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Design and implementation of a device based on an off-axis parabolic
mirror to perform luminescence experiments in a Scanning Tunneling
Microscope
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France

We present the design, the implementation, and illustrative results of a light collection/injection strategy based on an
off-axis parabolic mirror collector for a low-temperature Scanning Tunneling Microscope (STM). This device allows
to perform STM induced Light Emission (STM-LE) and Cathodoluminescence (STM-CL) experiments as well as
in situ Photoluminescence (PL) and Raman spectroscopy as complementary techniques. Considering the Étendue
conservation and using an off-axis parabolic mirror, it is possible to design a light collection and injection system
that displays 72% of collection efficiency (considering the hemisphere above the sample surface) while maintaining
high spectral resolution and minimizing signal loss. The performance of the STM is tested by atomically resolved
images and scanning tunneling spectroscopy results on standard sample surfaces. The capabilities of our system are
demonstrated by performing STM-LE on metallic surfaces and 2D semiconducting samples, observing both plasmonic
and excitonic emissions. Also, we carried out in situ PL measurements on semiconducting monolayers and quantum
dots, and in situ Raman on graphite and hexagonal boron nitride (h-BN) samples. Additionally, STM-CL and PL were
obtained on monolayer h-BN gathering luminescence spectra that are typically associated with intragap states related to
carbon defects. The results show that the flexible and efficient light injection and collection device based on an off-axis
parabolic mirror is a powerful tool to study several types of nanostructures with multiple spectroscopic techniques in
correlation with their morphology at the atomic scale and electronic structure.

I. INTRODUCTION

In the past decades, quantum-confined structures,
plasmonic nanostructures, and other optically active systems
which rely on nanoscopic details of their morphology or
electronic structure have been extensively created, studied,
and applied in several fields.1 This is particularly true for III-
V, III-N, II-VI quantum structures which can form Quantum
Dots (QDots) and Nanowires (NW) of great interest in
nanotechnology.2–5. More recently, monolayers of some
two-dimensional (2D) materials like the transition metal
dichalcogenides (TMDs) are of great technological interest
due to their direct band gap.6–9 Moreover, the quantum
efficiency (QE) of some 2D materials has been observed
to depend on the defect density.10–13 In general, objects
of interest in nanotechnology are smaller than the optical
diffraction limit and so are the relevant details in their
structure, including point defects which are in the atomic
scale. Widespread spectroscopic investigations by optical
absorption or photoluminescence (PL) are hence usually
limited to ensembles of these materials and cannot resolve
some relevant features of their light emission and morphology.

Therefore, techniques with spatial resolution in the
nanometric or atomic scales and spectroscopic capabilities

a)Electronic mail: The author to whom correspondence may be addressed:
zagonel@ifi.unicamp.br.

in the meV are thus necessary for many problems in
the field. 1,14,15 Two analog but completely different
approaches are known to reach atomic resolution and
provide spectroscopy data. On the one hand, using fast
electrons, (Scanning) Transmission Electron microscopes
((S)TEM) provide atomic resolution imaging with several
contrast methods and also spectroscopic techniques like
Electron Energy Loss Spectroscopy (EELS). In the IR to
UV range, EELS gives access to several physical properties
such as dielectric function and band gap, as well as to
different physical excitation including plasmons, excitons,
and phonons.15 On the other hand, using a physical probe
with low energy electrons, Scanning Tunneling Microscopy
(STM) also reaches atomic resolution and provides a
spectroscopic technique to measure the local densities of
states (LDOS) in the conduction and valence bands by means
of Scanning Tunneling Spectroscopy (STS).16,17 Moreover,
beyond electronic spectroscopic techniques, both STEM and
STM can be associated with light collection devices to
perform cathodoluminescence (STEM-CL) and STM Induced
Light Emission (STM-LE), respectively. Recent reviews
have been published about these two techniques highlighting,
in several physical systems, the great potential and interest
of locally and electrically excited luminescence.18,19 It is
important to mention that CL can also be performed similarly
in Scanning Electron Microscopes (SEMs) with similar
interests as in STEMs and was the subject of a recent review as
well.20 In particular, and within the scope of the present work,
STM-LE has already yielded great insights for plasmonics,
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oxides, molecules, III-V and II-VI semiconductors among
others21–26 and more recently in the 2D semiconductors
MoSe2 and WSe2.27–30

One key issue in STM-LE studies is the light collection
strategy since the light emission yield is about 10−4 to 10−6

photons per electron31. Such quantum yield is much smaller
than what is achieved by STEM-CL for instance, which can
be as high as 1 photon per electron18,32. Nevertheless, the
collection efficiency is optimized for STEM-CL to provide
sufficient spectral signal-to-noise ratio and acquisition speed.
In STM-LE, given the tunneling current typically used in
STM, typically from 10 pA to 10 nA, one would not expect
much more than about 107 photons per second (p/s) from a
tunneling junction, and as few as 101 p/s might be extracted
in some cases. Knowing that, it is no surprise if the light
collection efficiency and transmission efficiency is even more
critical in STM-LE than in STEM-CL.

Integrating efficient light collection devices in an STM is
not easy and therefore several strategies have been considered
and some STMs were constructed specifically to allow STM-
LE studies.33 In a recent paper by K. Edelmann et al.34,
for instance, the STM tip itself was integrated inside a
light collecting mirror in a Low-Temperature and Ultra High
Vacuum STM (LT-UHV STM), reaching 75% of collection
efficiency. Using another high collection efficiency device, E.
Le Moal et al. employed an STM mounted on an inverted
optical microscope using a high numerical aperture oil
immersion objective lens to reach 69% collection efficiently
in air with the added benefit of the ability to perform Fourier
imaging.23 Many other approaches have been proposed
from which one could single out a few using lenses35–38,
mirrors,39–41 or optical fibers31,42. Some of these approaches
have light collection efficiencies below 10%, some of them
below 1%, limiting very much their practical use. Some
systems with higher efficiencies operate only in air or are
restricted to specially designed STMs. However, despite
all efforts, light collection systems compatible with adapted
versions of commercially available LT UHV STM and with
collection efficiencies above 50 % are still sparse.

In this paper, we present the design criteria, some
conception aspects, and representative results from an
alternative approach to light collection and injection in an
LT-UHV STM reaching a collection efficiency of about 72%
of the hemisphere. In our approach, an off-axis parabolic
mirror is placed between the sample surface and the STM
tip holder. A hole in the mirror allows the tip to reach
the sample surface. The tunneling junction is at the focal
point of the parabolic mirror and hence the collected light
is collimated and sent to the exterior of the UHV chamber
through a vacuum viewport. The whole light collection,
transmission, and detection scheme is designed to have a
high collection efficiency associated with a high spectroscopic
resolution with minimum transmission loss. Also, the device
is compatible with most commercial Pan STMs after need
adaptations. In this work, we show results obtained with
the specially modified STM demonstrating its performance at
LT and room temperature (RT) on Highly Oriented Pyrolytic
Graphite (HOPG), Si(111)-7x7, and WSe2 surfaces. Also,

we have performed luminescence measurements in different
conditions and samples. First, we show STM-LE under UHV
at LT temperature on a gold (111) surface to observe the
plasmonic emission from the tunneling junction. We also
show in situ PL measurements on WSe2 monolayers and
spherical core-shell quantum dots as well as in situ Raman
measurements on HOPG substrate under UHV conditions. In
an exfoliated WSe2 monolayers on a gold thin film substrate,
we observed excitonic emission and also plasmonic emission
from the substrate, both excited by the tunnel current. At RT
and 100 K, we observed PL ad STM-CL from defects on a
monolayer of h-BN. Finally, with the STM in air, we show
STM-LE in exfoliated WSe2 monolayers on a gold substrate.

