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Abstract: We demonstrate manipulation of photon emission efficiency in
a tunneling gap by tuning the rates of elastic and inelastic electron tunneling
processes with local electronic states. The artificial local electronic states
are created by a scanning tunneling microscope tip on a CuN nanoisland
grown on a Cu(100) surface at cryogenic temperature. These local electronic
states can either enhance or suppress the excitation of tip-induced surface
plasmon modes at specific bias voltages, and thus the induced photon
emission rates. A theoretical model quantitatively analyzing inelastic and
elastic tunneling processes associated with characteristic electronic states
shows good agreement with experiments. We also show that tip-induced
photon emission measurement can be used for probing the electronic states
in the tunneling gap.
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1. Introduction

Plasmon coupled nanostructures have opened the door for emerging nanophotonics. As the gap
between the metal nanostructures is reduced down to the subnanometer scale, coherent quan-
tum tunneling of electrons dominates the plasmon modes and establishes a quantum limit for
plasmonic confinement [1–4]. With the highly localized tunneling electrons, scanning tunnel-
ing microscopy (STM) is a useful tool to study photon emission phenomena at the nanoscale.
STM-induced luminescence from various materials has been reported, e.g., light emission from
noble metals [5], insulating films [6], semiconductors [7], molecules [8,9], clusters [10], quan-
tum wells [11], etc. Among these, a general mechanism is the so-called tip induced plasmon
(TIP), in which local plasmon modes are excited by tunneling electrons [5, 12–17]. While the
dominant portion of the tunneling current arises from elastic tunneling (ET) channels, the plas-
mon modes and associated photon emission are mainly excited by inelastic tunneling (IET)
channels [18, 19]. It has been experimentally confirmed that the TIP photon emission depends
sensitively on the density of states (DOS) of the tip and/or sample [5, 19–28]. For example,
G. V. Nazin et al. showed that the DOS of a Ag chain is closely correlated with the photon
yield [26]. A recent work demonstrated that the highest occupied molecular orbital (HOMO)
of Ir(ppy)3 molecule could act as a gate to enhance the plasmon excitation [28].

In this paper, we report on a study of using artificially-created local electronic states to en-
hance or suppress the efficiency of TIP photon emission. This has been achieved through al-
tering the ratio of IET to ET in the tunneling process with local electronic states. These local
states are created from monoatomic thick CuN islands, defects or atomic clusters on a Cu(100)
surface. We demonstrate that, under a positive bias voltage, the TIP photon emission efficiency
can be enhanced or suppressed as large as two orders of magnitude by manipulating the local
electronic states associated with these nanostructures. A theoretical model which accounts the
local-state contribution in calculating the ET and IET tunneling rates shows good agreement
with the experimental results. Moreover, we also show the ability of reconstructing of DOS
with photon emission data. Our findings may lead to applications in designing and engineering
nanophotonic devices at the quantum tunneling regime.

2. Theoretical model

As illustrated in Fig. 1, electrons tunnel between the tip and metal sample surface through both
ET and IET channels. Photon emission occurs in the IET channels where the electrons are
coupled with the surface plasmon modes under the energy conservation [13, 19]. As compared
to the ET process, the portion of the IET process is often very low. When an electron tunnels
from the tip to the sample (Figs. 1(a) and 1(b), Vb > 0), following the Fermi’s golden rule
[19, 24, 29], we can obtain the rates of ET and IET processes

we(Vb) =
2π
h̄

∫ EF+eVb

EF

ρt(ε)ρs(ε)|Me|2dε, (1)

win(Vb) =
2π
h̄

∫ EF+eVb−hν

EF

ρt(ε +hν)ρs(ε)|Min|2dε, (2)

where EF is the Fermi energy level of the sample. Vb is the bias voltage between the sample and
the tip, ρt(ε) and ρs(ε) are the DOS of the tip and the sample, respectively. Me and Min are the
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Fig. 1. Electrons tunnel between the STM tip and the metal sample surface with an applied
bias voltage Vb. The local electronic state density is denoted by black curves. (a) Vb > 0:
The IET process and related photon emission are enhanced due to the local states close to
the sample Fermi level. (b) Vb > 0: The ET process is enhanced due to the local states close
to the Fermi level of the tip, which suppresses the inelastic tunneling process and photon
emission. (c) and (d): Under a negative bias voltage (Vb < 0), both ET and IET channels
are not affected by local states of the sample.

