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Reliable preparation and regeneration of well-
defined single-atom tips through laser annealingy
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Single-atom tips (SATs) have crucial scientific and technological applications, such as in scanning probe
microscopy and charged particle beam technology. We reported a reliable method of preparing and
regenerating noble metal-covered W(111) SATs through laser annealing at approximately 1000 K under

ultrahigh vacuum. The field emission patterns obtained during laser heating revealed the self-assembly

process of a pyramidal tip. The SATs can be regenerated through laser annealing tens of times with little
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change in sharpness, indicating a long lifetime. Various pyramidal SATs can be generated and

regenerated using visible-light, near-infrared, mode-locked, and continuous-wave lasers at different
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1 Introduction

A single-atom tip (SAT) is a sharp metal tip ending in a single
atom. It can be used to achieve atomic resolution in scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM). It can also be used as electron and ion sources.* Electron
beams field emitted from a SAT have full spatial coherence,**
which is ideal for techniques based on the phase coherence of
electron beams, such as electron interference, electron holog-
raphy, and coherent electron diffractive imaging. Because of the
extremely small emitting area and opening angle, the electron
and ion beams field emitted from an SAT exhibit high bright-
ness;*® the beams can be focused to a small point to achieve
high beam intensity.

Various research groups have developed methods for
producing SATs.””® However, most SATs have never been prac-
tically applied because they have short lifetimes, and their
preparation methods are tedious and unreliable. In 2001, Fu
et al. was inspired by the adsorbate-induced faceting process
discovered by Madey and coworkers for Pd, Pt, Au, Ir, and Rh
films grown on a W(111) surface,’®™® and they successfully
prepared the first Pd-covered W(111) SAT by evaporating a Pd
monolayer on a clean tungsten tip surface and then annealing
the tip in an ultrahigh vacuum (UHV).* Field ion microscopy
(FIM) atom-by-atom analysis revealed that this type of SAT is
a three-sided W(111) nanopyramid covered with a physical
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polarizations relative to the tip axis. The generation of well-defined pyramidal SATs through laser
annealing can facilitate various applications of SATSs.

monolayer of noble-metal atoms.®** First-principles calcula-
tions have shown the high stability of the pyramidal structure
and the very high binding energy of the topmost noble-metal
atom.™ Because faceting is a thermodynamic process, the SAT
can be regenerated through simple annealing, even if it is
destroyed or contaminated. The atomic stacking remains the
same after each regeneration: completely ordered, unlike the
random structure of traditional SATs. Kuo et al. presented an
electroplating method for both the preparation of a clean W tip
surface and the deposition of a noble metal film in an electro-
chemical cell.*® Pd-, Pt-, Ir-, Rh-, and Au-covered W(111) SATs
were successfully produced after the noble metal-plated tips
were annealed under vacuum; these pyramidal tips have the
same stacking structure as that of the Pd-covered W(111) SAT
prepared by Fu et al**" and could be regenerated at least
several tens of times after destruction through repeated field
evaporations.® The relationship between the field emission (FE)
pattern and corresponding FIM image of the SAT has been
established.*® The electron beam field emitted from the SAT
exhibits a Gaussian intensity profile with a full divergence angle
of 2-6°.*° The key advantage of noble metal-covered W(111)
SATs is their well-defined apex structure, which is thermally and
chemically stable. Thus, SATs can be reliably prepared and
regenerated under vacuum and have a long operation lifetime.®
In addition, the pyramidal tip maintains a fixed orientation
along W(111), which is beneficial for the alignment of field-
emitted electron and ion beams with a lens column.