II. DEVICE DESIGN FOR LUMINESCENCE IN STM

A. General design guidelines

Among the several possibilities of light collection devices
for STMs (mirror, lens, fibers) and also the different STM
strategies (Pan design, Beatle design, or others) and operating
conditions (LT, RT, UHV, or in Air), some choices and
compromises are always made. Detailed discussion about the
design of STMs can be found in references43,44 while a review
discussing light collection strategies is given in ref45. In this
paper, we discuss a solution consisting of the development of
a high-performance add-on accessory to suitable Pan STMs.
In this sense, for the combined STM and optical device for
light collection and injection, we considered the following
compromises:

• The device must be compatible with an STM able of
being operated at LT (chilled tip and sample), UHV,
or in air; STM tips should be readily exchangeable
in vacuum; STM modifications to accommodate the
device should be minimal;

• The device should have a high solid angle, at least
higher than 50% of the hemisphere (collection solid
angle > 3 sr), have efficient transmission up to
the detector, and display to high spectral resolution
(suitable for in situ Raman spectroscopy);

• The optical device for light injection and collection
must be compatible with several optical experiments,
including PL and Raman spectroscopy, for instance;

• Any effects of the light collector on the performance
of the STM in regular imaging and spectroscopic
measurements should be negligible when not in use;

• The alignment of the light collection system should be
sufficiently accurate to assure its performance.

A suitable STM design for such light collection and
injection device is the Pan design: the tip has coarse
approach motion and all scanning axis while the sample
has coarse motion in the plane.44 It is very rigid, allows
easy tip exchange, and is compatible with low-temperature



Published on: Review of Scientific Instruments 93, 043704 (2022); https://doi.org/10.1063/5.0078423 3

FIG. 1. Illustration of the basic elements (solid angles and widths)
to be considered in the Luminance/Étendue conservation.

operation. Pan design also allows sufficient clearance for
mirrors with high NA. Using a Pan STM, the mirror is aligned
with the tunneling junction as defined by the tip position.
Moving the sample does not affect the mirror alignment and
positioning regions of interest under the tip is possible without
affecting the mirror alignment. In this paper, we discuss the
performance of this optical device as installed in a adaped
UHV PanScan Flow Cryo STM from RHK Technology. From
the optical device point of view, the PanScan has the added
advantage that only minor modifications were needed to make
it compatible with the insertion of the device (see Sec. II E).

B. Optical design considerations

Given the definition of the major general design points
regarding the STM and the parabolic mirror, the whole
light transmission chain must be evaluated. For that, the
starting point is the Luminance (also called Radiance or
Brightness) conservation theorem together with the Étendue
conservation theorem.46,47 The Luminance is related to the
amount of power emitted by a source and its spacial and
angular distributions and can be expressed as:

L =
dΦ

cos(θ)dΩcdA
= n2 dΦ

dÉtenduec
(1)

Where L is the emitted Luminance collected from the
source, n is the refraction index, Φ is the emitted power,
dΩc is the differential of collection solid angle, dA is
the differential emission area and θ is the angle between
the normal to the differential area and the centroid of the
differential solid angle.46 Since we will consider only the
power that is actually collected by the Parabolic mirror, the
solid angle considered is already that of the collection mirror.
Hence, eq. (1) refers already to the collected Luminance.
The relation of the Luminance (collected from a source)
with the Étendue of the collection optics is also given in
(1).47 The Étendue is related to the light gathering and light
transferring power of an optical system and/or each one of its
elements, as discussed in ref.47,48, and describes the trade-offs
in terms of angular and spatial distributions when collecting
or transferring light. The Étendue is defined as

Étendue = n2
∫ ∫

cos(θ)dAdΩ (2)

and can be seen as the weighted solid angle area product,
both for collection and transmission.47 As this quantity is
conserved, it shows that when reducing the solid angle, an
increase in area is expected. For clipped Lambertian sources,
which is the case that we will consider here as a simple
representation of the light emitted by the region being scanned
by the STM, the Étendue can be expressed as:

ÉtendueClip.Lamb. = n2
πW 2sin2

θ
max (3)

Where θ max is the maximum angle between the normal
of the area W 2 and outer points of the optical element
collecting or transferring light, and W is the total width of
the area emitting or transmitting light (this considers that the
system has rotation symmetry which is not the case for the
parabolic mirror).47 From the emission point of view, We is
the convolution of the used imaging Field of View (region
of the sample been scanned by the STM tip), and the carrier
spread on the sample (similarly to the beam spread in TEMS
or "ionization pears" in SEMs). Therefore, We represents the
total width from which emitted light should be collected. Note
that θ max is related to the solid angles Ω under consideration,
as indicated in Fig. 1 and its differentials dΩ in eqs. (1) and
(2).

The notion of Étendue and Luminance (or Brightness,
as typically called in the Electron Microscopy community)
and its conservation is important in the case of STM-
luminescence experiments (and for cathodoluminescence in
electron microscopes). Indeed, as already mentioned, the total
emitted power Φ is typically small. However, this weakness
is counterbalanced by the very small emitting area W 2

e in the
definition of Luminance. In other words, an STM excited
luminescent source is a bright, but not an intense, emitter.
Preserving Luminance (both in terms of power and in terms
of coherence) is therefore essential here. At the same time,
large collection angles, represented by Ωc in Fig. 1 and by
θ max in eq. (3), are needed to increase the collected power,
Φ.

Luminance is conserved in an ideal optical system, but
in reality, it can be reduced, for instance, by aberrations,
geometrical and chromatic, that induce an increase of spatial
and angular distributions. Also, some Luminance is lost
in surface reflections and by apertures that reduce Φ, for
instance. Therefore, to preserve the collected power (linked
to the measured signal intensity) and the Luminance (linked
to spectral resolution, see more on this in the following), each
optical element up to the spectrometer should be designed
carefully.

Given the Luminance of the source and its conservation,
one needs to make sure that the Étendue (also called
Geometrical Extent) of the optical system is preserved so
that none of the collected power is lost. To optimize the
spectroscopic optical acquisition chain, it is best to isolate
angular and spatial distributions in the spectrometer and
collection ends using the Étendue for a Lambertian source:

Φ

πL
=W 2

e sin2
θ

max
c ≤W 2

s sin2
θ

max
s =

Étendues

πn2 (4)
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Where θ max
s is the angular acceptance at the spectrometer

entrance and Ws is the light beam width in the spectrometer
dispersive direction. The inequality ≤ means that the product
W 2

s sin2θ max
s should be equal or larger than W 2

e sin2θ max
c to

accept all collected light. Simply put, eq. (4) means that
there is a trade-off between collection efficiency, related to
θ max

c , and field of view, given by We, on the sample side, with
respect to the spectrometer acceptance angle, θ max

s , and slit
width, Ws, on the spectrometer side. Also, eq. (4) means
therefore that the spectrometer Étendue is a limiting factor
to the compromise between light collection efficiency and
field of view. Fig. 1 illustrates the solid angles and widths
in eq. (4). Note that the angles in eq. (4) refer to conical
angular ranges in 3 dimensions and, therefore, relate to the
solid angles in space.

