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O
wing to the optical excitation of
localized surface plasmons (LSP),
noble metal nanostructures have

the ability to concentrate light from free
space into nanometer scale volumes, pro-
viding strongly enhanced optical fields near
the nanostructures.1,2 For two closely spaced
metallic nanostructures interacting with inci-
dent light, their surface plasmons are coupled
by the optical near-field confined in the
gap.3 By varying the size of the nanometer
gap, plasmonic coupling and the enhanced
optical fields can be controlled,4�7 which is
highly desirable for various applications,
such ashigh sensitive chemical andbiological
sensing.8,9 On the basis of the same principle,
in the so-called tip-enhanced near-field
optical microscopy,10 excited with laser light
polarized along the tip axis, strong optical
near-fields are created and confined in the

tip�sample gap, which greatly enhance the
optical processes such as Raman scattering
and photoluminescence (PL).11,12 Due to the
large optical enhancements in nanoscale
volumes, tip-enhanced near-field optical
microscopy can reach an optical resolution
dramatically below the diffraction limit13�19

and a sensitivity at the single molecule
level.20,21 LSPcanalsobeexcitedbyelectrons.
One approach is by inelastic electron tunnel-
ing (IET) across a nanogap formed by ametal
tip and a substrate in a scanning tunneling
microscopy (STM) with optical access.22�24

The size of the nanogap can be controlled
precisely by the STM feedback mechanism.
Electrically excited plasmon resonances
confined by the STM junction can be tuned
by varying the tip or the sample status.25,26

Because of the high spatial confinement
of the electron tunneling, optical resolutions
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ABSTRACT

Here we demonstrate that photon emission induced by inelastic tunneling through a nanometer single gap between a sharp Au tip and an Au substrate can

be significantly enhanced by the illumination of the junction with 634 nm laser light with an electric field component oriented parallel to the tip-axis, i.e.,

perpendicular to the sample. Analyzing photoluminescence (PL) spectra recorded as a function of bias voltage allows us to distinguish between PL from (1)

the decay of electron�hole pairs created by the laser excited sp/d interband transition with a characteristic band at 690 nm and (2) the red-shifted

radiative decay of characteristic plasmon modes formed by the gap. Since the electroluminescence spectra (without laser) already show the plasmonic gap

modes, we conclude that the enhanced intensity induced by laser illumination originates from the radiative decay of hot electrons closely above the Fermi

level via inelastic tunneling and photon emission into the plasmon modes. Since these processes can be independently controlled by laser illumination and

the amplitude of the bias voltage, it is of great interest for designing new switchable photon emission plasmonic devices.
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down to submolecular level from various samples can
be achieved.27,28

Recently, the interest in studying quantum effects
in a coupled plasmonic systems at small separations
has increased dramatically. When the gap narrows
from nanometers to atomic length scales, recent
publications show that the plasmonic system enters
the quantum regime in which coherent quantum
tunneling of electrons establishes a limit for plasmonic
confinement.29,30 However, the mechanism is still
a controversial issue, since effects of the nonlocality
of the metal dielectric function at tunneling distances
could provide for similar experimental observations.7

Furthermore, how the optically excited plasmons inter-
act with the electrically excited plamons in the same
nanogap still remains unclear. The combination of laser
illumination and bias voltage variation in a tunneling
junction provides a chance to study the interplay of
plasmon excited hot electrons and conduction elec-
trons inelastic tunneling.
Since the weak PL of gold that originates from

radiative recombination of sp-band electrons and
d-band holes is enhanced by surface plasmons reso-
nance, the spectral line shape of the PL is also influ-
enced by the plasmon resonance of the system.7,31,32

In this paper, we study bias voltage dependent

laser-induced PL spectra of an Au�Au junction in a
home-built tip enhanced near-field optical microscope
with tunneling current as the tip�sample distance
feedback signal. We investigate the IET excited LSP
by collecting electroluminescence spectra from the
same junction without laser illumination. Finally, we
demonstrate electron tunneling mediated amplifica-
tion of PL of the Au�Au junction.