The last step in the preparation of a SAT is the annealing of
a noble metal-covered W(111) tip at approximately 1000 K under
UHV.**" In previous studies, the tip was heated by passing an
electric current through a V- or arc-shaped heating loop in
which the tip was spot welded to the support loop. The heating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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loop consisted of a thin metal filament with high resistivity,
such as a tungsten or molybdenum wire. This is a common
method for annealing a field emitter, but the method is not
suitable for some applications. A major concern is mechanical
vibrations, which are not favorable for applications such as STM
and AFM or for high-performance electron and ion sources. The
vibrations are caused by the low rigidity (or low spring constant)
of the mechanical structure in the heating loop. Another
concern is that some structures, designs, and materials used in
tip assembly cannot tolerate annealing at approximately 1000 K.

The laser heating of FE tips has been explored.'*** Dreschler
et al. noted an increase in the total current in an FE tip irradi-
ated with incandescent light; the increase was attributed to the
thermal effect.” Kormendi et al. reported that illumination
from a pulsed infrared laser might considerably heat a FE tip,
resulting in a change in the total energy distribution of field-
emitted electrons.”® Lee et al. investigated the effect of the
shank profile on the heating of a field emitter by using
a continuous wave (CW) laser.'®?° Since 2006, numerous studies
have investigated electron FE driven by ultrafast laser pul-
ses;***¢ laser-induced photoemission, which provides pulsing
emission triggered by laser pulses, and thermally enhanced FE,
which provides constant (DC) emission, have been devel-
oped.***3%% The laser irradiation of a sharp tungsten tip in
combination with a strong DC electric field can lead to surface
modification and the development of a nanoprotrusion on the
tip.** For the first time, this study used laser annealing to reli-
ably generate and regenerate well-defined SATs and to overcome
concerns regarding vibration and heating damage associated
with heating loops.

2 Experimental

Preparation of a noble-metal covered W(111) tip: A single crystal
W(111) wire (diameter of 0.005”, Applied Physics Technologies,
USA) was electrochemically polished to a needle shape with
a radius of 20-100 nm (ref. 37) in KOH solution, and the tip was
electroplated with a thin layer of a noble metal film (processed
by ALES Tech, Taiwan). The emitter was then ready for transfer
into a UHV chamber for tip annealing to form an SAT.

UHV system

SATs were prepared and characterized in the UHV chamber with
a base pressure of 1.3 x 10~ '° torr. Fig. 1 presents the schematic
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Fig. 1 Schematic of the experimental setup.
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of our setup. A laser beam was focused using a lens (focal length
of 10 cm) to a spot of approximately 10 pm at the apex of an
emitter inside the UHV chamber. The tip was negatively biased
to a high voltage, at which electrons were field-emitted from the
tip apex, and the FE pattern was recorded using a delay-line
detector (DLD). The emitter was mounted on a three-axis
piezo-driven nanopositioner (Unisoku, Japan) with a travel
distance of 5 mm in each direction. The nanopositioner
enabled the precise positioning of the tip relative to the focused
laser spot. An electrically grounded extractor was used in only
some parts of the experiments.

Lasers

Two lasers were used separately for laser annealing. The first
was an Yb fiber mode-locked laser (mRadian Femto Sources Co.,
Ltd, 1020 nm, 110 fs, 50 MHz, 1.5 W). Second-harmonic pulses
(wavelength of 510 nm) were generated by passing the output of
the femtosecond Yb fiber laser through a B barium borate
crystal. The second was a CW solid-state laser (Spectra-Physics
Excelsior, 532 nm, 300 mW). A combination of a half-wave
plate and polarizer (not displayed in Fig. 1) was used as an
attenuator to adjust the output laser power. Another half-wave
plate was placed in front of the lens to adjust the polarization
vector.

Delay-line detector (DLD)

We used a DLD (DLD8080, Surface Concept) for electron
detection, with a spatial resolution of approximately 65 pm and
a temporal resolution of approximately 230 ps. It consists of
a microchannel plate stack and a detector anode, which
consists of two grids of meandering wire rotated by 90°. The
position of each charged particle is determined by the arrival
time of signals at either end of the wires.*® The charged particle
arrival time was determined with reference to an external start
signal delivered by the laser pulses, enabling the measurement
of the electrons’ time of flight. The DLD measured each electron
arriving at the detector (as long as only one electron arrived in
the 5.5-ns detection time), and the electrons arriving during the
exposure time were counted. The electron count at each time
point can be considered instantaneous current.

