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Force microscopy of cleaved and electron-irradiated CaF,(111)
surfaces in ultra-high vacuum
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Abstract I

We present scanning force micrographs of as-cleaved and electron-irradiated CaF,(111) surfaces taken in ultra-high vacuum at
room temperature. Among the forces acting on the tip, the electrostatic force was found to make an important contribution. This
allows us to study the ionic conductivity of the crystals. Freshly cleaved surfaces can be imaged in contact mode with high-resolution
exhibiting the hexagonal structure of the (111) surface. For electron-irradiated surfaces, noncontact mode is required for imaging
radiation-induced stoichiometric changes. Strong adhesive forces between the tip and metal-enriched areas are found to be a severe
obstacle for contact mode imaging. Weak irradiation with 850 eV electrons results in the formation of 10 nm- -wide holes with
surrounding elevations as the first stages of metallization. © 1997 Elsevier Science B.V.
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1. Introduction

Low-energy electron irradiation of CaF, results
in formation of Ca colloids in the bulk and at the
surface [1]. While bulk colloids can best be investi-
gated by optical transmission spectroscopy, scan-
ning force microscopy (SFM) [2] is the adequate
tool for studying surface colloids. Previously, we
reported on imaging the topography of metallized
surfaces by SFM in contact mode in air after
removal of the irradiated crystals from the ultra-
high vacuum (UHV) chamber [3]. It was found
that at low electron dosages circularly shaped
metal colloids emerge at the surface originating
from diffusion of F-centers from the bulk. Higher
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electron dosages produce a strong inhomogeneous
metallization of the surface and tend to form larger
but irregular aggregates. From these measurements
two conclusions should be remembered: one is that
metallization dynamics takes place during electron
irradiation. The other is that exposing the crystals
to air only oxidized colloids can be imaged, and
the force between tip and metal aggregate is
altered, compared with an unoxidized metal
surface.

In this contribution, we present results of scan-
ning force microscopy in UHV of both CaF,
surfaces freshly cleaved in UHV, and those irradi-
ated with electrons after cleaving. In contrast to
SFM in air, in UHV contact mode during scan-
ning, the tip tends to stick to metal colloids, which
seriously impedes the imaging process. Therefore,
we utilized the noncontact mode [2], which not
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only circumvents sticking, but may also provide
resolution on the atomic scale [4]. We will discuss
the various types of forces between tip and surface
and compare their role when scanning in air or in
UHYV. The electrostatic force between tip and
surface turns out to be of major importance for
investigating surface topographies of ionic crystals
and also offers the advantage to determine the
ionic conductivity of the crystal at room
temperature.

2. Surfaces cleaved in UHV

CaF, crystals of optical quality (Karl Korth
Company, Kiel) were cleaved along the (111)-
plane in UHV by a light stroke with a knife blade
made from hardened steel. After cleavage, crystals
were typically 5 mm thick and were transferred to
a commercial UHV-SFM (Omicron, Taunusstein)
in the same UHV-chamber. Surfaces were scanned
at room temperature with tips made from n-type
silicon { Nanosensors, Wetzlar). Fig. 1 displays the
topography of a CaF,(111) surface cleaved and

Fig. 1. Surface topography of CaF,{111) cleaved and imaged
in UHYV, recorded in noncontact mode, The frame size is
150 x 150 nm® The steps are 0.34 nm high, corresponding to
one F-Ca-F layer.

imaged in UHV, recorded in noncontact mode.
The image exhibits atomically flat terraces with a
typical extension of 100 nm and steps 0.34 nm in
height, corresponding to one F-Ca-F {ayer in the
(111) cleavage plane. Most of the steps form a
zig-zag structure oriented along major crystal
directions, very similar to images obtained in air
[5]. However, occasionally some terraces are of
very small width and form needle-like structures,
as shown in Fig. 2. The reason for such different
appearance is not clear. Generally, the density of
steps and their orientation varies especially in the
neighbourhood of macroscopic cleavage steps.
An attempt was made to explore the limits of
resolution for contact mode imaging on atomically
flat terraces. For this type of measurement the tip
was drawn back in such a way that the contact
area between tip and surface was minimized with-
out breaking contact. A typical example is shown
in Fig. 3(a). Here, we recorded the force modula-
tion during scanning at constant height above a
terrace and can resolve atomic periodicity with a
lattice constant of the (111) surface, as displayed
for comparison in Fig. 3(b). It is known from
measurements on NaF surfaces [6] that the atomic
periodicity disappears around steps since the con-
tact area between tip and surface in contact mode
is larger than atomic dimensions. For such meas-
urements the contact area was estimated to be
about 1 nm? It is commonly assumed that such
large contact area prevents images with atomic
periodicity to reveal atomic size defects. In
Fig. 3(a) we indeed see a few irregularities at some

