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CONDENSED MATTER PHYSICS

Electrically driven photon emission from individual

atomic defects in monolayer WS,

Bruno Schuler'*", Katherine A. Cochrane’, Christoph Kastl'%, Edward S. Barnard’,
Edward Wong', Nicholas J. Borys1'3, Adam M. Schwartzberg’, D. Frank Ogletree’,

F. Javier Garcia de Abajo*>?, Alexander Weber-Bargioni'®

Quantum dot-like single-photon sources in transition metal dichalcogenides (TMDs) exhibit appealing quantum
optical properties but lack a well-defined atomic structure and are subject to large spectral variability. Here, we
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demonstrate electrically stimulated photon emission from individual atomic defects in monolayer WS; and di-
rectly correlate the emission with the local atomic and electronic structure. Radiative transitions are locally excit-
ed by sequential inelastic electron tunneling from a metallic tip into selected discrete defect states in the WS,
bandgap. Coupling to the optical far field is mediated by tip plasmons, which transduce the excess energy into a
single photon. The applied tip-sample voltage determines the transition energy. Atomically resolved emission
maps of individual point defects closely resemble electronic defect orbitals, the final states of the optical transi-
tions. Inelastic charge carrier injection into localized defect states of two-dimensional materials provides a powerful
platform for electrically driven, broadly tunable, atomic-scale single-photon sources.

INTRODUCTION

Solid-state quantum emitters are promising building blocks for
quantum technologies such as high-precision sensing and secure
communications (1). In particular, atom-like emitters embedded in
a host crystal [e.g., color centers in diamond (2) and silicon carbide
(SiC) (3)] combine several appealing properties, namely, spin-selective
optical transitions (2), room temperature stability (4), exceptionally
long coherence times (4), and potential for scalability (5). However,
on demand integration of quantum emitters with well-defined optical
characteristics remains an unsolved challenge in solid-state quantum
photonics. The development of these key capabilities requires achieving
high-precision spatial placement; controlling the mesoscopic environ-
ment to avert variability between emitters; identifying and eliminating
decoherence channels; and developing high-fidelity, scalable pump-
ing schemes that are amenable to on-chip integration, such as elec-
trically driven optical emission (I).

Two-dimensional (2D) materials are emerging as a powerful
platform for hosting next-generation quantum emitters (1, 6),
excelling in synthetic flexibility (7), high photon extraction efficiency
(1), and tunability through external gates and substrate engineering
(8). They also provide unparalleled control of emitter placement (9)
and integration with photonic (10) and plasmonic (11) nanocavities.
Various quantum emitters have been recently discovered in semi-
conducting transition metal dichalcogenides (TMDs) such as tungsten
diselenide (WSe;) (12-17) and molybdenum diselenide (MoSe;)
(18). While the exact origin of the emission is still actively debated,
the single-photon emission has been attributed to a quantum dot-
like confinement of excitons down to tens of nanometers (14), for
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instance, due to residual strain from the material transfer process
(12). These quantum dot-like mesoscopic 2D emitters are structurally
not well defined and exhibit large spectral variability, thus preclud-
ing their identical generation and precise spatial placement. These
are the main challenges that prevent a systematic development and
deployment of quantum emitters in 2D materials.

Here, we demonstrate photon emission from individual atomic
defects in epitaxially grown monolayer tungsten disulfide (WS;)
driven by local electron injection from a Au-coated tip. We correlate
the atomic structure, electronic structure, and photon emission of
the exact same defects with atomic spatial resolution. Specifically,
we demonstrate on demand photon emission from intrinsic tungsten
substitutes and deliberately created sulfur vacancies (Vacg) by local
electrical stimulation. We use a plasmonic scanning tunneling tip to
drive optical transitions by sequential inelastic tunneling, tune the
emission via the applied bias voltage, and map the photon emission
from individual defect orbitals with the highest spatial resolution so
far reported on par with that obtained using conventional elastic
scanning tunneling microscopy (STM).