3 Results and discussion

The FE pattern of the noble metal-plated W(111) tip after
transfer to the UHV chamber indicated that the tip apex initially
had an irregular stacking structure that differed for each tip
(Fig. 2a). When the local laser power on the tip apex exceeded
a specific value, the FE pattern started to change over time,
indicating structural rearrangement at the tip apex. After laser
heating for some time (1-10 min), three spots frequently
appeared in the FE pattern (Fig. 2b), suggesting the initial
formation of a truncated nanopyramid with a triangular flat-top
(111) surface (inset of Fig. 2b). After further laser heating for
several minutes, a single round FE spot spanning an angle of
approximately 3° in full width at half maximum (FWHM) was
observed (Fig. 2c), indicating the formation of a SAT.
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Fig. 2 Generation of noble metal-covered W(111) SATs through laser
annealing. (a) FE pattern of an Ir-plated W(111) tip before heating,
recorded at —900 V. The intensity scale is displayed at the bottom. (b)
FE pattern indicating the initial formation of a truncated nanopyramid
at the tip apex after illumination of the tip with a femtosecond laser
beam (average power P = 180 mW, 1020 nm; polarized parallel to the
tip axis) for approximately 10 min. The FE pattern was recorded at
a smaller tip bias of —800 V after the laser was switched off. Inset:
truncated pyramid. The three spots in the FE pattern were due to field
emission from the three corners (circled in red) of the top (111) surface.
(c) FE pattern indicating the formation of an SAT with one narrow
emission spot after laser annealing for another 5 min.; the pattern was
recorded at —600 V without laser illumination. Lower right inset: FE
pattern of the SAT on a log-intensity scale. Lower left inset: atomic
stacking of a nanopyramid ending in a single atom. Although the three
atomic ridges defining the pyramid (shown in yellow) also contribute
to field emission, the main beam is highly concentrated and has high
contrast.

Fig. 3 presents the evolution of the FE pattern during typical
tip heating with a focused laser beam and the self-assembly
process of a pyramidal SAT. The process began with a three-
spotted FE pattern corresponding to the formation of a trun-
cated pyramid (Fig. 3a). The intensity in the center of the three
spots gradually increased, and the FE pattern became triangular
(Fig. 3b), indicating the build-up of a taller pyramid with
a smaller top area. The build-up process continued, and the
center emission spot intensified over time (Fig. 3c and d); the FE
pattern also revealed weak emission from the three atomic
ridges defining the three-sided {211} pyramid. Eventually,

@)t=0s (b)t=70s () t=150 (d)t=200's () t=350s

m‘%
v v v v lg-

400

300 I B

200 200

100 100
=50 5 5 0 5 -5 50 5 -5 0 5

0 5
0()

Fig. 3 Formation of a pyramidal SAT during laser annealing in a UHV.
Top row: FE patterns of an Ir-covered W(111) tip during the laser
heating process at various time points. The intensity scale for all FE
patterns is displayed on the right. All FE patterns were recorded at a tip
bias of —850 V. A femtosecond laser beam (1020 nm; 165 mW,
polarized parallel to the axis of the tip) was used for heating. Insets: The
FE patterns outlined in the white box are replotted on a log-intensity
scale; the intensity scale is displayed on the left. Bottom row: corre-
sponding intensity (linear) profiles along the white line on the top row.
The values were calculated by summing the intensity over four pixels in
the direction perpendicular to the line.
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a strong emission spot of approximately 3° (FWHM) appeared,
indicating the formation of an SAT (Fig. 3e).

