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We investigated the photon emission spectra on Ag (111) surface excited by tunneling electrons using a low temper-
ature scanning tunneling microscope in ultrahigh vacuum. Characteristic plasmon modes were illustrated as a function of
the bias voltage. The one electron excitation process was revealed by the linear relationship between the luminescence
intensity and the tunneling current. Luminescence enhancement is observed in the tunneling regime for the relatively high
bias voltages, as well as at the field emission resonance with bias voltage increased up to 9 V. Presence of a silver (Ag)
nanoparticle in the tunneling junction results in an abnormally strong photon emission at the high field emission resonances,
which is explained by the further enhancement due to coupling between the localized surface plasmon and the vacuum. The
results are of potential value for applications where ultimate enhancement of photon emission is desired.

Keywords: scanning tunneling microscopy, luminescence, surface plasmon, field emission resonance
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1. Introduction
Electro-optical phenomenon on a nano-meter scale is im-

portant for designing micro and nano photonic devices, as well
as for understanding the basic physical principles in light–
matter interactions.[1–3] For example, light emission from
atomic chains reveals electronic transitions between the dis-
crete energy levels rooting from quantum confinement.[4–6]

As another example, the local photon emission from a single
molecule in the tunnel junction is caused by inelastic scatter-
ing of the tunneling electrons.[7–9] The photo luminescence
can also be observed on semiconductor surfaces due to tip-
induced carrier recombination.[10,11] The light intensities in
these systems are affected by several factors, including elec-
tronic current, sample bias, local environment, and quantum
efficiency (QE) of electron–photon conversion. For a typical
gap antenna nanostructure, the value of QE is on the order of
10−4,[12–14] but it can be increased to 10−2 when high concen-
tration of hot carriers is induced by laser illumination in the
tunneling gap.[15,16] The local environment, or even an atomic
perturbation, may play an important role in determining the
emission spectrum. Examples include a single defect in semi-
conductor, an extra atom attached to quantum dot, or a chem-
ical group bonded to the functioning molecule. Detailed in-
vestigation in these delicate effects is strongly desired in order
to fully understand the underlying mechanism and to explore

into new applications.
Scanning tunneling microscope (STM) has been playing

a unique role in studying light–matter interactions on a micro-
scopic scale. It provides topographic details with atomic spa-
tial resolution, and it can be employed to create vertical metal-
insulator–metal structures (MIMs) as a gap antenna,[17,18]

where the inelastic tunneling electrons excite localized surface
plasmons (LSP). In the STM configuration, the tunneling gap
can be adjusted by changing the sample bias voltage, while
keeping the tunneling current at a constant level. When the
bias voltage is set to be higher than the work function of the
metal, the system turns into the field emission regime where
the intensity of light emission exhibits oscillation as a func-
tion of the bias. The luminescence reaches its local maxi-
mum value at some specific bias voltages, which is known
as the field emission resonance (FER) associated with the hot
electron injection and the inelastic electrons tunneling (IET)
through the field emission state.[19,20] While several seminar
studies have demonstrated the advantages of the STM-based
investigations, the influence of local environment on the elec-
tron photo luminescence as well as the coupling to the FER
has not been fully explored on a nanometer scale yet.

Here, we examine the photo luminescence from the tun-
neling junction with an Ag STM tip on Ag (111) surface. The
light emission intensity as a function of the sample bias and
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the tunneling current is examined. Special attention is paid
to a local perturbation with an Ag nanostructure deposited on
the surface, where an abnormal enhancement in the emission
spectra is observed. The correlation between the luminescence
intensity and the field emission resonance is investigated and
explained by the plasmon resonance in the nano-cavity and the
electronic local density of states.