RESULTS AND DISCUSSION

A sketch of the experimental configuration is shown
in Figure 1a. The Au tip working as an optical antenna
is made by electrochemical etching of an Au wire
(diameter of 100 μm) in HCl solution. Figure 1b shows
the scanning electronmicrograph of the tip used in this
study. The sample consists of an Au(111) crystal, which
is cleaned in piranha solution20 before the experi-
ments. A radially polarized diode laser beam (634 nm,
170 μW) is used as the optical excitation source.
A parabolic mirror serves as the focusing element.33

The Au�Au junction is formed by first positioning
the Au tip into the focus of the parabolic mirror and
then approaching the Au crystal toward the tip until
a tunneling current is observed. As the laser beam
is radially polarized, the electric field in the focus
oscillates mainly parallel to the tip axis,34,35 which

Figure 1. (a) Sketch of the experimental configuration. A radially polarized laser beam at 634 nm is focused by a parabolic
mirror with a numerical aperture of NA≈ 1 on the Au-tip Au-sample junction. The luminescence from the junction is collected
by the same mirror and directed via a laser line blocking filter to a spectrograph equipped with a liquid N2 cooled CCD-
detector for recording spectra. A bias voltage is applied between the tip and the sample to induce electron tunneling. (b)
Scanning electron micrograph image of the gold tip used in the experiments. (c) 2-D plot of the PL spectra recorded with
constant laser intensity (170 μW) as a function of bias voltage (Ubias) varying from�4 to 4 V. Ubias varies in steps of(0.25 V in
the range from(1 to(4 V. For Ubias smaller than(1 V, only emission spectra at(0.1 and(0.5 V were collected. (d) Enlarged
PL spectra in the spectral range from645 to 770 nmat typical bias voltages and the PL spectrumof theAu tip only. The spectra
are normalized and offset for clarity.
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would excite the junctionmore efficiently as compared
to the linear polarization. Under these conditions,
electrons are efficiently excited from the d-band to
the sp-band above the Fermi-level leaving holes in the
d-band. For the same Au�Au junction, electrolumines-
cence (EL) spectra can be recorded as a function of
bias voltage purely by IET. In combination with laser
excitation under the identical conditions, we observe
a 2 orders of magnitude intensity increase of the
Stokes shifted optical signal. Negative and positive
bias voltages all refer to the polarity of the tip. The
experiments were performed with a constant tunnel-
ing current of 1 nA in ambient conditions and at room
temperature. The tip�sample distance is estimated to
be about 1 nm and an increase by 0.16 nm when bias
voltage is raised from |(0.1| V to |(4| V. This tiny
increase of the distance would only slightly decrease
the near-field coupling strength between the tip and
the sample, resulting in less enhanced optical signal
from the junction. Since we observe an increase of
the optical signal at higher bias voltages, tip�sample
distance increase cannot be the cause for the observed
phenomena. Furthermore, the general light emission
behavior is reproducible with other tips and surfaces.
Figure 1c shows 2-D plot of stacked PL spectra of the

Au�Au junction as a function of bias voltage varying
from�4 to 4 V. The intensity of the spectra is indicated
by the color. Along with the PL spectrum of the Au tip
only, the enlarged PL spectra in the range from 645 to
770 nm recorded at typical bias voltages are shown
in Figure 1d. Over the whole range of bias voltage,
we observe dramatic changes in both the spectral
profile and the PL intensity. From Figure 1c it is clearly
visible that, at low bias voltages (|Ubias| < 1.75 V), the
PL spectrum has only one clear emission maximum
and the spectrally integrated intensity is almost
independent of the bias voltage. Compared to the PL
spectrum observed from the bare gold tip (black curve
in Figure 1d), the PL spectra of the laser illuminated
junction recorded at bias voltages of (0.1 V (blue
curves in Figure 1d) are red-shifted by about 10 nm.
The spectral red-shift is caused by the plasmonic
tip�sample coupling at a small gap.36 For higher bias
voltages (|Ubias| g 1.75 V), a significant increase of PL
intensity is observed and spectral shoulders at about
780 and 880 nm arise in Figure 1c. Despite higher
intensities observed at larger negative bias voltages,
in general, the PL spectra vary in a similar manner for
positive and negative bias voltages. Changes in the PL
spectral line shape indicate that LSP modes generated
by IET at higher bias voltages contribute to the spectra.
To elucidate how IET is involved in the mechanism of
the enhanced PL emission at higher bias voltage, we
will analyze the LSP modes generated by pure IET in
the very same junction in the next section of this article.
EL from Au�Au junctions has been well studied