corresponding transition matrix elements of the ET and IET processes. hν is the photon energy.
If a local electronic state is present on the sample surface above the Fermi level, as exemplified
in Figs. 1(a) and 1(b), assuming ρt(ε), Me, and Min vary slowly with the energy ε in the interval
EF < ε < EF + eVb, Eq. (2) can be approximated as

win(Vb)≈ |Min|2
|Me|2

we(Vb −hν/e). (3)

We therefore obtain the probability for an electron to tunnel inelastically, which accounts for
plasmon excitation and the induced photon emission, as

P(Vb) =
win

we +win
≈ win

we
≈ |Min|2

|Me|2
we(Vb −hν/e)

we(Vb)
. (4)

Hence the portion of inelastic tunneling electrons at a given bias voltage depends on the charac-
teristic distribution of ρs(ε). For the case illustrated in Fig. 1(a), where the local electronic state
is close to the sample Fermi level, the IET probability is enhanced because we(Vb − hν /e) oc-
cupies a large portion of we(Vb). For the case shown in Fig. 1(b), the local electronic state close
to the tip Fermi level enhances the ET process and thus suppresses the efficiency of plasmon-
induced photon emission in the IET channel. In contrast, with negative bias (electrons tunnel
from the sample to the tip, Figs. 1(c) and 1(d)), since the local states are all above the sample
Fermi level, both ρt(ε) and ρs(ε) vary slowly within the interval EF − eVb < ε < EF . In these
two cases, the IET probabilities are not affected by the presence of sample local electronic
states [19].
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Since the plasmon-induced photon emission yield scales linearly with the amount of inelas-
tic electrons, the photon emission rate can be expressed as Rhν = ηI0P, where I0 is the total
tunneling current and η is a grouped constant determined by the gap geometry and photon col-
lecting efficiency. The ratio in Eq. (4) could be obtained from photon emission spectral data and
site-dependent scanning tunneling spectroscopy (STS, dI/dVb spectra) data experimentally.

For Vb > hν/e

Rhν(Vb) ∝
we(Vb −hν

/
e)

we(Vb)
=

Vb−hν/e∫
0

dI
dV dV

Vb∫
0

dI
dV dV

. (5)

For Vb < 0 and |Vb|> hν/e when the electrons tunnel from the sample to the tip,

Rhν(Vb) ∝
we(Vb+hv

/
e)

we(Vb)
=

Vb+hν/e∫
0

dI
dV dV

Vb∫
0

dI
dV dV

. (6)

3. Experiment

We carry out the experiments in an ultra-high vacuum (UHV) STM system (Omicron) operated
at the temperature of 4.9 K. CuN nanoislands are grown on a single-crystal Cu(100) substrate
following the reported method [30]. The photons are collected with a lens mounted outside
the UHV chamber, and coupled into a spectrometer (SpectraPro SP2356) pre-cooled at -80
◦C through a multimode optical fiber. The typical collection efficiency is about 10−6 s−1 per
tunneling electron. The photon counts are measured by the spectrometer in the focus mode,
with a measurement time of 10 s.

