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ABSTRACT: A hallmark of quantum control is the ability to manipulate quantum
emission at the nanoscale. Through scanning tunneling microscopy-induced
luminescence (STML), we are able to generate plasmonic light originating from
inelastic tunneling processes that occur in the vacuum between a tip and a few-
nanometer-thick molecular film of Cg, deposited on Ag(111). Single photon emission,
not of molecular excitonic origin, occurs with a 1/e recovery time of a tenth of a
nanosecond or less, as shown through Hanbury Brown and Twiss photon intensity
interferometry. Tight-binding calculations of the electronic structure for the combined
tip and Ag—Cg, system results in good agreement with experiment. The tunneling happens through electric-field-induced split-
off states below the C4y LUMO band, which leads to a Coulomb blockade effect and single photon emission. The use of split-
off states is shown to be a general technique that has special relevance for narrowband materials with a large bandgap.
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iscrete electronic states split-off from Bloch bands strong plasmonic resonances in the visible range. Cg, has the

have been of interest for decades' and continue to be advantage that its electronic structure is accurately represented

at the forefront of solid-state research and develop- by a simple model,” which enables us to rationalize the
ment because of their intimate connection with point defects agreement we obtained between theory and experiment. The
in materials, such as dopant atoms and color centers, which narrowness of the Cgy bands enables creating split-off states
exhibit nonclassical effects such as single photon emission. with the electric field'® induced by applying a sufficient bias
Their optoelectronic properties are well-described by solving voltage across the tip—sample tunnel junction.'" In analogy to
the Schrodinger equation for a periodic potential with a local having a point defect at the tip position, the split-oft states tend
perturbation, with the perturbation depending on the material to be approximately localized on the Cg molecule directly
composition of the defect. Thus, exploring different ways to beneath the tip, leading to a strong Coulomb repulsion. This
create and manipulate split-off states are necessary in order to leads to a Coulomb blockade of tunneling events whereby

gain tunability beyond this materiality constraint.”~* Efforts in
this direction include quantum dot nanostructures,” but their
optoelectronic properties depend on single exciton (electron—
hole pair) decay’ that is not easily modifiable.®

Thus, a concrete demonstration that single photon emission
can be achieved without relying on internal molecular or
quantum dot transitions is in order. To this end, we observe
that the very origin of split-oft states, the local perturbation,
need not be materials based and, in fact, can also be an external
perturbation. This motivates using a nanometer tip of a
scanning tunneling microscope (STM) as a local perturbation,
in a system that can spotlight the principle of single photon
emission in a more materials-independent manner.

As a proxy for a generic semiconductor on a metallic
substrate, we use a thin Cg slab that couples weakly to a
Ag(111) substrate which itself was chosen because it has

electrons are forced to tunnel one at a time. Consequently, the
photon emission via tip-induced plasmons also occurs one at a
time'” whenever it results from tunneling via such states."
This phenomenon provides an additional handle over single
photon emission in a STM setting because it involves electrons
tunneling inelastically through a field-induced split-oft state.
Whether or not split-off states are formed below the Fermi
energy of the sample, Ef, is directly controllable by the bias
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voltage and is manifestly shown in our measurements (see also
Supporting Figure 4).

Controlling the inelastic tunneling is easier than controlling
the formation of excitons. Thus, the performance of this tip-
induced quantum dot and single photon emitter in terms of
recovery time, without any optimization, is already competitive
with epitaxial quantum dot emitters.'* This work highlights the
important role of local electric fields in probe microscopies,"
expands the variety of quantum states that can be made with
Cg'® and, indeed, demonstrates the general significance of
field-induced split-off states.

RESULTS AND DISCUSSION

The experiments are performed with an STM with optical
access, shown schematically in Figure 1. A voltage bias is
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Figure 1. A scanning tunneling microscope combined with a
Hanbury Brown and Twiss interferometer. Light radiating from a
junction formed between a Au tip and multilayer Cg-Ag(111)
substrate travels along optical paths (1, 2) containing (L)enses and
(V)iewports to a pair of single-photon avalanche detectors
(SPADs). The number of photon coincidence events as a function
of time delay t between pulses from the SPADs, g(z)(t) , is measured
with a time-correlated single-photon counter (TCSPC). The
voltage bias (U) is applied to the substrate. The tunnel current
(I) is measured with a picoammeter (A). A third optical path to an
optical spectrometer is not shown.

applied across the junction formed between the tip and the
Ag(111) substrate covered by C4 in the form of a few-
monolayer (ML) thick film, with regions that are 4—5 ML
thick."” The tunnel current is kept constant by a feedback loop,
and the light originating from tunneling processes is
characterized. Its intensity correlation function g(z) (t) is
measured with a photon intensity interferometer in a Hanbury
Brown and Twiss configuration, ® and its optical spectrum is
analyzed in a spectrograph.'’