under ultrahigh vacuum(UHV) conditions at room23,37,38

and cryogenic temperatures.39,40 Here, in Figure 2a we
reproduce EL spectra from the Au�Au STM junction
at ambient conditions without laser illumination. The
numbers next to the spectra indicate the voltages at
which the spectra were obtained. No photon emission
is observed for bias voltages |Ubias| e 1.25 V. The first
luminescence peak at about 890 nm starts to appear
at |Ubias| = 1.5 V. For |Ubias| g 2 V, two further emission
peaks at higher energy are observed. The spectral shape
of the emission profile can be interpreted by the
radiative decay of LSP modes in the tip�sample gap
induced by IET and the observed LSP modes are in
excellent qualitative agreement with results obtained at
UHV conditions.38,41 As shown in Figure 2a, the lumi-
nescence spectra are represented by fitting a model
function (red line) composed of three Lorentzian curves
(blue lines)which reflect the three LSPmodes. Figure 2b
plots the peak positions of the Lorentzian curves for
all bias voltages and their mean values indicated by
dashed lines,which reflect that the three LSPmodes are
located at about 1.39, 1.57, and 1.72 eV. Interestingly,
although the peak positions of all three LSPmodes stay
almost constant, for positive bias voltages the mode at
1.57 eV has the highest intensity, whereas the mode at
1.72 eV shows the highest intensity for most negative

Figure 2. (a) EL spectra recorded from the Au�Au junction
as a function of bias voltage without laser illumination for
increasing bias voltage (bottom to top). The blue curves
represent Lorentzian line shapes fitted to the sub peaks.
(b) Three types of spectral contributions represented by
different peak positions form the bias voltage dependent
luminescence spectra, reflecting three radiative LSP modes
(1.39, 1.57, and 1.72 eV) that can be excited by IET in the
junction. (c) Spectrally integrated luminescence intensities
(solid squares) and the corresponding quantum efficiencies
as a function of bias voltages.
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bias voltages. This could be a consequence of the
asymmetric geometry of the Au�Au junction consist-
ing of a sharp tip and a flat surface. Quantitatively, with
the free electron model and the assumption of the tip
radiusabeingmuch larger than the tip sample-distance
d, the frequency of localized surface plasmon modes
confined in a STM cavity can be expressed as42

ωn ¼ ωp

tanh nþ 1
2

� �
β0

ε(0) þ tanh nþ 1
2

� �
β0

2
6664

3
7775

1=2

�
ffiffiffi
2

p
ωsp

tanh(qnd)
ε(0) þ tanh(qnd)

� �1=2
(1)

where ωp and ωsp are the bulk and surface plasmon
frequencies, respectively, β0 = cosh�1(1 þ d/a), qn

�1 =
Ln = L/(2n þ 1), L = (2ad)1/2. Ln represents the lateral
confinement length of the plasmon. According to
eq 1 and taking ωsp as 2.45 eV and d as 1.0 nm,
we find that the three LSP modes obtained from the
spectra correspond to the ω2 (1.374 eV), ω3 (1.569 eV),
and ω4 (1.720 eV) modes with the L being 26.5 nm.
Figure 2c shows the spectrally integrated lumines-

cence intensity emitted from the Au�Au junction
(without laser illumination) as a function of bias vol-
tage. Although fluctuations are observed especially
at higher bias voltages, the luminescence intensity
has a general tendency to increase with increasing
bias voltages. Assuming the density of states of the
tip and sample vary only little in the relevant energy
range, the photon emission intensity from the Au�Au
junction due to IET (from energy level E to E� pω) can
be described by the plasmonmode functionΓ(pω) and
the tunneling electron probability T(E,U,z) as39,40

IIET(pω, eU)�Γ(pω)
Z eU

pω
T(E, U, z) dE (2)

where T(E,U,z)� exp{�z[(4m/p2)(2Φþ eU� 2E)]1/2},Φ
is the barrier height above the sample Au (111), z is
the tip�sample separation, and U is the applied bias
voltage. Hence, the luminescence intensity increase
can be estimated by the bias voltage dependent
electron tunneling probability. The value of U only
refers to the amplitude of the bias voltage, which
means in the calculation that we assume symmetrical
conditions for positive and negative bias voltages.
With Φ = 5 eV and z = 1 nm, the calculated tunneling
electron probability is plotted as a function of bias
voltage (rescaled to the experimental data) as a solid
line in Figure 2c, which shows a good agreement with
the increasing tendency of the experimental results.
The efficiency of photo emission due to IET can be
estimated by the luminescence intensity and the tun-
neling current. Considering the constant tunneling
current of 1 nA, the collected optical intensity of
a few kilocounts per second (kcps) and the estimated