RESULTS AND DISCUSSION

Single-defect luminescence in monolayer WS; is driven by electron
tunneling from a plasmonic scanning probe tip (Fig. 1A). Through
precise tip positioning, assisted by an extremely local electron transfer
mechanism, we can selectively excite a single defect, free from any
background luminescence of the host crystal. Electrons injected
from the continuum of metallic tip states into discrete defect states
of the 2D material generate broad optical emission spectra, with as-
sociated photon energies corresponding to the difference between
initial (tip) and final (defect) electron energies in the tunneling pro-
cess (Fig. 1B). The metal tip acts as a plasmonic antenna that assists
the coupling between the inelastic tunneling current and the far-field
light emission. This allows us to control the emitted photon energy
through the applied tip-sample bias voltage, resulting in emission rates
directly proportional to the electron density in the defect orbital right
under the tip position.
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Fig. 1. Tunneling electron-induced photon emission. Scheme of experimental
configuration (A) and electron energy levels (B) involved in electrically driven pho-
ton emission from an atomic point defect. An electron from a gold tip (initial state
v; in red) tunnels inelastically into an atomic defect (top sulfur vacancy) of mono-
layer WSs (final state yy in purple). The excess of transition energy ho is released
into the emission of one photon, mediated by intermediate plasmon states of
the tip cavity. The 2D material is supported on a graphene layer (electric con-
tact) on top of SiC. The tip-sample bias voltage Va5 controls the electron injection
energy. An inelastic electron transition is represented by the green downward
pointing arrow in (B). The dark and light gray boxes represent filled and empty
states, respectively. Photo credit: Ignacio Gaubert

Our single-atom system is fundamentally different from previous
reports of mesoscale emitters in 2D materials. All atomic emitters in
our study are identical because they have an atomically well-defined
structure and very localized electronic wave functions that are much
less susceptible to long-range disorder, such as strain or neighboring
structural defects. Our observations are fully reproducible when look-
ing at different defects of the same nature. In our experiments, we
only observe local relaxation of the lattice in the immediate vicinity of
the defect (19). Mesoscopic strain potentials can be excluded because
the samples are grown by van der Waals epitaxy and not obtained by
exfoliation (19, 20). In addition, atomic defects in TMDs can be gen-
erated with high-density control and specificity, for instance, through
chemical doping or by annealing, as we show in this work.

Schuler et al., Sci. Adv. 2020; 6 : eabb5988 16 September 2020

We use the Au-coated tip of a STM to inject charge carriers and
mediate the coupling between optical near and far fields via tip plasmon
modes. This so-called STM luminescence (STML) emission (21)
has been successfully exploited in studies of metallic surfaces (22)
and molecular systems (23) to beat the light diffraction limit by
more than two orders of magnitude due to the extreme localization
of initial and final electron states in the tunneling process. In this
context, electroluminescence from single molecules has been re-
cently established through self-decoupling (24) or by introducing
ultrathin insulating layers (25) between the molecule and a noble
metal substrate. In addition, STML has enabled vibronic spectros-
copy with submolecular resolution (25, 26), imaging molecular or-
bitals through photon emission maps (27, 28), studying charge and
exciton dynamics (24, 29, 30), and stimulating spin-selective optical
transitions (31). STML on indium tin oxide-supported MoSe; has
also been recently reported and attributed to radiative decay of the
A exciton in this material (32).

Plasmonic noble metal substrates, which are commonly used in
STML, are not a viable option to investigate TMDs because strong
hybridization quenches the intrinsic optical emission (33). Instead,
we use epitaxial graphene grown on SiC as a substrate, which has been
shown to preserve the native TMD band structure (20). While electro-
luminescence from graphene has been previously observed (34), we
find conclusive evidence to assign the optical emission in our TMD/
graphene heterostructure to the electronic states of the TMD alone.

We prepare our samples by growing monolayer WS; islands on
epitaxial graphene on SiC using chemical vapor deposition (20).
The as-grown sample contains several substitutional atomic defects,
such as chromium (Cryw) and molybdenum (Moy) replacing tungsten,
as well as oxygen substituting sulfur (Os) (19, 35). Then, we selec-
tively generate Vacg in both the top and bottom sulfur layers by high-
temperature annealing in vacuum (36). Both Cryw and Vacg defects
exhibit unoccupied electronic states placed a few hundred milli-
electronvolts below the WS, conduction band edge (Fig. 2B) (19, 36).
Elastic tunneling into these in-gap defect states gives rise to pronounced
resonances in the differential conductance (dI/dV) spectra measured
in scanning tunneling spectroscopy (STS), which roughly yields the
local density of states, as shown in Fig. 2E. Their characteristic elec-
tronic spectrum results from a combination of crystal field splitting,
spin-orbit coupling, and electron-phonon interaction (19).

