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ABSTRACT
Combining scanning tunneling microscopy (STM) and optical excitation has been a major objective in STM for the last 30 years to study
light–matter interactions on the atomic scale. The combination with modern pulsed laser systems even made it possible to achieve a temporal
resolution down to the femtosecond regime. A promising approach toward a truly localized optical excitation is featured by nanofocusing
via an optical antenna spatially separated from the tunnel junction. Until now, these experiments have been limited by thermal instabili-
ties introduced by the laser. This paper presents a versatile solution to this problem by actively coupling the laser and STM, bypassing the
vibration-isolation without compromising it. We utilize optical image recognition to monitor the position of the tunneling junction and
compensate for any movement of the microscope relative to the laser setup with up to 10 Hz by adjusting the beamline. Our setup stabilizes
the focus position with high precision (<1 μm) on long timescales (>1 h) and allows for high resolution STM under intense optical excitation
with femtosecond pulses.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123604

INTRODUCTION

Since the early days of scanning tunneling microscopy (STM),
combining STM with optical excitation has been a major goal1,2

not only because it promises a high temporal resolution beyond
the bandwidth of high-gain current amplifiers but also because
it can be employed to study light–matter interaction, such as
photocatalysis.3–9 Various approaches have been demonstrated
covering a wide range of excitation conditions, including con-
tinuous wave,3,10 multi-color,11,12 or pulsed laser excitation,4,13–15

as well as different excitation schemes, such as fiber coupled
illumination,3,15,16 macroscopic illumination,10,17,18 or plasmonic
near-fields, to increase the locality of the excitation.3,19 Inspired by
applications in scanning near-field optical microscopy (SNOM) and
atomic force microscopy (AFM), a promising idea is the imple-
mentation of a remote excitation via optical antennas, e.g., grat-
ings or nanocubes, that are spatially separated from the tunnel

junction.20–22 In all these efforts, the thermal effects induced by the
laser excitation have been a severe issue.13,15,23,24 Generally, the sta-
bility of the tunneling contact under optical excitation is one of
the main reasons why STM combined with laser-based excitation is
not widely used. The thermal effects can be divided into two cat-
egories. On the one hand, there are time-dependent variations of
the laser power caused by, e.g., pulsed excitation, lock-in-detection,
or laser power fluctuations, which result in variations of the STM
tip length by thermal heating. These effects have been addressed
in the past by introducing advanced pump–probe techniques such
as shaken-pulse-pair excitation,13–15 polarization modulation,25 or
pulse length modulation.5 All techniques focus on keeping the aver-
age laser power and, therefore, the introduced thermal load as
constant as possible. On the other hand, instabilities of the point-
ing, i.e., the position of the laser focus on the STM tip, that are
caused due to a mechanical decoupling of the STM head and the
laser system change the local thermal load and prevent a reliable
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and reproducible operation. Moreover, the thermal effects have
also been a showstopper for using more sophisticated approaches,
such as grating couplers proposed by Müller et al.,26 a technique
that has already been applied for Tip Enhanced Raman Spec-
troscopy (TERS)21,27,28 and promises truly localized excitations with-
out a macroscopic background illumination of the sample by the
laser focus.

This paper presents a versatile setup which utilizes image recog-
nition and grating couplers for long-term STM measurements under
a background-free femtosecond (fs) pulsed optical excitation of the
tunnel junction. It is organized as follows: first, we introduce the
basic concept of the grating-coupled gap excitation used in this
paper and discuss its challenges with regard to thermal stability.
Second, an experimental setup is introduced, which accounts for
these problems by minimizing pointing instabilities, based on a
method to track and eventually compensate for the relative move-
ment of the laser focus and tunnel junction. Third, we demonstrate
the performance by two examples: we image atomic scale defects
during direct gap illumination of a tungsten tip and single atomic
step-edges on an Ag(100) surface using purely ultrafast photocur-
rents19 induced by a grating-coupled illumination of a gold tip
during STM operation. Both can be done while maintaining a high
stability of the STM operation.

