layers in the main
heterostructure region were picked up in the following order: substrate
hBN, graphite, bottom hBN, monolayer WS,, twisted monolayer WS,,
graphene nanoribbon array. The graphene nanoribbon array serves
as a contact electrode for the t-WS,. The PPC film, together with the
stacked sample, was peeled, flipped over and transferred onto a Si/
SiO, substrate (SiO, thickness 285 nm). The PPC layer was subsequently
removed using ultra-high-vacuum annealing at 330 °C, resulting in
an atomically clean heterostructure suitable for STM measurements.
A50 nmAuand 5 nm Crmetal layer was evaporated through ashadow
mask to form electrical contacts to graphene layers.

dI/dVspectroscopy measurements

A bias modulation having amplitude of 25 mV and frequency of 500-
900 Hz was used to obtain the d//dV signal. All the d//dV spectra and
mapsinFig.2weremeasuredat 7= 5.4 K. d//dVmapping was performed
under open-loop conditions with the tip height set by the following
procedure: (a) we set tip the height at the condition V,;,;=3.8 Vand
I=10 pAwithclosed feedback, then (b) we turned off the feedback and
lowered the tip height by a distance of h,, =50 pm.

Auto laser alignment

To overcome laser misalignmentinduced by STM thermal drift during
the PTM measurements (usually lasting ~10 h), ahome-built auto laser
alignment system with feedback control was developed. The laser spot
position is detected with a camera and corrected via a piezo-driven
mirrorevery20s.

PTM measurements

All the photocurrent tunnelling spectra and mapping shown in this
work were measured at T=7.6-7.7 K with a laser power ranging from
600 to 900 puW. The photocurrent mapping was performed under
open-loop conditions with the tip height set by the following proce-
dures: (a) we set the tip height at a tip bias of V;,;and current setpoint
of 1, and (b) we turned off the feedback control and lowered the tip
height by a distance of h;,. The parameters for Fig. 3c were V;,s=-3V,
/=400 pA and h,, = 0. The parameters for Fig. 4b-f were V,;,;=-3V,
/=200 pA and A, = 0. The parameters used for the extended photo-
current map data are specified in the Supplementary Information.

Theoretical calculations

We studied a 57.72° twisted bilayer WS, moiré superlattice which con-
tained 3,786 atoms in the unit cell. The structure was relaxed using
classical force-field calculations. The relaxed configuration of atoms
was used to study the electronic structure of the moiré superlattice. We
constructed the BSE effective Hamiltonian using 12 valence and 50 con-
duction bands with 3 x 3 x 1k-point sampling of the moiré BZ. We used
agreater number of conduction band states than valence band states
owingtothelarger density of states at the conduction band edge (Fig. 2a).
The moiré kernel matrix elements of the BSE were computed using the
generalized PUMP method as a coherent linear combination of pristine
unit cell matrix elements (see Supplementary Information for details).
We used abasis 0of 200 valence and 200 conductionstates of each pristine
layer to expand the moiré electronic wavefunctions. The static dielectric
matrix used to compute the pristine unit cell kernel matrix elements was
approximated to beidentical to that of pristine 2H or AB stacking.

Data availability
The data supporting the findings of this study are included
in the main text and in the Supplementary Information, and

are also available at https://github.com/HongyuanLiCMP/
Imaging-Moir-Excited-States-with-Photocurrent-Tunneling-Microscopy.
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