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Formation of potassium clusters in electric field on the surface

of a tungsten single crystal
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Formation of monatomic (K*) and cluster potassium ions (Kj, K3, K, Kf, K{) in the process of field
desorption from the spherical surface of a tungsten single crystal was detected. The studies were carried out in
a field emission microscope, which provides for measuring the mass of ions desorbed by an electric field using
time-of-flight mass analysis. The electric field strength required for potassium ions desorption corresponded to the
calculated values obtained in the image force model for field desorption of alkali metals. For all detected potassium
cluster ions, there is a minimum in the dependence of the number of desorbed ions on the electric field strength.
For monatomic ions, such a minimum is not observed. The discovered patterns are explained by a shift in cluster
desorption zones from the center of the sample to the periphery with increasing voltage.
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1. Introduction

Interaction of various atoms adsorbed on a surface of
the solid body is of interest for many fields of science and
engineering, in particular, such as heterogeneous catalysis,
crystal growth, nanotechnology, microelectronics. Forma-
tion of two-dimensional and three-dimensional associates
(islands, clusters) on the surface is observed for the most
adsorbates. The clusters of atoms and molecules of various
substances are widely applied in various nanotechnolo-
gies [1,2]. In particular, the study [1] collects and discusses
the latest innovations in the field of nanotechnologies for
application in power engineering. It is noted that variation
of a nanocluster size opens up interesting opportunities
for designing materials with a certain functionality. The
study [2] considers application of metal nanoclusters in
technologies of storage and conversion of energy (solar
cells, supercapacitors and batteries). Additionally, a lot
of attention is paid in this study to application of mass-
spectrometry methods of studies for determining a mass
and a mechanism of growth of the metal nanoclusters.

Formation of the clusters of alkali metals on the surface of
the metal is considered to be unlikely due to dipole-dipole
interaction between atoms of the alkali metals adsorbed
on the metal surface. It is especially pronounced in
the region of submonolayer coatings, when an ionization
potential of the adsorbed atom is less than a surface work
function [3,4]. Quantum-mechanical and quasi-classical
adsorption theories [4-7] have confirmed a dominant role of
Coulomb dipole-dipole repulsion in interaction of the alkali
metal atoms adsorbed on the metal surface in vacuum at
small coatings.

The study [8] has discovered formation of cluster cesium
ions (Cs;, Csj, Cs;, Csi) during field desorption from a

nanostructured quasi-spherical surface of a rhenium single
crystal in the region of the submonolayer coatings under
high-vacuum conditions. The masses of the desorbed ions
were determined using mass-spectrometry analysis that is
based on measuring a time of flight of the ions from
a specimen to a recording system. We also studied a
dependence of a number of the formed atoms on the
electric field strength. In this regard, it is interesting to
study formation of clusters of other alkali metals on other
substrates.

The present study investigates formation of potassium
ion clusters in the electric field on a tungsten-single-crystal
spherical surface that is heterogeneous in terms of the struc-
ture and the work function. The studies were carried out
by means of field emission and desorption microscopy and
time-of-flight mass-spectrometry analysis of the ions des-
orbed by the electric field [9-11]. It is known that formation
of alkali metal ions during field desorption requires relatively
low desorbing fields (~ 107 V/em) [12]. It is explained in an
image force model for field desorption by the low ionization
potential of the alkali metal atoms and a weak bond of the
adsorbed atoms with the metal surface [11].

Cluster recording and investigation of their composition,
properties and formation laws were carried out by means
of field desorption. According to the image force model for
field desorption, the cluster ions can form since the alkali
metal clusters have lower ionization potentials as compared
to the atoms [13].

2. Experimental methodology

The studies were carried out using a field electron and a
field desorption microscope with time-of-flight mass analysis
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Figure 1. Standard projection for cubic crystals with the central axis (110) (a central part).

of the ions desorbed by the electric field [9]. The tungsten
specimen is manufactured as a spike with the rounding
radius of about r¢ =~ 500 nm. A near-semi-sphere spike tip
is a single crystal. A surface of the single crystal consists
of crystalline planes of the size 1-100nm and steps of a
monoatomic height.

An enlarged image of the spherical surface of the
tungsten specimen is formed in a luminescent screen by
field emission of electrons (the field electron microscope
mode) or field desorption of adsorbate ions (the field
desorption microscope mode) from the surface of the
specimen. To register weak (electron or ion) currents
from the specimen, an assembly of two microchannel plates
(MP) of the diameter of 56 mm was placed in front of
the luminescent screen. A distance from an entrance
microchannel plate to the specimen surface was r = 18 cm.
Then, a magnification ratio will be approximately equal to
the ratio r/rs ~ 3.5 - 10° [14].