2. Experiment

The experiment was performed by using a home-
built STM in ultrahigh vacuum with a base pressure of
1×10−10 Torr (1 Torr = 1.33322×102 Pa). The Ag (111) sur-
face was cleaned by cycles of argon ion sputtering and an-

nealed at 600 ◦C. The Ag tips were prepared by electrochemi-
cal etching from 99.99% Ag wires (Nilaco Corporation) with a
diameter of 500 µm. The tips were further cleaned by filament
heating, ion sputtering, and finally treated by voltage pulses
on clean surfaces. Photons emitted from the tunnel junction
were collected by two convex lens ( f1 = 50 mm, Φ1 = 15 mm,
f2 = 15 mm, Φ2 = 15 mm) and focused into an optical fiber
outside the vacuum chamber which guided the light to a spec-
trometer (Spectra Pro 2300, Princeton Instruments) for anal-
ysis as shown in Fig. 1(a). Spectra in a wavelength range
from 400 nm to 980 nm were acquired by a liquid-nitrogen-
cooled charge-coupled device (CCD) with an integration time
of 60 s. During acquisition, the STM tip was positioned stati-
cally above the sample with feedback loop on.
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Fig. 1. (a) Schematic diagram of STM-based luminescence experiment. (b) Luminescence spectra on Ag (111) surface with Ag tip under various bias
voltages, with the spectra shifted vertically for clarity. (c) Spectrum intensity map corresponding to panel (b), displaying the relationship between the
photon energy and sample bias, with dashed line indicating the boundary hν = eV .

3. Results and discussion

Figure 1(b) shows the characteristic luminescence spec-
tra acquired on an atomic flat Ag (111) surface, under vari-
ous bias voltages from 1.5 V to 4 V. For the low bias voltage
V = 1.5 V, there is only one peak present in the spectrum at
the wavelength of 920 nm (hν = 1.35 eV). For the high bias
voltage V = 4.0 V, multiple peaks can be identified in the spec-
trum. These luminescence peaks originate from the decay of
plasmon modes that are excited by the electrons through in-

elastic tunneling process.[5,17,21] Figure 1(c) shows the spec-
trum intensity map as a function of photon energy and the bias
voltage. The dashed line indicates a boundary where the max-
imum electron energy equals the photon energy. It is clear that
all spectra obey the relation hν < eV , i.e. the photon energy
is limited by the bias voltage, illustrating the quantum cutoff
in single electron excitation process.[21] It is worth noting that
the luminescence peak at 518 nm (photon energy 2.4 eV) is
not obvious in the spectrum obtained under the bias voltage of
2.4 V. In addition, the intensities of two high energy peaks (re-
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spectively at wavelengths of 575 nm and 518 nm) rise quickly
with the bias voltage increasing. The overall features in the
spectra map can serve as a fingerprint of the plasmon modes
in the nano-resonator constructed by the crystal surface and
the specific STM tip apex.[12]

The intensity of luminescence spectrum depends on the
magnitude of the tunneling current. Figure 2(a) shows three
spectrum peaks measured as a function of the tunneling cur-
rent, performed with a different Ag tip. The bias voltage is
set to be ±4.5 V, and the tunneling current is set to be be-
tween 2 nA and 8 nA (negative current corresponds to neg-
ative bias voltage). The integration time is 60 s for each
spectrum. The energy values of three spectrum peaks are
1.66 eV, 1.80 eV, and 1.94 eV, respectively. There is no ob-
vious change of the peak position or the peak width (FWHM)
of each mode, implying that the cavity resonance remains un-
changed over the investigated range of current intensities or
gap distances, which is in agreement with the results reported
previously.[22] The current-dependent luminescence peak in-
tensity (maximum) is further fitted by the power law Iβ . The
exponential constant turns out to be β ≈ 1.0±0.05 for all three
modes, which is in consistence with the single electron excita-
tion process.[21,23]
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Fig. 2. (a) Luminescence spectra from Ag tunneling junction acquired under
various tip-sample distances. (b) Plots of intensity versus current for three
spectrum peaks.