photon collection efficiency of 1%, we calculate the
quantum efficiency of about Γ = 10�5 (photon per
tunneling electron) of the pure IET luminescence. The
study of photon emission from the Au�Au junction
without laser illumination demonstrates the existence
of three LSP modes generated by pure IET and their
bias voltage dependence, providing information for
elucidating the PL amplification from the same junc-
tion under laser illumination.
With the information on the IET induced LSP modes

in the Au�Au junction, we further analyze the
PL spectra of the junction under laser illumination.
To quantitatively determine different contributions to
the total PL intensity, we fit subpeaks to the spectral
profiles for all bias voltages and show the results for the
typical bias voltages in Figure (3). At the lowest bias
voltages ((0.1 V), the recorded spectra can be fitted
perfectly by one Lorentzian curve at about 690 nm,
which indicates a single band emission. Furthermore,
all PL spectra show the single band emission behavior
for |Ubias|< 1.75 V. In these situations PL occurs due to
electron�hole recombination and radiative inelastic
plasmon relaxation.7 The radiative plasmon emission
has been observed also in gold nanoparticles under
higher energy one photon excitation (e.g., 3.3 eV).43

The PL in the longer wavelength range (from 720 to
1050 nm) starts to be observed when |Ubias|g 1.75 V.
The dashed curves in Figure 3a,b represent the four
Lorentzian peaks which are fitted to the spectra col-
lected at the bias voltage of �4 V and þ4 V, respec-
tively. The peak positions of the fitted Lorentzian peaks
of the PL at all bias voltages are plotted in Figure 4a. As
a comparison, the radiative LSP modes of the junction
obtained without laser illumination are plotted as solid
dark green circles. As shown in Figure 4a, the three

Figure 3. PL spectra (gray lines) and the fitting curves (solid
smooth lines) of the laser illuminated Au�Au junction at
negative (a) and positive (b) bias voltages. At low bias
voltages (|Ubias|< 1.75 V), the spectral line shape consists
of one band only and can be fitted by a single Lorentzian
curve. As the bias voltage is increasing, further red-shifted
bands appear. The dashed blue lines indicate the four
Lorentzian fitting curves for the spectra obtained at
�4 and 4 V, respectively.
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lower energy subpeaks (denoted by P2, P3, and P4)
of the PL are located at about 1.72, 1.57, and 1.40 eV,
which are fully consistent with those LSP modes in-
duced by pure IET in the Au�Au junction without laser
illumination. For the PL band with the high photon
energy (denoted by P1) (red solid circles in Figure 4a),
we observe a general blue-shift of the peak position
from about 1.78 to 1.82 eV when the voltage increases
from (0.1 to(4 V. In Figure 4b, the comparison of the
experimentally observed peak positions and the LSP
modes frequencies ωn shows that the peak position of
the PL band at the high photon energy (top square in
Figure 4b) lies close to a higher (fifth) order LSP-mode
of the junction.
Along with the appearance of the new PL bands,

the total PL intensity increases dramatically when the
bias voltage increases. The spectrally integrated PL
intensity shown in Figure 4c under laser illumination
reaches up to 100�160 kcps at higher bias voltages
((4 V), which is about five times higher than the
intensity (20�25 kcps) recorded at lower bias voltages
((1 V). Furthermore, it is 2 orders of magnitude higher
than the spectrally integrated purely IET induced lumi-
nescence. On the basis of the spectral fittings, different

contributions to the total PL intensity can be distin-
guished. In Figure 4d, the spectrally integrated inten-
sity of the PL band (P1) is plotted as red circles. The
black squares represent the spectrally integrated in-
tensity of the long wavelength bands (sum of P2, P,3
and P4), which appear when |Ubias|g 1.75 V. These are
the photons created by IET. Hence, PL increase of the
laser illuminated junction must be due to an amplifica-
tion process which originates from laser-induced hot
electrons close to the Fermi level.44�46