The specimen is manufactured from tungsten wire of the
diameter of 0.1 mm, its one end is welded to a tungsten
loop. Another end of the tungsten wire is loaded into
a solution for electrochemical etching. Electrochemical
etching resulted in formation of the spike. Then, in high
vacuum (the pressure was P ~ 5 - 10~ Torr), the specimen
was annealed directly in the chamber of the field emission
microscope at the temperature of 7 = 2500 K.

During annealing the specimen was cleaned, and a single-
crystal quasi-spherical spike tip with the rounding radius
of about 500 nm with flat low-index facets of the tungsten
crystal was formed on the surface. Figure 1 shows a diagram
of the planes in the standard projection for the cubic-lattice
crystals with the central axis (110) [15,16] and designation
of some low-index facets within a recording zone of the
field electron microscope.

The formation of the single-crystal tip of an emitter was
accompanied by appearance of a field electron image of
tungsten, which is standard for the cubic-lattice crystals [14].
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The measurement of the time of flight (¢) of the desorbed
ions from the surface of the specimen to a detector that
consisted of the two multichannel plates and the luminescent
screen made it possible to evaluate the mass of the desorbed
ions. For this we used the formula

t= ro(ZqZU/m)71/2, (1)

where ro — the distance from the specimen surface to
the detector, g — the charge of the ion, ZU = Uy + U, —
the difference of potentials between the specimen and the
microchannel plate, Uy — the value of constant voltage
applied to the specimen, U, — the amplitude of pulsed
voltage, m — the mass of a recorded ion [17]. Since the
radius of the hemispherical surface of the specimen (as a
spike) rs (~ 500nm) is significantly less than the distance
to the microchannel plate, it can be assumed that all the
energy gxU is gained by the desorbed ion practically at the
surface of the specimen.

The experimental setup is shown in Figure 2.

The difference of potentials XU between the specimen
and the detector was created using adjustable constant
voltage (0—30kV) from the source 2 and pulsed voltage
from the source 3 via decoupling capacitance C. Parameters
of a voltage pulse could vary by the amplitude (0—4kV)
and duration (10—20ns). By means of variation of voltage
at the microchannel plate (0.6—2.5kV), it was possible to
adjust the amplification coefficient in various modes up to
recording of single ions.

For field desorption of an adsorbed atom in the form of
the singly-charged ion it is necessary to overcome the energy
barrier Q(F ), which in the image force model is determined
by the expression [18]:

O(F) = A(W) +1—(0) — &’F'2 + AE,(0),  (2)

where A — the heat of desorption of the atom, / — the
ionization potential of the atom, ¢ — the surface work
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Figure 2. Experimental setup. / — the specimen heating unit, 2 — the adjustable high-voltage DC source, 3 — the adjustable generator
of HV nanosecond pulses, 4 — the storage oscilloscope, 5 — the adjustable power supply unit of the microchannel plates, 6 — the
photoamplifier, 7 — the video camera, 8§ — the computer, 9 — the adjustable power supply unit of the luminescent screen.

function, e — the charge of the electron, F — the strength
of the applied electric field, & — the degree of coverage
of by surface by the adsorbate, AE, — the polarization
correction that is equal to 1/2(a, — &)F 2 where @, —
polarizability of the adsorbed atom, «; — polarizability
of the desorbed ion. For the adsorbed potassium atoms,
polarizability o, is small and does not exceed 5A3 [19],
while for the desorbed potassium ion ¢; does not exceed
1.2 A3 [20]. The time 7 requried for field desorption during
thermal activation is determined by the Arrhenius equation

(3)

where vy — the vibration frequency, kg — the Boltzmann
constant, T — the temperature. It is possible to write an
expression from the relationships (2) and (3) to estimate the
value of the electric field strength F required for desorption
of a selected adsorbate:

T =1/v,exp(Q/ksT),

PF2 = AT — @ — kgTIn(tvy). 4)
The value of the temperature correction kg7 In(7vg)
at the room temperature 7 =300K is estimated

to be within the 0.5-0.78eV when assuming that
v &~ 108—108s71 [18].

At the room temperature of the specimen, due to surface
diffusion of the adsorbed potassium atoms, migration
equilibrium of the potassium atoms is set on the surface
that is heterogeneous in terms of the structure and the work
function. The condition of migration equilibrium on the
surface means that concentration of the adsorbate on various
portions of the specimen surface can be different and it
will depend on heat of evaporation of an adatom A. The
more A, the higher surface concentration of the adsorbate
on a given portion of the surface [21]. The mode of
migration equilibrium of the adsorbate on the specimen

surface is characterized in that during desorption of the
adatoms from the surface the adsorbate concentration is
restored on the specimen tip due to diffusion of the adatoms
into the desorption zone in the heterogeneous electric field.
As the specimen is a cone with the quasi-spherical tip, the
electric field on its surface is heterogeneous and the largest
strength is within the facet (110) (Figure 1).