GRATING-COUPLED GAP ILLUMINATION

Figures 1(a) and 1(b) illustrate two ways to realize an opti-
cal excitation in a tunnel junction. Conventionally, the laser is
directly focused into the tunnel junction [see Fig. 1(a)]. Despite
having a macroscopic focus of the order of 10 μm, it is possible
to study local effects by utilizing the local field enhancement at
the tip, which has been demonstrated by Kazuma et al.3 Unfortu-
nately, a vast majority of the light will just result in a delocalized
excitation background. Consequently, most of the laser focus does
not contribute to the excitation of the gap. This can be improved
by utilizing grating couplers for gap illumination as illustrated in
Fig. 1(b). Upon grating illumination, surface plasmon polaritons
(SPPs) are launched and propagate to the tip apex, where they

converge to a gap plasmon, resulting in a highly localized near-field
on the order of a few nanometers.29–32 This can be crucial for studies,
e.g., surface photocatalysis, in which possible reaction pathways may
include long living charge carriers in the substrate. Consequently,
removing the macroscopic background illumination facilitates dis-
tinguishing the effects of the locally excited carriers from those
excited by the macroscopic background due to the μm-scale laser
focus.

All experiments presented in the following are performed with
a home built low-temperature STM operating at 80 K in ultra-high
vacuum (UHV). Our grating tips are made from gold wires (250 μm
diameter, annealed for 16 h at 800 ○C) to minimize propagation
losses of the plasmon. The taper is prepared by electrochemical etch-
ing in a 37% hydrochloric acid solution (details can be found in
Refs. 33 and 34). An efficient SPP excitation is provided by a res-
onant grating milled into the tip shaft by focused ion beam etching.
To characterize the proposed stabilization mechanism, we use a sin-
gle crystalline Ag(100) sample, which was prepared according to
a standard recipe, consisting of repeated argon ion sputtering and
annealing cycles under UHV conditions.35 In order to position the
focus (20 μm diameter) on the tip (apex-grating distance of 50 μm
and grating periodicity of 1075 nm), we raster-scan the focus across
the tip and sample (see the supplementary material for details). This
allows us to measure the optically driven photocurrents as a func-
tion of focus position. The geometry as well as the result of such
a measurement is shown in Fig. 1(c). Discriminating the optically
induced signals from regular tunneling is done by retracting the tip
by 5 Å from the tunnel contact (setpoint: 200 pA @ 2 V) before
each current measurement.19 The recorded map [right-hand side of
Fig. 1(c)] shows three distinct features labeled as G, A, and G′. The
signal indicated with G is the result of a gap excitation via the grating
illumination, whereas the feature (A) originates from the direct apex
illumination. Since the Ag sample is highly reflective, there appears
an additional signal labeled G′ caused by a grating excitation by the
reflected beam.

To further characterize the two excitation methods (apex vs.
grating illumination), we analyzed the dependence of the photo-
induced current on the tip–sample distance [retraction curves in

FIG. 1. Sketches of the applied excitation schemes: (a) conventional apex excitation, i.e., the far-field is directly focused into the tunneling gap, and (b) grating-based gap
illumination. Here, a surface plasmon polariton (SPP) is launched by the grating coupler illumination and propagates to the junction resulting in a highly localized (near-field)
excitation. (c) A typical focus raster scan across a tip–sample junction (setpoint: 200 pA @ 2 V; average laser power: 7 mW). A detailed description of the measurement can
be found in the text. (d) The distance dependence of the current under grid (yellow) and apex (red) illumination (setpoint: 1 nA @ 4 V; average laser power: 7 mW), along
with a reference curve without illumination (black, 1 nA @ 2 V). The solid lines are tri-exponential fits to the data.
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Fig. 1(d)]. For both apex [Fig. 1(d), red line] and grating illumina-
tion [Fig. 1(d), yellow line], we find a steep decrease in the current
for z < 1 nm, which resembles the exponential decay prominent
in regular tunneling (black line). In addition, for distances >1 nm,
both curves exhibit significant current contributions with a much
lower decay length. These have been attributed to the charge trans-
fer of non-equilibrium electrons at the junction.19 Most importantly,
it clarifies that the signal observed upon grating illumination in
Fig. 1(c) originates from a gap excitation and is not an “ordinary”
photocurrent emitted directly from the grating, as in that case, a
distance-independent photocurrent would be expected. We high-
light that the signal obtained using grating illumination is about
two orders of magnitude larger compared to the gap illumination,
despite the fact that both curves have been recorded using the same
laser power. We attribute this to the fact that the μm-sized grat-
ing, compared to the nanometric apex, provides a much better focus
overlap overcompensating for the propagation losses of the sur-
face plasmon polariton, resulting in an overall better conversion
efficiency. Similar observations have been made for free-standing
tips.26,36,37

On the one hand, the higher efficiency of the grating illumina-
tion makes it possible to reduce the average laser power for a given
excitation intensity at the apex. On the other hand, the better focus
overlap leads to an increased absolute thermal load deposited in the
tip for a given laser power and, therefore, to a higher tip expansion.15

Which aspect dominates depends on multiple factors such as the tip
diameter at the grating and the nonlinearity of the process under
investigation. In general, both excitation methods are extremely
sensitive to the spatial movements of the focus: a small drift of the
focus position on the grating area in the order of a few micrometers
will lead to thermal instabilities and can change the signal by more
than an order of magnitude [see Fig. 1(c)]. While these movements
are negligible for measurements performed on a short timescale
(≈1 s), such as the retraction curves discussed above, they become a
rapidly growing problem for measurements on the timescale of min-
utes and make it impossible to perform long-term measurements
such as spatially resolved tunneling spectroscopy with acquisition
times of several hours. To address this issue, we developed an active
stabilization based on image recognition, which is described in the
following.