Figure 2(a) lower inset is a typical STM topograph of the CuN/Cu(100) substrate. The dark
regions are monoatomic thick CuN nanoislands which show a lower apparent height than Cu.
Note the lower apparent height is not a geometrical effect, but attributed to decreased density
of electronic states of CuN film [31]. We frequently find some defects with higher apparent
height on CuN nanoislands, as the one marked by the white circle. Since this defect could not
be moved by the STM tip, we assume that it is a missing-N defect. The side-view of the atomic
structures of Cu, CuN and a missing-N defect is depicted in the upper inset of Fig. 2(a). The
relative positions of N atoms with respect to Cu atoms are plotted according to ref. [32]. The
differential conductance spectra, which reflect the local DOS, measured over Cu, CuN and the
defect are shown in Fig. 2(a). The spectrum of Cu shows a broad and weak peak around 1.6 V,
which is associated with an unoccupied surface resonance [31]. The spectrum of CuN shows
very weak signal in the bias range of −3 V to 1.5 V, a steep increase above 2.0 V, and a strong
peak at 2.3 V [31,33]. The spectrum of the defect shows similar feature as CuN below 2 V, and
exhibits a shoulder at about 2.2 V.

Figures 2(c) and 2(d) display photon emission spectra acquired at Cu, CuN and the defect.
We notice that the spectral line shapes of TIP photon emission are sensitive to the tip geometry
[34–38]. In this work, to confirm clearly the electronic state effects and rule out others, we
carefully avoid changing the tip while conducting a complete set of measurements. The spectra
are monitored before and after the measurement of photon emission rate. If the tip is found
changed, the measurement of photo emission rate will be repeated. The tip-sample separation
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Fig. 2. (a) Site-dependent scanning tunneling spectroscopy (STS, dI/dVb spectra) measured
over Cu, CuN and defect. Lower inset: STM topograph of CuN nanoislands on a Cu(100)
surface, with a defect marked by the white circle (16×16 nm2, 1.0 V and 0.5 nA). Upper
inset: Side view of the atomic structure of Cu, CuN and a missing-N defect. (b) Photon
counts as functions of bias voltages Vb. The experimental data are measured over 5 times,
drawn by symbols with error bars. The solid curves are calculated from the dI/dVb spectra
following Eqs. (5) and (6). (c) and (d): Photon spectra measured at Cu, CuN and defect in
the case of negative bias or positive bias voltages (∓3.0 V, 20 nA, 450 s). The spectra are
shifted vertically for clarity.

is about 0.5 nm at the tunneling regime with STM. The usual curvature radius of the tip is
dozens of nm. In this case, variation of spectral line shapes with different bias voltages is
unremarkable. [5,20,37,39,40]. As revealed in Figs. 2(c) and 2(d), the line shapes of six photon
spectra are nearly identical with a central wavelength of 700 nm (hν = 1.77 eV). Therefore the
photon emission acquired at CuN and the defect is of the same plasmon modes as that of Cu.
This photon energy coincides with the threshold electron energy of 1.77 eV for all the six cases,
indicating the photon emission arises from a radiative decay of the localized surface plasmon
induced in the tunneling gap by the IET electrons [5, 16].

Figure 2(b) shows the photon counts as functions of bias voltages measured at Cu, CuN and
the defect in the constant tunneling current mode. At negative bias voltages, the photon counts
measured at three structures all increase monotonously with the bias voltage, consistent with
the prediction of Eq. (2) in Ref. [19]. At positive bias voltages, the photon counts acquired at
Cu surface also show monotonously rising trend with the increase of bias voltage. In contrast,
the photon counts acquired with the tip located on CuN nanoisland display a resonance-like
peak at Vb = 2.1 V, while the photon counts measured at the defect show a saturation behavior
for Vb > 2.1 V. At Vb = 3 V, the photon rate is suppressed by a factor of 8 at CuN compared
to the bare Cu. Based on the dI/dVb data shown in Fig. 2(a), we simulate the photon counts as
a function of bias voltage following Eqs. (5) and (6). In the simulation, we set hν = 1.77 eV
and numerically sum the STS data to calculate the integrations. The only fitting parameter is
a prefactor (η |Min|2/|Me|2) that accounts for the transmission matrix elements of the ET and
IET processes and the photon collecting efficiency. The results are shown as the solid curves
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in Fig. 2(b), which fit the measured photon emission data very well for all three structures
at both positive and negative bias voltages. The good agreement between the simulated and
the experimental photon counts indicates that our simple model can quantitatively describe the
TIP photon emission rate. The suppression of the TIP photon emission at CuN for Vb > 2.1
V is associated with the emergence of the local electronic states of CuN above 2.0 V, which
effectively enhances (suppresses) the ET (IET) process as illustrated in Fig. 1(b). Similarly the
local states of the defect enhance the ET process too, but the local states are not as strong as
those of CuN, so the photon counts saturate at Vb > 2.1 V instead of decaying. In the case of
negative bias, the photon counts of the three structures do not exhibit significant difference,
which can be understood by the process illustrated in Fig. 1(d).