In practical terms, most light spectrometers use parallel
detectors such as CCDs, and their pixel size together with the
spectrometer point spread function (PSF) and magnification
define the relation between the entrance slit width and the
spectrometer resolution (for a given grating). Indeed, the
spectral resolution depends on several parameters, including
some intrinsic to the spectrometer (NA, aberrations, grating),
some extrinsic (especially the size of the beam at the entrance
aperture). The latter needs to be optimized for maximum
spectral resolution. It is, therefore, a matter of choosing
a target resolution (width of peaks on the CCD) and then
injecting the light already with the desired light beam width,
Ws. Note that eq. (4) shows the link between the Luminance
of the source (left-hand side) and the spectrometer entrance
slit width, that is its resolution (right-hand side). Typically,
for 25 µm wide pixels, a light beam width of about 100
µm entering the spectrometer is already sufficiently narrow
to provide a spectral resolution near the maximum attainable
(without even using the slits), since a typical spectrometer
magnification is near 1 and its point spread function has a full
width at half maximum (FWHM) of about two pixels.

In our setup, for a 600 gr/mm grating, the spectrometer
resolution is about 0.22 nm for 10 µm entrance slits and 0.5
nm entering with a beam width of 100 µm (and entrance slits
fully open). Such spectral resolution is sufficient for most
experiments with semiconductors and can be further increased
by changing the grating. Closing the slits to reduce Ws is
still possible but it would reduce the spectrometer Étendue,
causing light loss. Considering a spectrometer with NA=0.12,
that is with a maximum acceptance angle of 7◦, and using
Ws = 100 µm, and considering a parabolic mirror with a high
numeric aperture with θ max

c about 80° (see Sec. II D), one has:

We ≤
Wssinθs

sinθ max
c

∼= 12 µm (5)

This means that, provided all light emission comes from
a region smaller than W 2

e = 122 µm2, a high proportion of
the emitted light (>70%, see Sec. II D) can be collected and
transmitted to the spectrometer without loss into a width
Ws = 100 µm. Note that if the emission width is larger (or
the mirror is misaligned, what is equivalent), the Luminance
would be reduced accordingly and signal would be lost.

Therefore, the mirror alignment must be accurate in the sub-
micrometer range and only a region of a few micrometers can
be explored on the sample plane. One must note that in some
situations, like in some plasmonic applications, keeping a high
spectral resolution is not mandatory. In this case, a larger
width at the spectrometer entrance could be used which would
ultimately give more flexibility on the light collection optics.
To reach larger regions, the mirror could be scanned together
with the tip as demonstrated in ref.34 or the sample could be
scanned.49

It is important to note that this calculation does not depend
on the specific microscope holding the light collection optics
and therefore it applies to SEMs and TEMs performing
cathodoluminescence and STMs performing STM-LE or
other. Another relation between collection efficiency, field
of view, entrance slits width, and spectrometer numerical
aperture was shown in ref.49 which was derived using a
different approach in two dimensions and provided different
values but a very similar trend. Finally, these calculations
must be considered as an upper limit for an ideal system
with rotation symmetry. A given particular optical system
may not reach this value and may have a narrower field of
view or alignment tolerance. In particular, off-axis parabolic
mirrors are known for their low tolerance to misalignment,
and simulations (see in sec. II D) indicate that We in our
system is smaller than predicted in this model.

A general scheme of the STM together with the light
collector is presented in Fig. 2(a). Basically, in the Pan design,
the coarse motion of the tip base moves the tip upwards until
a tunneling current is observed. At this point, the electronics
of the STM control the tip-sample distance using the scanner
tube to maintain a constant current. A lateral scan can be
performed for imaging in constant tunneling current mode
in which the current is held constant by adjusting the tip-
sample distance along the scan. Luminescence induced by
the tunneling current illuminates the parabolic mirror which
directs the light beam as parallel rays towards the outside of
the thermal shields and also outside of the UHV chamber to
a dedicated collection optics. Note that this approach allows
one to exploit all advantages of free space optics for different
experiments and for light injection as well. Finally, the
coupling to the spectrometer entrance can be accomplished by
free optics using only mirrors and lens or additionally using
optical fibers.38,50

C. Light collection/injection possibilities

Considering that the parabolic mirror reflects all gathered
light as a parallel beam to the exterior of the UHV chamber,
it is a matter of working with this beam in free optics
in air. Therefore, outside the vacuum viewport and on
top of an optical table, several experiments are possible.
Typically, tunneling current induced luminescence (STM-LE)
is sent to the entrance of an optical spectrometer with a
CCD detector, as shown in Fig. 2(b). In this way, STM-
LE spectra can be acquired for a given tip position and
tunneling condition. Moreover, spectral images can be
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(a) (b)

(c)

(d) (e)

FIG. 2. (a) Scheme of the parabolic mirror inside the STM directing collected rays perpendicularly to the direction of the tip. (b-e) Possible
experiments: in (b) all light is directed to the entrance of a spectrometer; in (c) a beam splitter is inserted in the parallel beam path and
PL/Raman can be performed; in (d) the light is injected in a large area single channel detector; and in (e) the angular distribution of the
emission is recorded by a CCD positioned directly in front of the parallel light beam.

acquired by synchronizing the STM tip scanning with the
spectra acquisition. When working under UHV conditions, it
is also possible to operate the STM in Field Emission (FE)
mode to perform cathodoluminescence experiments (STM-
CL). In this case, the STM tip is retracted 100-200 nm from
the sample surface and an external voltage source (0-500) V
is used to produce an electron beam and excite the sample by
electron bombardment.21,22,51–53

Alternatively, by adding a laser on the optical table, light
can be injected to perform in situ PL and Raman experiments
(with or without the use of the STM tip), as indicated in
Fig. 2(c), similarly to ref54. Tip effects can be explored by
doing tip-enhanced PL or tip-enhanced Raman spectroscopy
(TERS) with appropriate tips, as demonstrated and reviewed
in55–58. Interestingly, parabolic mirrors are very good in
focusing laser beams and hence very suitable for these
techniques.56,59–61 PL can also be useful, for instance, to
check that a given sample is optically active in situ. The
laser spot size is estimated as smaller than 2 µm as observed
from sample damage (dark spots observed on samples after
PL experiments).

Another possibility, shown in Fig. 2(d), consists in directing
the light to the entrance of a large area single channel detector,
like a photo-multiplier tube (PMT) or a photodiode, which can
be useful to perform luminescence mapping.27 This mode is
also interesting for QE measurements. Indeed, some single
channel detectors have well documented QE and it is possible
to measure the quantum yield of a given sample in a specific
tunneling condition. This is relevant when absolute quantum
yield is required and a good mean of comparing data among
different setups. Also, in this setup, only the viewport and
one lens are placed between and mirror and a large area
detector (which minimizes any possible misalignment loss).
This ensures low and controlled light loss such that detector
counts can be accurately related to emitted photons. This is

not exactly the case for the setup in Fig. 2(b) since some
elements in the optical path are less accurately known and,
most importantly, the CCD QE is not always well-known.62

Finally, by placing a CCD camera in front of the mirror,
as shown in Fig. 2(e), angle-resolved emission patterns can
be recorded, similarly as has been done by Le Moal, et al.23

and indicated by Romero, et al.63. This strategy has been
extensively used in SEMs in A. Polman Group.64,65. This
mode is particularly relevant to assist the understanding of
the light emission mechanism.27 As shown in Fig. 2(e), a
filter (and also a polarizer) can be used to distinguish among
different light signals.