STABILIZATION OF THE FOCUS

To realize STM with a laser excitation, one has to combine
two opposing aspects: on the one hand, both systems must be
mechanically and electronically decoupled for an efficient vibration
isolation of the STM-head and noise free tunneling operation. On
the other hand, the laser focus must be rigidly positioned onto the
tip–sample system in order to avoid the thermal instabilities caused
by a time-dependent laser heating. Hence, a versatile stabilization
must be able to actively couple the two systems without any mechan-
ical connections, which would compromise the vibration isolation.
Furthermore, it is desirable to do this without adding any new com-
ponents to the UHV system, to achieve maximum flexibility and easy
handling.

In our case, the vibration isolation of the STM setup is achieved
by two passive decoupling stages consisting of an air suspension
and a set of metal springs. The air suspension is seated below the

STM baseplate, and the springs decouple the microscope head from
the STM baseplate. While this method properly isolates the STM-
head mechanically, vibrations can still disturb the measurements by
influencing the relative alignment of the tip and laser beam, which
is located on a separate table next to the STM. In other words, it
is necessary to couple three frames of reference (FoRs): the first one
is the optical table with the laser (FoR1), the second one is the STM
baseplate (FoR2), and finally, the third one is the STM head (FoR3)
comprising the tip and sample. We achieved a coupling of these FoRs
with an active stabilization consisting of two independent stages:
first, a beam stabilization that couples FoR1 to FoR2 operating with
up to 1 kHz and, second, an image stabilization that stabilizes FoR3
with respect to FoR2.

The first stage (beam stabilization) is based on two lateral
effect position detectors38 in combination with two piezo-controlled
mirror mounts [PD1, PD2, PM1, and PM2 in Fig. 2(a)]. If set up
with a minimum distance between the PD and their closest mirror
as shown in Fig. 2(a), they act as virtual pinholes and allow for a well-
defined beam alignment on the STM baseplate, thus compensating
for beam tilting and parallel displacement.

Since the beam stabilization only couples FoR1 to FoR2, a sec-
ond stage is needed to compensate for the relative movements of the
tip (FoR3) with respect to the STM baseplate (FoR2). Inspired by
the active image stabilization techniques in modern camera lenses,
this is done by monitoring the tip with a CCD camera and mov-
ing the imaging lens, which projects the object on the camera chip
or—in our case—creates an intermediate image of the tip in the
image plane on the STM baseplate. This image plane (IP) is indicated
by the purple line in Fig. 2(a). Any movement of the tip’s position
will result in a corresponding movement in the IP. To counteract
this movement, it is necessary to track the tip’s position and com-
pensate for any deviation from the initial position by moving IL2
accordingly.

Determining the position of the tip is done using an image
recognition routine. We observe the image plane through a mag-
nification setup (20:1) using a CCD camera. The position of the tip
can continuously be located by template matching as implemented
in OpenCV.39 More precisely, we determine the position maximum
for the correlation function as

R(x, y) =
∑x′ ,y′(T

′
(x′, y′)∗ I(x + x′, y + y′))

√

∑x′ ,y′T′(x′, y′)2
∗∑x′ ,y′ I(x + x′, y + y′)2

,

where I is the current CCD image and T′ is a template image [blue
frame in Fig. 2(b)] of the tip, which is recorded before activating the
stabilization. Being able to track and compensate for the individual
movements of the tip relative to the STM baseplate, we have imple-
mented a feedback loop, which is illustrated in Fig. 2(b). Whenever
a deviation of the tip position is detected, IL2 is moved in the oppo-
site direction to counteract this movement and, therefore, stabilizes
the tip’s image in the IP. Notably, this setup only compensates for
displacements in the y–z plane [the STM operation is much less sen-
sitive to displacements in the x direction due to the large Rayleigh
length (≈400 μm) of the laser focus setup].