Fig. 3. Manipulating photon emission efficiency with local electronic states from an arti-
ficial cluster. (a) STM topographs of a cluster (marked by the arrow) before (upper panel)
and after (lower panel) manipulation (12× 8 nm2, 1.0 V and 0.5 nA). (b) dI/dVb spectra
(upper panel) and photon counts (lower panel) with different bias voltages measured at the
arrow-marked cluster before and after manipulation. In the lower panel, the experimental
data are measured over 3 times, drawn by symbols with error bars; the simulation are drawn
by solid curves. (c) Photon spectra measured over Cu and the cluster (3.0 V, 20 nA, 450 s).

As illustrated in Fig. 1(a) and quantitatively described in our model, we expect that creating
a local electronic state close to the sample Fermi level may allow us to enhance the IET process
and thus the photon emission. To demonstrate the ability of controlling and manipulating the
TIP photon emission efficiency, we create some artificial atomic clusters that have distinguished
local electronic states. The clusters are produced by dipping the tip into the Cu substrate [41,42].
The STM topograph in the upper panel of Fig. 3(a) shows three clusters located on CuN islands.
We manipulate a cluster (marked by the arrow) by the STM tip. The lower panel of Fig. 3(a)
shows that the cluster is moved to a new position. Before manipulation, The cluster has a local
electronic state around 0.3 V, which is close to the sample Fermi level, as shown in the upper
panel of Fig. 3(b). After manipulation, the cluster no longer shows the state at 0.3 V, but two
strong new states at 1.6 V and 1.9 V. The change of electronic states of cluster may be due to
variation of adsorption on CuN island. The photon emission results acquired with the tip located
at the cluster before and after the manipulation are shown in the lower panel of Fig. 3(b). Before
manipulation, the threshold bias voltage for photon emission is 2.2 V, which is 1.9 V higher
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than the energy of the 0.3 V state. This shift of 1.9 V equals the characteristic photon energy
as shown in Fig. 3(c). After manipulation, the threshold bias voltage for photon emission shifts
to 3.8 V. The offset between this threshold and the cluster state after manipulation is still 1.9
V, as shown in Fig. 3(b). This result can be understood as following: assuming that a local
electronic state lies at V above the sample Fermi level, the threshold bias voltage required to
excite surface plasmon modes is V +hν /e. As a result, shifting the local electronic state of the
cluster changes the threshold bias voltage. We simulate the photon counts of the cluster before
and after the manipulation according to Eqs. (5) and (6) using the corresponding dRhν /dVb data
and setting hν = 1.9 eV. The simulated photon counts are plotted as solid curves in the low
panel of Fig. 3(b), which fit the experimental data very well. We have made and measured six
clusters totally. Their electronic states energy levels and threshold bias voltages are plotted in
the inset in Fig. 3(b), where the red line displays Vthreshold =Vstate +1.9 V. One can see that all
the experimental data fall on or near the red line, confirming the proposed mechanism of using
local electronic states to control the inelastic tunneling efficiency. It is worthwhile to note that
the photon counts acquired at the clusters can reach 90 times of those on CuN under the same
experimental conditions. To test the scenario illustrated in Fig. 1(c), we measure the photon
emission on these clusters with negative bias voltage and found that the emission rate behaved
similarly as the bare CuN. The clusters’ local electronic states do not enhance or suppress the
TIP photon emission, consistent with the prediction of our model.