Another possible experiment is coincidence detection:
using a beam splitter and two single channel detectors66–68. It
must be noted that such experiments are possible with off-axis
parabolic mirrors as demonstrated in STEM and SEM18,20,69

and have also been demonstrated in STM-LE (using lens or
mirrors)20.

D. Optical Simulations

Taking into account all design considerations that defined
the key aspects of the light detection device, it is important to
determine its efficiency and usability by simulations. Indeed,
the model presented in eq. (4) refers to systems with
rotation symmetry, considers a clipped Lambertian source,
and considers that the optics is in fact aligned. Simulations
can evaluate the system for an isotropic source, can consider
the actual mirror shape, and consider the misalignment
properly, that is: the source is outside of the focal point
(and not an extended source). For that, we have performed
optical ray trace simulations using homemade software.70

Here, simulations consider the light source as a dimensionless
isotropic emitter. This source model represents an individual
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FIG. 3. Typical visualization to inspect the transmission of
isotropic light rays emitted by the tunneling junction (red point in
(a)) up to the spectrometer entrance. (a) Emission from the isotropic
source is collected by the parabolic mirror. Each blue dot indicates
where a given ray from the source hit the mirror (semitransparent
blue surface). (b) Rays are focused by a lens (semitransparent blue
surface) into the spectrometer entrance. Each line indicates the path
light ray that was collected by the mirror and send to the lens and is
shown to focus into a small region corresponding to the position of
the spectrometer entrance.

emitter for a fixed STM tip position. The source is moved
on the surface plane to account for the scanning and charge
carrier spread. Diffraction effects are not taken into account.

Optical ray trace simulations follow individual light rays
from the isotropic emitter along the optical path (parabolic
mirror and focusing lens) up to the spectrometer entrance
(or the optical fiber entrance). The code considers a large
number of rays for statistical relevance and provides detailed
information on the outcome of each light ray emitted from the
source. From the simulations, the collection solid angle of
the mirror employed was determined to be 72% of 2π , that is,
72% of the hemisphere or 4.5 sr, with an θmax of about 80◦.
This compares well to recent publications in the field such as
75% in ref.34 for a similar LT UHV STM or 69% in ref.23

for an air STM also capable of Fourier imaging. Moreover,
as discussed previously, the initial Étendue is preserved up
to the spectrometer in the proposed design, which gives high
spectral resolution (0.5 nm as discussed in Sec. II C) and high
transmission efficiency of (≈ 50% as discussed in Sec. II E).

Fig. 3 shows one example of a visualization of such
simulations. Fig. 3(a) shows the position where light rays
from an isotropic source hit the mirror surface. After hitting
the mirror, the light follows as parallel rays to the focusing
lens. In Fig. 3(b), the lens focuses the rays in the optical
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FIG. 4. Heat map that shows the collection efficiency (in %) as a
function of the position of a point emitter in the sample plane, x-y,
(a) and out of the plane, z-x, (b). The dark red region has maximum
collection and corresponds to the We region.

fibers (equivalent to the spectrometer entrance). This kind
of visualization can be used to inspect the simulation and
understand the light path from the source, for instance.

The result of another relevant simulation is the region on
the sample that can be scanned without loss of collection
efficiency. Indeed, as observed in eq. (5), the higher the
numerical aperture (collection solid angle), the smaller the
field of view for a given Étendue (and similarly for the
depth of focus).49 As mentioned, given the mirror geometry,
calculating the region of emission with maximum Étendue
also provides information about the misalignment the mirror
can sustain without significant collection loss as moving the
tip is equivalent to moving the mirror. A typical result of such
simulation in the case of our system is shown in Fig. 4.

Figures 4(a) and 4(b) show the area which preserves
optimum collection (dark red area) on our system. They
indicate that the mirror and the light source can be about 5 µm
apart in any direction without loss of efficiency. This indicates
both the region that can be scanned by the STM tip and the
mirror alignment tolerance. Eq. (5) can not predict this region
accurately as it does not take into account some aspects of the
actual optical system. The most relevant difference is that eq.
(5) considers an extended source with area W 2

e (Lambertian
source) while simulation in Fig. 4 considers a point source
(isotropic emitter) that is moved in the same plane (sample
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FIG. 5. (a) Optical device chamber with the manipulator and the
mirror in a standby position. (b) A picture of the manipulator as
observed from the rear. (c) A picture of the mirror showing an STM
tip and the sample.

surface plane), which better represents the actual physical
system (particularly for charge carrier diffusion length smaller
than 1 µm). Another difference between the model and optical
system is the absence of rotational symmetry (needed in the
model). Also, the simulations consider the exact mirror shape
while the simulations use only its angular aperture θmax.

The results in Fig. 4 also recall that, again similarly with
STEM-CL, STM-LE is a method that excites very locally but
collects globally.18,32,71 That means that one knows where
carriers where injected or where the excitation source is
with great precision (possibly in the atomic scale), however
the emission can happen more than a micrometer away as
already observed in TMDs.27 In our case, the whole area in
Fig. 4 is collected and hence the emission could come from
anywhere in that area. This is very different from confocal
optical microscopy, for instance, in which both injection and
collection are related to a small area.

E. Optical device implementation

Considering the design criteria in Sec. II A and the
alignment demands in Sec. II B and II D, we chose to use
a piezo-driven manipulator with a long arm that holds the
mirror. To implement it, we build a small chamber, as
shown in Fig. 5(a). Such manipulator can place the tunneling
junction at the focal point of the mirror and also retract the
mirror outside the STM thermal shields. When the mirror
is retracted, the STM thermal shields can be fully closed as
usual. In this design, the manipulator and its mirror never
enter in mechanical contact with the STM body or thermal
shields. Fig. 5(a) displays a computer-aided design (CAD)
drawing of the chamber where the manipulator is installed.
Fig. 5(b) shows a picture of the manipulator from the rear of
the chamber (viewport side). In Fig. 5(c), it is possible to see a
picture of the mirror showing the STM tip passing through the
mirror hole and the sample on the top. It is worth mentioning
that the tip length has to be a bit longer than usual to pass
through the mirror. Therefore, we adapted the tip holder and
we could not notice a significant difference in image quality
using the standard tip holder with short tips or the adapted tip
holder with slightly longer tips (see Sec. III).

Modifications were needed to adapt the RHK PanScan
STM body, thermal shields, and chamber to receive the optical
device. Openings on the rear of the STM and thermal shields
were added or adapted to allow the positioning of the mirror.
Fig. 6 shows the optical device chamber attached to the STM
main chamber and, in the insert, the mirror in position with
the arm of the manipulator passing through the thermal shield
and STM body.

The fact that the mirror is mechanically decoupled from
the STM has advantages and drawbacks. When not in use,
surely, the performance of the STM is not affected by the
optical device. However, inserting the mirror in position
will drive thermal instabilities. That is basically because the
STM has a weak thermal link to the cryostat to avoid strong
mechanical coupling. Hence, at the moment, the operation is
more stable when the optical device is used with the STM
at room temperature. In some physical systems such as
WSe2 monolayers, that is, in fact, the best temperature to
operate.9,72 Nevertheless, using the optical system at LT is
feasible depending on the tolerance to thermal drifts one can
bear. Also, simple modifications can be done to cool the
mirror and allow stable measurements at low-temperature as
well.