For our experimental configuration, illuminating
the tip/sample junction with a focused laser beam
polarized along the tip's axis, a coupled surface
plasmon oscillation in the Au-tip and the underlying
Au-surface is induced. It manifests itself as a highly
localized surface charge oscillation at the very apex
of the tip and the Au surface below. This oscillating
surface charge constitutes an efficient source of hot
electrons that can also contribute to IET or recombine
with the holes in the d-band in addition to the con-
duction band electrons. Compared to the subfemto-
seconds (fs) traveling time for electron tunneling,47

the lifetime of hot electrons close to the Fermi levels
is predicted to lie in the range of tens of femtoseconds

Figure 4. (a) Peak positions of PL bands due to laser excited electron�hole combination (P1) and IET (P2, P3, and P4). As a
comparison, the three radiative LSP modes (solid green circles) excited by pure IET in the junction without laser illumination
(as shown in Figure 2b) are plotted as well. (b) Experimentally obtained peak positions (red squares) and the calculated
(based on eq 1) LSP modes frequencies ωn as a function of lateral confinement length, L. The dashed line indicates the peak
position of the purely optically excited plasmon (at�0.1 V). Hot electrons have a higher efficiency to excite gap modes than
conduction electrons. (c) Comparison of the spectrally integrated total PL intensities as a function of bias voltage from the
irradiatedAu�Au junction (open red squares) and from the nonirradiated junction (open circles) (as in Figure 2c). (d) Intensity
contributions from IET (solid squares) and electron�hole combination (solid circles) as a function of bias voltages under the
laser illumination. (e) Sketch of the processes involved in an Au�Au junction under laser illumination as a function of bias
voltage. Process (1) is related to electron�hole recombination and radiative inelastic plasmon relaxation. Process (2) is related
to the radiative decay of local plasmon modes created by IET.
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to picoseconds,48 such that IET outperforms the non-
radiative decay.
PL induced by inelastic tunneling increases rapidly

and dominates the total PL at high bias voltages (solid
squares in Figure 4d). The asymmetric increasing ten-
dency of the luminescence intensity for bias voltages
larger than 3 V could be due to the asymmetry of the
geometric shape of the sharp Au tip and the planar Au
surface across the junction, in which the hot electrons
tunneling from the tip to the sample could be more
efficient. The PL intensity referred to IET by hot elec-
trons is proportional to the number of hot electrons
and the tunneling probability. It can be described with
a similar expression as eq 2:

Ie�IET(pω, eU) �
Z e(UþU0)

pω
F(E)T(E, U, z) dE (3)

where F(E) is the hot electrons energy distribution,U0 is
the estimated energy difference of the hot electrons
above the Fermi level. For fitting the experimental data
in Figure 4d, we assume a single Gaussian distribu-
tion F(E) = [1/δ(2π)1/2]e�{[E�(UþU0)]2/2δ2} for the laser-
induced hot electrons with center electron energy at
U0 = 0.2 eV higher than the Fermi level and a full width
at half-maximum (fwhm) of 0.235 eV (for δ = 0.1 eV).
These values are chosen based on our experimental
conditions such as excitation laser energy, electronic
structures of Au and also due to their agreement
with our experimental data. For bulk Au, the d-band
electrons are about 1.86�2.2 eV (varies at different
symmetry points) below the Fermi level.49 Our diode
laser photons have an energy of about 1.96 eV which is
sufficient to excite electrons from the d-band to closely
above the Fermi level. The excitation bandwidth needs
to be considered as a convolution of the d-band
electron distribution and the Fermi distribution. The
fwhm of the measured PL spectrum of the bare tip
and the tip�surface conjunction (in Figure 1d) is
0.25 and 0.20 eV, respectively, which is consistent with
the results (fwhm in the range of 0.2�0.3 eV) reported
by Raschke et al.7 Since the PL spectrum reflects the
plasmon mode of the system, the localized plasmon
has the energy distribution (fwhm) in the range of
0.2�0.3 eV. Therefore, we estimate plasmon-induced
hot electrons have a comparable energy distribution of
0.235 eV by taking δ as 0.1 eV.
The estimated bias voltage dependent PL due to

the IET of hot electrons (the solid line in Figure 4d)
shows a good agreement with the experimental re-
sults. Therefore, our experimental observations could