The electronic structure of the system is studied
theoretically using a tight-binding model of the five HOMO
(H,) and three LUMO (T},) states on each C4, molecule (see
Supporting Information). The molecules are arranged in
laterally infinite layers as a (111) surface, with each layer
stacked in a face centered cubic structure identical to bulk Cgy,
taking into account orientational ordering with four different
orientations of the molecules in the unit cell.”” The potential
from the tip is described by introducing image charges,
satisfying the boundary conditions at the tip and the Ag(111)-
Cg and Cgp-vacuum interfaces. The electronic structure is
calculated in a Green’s function formalism, assuming that the
tip potential affects only a few hundred molecules (see
Supporting Information).

4217

The light emission of molecular Cg, thin films induced by
scanning tunnelin§ microscopy can be plasmonic (as in this
work), excitonic,”’ or a mixture®> of both. It is a strong
function of tip, sample, and tunneling parameters. In this work,
the tip—sample distance is in the neighborhood of 0.4 nm
estimated from z-spectroscopy approach curves. Of interest in
this study are regions of molecularly thick Cy, free of emission
centers,”>** whose emission is purely plasmonic with no
evidence for any excitonic contribution known to occur at the
different types of defects reported earlier.'”*""** Consequently,
the light spectrum contains only broad plasmonic modes, such
as the features seen at 2 and 1.8 eV in Figure 2a, excited by
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Figure 2. Plasmonic antibunching light emission from 5 ML Cg, on
Ag(lll) measured at 125 pA, —3.5 V. (a) Spectrum measured on a
Cgy terrace, integration time 1200 s. (b) Cartoon of the tunneling
through the lowest LUMO split-off state and light emission
process. (c) Photon intensity correlation measured at the same
position as in (a) immediately after, 7500 s accumulation time,
24.4 ps bin width. The black curve is a least-squares Poisson-
weighted fit to the data, using a constant background, and the
detector response convolved with a Laplace distribution, whose
decay parameter 7 is defined as the antibunching recovery time.

inelastic scattering events in the tunnel junction.zz’23 This
spectrum typically consists of several plasmon modes whose
positions and intensities change substantially with tip shape
and tip apex preparation. An energy level cartoon of the light
emission process is shown in Figure 2b. Under the conditions
allowing for light emission, tunneling occurs between metal
sample and metal tip through a single electronic state split-off
from the LUMO continuum. Note that this state is not due to
a stationary defect in the Cg, layer but induced by the electric
field of the moveable STM tip.

The g?(t) has a large correlation dip at t = 0 (Figure 2c)
and satisfies g(z)(O) < g(z)(t) for all t > 0, unlike a typical
plasmonic emission where g(2 (t) is unity (see Supporting
Figure 2). Hence, the photon emission is antibunched. This is
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a statistical property of the light that cannot be discerned from
the optical spectra alone and does not depend on the
energetics of the plasmon modes in the spectra. Based on a
2-particle Hilbert space argument, its dip intensity of 58% (i.e,,
g(z)(O) = 0.42) is consistent with imperfect single photon
emission of at most [1 — (1 — Zg(z))l/z]/g(z) = 1.42 photons
on average.”* The antibunching recovery time is 7 = 0.13 ns
and reflects the tunneling of electrons from Ag(111) to the top
Cy¢o layer and not the average time interval between tunneling
electrons, which is 1.3 ns for the 125 pA used in the
measurement of Figure 2c. Note that the time constant of
excitonic antibunching of emission centers on Cg, under
comparable tunneling conditions is 0.58 ns.”' An example of
how this antibunching dip can be varied by changing either the
tip—sample distance or bias voltage can be found in Supporting
Figures 3 and 4. This work is a demonstration of antibunched
plasmonic emission attained in an STM by circumventing the
limitations set by emitter lifetimes, whether exciton-based™> ™
or otherwise.”® The imperfectness of the emitter is later
ascribed to two contributing mechanisms, the first involving
only LUMO-derived states and the second involving both
LUMO- and HOMO- derived states.