As a result of this, when achieving a threshold value
desorption of the adsorbate starts from this region as an
avalanche-like flash (the hatched region in Figure 1,b).
This is attributable to the fact that with decrease of the
concentration of the alkali metal atoms on the surface, as
a result of field desorption the work function increases,
the energy barrier Q(F) decreases and a desorption rate
that is determined by the expression (3) increases. As
a result, the central region of the specimen is free of the
adsorbate in an avalanche-like manner. Due to diffusion of
the potassium adatoms in the inhomogeneous electric field
to the tip (provided that there is migration equilibrium of the
adsorbate), they are desorbed at a boundary of the central
region (Figure 1,0), i.e. where the electric field strength has
the threshold value (the zone I, Figure 1,5). At the same
time, unless the voltage on the specimen is changed, field
desorption can proceed for quite long time due to diffusion
of the adatoms from a specimen periphery. With increase of
voltage on the specimen the desorption zone will be shifted
toward the periphery (the zone II, the zone III, Figure 1, b)
and field desorption may go beyond recording limits.

In order to measure the masses of the potassium ions that
are desorbed in the electric field, the specimen is energized
with constant voltage (whose value is close to a desorption-
threshold value) and a voltage pulse that stimulates desorp-
tion. The voltage pulse from the generator 3 (Figure 2)
enters the specimen and simultaneously starts sweep of the
storage oscilloscope 4. In the time of flight 7 the desorbed
potassium ions hit the detector and are amplified in the
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microchannel plate and the luminescent screen forms a light
flash that is recorded by the photomultiplier tube 6, where
the voltage pulse is formed to be supplied to the storage
oscilloscope. By measuring the time of flight of the ions 7 on
calibrated sweep of the oscilloscope, we can evaluated the
mass of the desorbed ions. Due to the fact that in the field
desorption microscope the desorbed ions move along radial
trajectories from the quasi-spherical surface of the sample
and the detector is a flat surface of the microchannel plate,
the distances from the specimen to the microchannel plate
for the ions desorbed from various parts of the surface will
be different (r¢ and r in Figure 2). It will introduce some
uncertainty in identification of large polyatomic clusters
(N > 10). If necessary, this uncertainty can be decreased
by limiting a recording region using diaphragms.

3. Results and discussion

In order to determine the electric field strength F on
the studied surface of the specimen, we have calculated a
factor of the electric field S based on the experimentally
obtained Fowler—Nordheim characteristics [15]. The value
of B for the field emitter used in the experiments turned
out to be B = 5600 cm~!. The electric field strength F was
determined by the formula F = BU, where U is voltage
on the specimen. The voltage on the specimen could be
increased to 30kV, which corresponded to the maximum
value of F on the surface of the specimen ~ 1.7 - 108 V/em.
In order to evaluate a degree of coverage 6 of the specimen
surface by potassium, we took the dependence of the work
function ¢ on the time of potassium sputtering. This
dependence that is typical for alkali and alkaline earth
metals passes through the minimum in the region of optimal
coverage. The work function of the specimen during
sputtering of the alkali metal atoms can be determined by
the formula

@ = @o(U/Up)*>, (5)

where ¢y — the work function of the surface of the pure
tungsten specimen (@y = 4.5¢V), Uy — voltage on the pure
specimen, U — voltage on the specimen during adsorption
of the potassium atoms, which is measured at the same
current of field electron emission from the emitter [22].

According to the expression (4), the value of the
desorbing field has a minimum value at the high work
function of the specimen surface, which corresponds to
minimum values of surface coverage by potassium (the
degree of coverage 0~ 0.1). For theoretical evaluation
of the electric field strength required for desorption at a
selected small potassium coating (6 = 0.1), we assume that
the work function of the tungsten specimen’s surface is
@ =4.5eV,A=2.7¢V [22].

Figure 3 exemplifies the time-of-flight mass spectra that
are obtained during field desorption of potassium from
tungsten at the room temperature of the specimen. Each
of the spectra can have at least one peak. The mass spectra
were obtained within the range of voltages ZU = Uy + U,
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Figure 3. Mass spectra of the potassium ions. The spectra
could contain a) monoatomic ions, b) single clusters or c) several
clusters.

from 5 to 7kV, which coincides with the values obtained by
the formula (4).

Processing of arrays of the spectra obtained at various
voltages at the specimen for the monoatomic ions of
cesium [2] and potassium is shown in Figure 4. The
abscissa axis has a total voltage XU = Uy + U, applied to
the specimen, while the ordinate axis exhibits the frequency
of appearance of the peaks of the monoatomic ions of
potassium and cesium.