Finally, both independently operating stabilization stages are
linked by a beam combiner (BC) and a scanning lens (SL). The BC
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FIG. 2. (a) Schematic drawing of our setup (top view). It can be divided into three frames of reference (FoRs): a Ti:sapphire laser (λCenter = 780 nm, τ = 15 fs, and 80 MHz
repetition rate), placed on an optical table (FoR1), is guided onto the STM baseplate (FoR2) and coupled into the STM junction (FoR3) using our two-stage active coupling:
(1) the beam stabilization consists of two position detectors (PD1 and PD2, Thorlabs PDP90A) and two piezo-controlled mirror mounts (PM1 and PM2, Polaris-K1S3P) and
compensates for relative movements between STM baseplate (FoR2) and optical table (FoR1). (2) The image stabilization is based on the intermediate image plane (purple
line) generated by the imaging lenses IL1 and IL2 (f = 200 mm) and is recorded by a CCD camera. The scanning lens (SL, f = 50 mm) focuses the laser beam into the
intermediate image, which is consequently projected onto the tip (FoR3). (b) The image stabilization (side view), as observed through the beam combiner [BC in (a)] by the
CCD camera. Unintended movements of the tip are detected by tracking a template of the tip (blue frame) and compensated for by moving the second imaging lens [IL2 in
(a)].

is a dielectric mirror that reflects the laser light but is transparent for
most visible light to allow the imaging of the IP by using the CCD
camera. The scanning lens (SL) focuses the laser (stabilized by the
beam stabilization) on the intermediate image of the tip (stabilized
by the image stabilization). Since the optical pathway is reversible,
this intermediate focus is simultaneously projected on the (real) tip
in the STM-head. Consequently, the SL can be used to independently
raster-scan the focus across the tip as demonstrated in Fig. 1(c)
without compromising the overall stabilization. We note that this
directly implies the requirement of a stable beam pointing at the
position of the SL. In our case, this is ensured by the first stabilization
stage described above, but—depending on the laser setup—it could
also be achieved in other ways, e.g., by fiber coupling. A detailed
description of the implementation and the specific components can
be found in the supplementary material.

PERFORMANCE AND SPATIAL RESOLUTION

To quantify the long-term stability of the system, we use the
raster-scan functionality shown in Fig. 1(c). Figure 3(a) shows a
focus scan across a tungsten tip about 10 μm above an Ag(100)
surface. Apart from the macroscopic shape of the tip, many localized
features are visible. Figure 3(b) shows the consecutively acquired
scans of the “hotspot” highlighted in Fig. 3(a), without active cou-
pling. It becomes apparent that this hotspot, which had been in the
center of the scan-area, drifts toward the right, indicating a move-
ment of the tip with respect to the laser. From the data, we find
a drift of roughly 10 μm/15 min in the y direction, which means
that a perfectly adjusted setup would be misaligned after just a few
minutes.

On the contrary, Fig. 3(c) shows that the active focus stabi-
lization compensates for the drift as demonstrated by the perfectly
centered signal feature even after 90 min. In practice, the stabiliza-
tion has proven to completely eliminate the focus drift as a limiting

factor for our measurement time. Eventually, this is limited by other
aspects such as tip modifications or the coolant holding time. In
addition, the setup allows for a fast (<15 min) realignment of the
focus even after major interruptions of the measurements, such as
coolant refilling. For a more quantitative description, we remove the
background, i.e., any values that are below 10% of the maximum
intensity, and determine the center of mass of the remaining peak.
We achieve a focus stability better than 1 μm, which is limited by
the resolution of the tracked image. The bandwidth of the setup is
estimated to be of the order of 10 Hz considering the entire feedback
loop (data transfer, processing, and IL2 stage movement).

To benchmark the performance during STM operation, we per-
formed two experiments. First, we imaged the atomic scale defects
using a tungsten tip at 150 μW apex illumination [see Fig. 4(a)].
This is a configuration that could be used for, e.g., the investiga-
tion of charge carriers in semiconductors.16 Second, we analyzed a
configuration that is useful for the investigation of photocatalysis,
namely, the remote excitation of the tunnel gap via a grating coupler.
Figure 4(b) shows a STM topography of a single atomic step-edge
on an Ag(100) sample. The current consists mainly (>90%) of tun-
neling electrons energetically located at the Fermi level. In contrast,
Fig. 4(c) shows a topography of the same area with a current com-
posed of >98% of photo-driven high-energy electrons.19 We quantify
these distance-dependent contributions by fitting a bi-exponential
function to the data [Fig. 4(d)]. The sum of tunneling (blue line)
and the photo-driven current (yellow line) is shown as a black line
resembling the data very closely. The fact that we are able to drive
a nonlinear photocurrent19 demonstrates that this test configuration
facilitates a substantial gap excitation and could be applied to other
sample systems. Noteworthily, all topographies shown in Fig. 4 have
not been filtered except for a plane fit to remove the global slope of
the sample.