The photon statistics can be understood by analyzing the
behavior of the electronic states. Figure 3a shows the
topography of a Cg, island. The cyan contours mark the
terrace boundaries, with the labels indicating the terrace height
in Cg layers. Figure 3b shows the integrated photon emission
efficiency (light emission normalized by current) as a function
of tip position. Figure 3¢ shows the relative tip position and
photon emission efficiency along the magenta line in Figure
3ab. Differential conductance (dI/dV) spectra shown in
Figure 3d measured from the first to fifth terrace show a
very pronounced peaked feature, present at the fourth and fifth
terrace for this —3.5 V bias, 100 pA set point. Additional
information for the sixth and seventh terrace can be found in
the Supporting Figure S. In all cases, the feature is particularly
sharp, suggestive of a tunneling component through a single
electronic state™” that is most clearly observable in experiments
when it is near the HOMO band edge. It is not to be confused
with a charge hysteresis in the system.’® We assigned it to a
LUMO-derived state that has been pulled out of the LUMO
continuum and below E§ by the electric field of the tip, based
on theoretical calculations to follow. We emphasize that
LUMO states typically appear at positive potentials, but can
also appear at negative potentials under appropriate exper-
imental conditions.'””!

The controllability of the onset of light emission in the
various Cgj layers is of particular interest. Figure 4a shows the
topography of one series of terraces from Figure 3. The
thickness threshold at which luminescence occurs is lowered
from the fourth to the second layer by changing the bias from
—2.86 V to —4 V as seen in Figure 4b,c. This effect is examined
further by measuring tunneling spectra on the fourth layer as a
function of tip—sample distance. Figure 4d shows two peaked
features later assigned to split-off states from the LUMO band.
As the tip—sample distance is increased, the bias has to be
made more negative to observe the peaked features®” (Figure
4e).

In this next step, we make comparisons with calculations.
Consider four layers of Cg4, on an ideal metal surface substrate.
Figure S shows the projected density of states (DOS) of the
topmost layer. Now consider the LUMO states. It has band
edges at 0.27 and 1.02 eV, with first moment 0.73 eV, and is
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Figure 3. STML surface characterization of Cgy-Ag(111). (a)
Topography of a C4 film on Ag(111); U = —=3.5 V, I = 20 pA
constant current. (b) Light emission map, where y/e” denoting
photons per electron, is calculated as light intensity X elementary
charge unit/current; same set point as (a). (c) Line profiles of
topography and emission efficiency along the magenta lines
marked in (a) and (b), respectively. The thick black line follows
the average efficiency value of each terrace. (d) Differential
conductance (dI/dV) spectra of the substrate (inset) and of 1—5
ML Cg, atop this substrate, with spectra shifted vertically for
clarity; set point U = —3.5 V, I = 100 pA.

concentrated between 0.4 and 1.0 eV, with a small tail
extending to 0.27 eV. This tail is due to coupling to the
innermost layer. Due to the strong image potential in the
innermost layer, the DOS in this innermost layer extends down
to 0.27 eV. Orbital mixing between the innermost layer and the
topmost layer then leads to the DOS of the topmost layer to
have a small tail that extends down to 0.27 eV as well. There is
band bending due to the laterally periodic image potential in
the substrate, but not due to the localized tip-induced
potential. For instance, when a small bias of —0.68 V is
applied to the tip, as in the black curve b of Figure S, the band
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function of relative tip—sample distance. The lines are a fit to the
data points and show that the LUMO features’ positions follow
lines of constant electric field.
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Figure 5. Calculated projected DOS of 4 ML Cg-Ag(111) as a
function of applied bias. Gray rectangles indicate the energy range
and the onset values of the continuum band of Cg, states. The
band edges stay fixed and do not change with applied bias.
Features beyond the band edge correspond to discrete split-off
states. Sharp features overlapping with the continuum band are
resonances. Arrows along the left vertical axis indicate the first
moment of the bands.The corresponding theoretical band energies
in the absence of hybridization are both 0.01 eV less. “Neighbors”
denotes an average of the DOS of all six nearest-neighbor Cg,
molecules. All features are broadened with a fwhm Lorenzian of
0.02 eV. The green “no tip” curve is the projected DOS of the
topmost layer.

edges stay fixed, while the local DOS on the Cg, directly below
the tip is depleted at the upper band edge and accumulates at
the lower edge. This causes the first moment to move to a
lower potential, toward E, as seen by comparing the LUMO
states of the green curve a and black curve b in Figure S. This
movement is due to the combined effects of the electrostatic
and image potentials from the tip. (Details on the HOMO
states of the same curves are available in Supporting
Information.)