At tunneling voltages exceeding 1.5 V, we observe electron-
induced photon emission originating from inelastic electron tunnel-
ing on the Cry and Vacg defects, as well as on defect-free WS, locations.
The emission rate strongly depends on the applied bias and position
(e.g., on or off a defect, as well as different regions within the defect)
where STML spectra are acquired at constant current, as shown in
Fig. 2F. We find a clear correlation between the bias onset for photon
emission and the energy of the lowest unoccupied states observed in
dI/dV. In particular, the difference between the bias onset of Vacsg
(2.2 V) and Cry (2.4 V) is 0.2 V, which agrees with the energy dif-
ference of their respective defect states. Similarly, we observe STML
at negative bias polarities (hole injection), for which the emission
onset relates to the energy of the highest occupied state (see fig. S7).
The emission scales linearly with the current, thus suggesting a single-
electron process. In what follows, we focus on photon emission
from sulfur top vacancies. Similar results for Cry can be found in
the Supplementary Materials.

The extremely localized excitation by tunneling electron injection
allows us to record atomically resolved photon maps. In Fig. 3A, we
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Fig. 2. Tunneling bias dependence of photon emission. (A) Side view of atomic layers and the two types of WS, defects that we study here: a top sulfur vacancy (Vacs
top) and a chromium substituting tungsten (Cry). (B) Energy level diagrams showing the two unoccupied Vacs defect states (red) and three unoccupied Cry defect states
(orange), lying in the gap between valence and conduction bands (VB and CB). (C and D) STM topography (constant current / = 20 pA and bias V = 1.1V) of Vacs top (C)
and Cry (D). (E) We probe the local density of states through dl/dV spectroscopy on Vacs (red) and Cry (orange) defects compared with a position far from any defect
(gray). The dlI/dV spectra of top and bottom Vacs are identical (36). (F) Spectrally integrated photon emission induced by inelastic electron tunneling at constant current
I=10nA. Measurements in (E) and (F) were recorded at the same defect sites and with the same tip.
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Fig. 3. Photon emission spatial imaging of a single sulfur vacancy. (A) Spectrally integrated photon map of a Vacs top defect acquired with / = 20 nA constant current
and V = 2.9V bias. This map is in excellent agreement with the STM image of the in-gap defect orbital (see Fig. 2C). (B) Spectrally integrated photon emission across Vacs
top as a function of tunneling bias. The white dashed line indicates the bias at which the map in (A) was acquired. The defect exhibits strongly localized photon emission
at a tunneling bias substantially lower than the onset of substrate emission. (C) STM topography of Vacs top simultaneously acquired during the photon map shown in
(A). (D) CO tip noncontact atomic force microscopy (nc-AFM) image of a Vacs top.
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show the spectrally integrated photon emission as a function of lateral tip
position over a single Vacg in the top sulfur layer. The subnanometer-
resolved photon maps acquired at high biases closely resemble the
STM image of the in-gap defect orbital (Fig. 2C). The emission does
not correlate with the simultaneously acquired STM topography at
high bias (Fig. 3C), therefore excluding any substantial effect of the
slightly varying gap distance on the spatial variation of the emis-
sion. Laterally, the defect emission is closely confined within ~1 nm, con-
current with the electronic orbital dimensions (see Fig. 3B).

The close resemblance between the STM map resonant with the
defect state and the STML map is further supported by theory. Photon
emission in STML is mediated by the transition dipole p associated
with the tunneling electron, acting as a radiation source (37) and
giving rise to an emission yield o< | p | %, which s, in turn, proportional
to the elastic tunneling current measured in STM (see details in the
Supplementary Materials). This current alone bears a dependence
on the sampled final state, and therefore, both elastic and inelastic
tunneling rates are proportional to the electron density of states at
the tip position, given by the defect orbital density | y¢| > Similar to
the enhanced emission rate of an excited atom in a resonant cavity
defined by the Purcell factor P(w), the spectrally resolved STML rate
is directly proportional to P(®), which, for metallic tips, is dominated
by light-plasmon coupling and can be observed through optical
spectroscopy.