Outside the viewport indicated in the drawing of Fig. 5(a),
several optical experiments can be realized, as discussed in
sec. II B and shown in Fig. 2. Most importantly, for
spectroscopy, the light collection system to perform STM-
LE contains only 3 refractive optical elements (the vacuum
viewport, one lens, and the optical fiber), and hence surface
reflection loss is kept small. The total collection/transmission
efficiency of the system at 750 nm can be estimated as
50% (considering from the collection inside the STM up to
reaching the spectrometer CCD but without considering the
CCD QE) with a spectral resolution of 0.5 nm (for a 600
gr/mm grating). In this calculation, we considered initial
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FIG. 6. CAD view of the RHK STM body and thermal shield
revealing the opening and showing the manipulator of the optical
device holding the mirror in a measurement position. (1) UHV main
chamber, (2) STM flange, (3) cryostat, (4) transfer arm, (5) load-
lock chamber, (6) wobble stick, (7) optical device chamber, (8) STM
head, (9) STM tip, (10) sample, (11) mirror, (12) manipulator arm
(mirror support), and (13) thermal shields.

FIG. 7. Instrument response function for a 300 gr/mm diffraction
grating blazed at 600 nm.

collection (72%), refractive surface reflections (3% each), and
grating efficiency (80%). Other gratings can be used with
higher groove density (for Raman spectroscopy, for instance)
or lower groove density (for spectroscopy of plasmonic
modes, for instance). Note that the careful matching of all
optical elements and their correct alignment, as discussed
in II B, allowed the reduction of light loss to a minimum
and reaching such collection/transmission efficiency with 0.5
nm spectral resolution (at 750 nm). The efficiency from
the collection (mirror) up to the light beam that will hit the
CCD detector with a given resolution is a meaningful way
to evaluate the performance of a spectroscopy light gathering
system.

Due to the wavelength dependent efficiency of each optical
element, the (relative) spectrometer response as a function of
the wavelength has to be determined experimentally. This is
particularly important when dealing with large spectra, like
those of plasmonic emission, or spectra ranging in spectral
regions with significant efficiency variation. Fig. 7 shows a
typical instrument response function of our setup in its current
configuration. The efficiency increase from 300 nm to 600
nm is mostly due to the grating (with some features due to
the CCD) while the fall from 700 nm to 1000 nm is mostly
due to the CCD. Some absorption regions are noted at ≈720
nm, ≈ 880 nm, and ≈ 940 nm and are due to absorption in
the coupling optical fiber. This curve can be used to correct
spectra and compensate for the different efficiencies along the
available spectral range. STM-LE spectra in Sec. IV A were
corrected using such a curve.

III. STM PERFORMANCE

We evaluated the performance of the STM after the
modifications mentioned previously by performing STM
images and STS on some samples at hand. These
tests were performed after the installation of the light
collection/injection device and the usual bake-out of the whole
system (including the optical device). The chamber pressure
remained near 2x10−11 mbar after the installation. The
results presented in this section were obtained with the mirror
fully retracted and the thermal shields fully closed. That
is the usual condition for STM/STS operation. The typical
temperatures using LHe and LN2 as coolant were 12 K and
80 K, respectively. These temperatures were fairly easy to
reach and stable to maintain using a temperature controller.
Fig. 8 shows a set of STM images and STS curves obtained
operating the STM at LT. The STM images were acquired in
constant-current mode with electrochemically etched tungsten
tips, and using the adapted tip holder with slightly longer
tips (suitable for luminescence experiments). For image
processing, the WSXM 73 and Gwyddion 74 software were
used. The STS curves were taken using a lock-in after
obtaining stable topographic images.44

Fig. 8(a)-(c) show STM/STS results obtained in a HOPG
sample and operating the microscope at 12 K. Before the
measurements, the HOPG crystal has been cleaved in air
using an adhesive tape and promptly introduced into the



Published on: Review of Scientific Instruments 93, 043704 (2022); https://doi.org/10.1063/5.0078423 9

FIG. 8. STM images of Moiré pattern in HOPG measured at 12 K and with tunneling parameters of (a) 1.5 V, 300 pA and (b) 1.5 V, 500 pA.
Inset: Fast Fourier Transform (FFT) pattern. (c) STS curve measured on HOPG (40 mV, 0.65 kHz). (d) STM image for the empty (0.7 V, 200
pA) and (e) filled (-1.8 V, 200 pA) states of the Si(111)-7x7 surface reconstruction at 80 K. (f) STS curve of Si(111)-7x7 (80 mV, 0.80 kHz).
(g) STM image with atomic resolution of the WSe2 surface at 80 K (-3.8 V, -500 pA). Insert: FFT image. (h) FFT filtered image. (i) STS curve
obtained in WSe2 (40 mV, 0.65 kHz). All the STS curves were taken at 80 K.

load-lock chamber. Fig. 8(a) shows the Moiré pattern
usually found in the HOPG surfaces.75–79 Moiré patterns are
formed by the relative rotation between two graphene layers
and its periodicity can be calculated by the equation D =
a/(2sin(θ/2)), where a=0.246 nm is the lattice parameter for
graphene and θ is the rotation angle between graphene layers.
For the structure in Fig. 8(b), the periodicity D was obtained
by calculating the average distance between bright spots
using different height profiles and also by superimposing a
hexagonal lattice to the STM image. A periodicity of D = 5.0
nm has been determined which gives a rotation angle θ =
2.8◦. Additionally, Fig. 8(c) displays an STS curve taken at
80 K. The result is the expected for graphite, this is, a V-shape
LDOS symmetric with respect to the Fermi level78–81.

The Si(111)-7x7 surface reconstruction was imaged with
atomic resolution at 80 K and the results are shown in
Fig. 8(d)-(f). The surface was prepared under UHV conditions
by flash annealing of a p-type silicon (111) sample. STM
images with atomic resolution for both empty and filled
surface states44,82,83 are presented in Fig. 8(d) and (e),
respectively. In agreement with the well-known Dimer-

Adatom-Stacking Fault model 84,85, in Fig. 8(d) the twelve
adatoms inside the unit cell are resolved, while Fig. 8(e) shows
the different heights of the faulted (F) and unfaulted (U) part
of the unit cell. The LDOS of this sample is given by the
STS curve shown in Fig. 8(f), where three electronic states are
clearly resolved: one electronic state (U1) at 0.4 V above the
Fermi level and two electronic states at -0.3 V (S1) and -1,2 V
(S2) below the Fermi level. U1 and S1 are states localized in
the adatoms and the S2 in the rest atoms. 44,82,83,85,86

Finally, also at 80 K, we carried out STM/STS
measurements on a thick micro flake of WSe2 mechanically
exfoliated and transferred on a p-doped silicon substrate.
Fig. 8(g) shows an STM image with atomic resolution of the
WSe2 surface. In the inset on Fig. 8(g), an FFT pattern shows
the hexagonal periodicity of the structure. Fig. 8(h) displays
an FFT filtered image revealing the hexagonal atomic pattern
clearly and in agreement with already reported images.27,87

The STS curve in Fig. 8(i) is typical for a semiconducting
sample, where the zero dI/dV region is associated to the
electronic band gap of about 1.3 eV, as expected for this
material 88,89, and the Fermi level position near the conduction
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band minimum indicates light n-type doping.