The appropriate tip temperature to prepare an SAT through
laser annealing should be determined; we examined the FE
current as a function of the applied tip bias at various laser powers
(Fig. 4). The emission current increased when a field-emission tip
was irradiated by an ultrafast laser beam. This can be attributed to
either multiphoton emission or thermally enhanced FE. The total
emission intensity (current) versus time measured using the DLD
can be used to identify multiphoton emission, which occurs in
burst time,** and the thermally enhanced FE, which exhibits
a DC current.*>* Fig. 4a presents an example. A small DC current
was observed when no laser illumination occurred at a tip bias of
—780 V (shown in black). With laser illumination at a power of 83
mW (shown in red), the DC current increased because of the
increase in tip temperature and periodic pulsed signals (due to
transient multiphoton emission) separated by 20 ns, corre-
sponding to a laser repetition rate of 50 MHz.

The DC current increased with the increase in the applied tip
voltage and laser power (i.e., tip temperature); this relationship
was used to estimate the tip temperature on the basis of Fowler—
Nordheim (F-N) emission (Fig. 4b).** The FE current density can
be calculated as follows:*°
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Fig. 4 Derivation of tip temperature during laser illumination. All
measurements were performed on the same SAT under the same laser
focusing conditions. The SAT was prepared through annealing at
a laser power of 165 mW. (a) Electron emission intensity versus flight
time measured using a DLD on an Ir-covered W(111) SAT at a tip bias of
—780 V without (black) and with (red) irradiation from a femtosecond
laser beam (power P = 83 mW, 1 = 1020 nm, polarized parallel to the
axis of the tip). The increase in the emission current can be ascribed to
the thermally enhanced emission (the DC part) and multiphoton field
emission (the burst part). (b) The DC part of the emission current versus
tip voltage acquired at various laser powers. The black dashed line
corresponds to a fit of eqn (1) to measurements without laser illumi-
nation (Tgr = 300 K), and free parameters were obtained from fitting.
The colored dashed lines are the fits of eqn (1) at temperatures of 375,
415, 510, and 645 K. (c) Tip temperature versus average laser power on
the basis of fitting in (b). The solid line is a linear fit to the data points.
Extrapolation of the fitting line indicates a temperature of approxi-
mately 1000 K at a laser power of 165 mW (red square).
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where ¢ is the negative elementary charge, D(k,, F) is the
transmission probability of electrons with longitudinal velocity
hiky/m as a function of local field strength F, and f(k ,T) is the
Fermi-Dirac distribution at temperature 7. Through the fitting
of the measured DC current versus the tip voltage without laser
illumination (Tgy = 300 K) by using eqn (1) (Supporting note),
several parameters were determined and were used to calculate
the tip temperatures under illumination through fitting of the
DC current versus the tip voltage acquired at various laser
powers (Fig. 4b). All measurements were performed on the same
SAT at laser powers of up to 83 mW, which is not high enough to
cause changes in the tip. A tip temperature of approximately
1000 K at the laser power for growing an SAT (165 mW) was
extrapolated through linear fitting (Fig. 4c) because the increase
in tip temperature was approximately proportional to the
increase in laser power.”* This temperature was consistent with
that for SAT preparation and regeneration through annealing
with a heating loop.*®