Spectrally resolved STML measurements on the sulfur vacancy
defect shown in Fig. 4 reveal broadband photon emission. The large
spectral width originates from the finite energy range of tunneling
electrons from the metallic tip (cf. Fig. 1B) and is not related to the
intrinsic broadening of the defect state or the plasmonic near-field
amplification by the tip. We find that the detected far-field spectra
generally extend to 2.0 to 2.3 eV, which is consistent with the calcu-
lated field enhancement P(®) between a spherical Au tip and the
SiC substrate (fig. S3). At low photon energies, losses in the W tip
(~1eV) and reduced quantum yield of the photon detectors (~1.2 eV)
produce a cutoff in the spectrum. The Purcell enhancement, and
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hence the spectral shape of the luminescence, is determined by the
tip morphology and material. While broad luminescence results
from the continuum of tip states and not the plasmonic enhance-
ment, the latter weights the inelastic electron transitions by the photon
density of states, which can introduce changes in the detailed spec-
tral profile and actual intensity of the emission. We refer the reader
to the Supplementary Materials for a detailed theoretical analysis of
the near-field enhancement as a function of tip material and
morphology, as well as luminescence spectra recorded with differ-
ent tips including a comparison of W and Ag bulk tip wires.

We can identify two distinct regions in the plot of the emission
intensity as a function of photon energy and tunneling bias (Fig. 4B):
the high-bias, low photon energy corner (top left) is associated with
substrate emission from WS; (i.e., tunneling to substrate states), while
the distinct emission band at lower bias is associated exclusively
with the defect. For Vacg, two emission steps (marked by white
arrows in Fig. 4B) are observed, which follow a linear relation be-
tween applied bias and photon energy. Each of these steps corresponds
to the opening of a new radiative decay channel, which we attribute
to a transition from tip states at or below its Fermi level into the two
unoccupied sulfur vacancy states. At the threshold energies indicated
by the white arrows in Fig. 4B, the entire potential energy of the
tunneling electron across the vacuum barrier is converted into a photon
with matching energy, hence suggesting a single-electron to single-
photon conversion mechanism. Figure 4C shows these transitions
for a specific photon energy ho = 1.85 eV, with each new decay
channel indicated in the insets. Emission of a single photon associ-
ated with a single-electron transition is the dominant lowest-order
radiative process. Accordingly, the highest allowed photon energy
is given by the difference between the tip Fermi energy and the
defect state energy.

For our Au-coated tungsten tips, we detect ~107 far-field photons
per electron. Accounting for all setup related losses, the intrinsic
quantum efficiency of the radiative tunneling process is estimated
as Y ~ 107" photons per electron. It is interesting to compare this
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Fig. 4. Spectrally resolved photon emission on a single sulfur vacancy. (A) Photon emission spectrum on Vacs at different tunneling biases. The spectral width and
the minimal spectral variation with lateral tip position suggest a plasmon-mediated emission process. (B) 2D representation of the data in (A). Oblique arrows indicate
transitions into the two discrete Vacs defect states. The oblique dashed line marks the onset of substrate emission corresponding to inelastic tunneling into the WSs
conduction band minimum (CBM). (C) Photon counts at hom = 1.85 eV [cut along the vertical dashed line in (B)]. We identify two emission onsets corresponding to inelastic
transitions into the lower and higher Vacs defect state, as well as a higher-energy onset assigned to transitions into the WSs CBM.

Schuler et al., Sci. Adv. 2020; 6 : eabb5988 16 September 2020

40f7

0202 ‘6T 1800190 U0 /610 Bewasualos saoueape//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

number with the analytical result (see Supplementary Materials)
Y ~ (310/2)(d/N)*(Aw/®)P(w), where o, A, and Aw are the photon
frequency, wavelength, and bandwidth, respectively; d is the tip-
sample distance; and a =~ 1/137 is the fine-structure constant. The
Purcell factor P, which scales linearly with the density of available
optical states dominated by plasmon modes in the tip-sample nano-
cavity (38), can be estimated by invoking electromagnetic reci-
procity, asserting that the emission intensity is strictly proportional
to the enhancement in the near-field intensity under external illu-
mination at the position of the emitting dipole. The latter depends
on the precise tip-sample morphology but is rather insensitive to
the lateral position of the tip in the nonmetallic SiC substrate under
consideration and reaches plasmon-enhanced values of P ~ 10* (see
the Supplementary Materials). Using parameters corresponding to
our experimental conditions, we then predict a photon yield per
tunneled electron Y ~ 10™* in good agreement with the experimental
estimate.