IV. LUMINESCENCE EXPERIMENTS INSIDE THE STM
UNDER UHV

In the following, luminescence signals (STM-LE, STM-
CL, in situ PL, and in situ Raman) observed from a metallic
surface, from semiconducting systems (Core-shell QDots and
WSe2), and from HOPG and monolayer h-BN are shown
as proof of principle of our implementation of the light
collection/injection device discussed in Sec. II. The results
display the functionality of the light injection and collection
device and the potential for forthcoming applications in the
study of semiconductor nanostructures. In this section, all
the luminescence signals were recorded with the sample
inside the RHK Technology PanScan STM and under UHV
environment at RT and LT.

A. Plasmon emission on Gold(111) Surface

Metallic surfaces are commonly used to observe the
plasmonic light emission in STM-LE experiments. The light
emission is originated by the radiative decay of plasmon
modes localized in the tunneling junction and excited by
inelastic tunneling processes.19,34,45 Plasmon confinement in
the cavity formed by a sharp tip and a metallic surface
has emerged as an excellent tool for exploring the light-
matter interaction at the nanoscale, and has been employed to
measure single-molecule Raman spectroscopy,90 for instance.

Fig. 9 summarizes some topographic, spectroscopic and
optical results obtained on a clean gold surface at LT.
The sample consisted of a gold(111) thin film with large
atomically flat areas.91 Before measurements, the sample
was heated at 470 K under UHV conditions for removing
undesired contaminants. The STM image and the STS curve
presented in Fig. 9(a) and (b), respectively, were acquired at
80 K, with the optical device retracted and thermal shields
closed. The image shows a surface step with about 0.5 nm
of height. The STS reveals the presence of a surface state
between -0.5 V and the Fermi level, as expected for the gold
surface.92,93 When the thermal shields were opened and the
mirror was inserted into the STM, the sample temperature
increased up to 100 K and remained stable for several hours.

Fig. 9(c) shows three STM-LE spectra acquired at different
sample biases and a constant tunneling current of 10 nA.
The strong plasmonic emission was optimized after forming
a gold tip by several indentations of a tungsten tip on the gold
surface. The plasmonic spectra presented here are broad peaks
whose final shape and maximum depend on the tip condition
and geometry.45,94,95 The inelastic tunneling process involved
in the light emission mechanism is put in evidence by the
quantum cut-off (hν <eVbias) of the photons observed in the
STM-LE spectra at low bias, from which it is shown that no
photon can be emitted with an energy higher than the energy
of tunneling electrons.95 The luminescence spectra presented

here were obtained using the setup illustrated in Fig. 2(b) in
UHV and at a temperature of 100 K in the sample.

FIG. 9. (a) STM image of the gold(111) surface (-1.5 nA, -210
mV), the inset figure shows the height profile along the surface step.
(b) STS curve (80 mV, 0.8 kHz).) (a) and (b) were obtained at 80
K. (c) STM-LE obtained at 3 different bias values with a tunneling
current of 10 nA and 30 s acquisition time. (d) Series of spectra as a
function of the applied sample bias for a tunneling current of 10 nA
and 5 seconds of exposure time. (c) and (d) were measured at 100 K.

The dependence of the plasmonic light emission on the
applied sample bias is better characterized by the voltage
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map shown in Fig 9(d). In this figure, each line represents a
spectrum acquired at the samples bias indicated by the vertical
axis. The color represents the light intensity recorded by the
CCD. The highest count-rate is observed with about 3.5 V.
The decrease in emission at higher bias voltages is attributed
to the increasing distance between the tip and the surface that
happens to keep a constant current at varying sample bias
voltages.34,45

Changing the optical setup and sending all light into a
PMT, as indicated in the setup of Fig. 2(d), we measured the
quantum yield of the sample for some tip conditions. In this
mode, only the viewport and one lens are between the mirror
and the detector. Also, the quantum efficiency of PMTs is
well documented allowing a straightforward calculation of the
sample quantum yield. This is better than using the setup
in 2(b) which has more elements (optical fiber, spectrometer
mirrors, and grating and the CCD) that add uncertainty to the
quantum yield calculation. For an unreconstructed gold(111)
surface, we observed quantum yields between 1.4x10−4 to
1.4x10−5 photons per electron. This compares well with
literature values for systems using lens or optical fibers.42 This
comparison is relevant as it, to a certain extent, validates the
calculation of collection efficiency.

B. STS and optical spectroscopy on Quantum Dots

Fig. 10 shows some results obtained on spherical core/shell
CdSe/ZnS QDots with a diameter of about 6 nm and
deposited on HOPG substrate. Differently from previous
STM/STS results, these measurements were carried out with
the parabolic mirror inserted inside the STM head and placed
between the sample surface and the tip holder, as shown in
Fig. 5(c). The data were acquired at RT and under UHV. In
general, the acquisition of STM images on QDs is always
difficult because the capping ligands on the QDs surface
produce instabilities in the tunneling current.96 Therefore,
to evaporate some ligands from the surface of the QDs and
improve the STM imaging, before STM measurements the
sample was annealed to 415 K for 4 hours in UHV. The inset
in Fig. 10(a) shows a large area STM image where regions
with one and two layers of QDots are observed. The darkest
regions in the image correspond to the HOPG surface. The
STS curve presented in the figure was taken fixing the STM
tip position on a region with one layer of QDots. This STS
curve presents a zero dI/dV region of about 2.7 V and some
confined electronic states in the conduction band which are
associated with the atomlike energy levels S, P, and D, in
perfect agreement with reported STS studies on individual
QDots.97–100 Additionally, as explained above, the parabolic
mirror can be used to inject light and measure the in situ PL
response of the sample. Fig. 10(b) shows the PL spectrum
obtained by injecting the laser light of 450 nm which shows
an excitonic peak around 1.96 eV (632 nm).

FIG. 10. (a) STS curve (80 mV, 0.80 kHz) of 6 nm CdSe/ZnS
QDots on HOPG in UHV conditions and at RT. Inset: Constant-
current STM image showing one (1L) and two (2L) layers of Qdots
on HOPG (2.5 V, 1.8 nA). (b) PL spectrum on the same region as the
inset in (a) obtained on the sample sequentially and with the same
conditions as the sample inside the STM.