We then investigate the luminescence spectrum by ex-
tending the bias voltage from 3 V to 9 V. The intensities of
luminescence peaks on Ag surface reach a maximum value

at the bias voltage of about 4.0 V, and decrease as the bias
voltage increases further as shown in Fig. 3(c). The observa-
tion of maximum in luminescence intensity as a function of
the bias voltage is consistent with previous results,[20,24–26]

and can be explained below. The electronic band structure
of Ag (111) has a band edge position about 4 eV above the
Fermi level (work function of Ag is about 4.6 eV.[27–29]). As
bias voltage increases, the number of decay channels involving
the photon emission increases. On the other hand, when the
bias voltage increases from the tunneling regime to the field
emission regime, the gap distance increases faster and deviates
from a logarithmic fashion. The increased gap distance weak-
ens the tip-sample electromagnetic coupling and subsequently
quenches the photon emission. Typically, the peak intensity
decreases by a factor of ten when the bias voltage increases
from 4 V to about 9 V.

The profile of the luminescence is strongly dependent on
the tip shape. We intentionally modify the tip by applying a
voltage pulse to the sample as shown in Fig. 3(a). The to-
pograph of the surface after the tip modification is shown in
Fig. 3(b), where an Ag nanoparticle about 10 nm in size is
deposited near the edge of a flat terrace. The luminescence
spectrum is measured again by using the new tip (named tip 2)
on the flat region of the surface (as marked in Fig. 3(b)). The
spectra, as shown in Fig. 3(c), display a two-peak feature as
compared with the three-peak feature in the spectra acquired
by the original tip (tip 1). The luminescence peaks as acquired
by tip 2 are located at slightly lower energy, which indicates
the presence of a sharper STM tip.[12] The peak intensity de-
creases significantly as the bias voltage increases up to 9 V, the
trend of which is consistent with that of the results obtained
by tip 1. Figure 3(d) shows the bias voltage-dependent lumi-
nescence spectra taken on the Ag nanoparticle created by tip
modification. The tunneling current is kept at 2 nA. The profile
of the spectra is very similar to that taken on the terrace, with
two peaks at the same photon energy values of 1.63 eV and
1.82 eV. The intensities of both peaks, however, show strong
variations as the bias voltage increases to the field emission
regime as indicated in Fig. 3(e). The intensities of the two
peaks have a few local maximum values with respect to the
bias voltage. The first maximum value is seen at the bias volt-
age of 4.5 V, and the other three maximum values occur at the
bias voltages of 6.2 V, 7.5 V, and 8.5 V, respectively. As is well
known, those maximum values at the bias voltages more than
5 V are related to the field emission resonance. The photon
energy under such a resonance condition is determined by the
relationship hν = eVbias−En, (n = 1, 2 ,3, . . . .), where En is
the energy of the field emission resonance state in the system.
The average of two emission modes is used in above relation-
ship analysis and En is determined to be 4.5 eV, 5.8 eV, and
6.8 eV, for n = 1, 2 ,3, respectively, marked by blue rectangles
in Fig. 3(f).
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Fig. 3. (a)–(b) STM images of clean Ag (111) surface and Ag nanoparticle deposited on the surface, with image size being 180 nm×180 nm, and
imaging condition V = 3 V and I = 0.3 nA. Luminescence spectra are obtained at different locations on the surface as marked by the arrows, with a
constant tunneling current of 2 nA. The inset shows the line profile of Ag nanoparticle. (c) Luminescence spectra obtained with two different Ag tips
on the flat region of Ag (111) surface under various bias voltages. The spectra are shifted vertically for clarity. (d) Luminescence spectra measured with
Ag tip 2 above the Ag nanoparticle as shown in panel (b). The bias voltage is set to range from 3.5 V to 9 V, and the constant tunneling current is set
to 2 nA, with NP denoting nanoparticle. (e) Luminescence peak intensity as a function of the bias voltage, with photon energy values of the two modes
being 1.63 eV (red) and 1.82 eV (black). (f) The experimental differential conductance measured at constant current (2 nA) with tip 1 on Ag (111), with
blue rectangles marking energy values of the first three FERs.