Ultimately, the photon generation rate is fundamentally limited
by Coulomb blockade, which prevents tunneling of subsequent
electrons into the defect state before the previous electron drains to
the graphene substrate. Accordingly, the correlation time of single-
photon emission events as derived by the antibunching in a g?(#)
experiment is expected to yield this Coulomb blockade time, as also
suggested by recent STML experiments for Cgo multilayers on Ag (39).
From the dI/dV linewidth of the vacancy state of 8 meV, we estimate
a lower bound of the transient charging time of the defect on the
order of 100 fs. This number is well beyond the time resolution of
state-of-the-art timing electronics in a g(z)(t) measurement. Hence,
the single-photon character in our experiments can only be inferred
indirectly through the sequential single-electron tunneling and the
matching electron-to-photon conversion energy. We note that the
Coulomb blockade time could be exponentially increased by intro-
ducing a tunneling barrier between the TMD layer and the graphene
substrate, to attain a measurable g(z)(t) lifetime in the future. Con-
versely, a short Coulomb blockade time enables a high single-photon
generation rate. In our case, a 100-fs lifetime and 10™* conversion
yield suggest that a 10° Hz single-photon generation rate should be
attainable. This number can be even increased using optimized
plasmonic or optical cavities to enhance the Purcell factor.

CONCLUSION

In conclusion, we demonstrate electrically induced photon emission
from individual, atomically defined defects in a 2D semiconductor.
Atomically resolved luminescence maps from deliberately intro-
duced sulfur vacancy defects and native Cryw substituents reveal
that the in-gap defect orbitals are the final states of the optical tran-
sition. Electrons that tunnel inelastically from a continuum of tip
states into discrete defect states can convey their excess transition
energy into plasmonic excitations in the tip nanocavity, mediating
their coupling to propagating photons. The widely tunable optical
emission generated by charge carrier injection into localized defect
states in a 2D material is a powerful platform for electrically driven
single-photon emission. The single-defect/single-electron/single-
photon regime allows us to avoid averaging and environmental
decoherence effects. Monochromatic electron injection, for instance,
using a superconducting electrode and charge state control of the
defect by gating, could eventually enable on demand spin-polarized
single-photon emission in a solid-state tunneling device.

Schuler et al., Sci. Adv. 2020; 6 : eabb5988 16 September 2020

MATERIALS AND METHODS

STM/STS and CO tip nc-AFM measurements

All scanning probe measurements were conducted at low-tempera-
ture (T ~ 6 K) and ultrahigh vacuum pressure (P ~ 10™'° mbar).
STM images were recorded using constant-current feedback. STS
spectra were performed in constant height mode with a 5-mV lock-
in amplitude. The bias voltage was applied to the sample.

For the noncontact atomic force microscopy (nc-AFM) measure-
ments, a qPlus (40) quartz-crystal cantilever was used (resonance
frequency, fy = 30 kHz; spring constant, k = 1800 N/m; quality factor,
Q = 30,000; and oscillation amplitude, A = 1 A). The metallic tip
was functionalized with a CO molecule for enhanced resolution (41).

STM luminescence

For the STML measurements, we used constant-current STM feed-
back to drive a constant electron flux at varying tunneling biases at
a specific location on the sample. The emitted light was collimated
using a high numerical aperture, achromatic lens close to the
tunneling junction. Outside the vacuum chamber, the light was re-
focused into an optical fiber to guide it to a point detector or spec-
trometer. A photon multiplier tube (Hamamatsu, H7421-50) and a
grating spectrometer (Princeton Instruments, SpectraPro 2300i)
with a thermoelectrically cooled charge-coupled device photodetector
(Andor, Newton) were used. The STML spetra were measured us-
ing a 150 grooves per millimeter grating and were not corrected for
the wavelength-dependent detection efficiency.

Tip preparation

All measurements shown in the manuscript were taken with an
electrochemically etched W wire. We applied in vacuo high-voltage
(~80 V) field emission and indentations on a Au(111) single crystal
to sharpen the tip. This resulted in a Au-coated apex as shown in the
scanning electron microscopy/energy-dispersive x-ray data in fig. S9.
More information on the tip dependence of STML can be found in
the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb5988/DC1
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