The possibility of combining STM/STS with in situ optical
spectroscopy had been demonstrated to be an important
approach to investigate the electronic structure and tunneling
process in quantum-confined nanostructures.101,102 On the
one hand, STS can give us information about both conduction
band (CB) and valence band (VB) confined states, and, on the
other hand, optical spectra give access to the allowed optical
transitions between the states in the CB and VB. In the case
of the results presented in Fig. 10, we have that, in contrast
to typical semiconducting surfaces like WSe2, the electronic
band gap of the QD is not given by the zero dI/dV gap region
in the STS curve. The reason for that is that QDs are not
in ohmic contact with the surface substrate, then a double
barrier tunneling junction is formed between the STM tip,
the QD, and the HOPG surface. This means that the bias
applied to the substrate relative to the STM tip has to be
distributed between two tunneling junctions.96,100 Therefore,
the measured gap ∆V = 2.7 eV is always larger than the
optical band gap (Eopt) of the QD by a factor 1/η , where η

corresponds to the ratio between the potential drop in the tip-
QD junction and the sample bias. The relation between the
zero dI/dV gap with the optical gap is given by the following



Published on: Review of Scientific Instruments 93, 043704 (2022); https://doi.org/10.1063/5.0078423 12

equation: η∆V = Eopt + Je−h, where Je−h is the electron-hole
Coulomb attraction energy.100,103,104 Considering Je−h ≈ 0.3
eV as reported for Jdira, et al .103, and taking into account
that the maximum of the PL peak in Fig. 10(b) can be
used as a measure of Eopt,105 it is possible to obtain that
η = 0.8. This value is very close to the theoretical value
of η = 0.7 calculated by Jdira, et al .98 for one layer of
CdSe/ZnS with 6 nm diameter QDs on HOPG substrate. The
explanation given here illustrates how to use the data provided
by the combination of tunneling and optical spectroscopies to
test theoretical models of nanostructures. This also allows
us to evaluate our setup and say that the mirror insertion
around the tunneling junction does not affect the imaging and
spectroscopic capability of the microscope.

FIG. 11. Raman spectrum of HOPG measured without the STM
tip near the sample surface. The spectrum was acquired using a 532
nm laser diode (60 mW of power) and 1800 gr/mm grating. The
acquisition time was 10 s and 4 acquisitions were averaged.

C. In situ Raman Spectroscopy on HOPG

Raman spectroscopy is a powerful technique for material
characterization. Performing Raman spectroscopy requires an
efficient injection and collection system due to the relatively
weak signal yield and the proximity between the signal and
the excitation laser. Performing Raman spectroscopy inside
an LT UHV STM can be challenging due to the lack of space
for the optics close to the tunnel junction.58 We performed
Raman spectroscopy using a 532 nm laser diode and an 1800
gr/mm grating and keeping all other parameters identical to
those used for usual STM-LE, that is, the same collecting
optics and transmission into the spectrometer. The exception
is the presence of a beam-splitter to inject the laser into the
beam path, according to Figure 2(c).

Fig. 11 shows an in situ Raman spectrum measured
in our setup. The result was obtained on a piece of
HOPG, similar to the one used for Fig 8(a). The spectrum
shows the characteristics G and 2D Raman bands at 1580
cm−1 and 2700 cm−1, respectively.106 This spectrum was
acquired without the tungsten tip approached on the sample
surface, being, hence, a regular (not tip-enhanced) Raman
spectrum. For TERS experiments, gold or silver STM tips

are required.58,107,108

D. STM-LE on exfoliated monolayer WSe2

Observing micro-metric flakes of monolayers of 2D
materials inside an STM requires the location of the object
of interest under the STM tip and also, in our case, the
alignment with the optical device. Fig. 12 illustrates this
process for a typical mechanically transferred WSe2 micro
flake containing a monolayer (in this case, we used gold as
substrate). First, as shown in Fig. 12(a) and (b) the sample
is characterized outside the STM using optical microscopy
and Atomic Force Microscopy (AFM). This allows the
identification of the appropriate flake among those on the
substrate. Fig. 12(c) shows the expected height profile in as
transferred TMDs flakes.29,110 Once inside the STM, a zoom-
lens optical microscope helps finding the area of interest and
approaching the tip accordingly, as shown in Fig. 12(d).

The light injection/collection device can be used to observe
PL and the sample position can be adjusted according to the
observed signal. Fig. 12(e) shows in situ PL spectra obtained
at RT that display both the A exciton and an indirect transition,
as expected in WSe2 bilayers.111 The band gap crossover
is shown in Fig. 12(f) where a transition from bilayer to
monolayer is observed for several spectra recorded at different
sample positions. The most intense spectrum shows only
the A exciton peak, indicating the laser spot is hitting a
monolayer. The spectra in Fig. 12(e) and (f) were recorded
with the STM tip retracted.

Turning off the laser light, and approaching the tip
until observing tunneling current, STM-LE signals could be
recorded. In Fig. 12(g) an in situ PL spectra is shown
for comparison with two STM-LE spectra. In one position,
both the WSe2 exciton peak and a plasmon due to the
substrate are observed. In another region, only the plasmon
peak is recorded. Plasmon emission is expected when
the TMD collapses and enters in contact with the metallic
substrate.29,112,113 In some cases, however, the presence of a
thin water layer explains the decoupling of the TMD and the
metallic substrate which could quench the excitonic emission.
The presence and quenching of the excitonic and plasmonic
emissions are discussed in detail in ref.29. Here, we would like
just to point out that the STM-LE excitonic peak is aligned
with the PL, while plasmon peaks shift in energy for different
regions on the sample and tip conditions.

E. STM-CL and emission due to defects in epitaxial
monolayer h-BN

h-BN is considered as a wide band gap semiconductor with
many potential applications in deep ultraviolet sources and
room temperature single photon emitters.114–117 To unleash
such applications, a better understanding of the fundamental
electronic and optical properties of h-BN and the impact of
structural defects is required. Fig. 13 summarizes some results
obtained on monolayers h-BN epitaxially grown on HOPG.
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FIG. 12. (a) Optical microscopy image to locate the flake and the region of interest as shown in the inset image. (b) AFM image of the region
with monolayer (1L) and bilayer (2L) of WSe2 indicated in (a). (c) Average height profile measured along the red line in (b) confirming the
ML height. (d) Location of the flake inside the STM, the tip is approached on the flake of interest. (e) In situ PL spectrum taken at room
temperature on the bilayer, showing a decomposition in two peaks. (f) Band gap crossover observed in the transition from the bilayer to the
monolayer region. (f) Comparison of the PL and STM-LE spectra acquired at RT and under UHV. The acquisition time for the STM-LE
spectra was 10 s.

By using the experimental setup described in this work, h-BN
monolayers were investigated by STM, STS, PL, Raman, and
STM-CL measurements (see details in ref109). STM images
together with Raman spectroscopy provide us information
about the morphology of the sample surface and the atomic
structure of the system. From STS, PL, and STM-CL, it
is possible to describe the electronic structure and optical
transitions of the sample. Fig. 13(a) shows an STM image
of the sample surface free of defects. Since the h-BN and
HOPG surfaces are morphological very similar, it is necessary
to measure the STS curve of the scanned region to distinguish
between them. The gray plot in Fig. 13(b) corresponds to a
typical STS curve obtained in the region shown in Fig. 13(a).
This dI/dV curve shows an electronic band gap of ∼6 eV,
defined by the low differential conductance range from ∼-3 V
to ∼+3 V confirming that the scanned region corresponds to

an h-BN covered surface. In other regions with similar surface
morphology, dI/dV curves with a zero band gap (like the blue
curve in Fig. 13(b)) expected to graphite are measured. The h-
BN electronic band gap can be obtained by in-depth analysis
of ensembles of STS data, as shown in ref109. For a monolayer
of h-BN on HOPG, an electronic band gap of (6.8± 0.2) eV
was found. Regions with point defects were also identified in
the sample. These defects appear as bright spots for positive
sample bias, as can be seen in Fig. 13(c). They have from
1 to 2 nm of diameter, according to the full width at half
maximum in the height profiles, shown in Fig. 13(d). STS
measurements in regions with point defects, see Fig. 13(e),
indicate an acceptor level around -2 eV.