It is interesting to note that the peak intensities at dif-
ferent levels of the field emission resonances do not change
monotonically. Instead, significant increase in peak intensity
is observed at the resonance level n = 3, which is very dif-
ferent from the normal situation where the peak intensity de-
creases monotonically for higher level of the field emission
resonance.[20] This enhancement at higher field emission res-
onance can be seen obviously due to the presence of the Ag
nanoparticle. The schematic diagram for this enhancement
mechanism is shown in Fig. 4. We calculate the electronic
enhancement by the finite element analysis method. The inci-
dent laser illuminates the tunneling gap at an angle of 45◦. The
photons originate from the radiation attenuation of the local
surface plasmons between tip and sample, and are assisted by
the inelastic tunneling electrons from the Fermi level of the tip
into the field emission resonance states. The energy values of
the emitted photon are the same for the tip parked over the plat
terrace and above the nanoparticle. This is reasonable since the
energy of the plasmon mode is mainly determined by the ra-
dius of the curvature of the tip and the tip-sample distance. On
the plat terrace, the efficiency of the photon emission is mainly
determined by the tip profile where the contribution from the
surface is much weaker due to the mismatch in their wave vec-
tors between the propagating surface plasmon mode and the
free photon in vacuum. As shown in Fig. 4(b), the presence
of nanoparticle results in significant increase in electric field

emission. The increased emission is due to the breaking of
the translational symmetry of the plan surface, which permits
surface plasmon along the sample-vacuum interface to decay
radiatively.[30] In other words, the interaction between the lo-
calized surface plasmon of the nanoparticle on the surface and
the emitted photon results in an extra enhancement effect.[31]

We estimate the quantum efficiency of the photon emis-
sion excited by the tunneling electron in such a nano-resonator,
which can be expressed as

QE =
np

n0
=

(A/t) · (1/Ωp) · (1/a2b2cd)
I0/e

, (1)

where np is the number of photons emitted from tunneling gap,
n0 is the number of electrons, A is the number of photons ac-
quired during the integration time t, a is the transmission of
lens, generally close to 90%; b is the reflectance of plain mir-
ror, generally close to 90%; c is the light collecting efficiency
of photon, usually 50%–100%, d is the light collecting effi-
ciency of optical fiber, which is 60%–80% in a wavelength
range of 500 nm–800 nm, and Ωp is the solid angle for photon
collection. As is well known, the radiation of photons from the
tunneling junction is not uniform in all directions. The inten-
sity angular distribution is leaf-shaped, reaching a maximum
value at 55◦ with respect to the surface normal.[17,32] In our
experiment, the collection lens is set at an angle of 45◦. Thus,
Ωp can be approximated by

√
2r/πR, where r is the radius
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of the collecting lens and R is the distance of the lens to the
tunneling junction. The quantum efficiency in field emission
regime can thus be estimated to be in a range from 4.5×10−4

to 8.4×10−4, which is similar to the value derived in the tra-
ditional nano-antenna tunneling experiments.[12]
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Fig. 4. (a) Schematic representation of surface plasmons and electron lumi-
nescence in STM tunneling junction, with ω representing the frequency of
plasmon mode within the tip-surface resonant cavity, excited by the inelastic
scattering of tunneling electrons or field emission electrons. (b) Gap modes
of the coupled systems with a stronger field enhancement than the plasmon
modes of tip and substrate. (c) Nanostructure of tip and Ag substrate (diame-
ter 40 nm, gap 1 nm) with a maximum enhancement factor of 432 at 1.90 eV.
(d) Nanostructure of tip and Ag nanoparticle (diameter 10 nm, height 4 nm)
on substrate with a maximum enhancement factor of 885 at 1.90 eV.