We also discovered that the polarization of laser beams
affects the tip temperature (Fig. 5). We defined the relative DC
current as the ratio of the DC current under illumination to that
without laser illumination. The relative DC values were always
more than 1 (Fig. 5a), indicating the presence of a tip-heating
effect for all polarization orientations. The DC current was the
lowest at parallel polarization (¢ = 0°) and the highest at
perpendicular polarization (¢ = 90°), which is consistent with
the results of other studies.’®'® The tip temperature can be
estimated through fitting of the DC part of the emission current
versus the tip bias with F-N theory (Fig. 5b). The fitting indicates
that the tip temperatures were 780 and 930 K for parallel
polarization (red) and perpendicular polarization (blue),
respectively. Studies have indicated that the temperature
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Fig. 5 Effects of laser polarization on tip temperature. The measure-
ments were performed on an Ir-covered W(111) SAT at an average laser
power of 130 mW. (a) DC part of the electron emission current versus
the polarization orientation measured at a tip bias of —870 V. Inset:
electric field polarization of the laser beam relative to the tip orien-
tation. (b) DC part of the emission current versus tip voltage without
laser illumination (black), with parallel polarization (red), and with
perpendicular polarization (blue). The black dashed line corresponds
to a fit of F=N theory to measurements at room temperature (300 K).
The red and blue dashed lines are fits of F-N theory to measurements
at temperatures of 930 and 780 K, respectively.
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increase for laser illumination of perpendicular polarization is
approximately 30% greater than that for parallel polariza-
tion,*?® which is consistent with our measurements. This is
because perpendicular polarization matches the excitation
condition of plasmonic waves, leading to higher absorbed
energy for heating.”* This study indicated that perpendicular
polarization is more effective for laser heating of a tip, and
a lower laser power is required to reach a desired tip
temperature.

The structure of a noble metal-covered W(111) SAT might
change in a UHV because of the adsorption of residual gas or
damage from improper conditions. With laser annealing, a well-
defined SAT can be regenerated; regeneration usually requires
a few seconds to several minutes, depending on the degree of
tip damage and the local laser power. Fig. 6 presents our anal-
ysis of an Ir-covered W(111) SAT, which was used in the laser-
induced electron emission experiments for 49 days. The SAT
might have been damaged accidentally when the laser power at
the tip apex was too high. In addition, gas adsorption occa-
sionally occurred at the tip apex. More than 36 laser regenera-
tions were performed. The F-N plots and FE patterns were used
to determine the change in the tip sharpness. Fig. 6 displays the
FE currents of the regenerated SATs as a function of applied
voltage on the 1st, 18th, and 49th days. The data points acquired
can be fit to straight lines with similar slopes. Studies have used
the slope in F-N plots to determine the sharpness of a FE
tip.*>** Our study indicated that the regenerated SATs changed
only slightly over the course of 49 days. The two insets of Fig. 6
present FE patterns with similar intensities acquired on the 1st
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Fig. 6 F—N plots for SATs regenerated on different days. The plots are
based on measurements of the FE currents as a function of tip voltage.
The slopes for the best-fit lines on the 1st, 18th, and 49th days are
—0.0244, —0.0248 and —0.0256 [um V™1, respectively. The similarity
in the slope indicates that the tip geometry did not change much after
49 days of intensive experimentation. Insets: The FE patterns recorded
on the 1st and 49th days corresponding to the data points indicated by
the arrows exhibit similar intensity.
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and 49th days; the voltage on the 1st day was —760 V and it
increased slightly to —770 V on the 49th day. These results
suggest that a noble metal-covered W(111) SAT can be regen-
erated hundreds of times through laser annealing, indicating
a long lifetime. The SATs also tend to become blunt more
quickly when regenerated using a heating loop.® An advantage
of the laser annealing method is that the FE pattern can be
monitored in real time during tip heating; thus, minimal
heating is applied to regenerate an SAT. For the method
involving annealing with a heating loop, the FE pattern can be
observed only after annealing to approximately 1000 K for 3-
5 min. Although the noble metal-covered W(111) SAT has
higher stability than other tip structures, the SAT may change
during heating at approximately 1000 K. If no FE pattern of an
SAT is observed, the tip requires further annealing.