For measuring in situ PL and Raman, the STM tip is
retracted from the sample surface and the light of a green
(532 nm) laser diode is injected into the STM in UHV. The
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FIG. 13. (a) STM images of the monolayer h-BN/HOPG surface free of defects (0.8 nA, 0.2 V, 80 K). (b) STS curves obtained in the region
free of defects. (c) h-BN/HOPG surface with point defects (0.8 nA, 0.8 V, 80 K). (d) Height profiles of some defects. (e) STS curves obtained
in the region with point defects. (f) In-situ PL and STM-CL spectra in which Phonon Side-Bands (PSB) are observed near the Zero Phonon
Line (ZPL) peaks. (g) In-situ Raman spectrum at room temperature. Thes STS curves were recorded at 80 K using a bias modulation of 80
mV of amplitude and 800 Hz of frequency. Reproduced with permission from 2D Mater. 8 044001 (2021)109. Copyright 2021 Institute of
Physics.

in situ PL spectra measured at 100 K and 300 K are shown in
Fig. 13(f). The PL spectra show a peak around 2.10 eV, which
is clearly resolved at 100 K, and two shoulders around 1.96
and 1.81 eV. These emissions are typically associated with the
zero-phonon line (ZPL) and two phonon replicas or phonon
side bands (PSB) of carbon-related defects, respectively.118

The sharp peaks present in the PL spectra at 300 K, indicated
with the red stars, correspond to the Raman response of the
sample. The full Raman spectra can be seen in Fig. 13(g),
where the stronger peaks around 1580 and 2700 cm−1 are the
G and 2D Raman bands of HOPG, respectively, and the weak
peak at 1350 cm−1 coming from the D Raman mode of HOPG
and the E2g mode of monolayer h-BN.

For STM-CL measurements, the STM tip was retracted
about 150 nm from the sample surface and a high voltage
between 150 and 180 V was applied to the sample, obtaining
FE currents of 5-10 µA.109 It must be noted that usual
CL experiments performed with fast electrons could only
record CL signal for thicker h-BN samples with six or three
monolayers of thickness.119,120 Here, by using STM-CL, it is
possible to measure the CL response of a single monolayer.

From the STM-CL spectra in Fig. 13(f), it can be observed
that the CL peaks are better resolved at 100 K than at 300
K. The peaks related to carbon defects are observed at ZPL at
2.10 eV and a PSB at 1.81 eV. At low wavelengths, the spectra
show some transitions at 3.90, 3.70, and 3.43 eV, which have
been reported as being phonon replicas of a carbon-related
defect emitting at 4.1 eV. The most intense peaks in the STM-
CL spectra are identified at 3.08, 2.65, and 2.37 eV. These
transitions have been previously reported for bulk h-BN and
are normally associated with carbon impurities or nitrogen
vacancy type-centers.121–123

V. LUMINESCENCE EXPERIMENTS INSIDE THE STM
IN AMBIENT CONDITIONS

Besides operating under UHV and at LT, the STM and light
injection and collection device can be used in air (ambient
conditions).30,109 Here are presented some results obtained in
WSe2 monolayers excited with the tunneling current when the
STM operated in ambient conditions.
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A key point in STM-LE studies on semiconductors is
the establishment of a partial coupling to a conductive
support that allows the flow of the tunneling current but
does not quench light emission due to all metallic states
creating interface states inside the semiconductor band
gap. This is particularly true for molecules and also
holds for atomically thin 2D semiconductors.19 Keeping the
unintentional water layer that is present under mechanically
transferred monolayers, it is possible to study monolayers of
WSe2 on top of metallic supports such as gold.29 Using this
strategy, it was possible to observe STM induced excitonic
light emission from WSe2, as shown in Fig. 14.

FIG. 14. (a) STM-LE spectra of the excitonic emission from WSe2
recorded as a function of the tunneling current and for sample bias of
2.4 V. Neutral exciton and charged exciton (trions) contributions are
indicated by the fit. (b) Emission energy as a function of the tunnel
current for the charged and neutral exciton emission obtained from
fitting emission spectra. For 25 and 44 nA, several measurements
were made to gain some statistics. Reproduced with permission
from Nanoscale, 12, 13460-13470(2020)29. Copyright 2020 Royal
Chemical Society.

The light emission observed in Figure 14 has the same
energy as recorded by PL, similarly as Figure 12(f), and
is basically independent of the applied sample bias voltage
(see ref. 29), confirming its excitonic nature. TMDs such as
WSe2 are known to display charged exciton (trion) emission,
a result of the high carrier density and strong Coulomb
interaction. Using STM-LE, it was possible to, similarly

as power dependent PL, observe the increase of the light
emission associated with charged excitons with increasing
tunnel current. Interestingly, the trion emission scales linearly
with the tunnel current (see ref.29). Moreover, despite the
considerable change in trion to neutral exciton ratio seen
in Fig. 14(a), the emission energy of these two transitions
remains fairly constant, as shown in Fig. 14(b). These
energies are indeed in close agreement with those obtained
from PL. This indicates that the intense electric field under
the STM tip does not necessarily cause emission energy shifts
in the TMD, as one could expect.

VI. CONCLUSIONS

Some design criteria, the implementation, and some
illustrative results of a new light detection scheme and an
STM employing such system are presented. The design
criteria show how the use of a parabolic mirror associated
with the Brightness/Étendue conservation theorems yields a
high-performance light collection device that can be used
in combination with an LT UHV STM to display 72% of
collection efficiency, 50% of total transmission efficiency with
a 0.5 nm spectral resolution. Moreover, the limits regarding
efficiency and its relation to the available field of view and
spectral resolution were discussed.

The results show that the performance of the STM was
not affected by the presence of the light detection device or
the modifications performed on the commercial STM system.
Luminescence results including in situ PL, In situ Raman
spectroscopy, STM-CL and STM-LE were shown for several
systems, including h-BN, TMDs, QDots, metallic surfaces,
and HOPG. This set of results demonstrates the potential of
this light injection and collection device for studies of light
emission and absorption in the context of an LT UHV STM.

We expect these design criteria and implementation
represents a solid base for the development of light injection
and collection devices for other LT UHV STMs and also other
types of microscopes. Indeed, several experiments involving
light injection and/or collection around a tunnel junction or
focused electron beam are possible with the presented device
and such setup could contribute to several areas of photonics
and plasmonics.
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79J. Červenka and C. F. J. Flipse, “Structural and electronic properties
of grain boundaries in graphite: Planes of periodically distributed point
defects,” Phys. Rev. B 79, 195429 (2009).

80P. Byszewski, Z. Klusek, S. Pierzgalski, S. Datta, E. Kowalska, and
M. Popławska, “Stm/sts observation of ferrocene derivative adduct to c60
on hopg,” Journal of Electron Spectroscopy and Related Phenomena 130,
25 – 32 (2003).

81G. Teobaldi, E. Inami, J. Kanasaki, K. Tanimura, and A. L. Shluger,
“Role of applied bias and tip electronic structure in the scanning tunneling
microscopy imaging of highly oriented pyrolytic graphite,” Phys. Rev. B
85, 085433 (2012).

82K. Oura, M. Katayama, A. V. Zotov, V. G. Lifshits, and A. A. Saranin,
“Electronic structure of surfaces,” in Surface Science: An Introduction
(Springer Berlin Heidelberg, Berlin, Heidelberg, 2003) pp. 261–293.
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