For a critical applied voltage U, discrete split-oft states
appear below the LUMO band edge. This critical U exists
because any state in a band is at most half a bandwidth in
energy away from one band edge. Thus, a split-off state appears
when the center of gravity of the DOS on the Cg4, below the tip
has moved on the order of half the Cq;, LUMO bandwidth,
depending on the details of the DOS. This effect is similar to
split-off states caused by point impurities in semiconductors,
and should not be confused with “band bending” in extended
two-dimensional molecular layer systems nor thin layered
materials that comprise van der Waals heterostructures. In
contrast to the latter, the DOS is locally perturbed to the
extent that it has little resemblance to the unperturbed DOS.

The split-off states in the red curve ¢ of Figure S are
localized on the Cg, molecule below the tip with some
extension to the neighboring molecules. The figure shows how
the first of a series of LUMO split-off states is formed just
below E§ for U = —3.33 V and four layers and allows tunneling
to the tip through these states. The tunneling contribution

4219

from the first LUMO split-off state explains the sharp feature
seen in Figure 3d for 4 and 5§ ML Cg,. The details of the
calculated LUMO DOS show that this LUMO-derived split-off
state has most of its weight on the localized molecular orbitals
on the Cgy molecule below the tip, with some additional weight
on neighboring molecules. Figure 4d shows the experimental
behavior of the first and second split-oft states in detail, which
correspond to the calculated split-off states with most of their
weight in the three LUMO states on the C4, molecule below
the tip. Of the two split-off states, calculations reveal that the
first has more weight because it is doubly degenerate. This
degeneracy is broken if the tip is placed at a low-symmetry
position. Note that HOMO split-off states are also present in
the red curve c of Figure S. These split-off states, and those of
the blue curve d in Figure S, are discussed later.

Now we examine how the LUMO split-off state feature shifts
as a function of tunneling parameters and layer thickness.
Whenever an increased perturbation occurs across the Cg, film,
extant split-off states will separate further from their parent
continuum band. Figure 6a,b shows the electrostatic potential
for the case U = —3.33 V, fixed sample,”® and tip** work
function, with varying Cy, film thickness and vacuum £Pp size.
While the high relative permittivity of Cgy (£puy = 44)” causes
a large part of the potential drop to occur over vacuum, there is
still a substantial drop over the Cg, film, whose magnitude
increases with layer thickness (orange, green, red) and closer
tip placement (blue). These behaviors also hold for positive U.
Thus, in going from two to three layers, the set of split-off
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Figure 6. Calculated electrostatic potential and resultant split-off
state potential energies. The orange, green, red, and blue curves
are for a vacuum gap of d = 0.40, 0.40, 0.40, and 0.35 nm between
the tip and Cg, surface and a layer thickness of 2, 3, 4, and 4 ML
Cgo, respectively. The sample and tip Fermi levels (E§ and Ef),
work functions (®g,®;) and vacuum levels (Vs,Vy) satisfy Vg = E§
+ ®g and Vy = E} + ®y. (a) The potential directly beneath the tip
for the bias U = —3.33 V. The Ag(111)-Cg, interface is at z = 0.
The solid circles denote the Cgy-vacuum interface. (b) Detail of the
shaded region in (a). (c) The lowest LUMO split-off state energy
as a function of U. (d) Detail of the shaded region in (c) with
additionally, the second lowest singly degenerate LUMO split-off
state shown with thin lines. The double-headed arrows indicate the
voltage difference between where the curves cross zero energy,
corresponding to E5.