be explained by a phenomenological model. Upon
laser illumination, the total PL of the Au�Au junction
can be divided into two processes, first purely laser-
induced (electron�hole recombination) (fitting curve
at the short wavelength: P1) and second IET involved
(three fitting curves at the long wavelengths: P2, P3,
and P4), which are drawn schematically as process 1
and 2 in Figure 4e, respectively. Hence, inelastic tun-
neling could offer an additional radiative decay chan-
nel for hot electrons in the tunneling junction. This
can occur either via recombination of hot electrons
with holes created in the d-band of the substrate and
by direct radiative decay through the junctions' LSP-
modes. At high bias voltage, the radiative tunneling of
hot electrons from the tip outperforms recombina-
tion of hot electrons with holes in the d-band of
the substrate. The plasmon line widths (Γ) obtained
from the measured PL spectra of the pure tip (peak at
1.81 eV) and the tip�sample junction (at the bias of
�0.1 V; emission peak at 1.78 eV) are 0.25 and 0.20 eV,
corresponding to the plasmon lifetime (τ = 2p/Γ) of
5.3 and 6.6 fs, respectively. For the tip�sample junction
formed at the low bias voltages, our findings are
consistent with the results in ref 7. In these situation,
the radiative Γrad and nonradiative Γnrad contributions
are comparable. At high bias voltages, the electron
tunneling process may open up new relaxation chan-
nels, which correspond to the three plasmon modes
induced by inelastic electron tunneling. At�4 V, these
three modes locate at 1.72, 1.57, and 1.40 eV with the
spectral line widths of 0.18, 0.16, and 0.13 eV, respec-
tively. Therefore, most likely due to the new relaxation
channels, the summed total plasmon line width (Γ) is
enlarged, which leads to a decreasing of the lifetime (τ).

CONCLUSIONS

In conclusion, we demonstrate how PL from an
optically pumped Au�Au tunneling junction can be
amplified by inelastic electron tunneling. On the basis
of the fitting of the total photon emission profiles,
we can distinguish the contributions of laser excited
electron�hole recombination and electrons feeding into
the gap modes by inelastic tunneling. We conclude that
the increased photon emission mainly originates from
radiative decay of the hot electrons closely above the
Fermi-level via the inelastic tunneling plasmon modes.
Our work extends the understanding and controlling
of radiative relaxation in plasmonic systems. It would
providepotential applications in plasmonic devices, such
as an actively switchable nanoscale light source.

METHODS
All optical measurements were performed with a home-built

parabolic mirror assisted tip enhanced near-field optical micro-
scope based on tunneling current feedback. The tip scanning

and current feedback are controlled by RHK SPM 100. The gold
tips are produced by electrochemical etching of a 100 μm
gold wire (ChemPur) with rectangular voltage pulses in con-
centrated hydrochloric acid (HCl). After etching, the tips are
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rinsed thoroughly in distilled water to get rid of the retaining
HCl. All tip were characterized by scanning electronmicroscopy.
The gold substrate is a commercial gold (111) crystal with a
diameter of 5 mm. Prior to the measurements, the crystal is
cleaned by piranha solution (sulfuric acid, H2SO4, and hydrogen
peroxide H2O2) and is further flame annealed for at least 5 min
after rinsing with distilled water. For measurements with laser
illumination, a diode laser (Picoquant LDH-D-C-640) is used
as the excitation source. To illuminate the parabolic mirror
completely, the diameter of the laser beam is expanded twice
by telescopes. The linearly polarized Gaussian laser mode was
converted to a radially polarized doughnut mode by four
quarters half wave plates and a pinhole. A 50:50 beam splitter
is used for reflecting excitation laser toward parabolic mirror
and transmitting PL-signal from the junction to the detectors.
One notch filter (6 optical density (OD)) and one long pass filter
(6 OD) are used to eliminate the laser line from the detected
signal. The signal is guided to a spectrometer (Acton Spectral
Pro SP2300) combined with a charged coupled device (CCD)
camera (Princeton Instruments Spec-10). The spectrometer is
equipped with three gratings of 150, 600, and 1800 grooves/
mm, providing different spectral resolutions. Auxiliary CCD
cameras are used for monitoring the coarse positioning of
the tip and the scattering pattern of the focus of the parabolic
mirror. For measurements without laser illumination (light
emission due to pure inelastic electron tunneling), after passing
though the beam splitter, the signal is directly guided to the
spectrometer without optical filters.
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