4. Conclusions
In this work, we investigated the electron luminescence

spectra in the tunneling junction of an ultrahigh vacuum low-
temperature STM. The well-defined luminescence peaks are
observed to be related to the plasmon modes of the tip-surface
cavity. The light intensity is linear with respect to the tun-
neling current, indicating an electron excitation process. En-
hanced luminescence enhancement is observed by the field
emission resonance for high bias voltages in the tunneling
regime. Abnormal enhancement in photon emission for the
higher level of field emission resonance reveals the distinct
role of the Ag nanoparticles on surface. The research results in
this case provide a detailed understanding of light–plasmon in-
teraction that are essential for many applications such as light
harvesting and nano-antenna.

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 21961142021, 11774395, and

11727902), the Strategic Priority Research Program (B) of the
Chinese Academy of Sciences (Grant No. XDB30201000),
and the Beijing Natural Science Foundation, China (Grant
No. 4181003).

References
[1] Doppagne B, Chong M C, Bulou H, Boeglin A, Scheurer F and Schull

G 2018 Science 361 251
[2] Cao S, Roslawska A, Doppagne B, Romeo M, Feron M, Cherioux F,

Bulou H, Scheurer F and Schull G 2021 Nat. Chem. 13 766
[3] Kong F F, Tian X J, Zhang Y, Yu Y J, Jing S H, Zhang Y, Tian G J, Luo

Y, Yang J L, Dong Z C and Hou J G 2021 Nat. Commun. 12 1280
[4] Hoffmann G, Kliewer J and Berndt R 2001 Phys. Rev. Lett. 87 176803
[5] Nilius N, Ernst N and Freund H J 2000 Phys. Rev. Lett. 84 3994
[6] Hoffmann G, Berndt R and Johansson P 2003 Phys. Rev. Lett. 90

046803
[7] Qiu X H, Nazin G V and Ho W 2003 Science 299 542
[8] Dong Z C, Zhang X L, Gao H Y, Luo Y, Zhang C, Chen L G, Zhang R,

Tao X, Zhang Y, Yang J L and Hou J G 2009 Nat. Photon. 4 50
[9] Zhang L, Yu Y J, Chen L G, Luo Y, Yang B, Kong F F, Chen G, Zhang

Y, Zhang Q, Luo Y, Yang J L, Dong Z C and Hou J G 2017 Nat. Com-
mun. 8 580

[10] Schmidt P, Berndt R and Vexler M I 2007 Phys. Rev. Lett. 99 246103
[11] Reinhardt M, Schull G, Ebert P and Berndt R 2010 Appl. Phys. Lett. 96

152107
[12] Aizpurua J, Apell S P and Berndt R 2000 Phys. Rev. B 62 2065
[13] Gurunarayanan S P, Verellen N, Zharinov V S, James Shirley F,

Moshchalkov V V, Heyns M, Van de Vondel J, Radu I P and Van Dorpe
P 2017 Nano Lett. 17 7433

[14] Kern J, Kullock R, Prangsma J, Emmerling M, Kamp M and Hecht B
2015 Nat. Photon. 9 582

[15] Braun K, Wang X, Kern A M, Adler H, Peisert H, Chasse T, Zhang D
and Meixner A J 2015 Beilstein J. Nanotechnol. 6 1100

[16] Wang X, Braun K, Zhang D, Peisert H, Adler H, Chasse T and Meixner
A J 2015 ACS Nano 9 8176

[17] Rossel F, Pivetta M and Schneider W D 2010 Surf. Sci. Rep. 65 129
[18] Braun K, Laible F, Hauler O, Wang X, Pan A, Fleischer M and Meixner

A J 2018 Nanophotonics 7 1503
[19] Berndt R, Gimzewski J K and Johansson P 1991 Phys. Rev. Lett. 67

3796
[20] Martinez-Blanco J and Folsch S 2015 J. Phys.: Condens. Matter 27

255008
[21] Schull G, Neel N, Johansson P and Berndt R 2009 Phys. Rev. Lett. 102

057401
[22] Aizpurua J, Hoffmann G, Apell S P and Berndt R 2002 Phys. Rev. Lett.