We used laser annealing to prepare and regenerate SATs at
various laser wavelengths and polarizations, and pyramidal
SATs with tips of different radii were generated using pulsed
and CW lasers. Fig. S2t presents the regeneration of an Ir-
covered W(111) SAT with a femtosecond laser beam with
a short wavelength (510 nm, laser power of 150 mW, parallel
polarization). Fig. S31 presents the regeneration of a Au-covered
W(111) SAT with a CW laser and perpendicular polarization.
Pyramidal SATs can be reliably prepared and regenerated in
a UHV, indicating the versatility of laser annealing. We noted
that in addition to laser power and polarization, the tip
temperature was sensitive to focusing conditions such as the
focusing spot size and the position of the center relative to the
tip apex. The tip apex melted when the tip temperature was too
high; the SAT could still be regenerated in most cases but with
a blunt tip. However, some SATs could not be regenerated when
electric arcing destroyed the tip or when the tip made physical
contact with an object; with caution, these accidents can be
avoided.

The preparation of well-defined SATs through laser anneal-
ing is useful in numerous fields. STM typically requires an SAT
to achieve atomic resolution, but atomically sharp tips usually
have a unique electronic structure that strongly deviates from
the constant density of states (versus energy around the Fermi
level) assumed in theoretical modeling.****® If a well-defined
SAT is used, the tip's electronic structure can be characterized
and used in the deconvolution of surface electronic structures
from scanning tunneling spectroscopy measurements, which
would not be possible with the typical SATs used in STM. In
STM, the tip is firmly attached to a rigid solid structure to
achieve high mechanical stability. The heating loop used in the
conventional preparation of noble metal-covered W(111) SATs is
incompatible with STM because of its poor mechanical stability;
thus, laser annealing provides a convenient method to prepare
or regenerate well-defined SATs in STM. SATs are also desirable
for UHV-AFM involving a qPlus sensor,* for which a short tip is
glued to the free end of one prong of a quartz tuning fork with
epoxy; the sensor cannot tolerate high-temperature heating. To
achieve atomic resolution in AFM, the tip should be atomically
sharp, which is difficult to achieve. The noble metal-covered
W(111) SAT prepared through laser annealing can be an excel-
lent probe for UHV-AFM.
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They can also be emitters for electron beams. Conventional
emitters mounted on a heating loop have source sizes that are
beyond the atomic scale, even if SATs are used. With laser
annealing, the tip can be mounted on a firm structure, as in
STM, to create an atomically sized source. In addition, the
lifetime of SATs is longer than that of state-of-the-art electron
sources. In normal use (without illumination from a high-power
laser), SATs can typically be maintained for 2-3 weeks under
vacuum conditions of 1-3 x 10~ *° torr and for months under
optimal vacuum conditions. The tip can be regenerated
hundreds of times through laser annealing, and a lifetime of at
least several years can be expected. Our study also indicated that
SATs can be excellent emitters for ultrafast electrons; more
details will be presented elsewhere.

SATs are also excellent emitters for gas field ion sources
(GFISs).***** Laser annealing offers advantages in the design of
GFIS guns. The emitters of GFISs are usually used at cryogenic
temperatures to create high gas ion currents. Adequate thermal
conduction between the cryostat and tip is essential, but this
causes problems if a heating loop with a thin wire is used. A
short heating loop can conduct heat effectively, but the tip
would be more difficult to heat to prepare or regenerate SATS.
Laser annealing heats only the tip apex; the heating loop can be
removed for efficient thermal conduction between the tip and
cryostat. Mechanical stability can also be increased, and gun
design can be simplified.

4 Conclusions

We demonstrated that laser annealing in a UHV can reliably
and effectively prepare and regenerate noble metal-covered
W(111) SATs that have well-defined atomic stacking at the apex,
and these SATs are thermally and chemically stable. The tip
temperature for preparation and regeneration of SATs was
determined to be approximately 1000 K. SATs were generated
and regenerated at various laser wavelengths (visible or near
infrared), with pulsed and CW lasers, and under different
polarization conditions. Polarization perpendicular to the long
axis of the tip heats the tip more effectively than parallel
polarization does. Laser annealing facilitates the generation
and regeneration of SATs, thereby enabling the use of SATs in
various applications.
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