states below the HOMO band shifts to lower potential, while
those above the LUMO band shift to higher potential. Detailed
calculations (see Supporting Information) reveal the first two
split-off states at energies which are in rather good agreement
with the applied biases in experiment (see Figure 3d).
However, they also underestimate the energy splitting on the
LUMO side possibly due to our neglect of the local crystal field
that lowers the symmetry of the Cg, orbitals at the surface.
Figure 6¢ shows how the calculated lowest split-oft state
shifts with applied bias. The case of 4 ML Cg, that is examined
in detail in Figure 6d near E}, in particular, shows how the two
lowest split-off states depend on U and d. The lowest state
moves below Ej for U = —3.32 V which is comparable to U =
—326 V as in experiments. U has to be lowered by an
additional 0.22 V to move the second lowest peak through E3,
which is also comparable to experiment (see Figure 4d).
Keeping the peak positions fixed as d is reduced from 0.4 to
0.35 nm requires a shift of 0.17 and 0.19 V, respectively. This
gives the derivatives —3.5 (—3.8) V/nm compared with the
experimental —1.95 (—2.16) V/nm for the lowest (second
lowest) peak and qualitatively reproduces the expected electric
field dependence seen in Figure 4d. The approximate factor of
2 discrepancy is considered reasonable given the approx-
imations used in the calculations. Further refinement may
require approximations that move beyond a spherical tip
geometry and account for the orbital mixing between the
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Ag(111) substrate and Cg4. Because the theoretical model of
the tip is sharper than a real tip, the calculations are expected
to be biased in the direction of having a stronger electric-field
dependence.*

We now discuss the Coulomb blockade that occurs when
tunneling happens through a LUMO split-off state, and its
relationship with the nonzero photon correlation dip shown in
Figure 2c. Consider the DOS on the Cg, molecule below the
tip for U = —3.33 V (Figure Sc, red curve), and the change
when a LUMO split-off state is occupied by one electron
(Figure 5d, blue curve). Since the DOS are mostly localized on
the Cg molecule below the tip, the associated Coulomb
integrals are large. Thus, the electron occupancy just
mentioned increases the electrostatic potential on the Cg,
below the tip by 1.02 eV and shifts the main structure in the
LUMO DOS by 1.14 eV. The electrostatic potential on the
neighbors of the molecule is increased by 0.34 eV, and the
DOS is shifted correspondingly to higher energies. These
changes prohibit the occupancy of any LUMO state by a
second electron (Figure Sd, blue curve).

If tunneling only involved LUMO-derived states, this
analysis would imply that a perfect Coulomb blockade should
occur. However, the photon correlation dip, g(z)(t = 0), is
clearly above 0, which is indicative of a finite probability that
two photons can be emitted within picosecond intervals. To
account for g®(t = 0) > 0, we suggest concomitant tunneling
from the HOMO states, that is, in addition to the LUMO
tunneling just discussed there is an additional HOMO
tunneling component. The change between calculations in
Figure Sc (red curve) and Figure Sd (blue curve) shows that
the split-off states below the HOMO band edge shift up in
energy when a LUMO state is occupied and becomes a
resonant feature at —1.74 eV that is close to the top of the
HOMO band. This has two consequences. The tunneling rate
for a HOMO state is now substantially higher, since the
electron has a higher energy when tunneling through the
vacuum barrier. Thus, counterintuitively, the Coulomb block-
ade helps the tunneling of a HOMO electron. In addition, this
electron may now have enough energy to emit a detectable
photon when it decays to the Fermi level of the tip, Ef, at
—3.33 V. If a photon detected at t = 0 were emitted by an
electron tunneling from the HOMO resonance, a second
electron could instantly tunnel from a LUMO split-off state
and would reduce the g*(t) dip at t = 0. The sharp feature in
Figure 3d measured on four layers at an applied bias of —3.26
V is then due to both tunneling through the LUMO split-oft
state and an increased tunneling through the resonance derived
from HOMO split-off states. We envisage this latter
contribution to be characterized explicitly by performing
photon correlation experiments with spectral discrimination
filters.

Our calculations predict that the Coulomb blockade can be
overcome by the applied bias when it is lowered beyond U =
—6.2 V. Only then can the tip potential move a LUMO split-off
state, mainly localized in the innermost Cg, layer, below E},
even if an electron occupies a LUMO split-off state on the Cq,
below the tip. It would be interesting to characterize the
behavior of the photon correlation in this situation.

Higher order tunneling mechanisms that occur should also
reduce the nominal photon correlation dip. A HOMO
electron, from a HOMO split-off state beneath the tip for
instance, can tunnel even if the LUMO split-off states are
empty. This creates a localized hole whose attractive potential
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causes the LUMO split-off states beneath the tip and the
neighboring molecules to shift below Ej. The hole mitigates
the Coulomb repulsion of housing two electrons within the 6
Cgo states beneath the tip and the 36 Cg, states of the
neighboring molecules (counting spin and nominal T,
symmetry of the C4y LUMO) suddenly made energetically
favorable for tunneling. The most important of these transient
trion-like electronic configurations involves an electron on the
same molecule as the hole and an additional electron on the
same or neighboring molecule. The latter trion can only be
formed by an electron hopping into the neighboring molecule
first. The two electrons tunneling once the trion decays would
then decrease the correlation dip.