By substituting the values of ¢, A, the temperature
correction AET = 0.78—0.5¢eV and the ionization potential
of the potassium atom I = 4.34 ¢V into the expression (4),
we obtain an interval of the desorbing field strengths
F =2.8-3.8-107 V/cm.

As it is clear in the provided graph, the dependences of
field desorption of potassium on tungsten and of cesium on
rhenium are of the same form. The threshold values of the
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Figure 4. Frequency of appearance of the monoatomic ions of
potassium and cesium in the spectra in a dependence on voltage
on the specimen.

electric field strength for desorption are first achieved in the
central region of the specimen (the region I, Figure 1,5).
Avalanche-like desorption from this region occurs and it
is preserved from the boundary of this region due to
diffusion of the adatoms to the specimen (spike) tip in the
heterogeneous electric field. With increase of voltage on
the specimen, the desorption boundary is shifted towards
the specimen periphery (the regions II and III, Figure 1, b).
With a certain voltage on the specimen, there is drop of field
desorption both for the monoatomic ions of potassium as
well as for the monoatomic ions of cesium. It can be due to
increase of a local activation barrier of field desorption Q(F)
on the surface and exit of desorption out of the recording
region.

In the experimental conditions, potassium vapor pressures
are much less than 10~° Torr and it means that it is almost
impossible for the atoms or clusters of potassium to leave
vacuum and hit the desorption region on the surface for the
time of the desorbing pulse of duration of 10 ns. Therefore,
all the processes of formation of the cluster ions occur on
the surface.

For the cluster ions of cesium [2] and potassium, the
dependences of the frequency of appearance of the peaks
in the mass spectra on voltage on the specimen are shown
in Figure 5 (a — for potassium, » — for cesium). It is clear
from the provided graphs that within the recording region
of the desorbed ions from the specimen the frequency of
appearance of a cluster ion depends not only on its mass,
but on the desorption zone as well (localization on the
surface) in a dependence on the applied voltage.

It is reasonable to assume that the monoatomic ions are
formed only at the surface portions, in which the threshold
value of the electric field for desorption is achieved. Under
conditions of migration equilibrium, the potassium adatoms
are located everywhere on the surface. Consequently, one
should not expect a strong dependence of desorption of the
monoatomic ions on applied voltage within the recording
region.

For field desorption of the clusters, the threshold value
of the electric field strength can be even less than for the
monoatomic ions due to smaller cluster ionization potentials.
In particular, it is reflected for potassium in reduction
of desorbing voltages on the specimen (Figure 5,a) as
compared to the monoatomic ions. But for potassium
there is a clear dependence (a minimum on the graph)
of the frequency of appearance of the polyatomic ions on
voltage on the specimen within the recording zone. It is
also manifested for cesium, but more weakly. Apparently,
the found dependence reflect the fact that in addition to
applied voltage, field desorption also requires a sufficient
concentration of the polyatomic clusters on the surface.
Since with increase of voltage the desorption zone is moved
from the center towards the periphery, it is quite likely
that the change of the frequency of appearance of the
peaks of the cluster ions indicates the change of the their
concentration on the surface.

The structures of the adsorbed alkali metal atoms on
the metal surfaces are experimentally investigated in the
review study [23]. The studies performed by the low-
energy electron diffraction method have shown that dipole-
dipole repulsion is the main in interatomic interaction for the
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Figure 5. Frequency of appearance of the peaks of the cluster ions
in the mass spectra in a dependence on voltage on the specimen:
a) of potassium and b) of cesium.
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submonolayer coatings. It was found for grooved facets in
some systems that linear chains were formed perpendicular
to a groove direction, thereby indicating indirect interatomic
interaction. However, these structures were not observed
for the potassium adatoms.

Probably, cluster formation on the complex surface is
affected by presence of monoatomic steps as well as by
presence of various crystalline planes and diffusion of the
adatoms in the heterogeneous electric field.

4. Conclusion

1. The time-of-flight mass-spectrometry analysis and field
desorption microscopy were used to show that the potas-
sium clusters were formed on the quasi-spherical surface of
the tungsten single crystal.

2. The monoatomic (K*) and the polyatomic potassium
ions (K7, K7, K, KI, K{) are recorded at the submono-
layer coating and the electric field strength ~ 107 V/cm.

3. We have found a non-monotonic dependence of the
number of the formed ion clusters of potassium on the
electric field strength, thereby reflective different efficiency
of cluster formation when changing the desorption zones on
the surface.

4. The ion clusters of potassium are formed with
the smaller electric field strength as compared to the
monoatomic ions, which can be related to decrease of the
cluster ionization potential.
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