As a measure for the stability of the system, we determined the
root-mean-square (rms) of the apparent height variation (Δz) along
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FIG. 3. (a) Map of the photocurrent
recorded while raster scanning the laser
focus across a tungsten tip using SL
(logarithmic scale). The focus stability
is examined by repeatedly raster scan-
ning the focus across a photocurrent
hotspot (cyan square). Raster-scanned
photocurrent maps of the feature with-
out and with active focus stabilization
are shown in (b) and (c), respectively.
The signal feature, observed with sta-
bilization, remains centered for over
90 min.

the slow scan (vertical) axis on an actually flat terrace [see Fig. 4(e)].
This gives access to slow variations of the tip length, happening on
a minute timescale. Both configurations show a z-stability better
than 5 pm for the standard STM imaging. The section belonging to

the photocurrent topography [yellow line in Fig. 4(e)] has a much
higher variation of the order of 20 pm. This is not limited by thermal
instabilities but by the small setpoint current (1.5 pA) in combina-
tion with the long decay length of the photo-driven current channel

FIG. 4. (a) Constant-current STM topography (100 pA @ 1 V) of an Ag(100) surface, as imaged with a tungsten tip at 150 μW direct apex illumination, showing various
atomic scale defects. (b) and (c) STM topographies, as imaged with a gold tip at 150 μW grating illumination. The different setpoints (50 pA @ 3 V and 1.5 pA @ 3 V,
respectively) are chosen to address different tunneling channels, i.e., in the conventional tunneling regime (b) and the photo-driven regime (c). (d) Distance dependence of
the tunnel current under grating illumination. The colored lines represent the two terms of the bi-exponential fit (black solid line) to the data, i.e., the conventional (blue) and
laser induced (yellow) tunnel currents. The setpoints of (b) and (c) match the correspondingly colored triangles in (d). (e) Sections along the corresponding solid arrows in
(a)–(c) with the respective root-mean-square (rms) denoted to the right of the section. The sections have been shifted in the z direction for clarity. (f) Cross sections along
the dashed arrows in (b) and (c). The solid lines represent sigmoid fits to the step-edge. The broadening of the edge is illustrated by the inset, with gray boxes having a
width of 1 nm (dark) and 2 nm (light).
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(≈850 pm per order of magnitude compared to ≈110 pm per order of
magnitude for regular tunneling). A variation of 20 pm corresponds
to a current noise of about 80 fA, which is of the same order as the
resolution of the analog-to-digital converter used in our STM setup.
The low laser power (and, consequently, the low photocurrent set-
point) is a compromise to ensure comparability while accessing both
the tunneling and the photocurrent regime at the same laser power.
Considering the “high” temperature (∼80 K) and “mobile” materi-
als (gold tip/silver sample), this necessitates setpoints below 100 pA.
A higher laser power would have required much higher tunneling
currents (∼nA) to reach a dominant tunnel contribution and
inevitably caused tip modifications.

To estimate the lateral resolution of the photocurrent imaging,
we analyze the cross sections of a step edge, which are shown in
Fig. 4(f) and marked as dashed arrows with their respective colors
in Figs. 4(b) and 4(c). By fitting sigmoid-type functions to the data,
we extract step widths of <1 and <2 nm for the tunnel current and
photocurrent data, respectively. It is worth mentioning that the illu-
mination is the same for both images. The difference in the in-plane
resolution is most likely caused by the different decay lengths of the
two current channels used for imaging.

SUMMARY

We presented a versatile setup allowing for a reliable STM
operation under a grating-coupled gap excitation by implement-
ing an active coupling: Using a combination of a commercial beam
stabilization and a home-built feedback based on image recogni-
tion, we are able to achieve a pointing stability better than 1 μm.
This enables us to achieve a high stability during STM operation,
i.e., height-variations of less than 5 pm under optical illumination.
This is true for the direct apex illumination of tungsten tips as
well as for the remote excitation via grating couplers on gold tips.
The gap excitation via grating-launched surface plasmon polari-
tons provides substantial local photo-driven currents, sufficient to
resolve single atomic steps on an Ag(100) crystal. Prospectively, the
implemented stabilization allows for long-term STM measurements
under an intense optical excitation, including pump–probe and spa-
tially resolved spectroscopy of individual surface constituents such
as molecules or defects.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed description of the
focus raster-scan procedure and the implementation of the image
stabilization.
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