89 156803
[23] Sivel V V, Coratger R, Ajustron F and Beauvillain J 1995 Phys. Rev. B

51 14598
[24] Pitarke J M, Silkin V M, Chulkov E V and Echenique P M 2007 Rep.

Prog. Phys. 70 1
[25] Mills D L 2002 Phys. Rev. B 65 125419
[26] Johansson P, Monreal R and Apell P 1990 Phys. Rev. B 42 9210
[27] Wang P, Zhao L L, Zhang J J, Li W J, Liu W H, Chen D, Sheng C Q,

Wang J O, Qian H J, Ibrahim K and Li H N 2017 Surf. Sci. 666 23
[28] Zhang K H, McLeod I M, Lahti M, Pussi K and Dhanak V R 2012 J.

Phys.: Condens. Matter 24 435502
[29] Schmid M, Kaftan A, Steinrück H P and Gottfried J M 2012 Surf. Sci.

606 945
[30] Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824
[31] Abdulhalim I 2018 Nanophotonics 7 1891
[32] Zhang Y, Luo Y, Zhang Y, Yu Y J, Kuang Y M, Zhang L, Meng Q S,

Luo Y, Yang J L, Dong Z C and Hou J G 2016 Nature 531 623

116801-5

http://dx.doi.org/10.1126/science.aat1603
http://dx.doi.org/10.1038/s41557-021-00697-z
http://dx.doi.org/10.1038/s41467-021-21571-z
http://dx.doi.org/10.1103/PhysRevLett.87.176803
http://dx.doi.org/10.1103/PhysRevLett.84.3994
http://dx.doi.org/10.1103/PhysRevLett.90.046803
http://dx.doi.org/10.1103/PhysRevLett.90.046803
http://dx.doi.org/10.1126/science.1078675
http://dx.doi.org/10.1038/nphoton.2009.257
http://dx.doi.org/10.1038/s41467-017-00681-7
http://dx.doi.org/10.1038/s41467-017-00681-7
http://dx.doi.org/10.1103/PhysRevLett.99.246103
http://dx.doi.org/10.1063/1.3360203
http://dx.doi.org/10.1063/1.3360203
http://dx.doi.org/10.1103/PhysRevB.62.2065
http://dx.doi.org/10.1021/acs.nanolett.7b03312
http://dx.doi.org/10.1038/nphoton.2015.141
http://dx.doi.org/10.3762/bjnano.6.111
http://dx.doi.org/10.1021/acsnano.5b02361
http://dx.doi.org/10.1016/j.surfrep.2010.06.001
http://dx.doi.org/10.1515/nanoph-2018-0080
http://dx.doi.org/10.1103/PhysRevLett.67.3796
http://dx.doi.org/10.1103/PhysRevLett.67.3796
http://dx.doi.org/10.1088/0953-8984/27/25/255008
http://dx.doi.org/10.1088/0953-8984/27/25/255008
http://dx.doi.org/10.1103/PhysRevLett.102.057401
http://dx.doi.org/10.1103/PhysRevLett.102.057401
http://dx.doi.org/10.1103/PhysRevLett.89.156803
http://dx.doi.org/10.1103/PhysRevLett.89.156803
http://dx.doi.org/10.1103/PhysRevB.51.14598
http://dx.doi.org/10.1103/PhysRevB.51.14598
http://dx.doi.org/10.1088/0034-4885/70/1/R01
http://dx.doi.org/10.1088/0034-4885/70/1/R01
http://dx.doi.org/10.1103/PhysRevB.65.125419
http://dx.doi.org/10.1103/PhysRevB.42.9210
http://dx.doi.org/10.1016/j.susc.2017.08.015
http://dx.doi.org/10.1088/0953-8984/24/43/435502
http://dx.doi.org/10.1088/0953-8984/24/43/435502
http://dx.doi.org/10.1016/j.susc.2012.02.012
http://dx.doi.org/10.1016/j.susc.2012.02.012
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1515/nanoph-2018-0129
http://dx.doi.org/10.1038/nature17428

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	References