Another possible reason for g(z)(t = 0) > 0 is that one
tunneling electron can emit two photons,”” which is found to
be important, in particular, for large tip—sample distances. We
expect this effect to be small here, both because the tip—
sample distance is rather small and because the bias is not
much larger than twice the lower limit of the detector
sensitivity. If two photons are emitted, then it is rather unlikely
that both are detected, since energy conservation then requires
that both have approximately the energy |UI/2.

To highlight some design guidelines for developing
plasmonic antibunching emitters beyond Cyy, we have varied
the parameters in our model calculations. First, we examine the
energetics of making split-off states. We first double the
LUMO and HOMO bandwidths, keeping their respective band
edges closest to Ej, fixed relative to Ep. To align a LUMO split-
off state below E} now requires roughly twice as large a bias as
before. This proportional relationship favors the use of narrow
bandwidth materials. Next, to favor antibunching, the
tunneling contribution from the HOMO states should be
lowered, for example, by reducing the large HOMO
degeneracy (from 10 in the case of Cq). Increasing the band
gap of Cg from 2.3 eV*° by lowering the HOMO is also
favorable. This change would lower the energy of the split-off
state above the top of the HOMO that is present when a
LUMO split-off state is occupied. This would then reduce the
HOMO tunneling to the tip because the electron would now
tunnel through a larger barrier and, thus, favor antibunching.

The effective on-site Coulomb interaction, U, is also
important™ and tends to be smaller for large molecules. Using
molecules with a reduced U,4 would lower the energy of the
HOMO split-off state which again favors antibunching. A
material with a larger dielectric function would also reduce U
through screening effects. However, this change would require
a larger bias voltage to make split-off states since the voltage
drop over the molecular layers would be reduced. Electro-
negative molecules, such as Cg, are favorable in this regard
because a smaller bias is needed to pull a state below E§.

CONCLUSIONS

We have shown that a local field can induce discrete states to
appear in a molecular film on a metallic substrate in an STM
setup, in analogy to those that appear in a quantum dot due to
a confinement potential. This leads to a Coulomb blockade for
tunneling charges evidenced by plasmonic photon antibunch-
ing. Here a Cy4-Ag(111) system was used, but we also
discussed how other molecular characteristics could influence
the emitter performance. We analyzed some possible reasons
for the observed imperfect single photon emission, which
revealed strategies to improve its performance. This approach
reveals the possibility of using an external bias to regulate
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whether or not a Coulomb blockade occurs in a larger class of
materials than previously thought, although large bandgap,
narrowband materials are favored. In conventional quantum
dots and single molecules, the maximum possible rate of single
photon emission is limited by the exciton lifetime, which is
often hard to influence and much longer than 1 ns. This long
lifetime limits the rate at which single photon emission can be
created from the emitter. Here, the explicit use of tunneling
processes means that the rate has a sensitive exponential
dependence on the tip—sample distance, and time scales
shorter than 1 ns can be achieved if desired. The recovery time
should also depend exponentially on the molecular layer
thickness, which is given by the tunneling of electrons from the
substrate into the split-off state at the surface of the C layer.
Theoretically, it should increase exponentially with the
distance over which the electron tunnels. While it is an effect
awaiting experimental verification, it is anticipated that it can
be controllably varied with conventional epitaxial techniques.
This flexibility could broaden the class of materials that are
useful for making single photon emitters. In summary, the
significance of bypassing the use of excitons in single photon
emission is that the rate of single photon production, or
equivalently, the intensity, is no longer tied to the exciton
lifetime. We anticipate future work to develop in these
directions.

METHODS

To make the samples, Cg is vapor deposited onto Ag(111) from a
Knudsen cell for 1 h, with the sample temperature set between 213
and 253 K. This temperature range favors rough island growth, which
then facilitates measuring the light emission as a function of layer
thickness and STM parameters within a small rastered area. The
resulting Co-Ag(111) topography and its characterization are shown
in Figure 3a—d. The Ag(111) surface was prepared with standard
cycles of Ar" sputtering at 300 K, followed by annealing at 900 K. The
STM tip is etched from a length of 99.995% pure Au wire of diameter
0.25 mm.
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