4. Reconstruction of DOS

-1 0 1 2 3
0.0

0.3

0.6

 dI /dV
b
  

 dR
hv

 /dV
b
 

1 2 3
-2

0

2

 d
R

hv
/d

V b 
 (a

.u
.)

 d
R

hv
/d

V b 
 (a

.u
.)

 d
I/d

V b 
 (n

S)

V
b 
(V)

 dI /dV
b
  dR

hv
 /dV

b
  

 dI /dV
b
  dR

hv
 /dV

b

       dRhv /dVb data 
are left shifted by 1.9 V

 d
I/d

V b 
 (n

S)

V
b 
(V)

(b) (c)

(a)

 

Rhν

dRhν
dVb

DOS

1.7V 
1.7V 1.7V 

1 2 3 40
Vb(V)

A 
B 

C 
D 

Fig. 4. Reconstructing local DOS from the photon emission data. (a) An arbitrary DOS,
photon emission rate Rhν and its derivative dRhν /dVb. (b) The calculated dRhν /dVb (down-
shifted by 1.9 V) from the photon emission data as compared with the STS spectra of the
cluster (dRhν /dVb) before and after manipulation (the marked cluster in Fig. 3(a)). (c) The
calculated dRhν /dVb as compared with STS spectrum of CuN (dI/dVb).

Next, we confirm that the local DOS of the sample surface can be reconstructed from the
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photon emission data [26]. From Eq. (4) and Rhν = ηI0P, we can derive

dRhν
dVb

≈ 1
we (Vb)

[ηI0ρs (eVb −hν)−Rhν ρs (eVb)] . (7)

Hence, the derivative of photon emission rate with respect to bias voltage can be used to trace
back the DOS characteristics of the sample under the condition that the tip possesses a slowly
varying DOS distribution. As an example, we plot an arbitrary DOS distribution shown by the
upper curve in Fig. 4(a). The calculated photon rate Rhν with hν = 1.7 eV is drawn by the
middle curve according to Eq. (4). The lower curve gives dRhν /dVb. From Eq. (7), the positive
peaks in dRhν /dVb are corresponding to IET channels at energy of eVb−hν , while negative dips
are associated with ET channels at energy of eVb. Therefore we can assign the three positive
peaks in dRhν /dVb to the electronic states A, B and C, which are 1.7 eV down-shifted, and the
negative dip to state D at the same energy. Figure 4(b) shows the derivative data of dRhν /dVb (up
and down triangles) measured at the cluster before and after manipulation (the marked cluster
in Fig. 3(a)) towards the dI/dVb spectra, where the dRhν /dVb data are downshifted by the photon
energy of 1.9 eV. The dRhν /dVb data nicely reconstruct the characteristic local electronic states
revealed by STS spectra. Figure 4(c) shows the derivative data of dRhν /dVb measured on CuN
as compared with its dI/dVb spectrum. The negative dip in dRhν /dVb is associated with the 2.3
V peak in the DOS of CuN.

5. Conclusion

In summary, we have demonstrated that the TIP photon emission efficiency can be manipulated
by controlling the IET and ET processes with local electronic states in a STM tunneling gap.
With artificial nanostructures, we can either open or close the IET channel and thus enhance
or suppress the plasmon excitation. The theoretical model taking into account the contribution
of the local DOS agrees well with the experimental data. We’d like to emphasize that in this
work we do not intend to provide a new description of the origin of the STM-stimulated photon
emission; instead, we have formulated a relationship between local electronic states and the ef-
ficiency of TIP photon emission. This relationship is found to be general, which is rooted in the
Fermi’s golden rule, and independent of the origin of the electronic states or the tip structure.
Moreover, this relation allows us to manipulate the photon emission efficiency through creat-
ing artificial electronic states. These results have demonstrated that experimentally-measured
TIP photon emission efficiency can be quantitatively described by a theoretical formulation
which computes ET and IET tunneling processes, providing useful guidance for designing and
engineering nanophotonic devices in the subnanometer scale.
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