Fig. 2. Noncontact micrograph taken at another site of the
surface shown in Fig. 1. The frame size is 500 x 270 nm?. Here,
needle-like structures are formed by atomically flat terraces.
The step height is identical to that in Fig. 1.
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Fig. 3. (a) Normal force image recorded in constant-height mode on a (111) terrace of a CaF, surface cleaved in UHV. Since the
signal of about 107 ' N was at the detection limit, the data have been filtered for better visualization of the atomic periodicity. The
hexagons resemble the periodicity of the (111) surface and serve to identify irregularities. (b) Pattern of the upper anion positions

in the (111) plane.

locations indicated by hexagons in form of two
atomic size features where only one is expected.
These features cannot be reproduced by repetitive
scanning. Hence, at present it cannot be concluded
that these deviations are dimer-type surface
defects. Similar irregularities have been observed
for LiF imaged in UHV [7] and for NaCl imaged
in air [8]. It should also be remembered that
modeling of contact imaging of ionic surfaces has
shown [9] that an apparent atomic periodicity may
not necessarily correspond to positions of surface
ions and, furthermore, that the scanning process
can induce major displacements of ions.

3. Contact mode imaging of electron-irradiated
surfaces

In order to study colloid formation after electron
bombardment, surfaces cleaved in UHV were

subsequently irradiated for 7 min with 0.6 uA of
850 eV electrons. The area of the irradiated spot
was 2mm? During irradiation, the crystal was
heated to 150°C. After irradiation, the sample was
cooled to room temperature for about 100 min
and transferred to the SFM. While there is no
problem with contact mode imaging of Ca colloids
at a CaF, surface in air [3], this turned out to be
most difficult in UHV. The reason is that in air,
the metal clusters are covered by an oxide sheet,
while in UHV the clean metal surface is exposed
to the tip. Fig. 4 demonstrates stripes that appear
in most images which arise from sticking of the
tip to the colloids and subsequent bending of the
cantilever until the tip is finally pulled off by the
scanning motion. To explain this phenomenon, we
suggest that the conductive tip experiences a short-
range adhesive force by the colloid surface due to
“metallic bonding”. This type of force has been
described to become much stronger than van der
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Fig. 4. Contact mode image of a surface metallized by electron
irradiation for 7 min with 4 pA current. Imaging is forfeited by
sticking of the tip to the irradiated surface. The frame size is
2% 2 pm?,

Waals forces for tip—surface distances below 1 A
[10]. When imaging in air, on the other hand,
sticking of the tip to colloids is much less likely
for two reasons. First, the surface of colloids is
oxidized and cannot experience metallic bonding
which is based on the interaction of conduction
band electrons. Second, the surface is covered by
a thin water film from ambient humidity [11] that
has been reported to act as an elastic lubricant 8]
by diminishing the van der Waals force between
tip and surface by a factor of 10 compared with
UHV-SFM [12]. The limited lateral resolution and
the adhesion problems encountered during colloid
imaging have been major reasons for dismissing
contact mode imaging for further investigations of
radiation modified ionic surfaces. Hence, all meas-
urements presented below have been carried out
in noncontact mode.

4. Electrostatic forces
In noncontact mode, van der Waals forces are

utilized to derive topographic information for insu-
lator surfaces [2]. However, this interaction is

small and easily dominated by stronger forces like
the localized electrostatic attraction due to a
trapped charge. To investigate the nature of these
forces in some detail, we operated the SFM in
noncontact mode and recorded the cantilever
eigenfrequency as a function of the tip—surface
distance (Fig.5) and of an applied bias voltage
(Fig. 6). The cantilever was excited to oscillate at
its eigenfrequency with constant amplitude. The
shift of the eigenfrequency is in first approximation
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Fig. 5. Detuning of the cantilever eigenfrequency when
approaching the surface with the tip. The curves are taken using
different oscillation amplitudes indicated by arrows pointing to
their respective minima. The shaded bar marks the range used
for feedback control.

~ 5} ]
3
8 4 .
S 3t |
®
& 21 .
S 1L ]
L

0] |

-2 t] 2 4 5]
bias voltage U (V)

Fig. 6. Force gradient as a function of the bias voltage applied
to the sample rear side. The tip was at a fixed distance from
the surface in the range indicated by the bar in Fig. 5. A
constant offset has been subtracted, which is equivalent fo
neglecting forces which do not change with bias voltage.
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a linear function of the force gradient acting on
the tip during oscillation [2]. Fig. 5 shows fre-
quency shifts versus distance curves for three oscil-

lation amplitudes typically used in our imaging 7

experiments. The range marked by a gray bar is
usually chosen for feedback control. In principle,
a better lateral resolution can be achieved the
closer the tip comes to the surface. However, a
closer approach to the surface leads to an instabil-
ity in the oscillation and the feedback control often
fails to lock, especially on stepped surfaces.® From
the differences in the curves for different oscillation
amplitudes we conclude that the first-order approx-
imation is not appropriate to quantitatively
determine force gradients close to the surface. A
nonlinear theory for the oscillation should be
applied since oscillations with amplitudes suffi-
ciently small to allow linearization are difficult to
stabilize. Therefore, in the force curves shown
below force gradients are given in arbitrary units.

To investigate the electrostatic contribution to
the total force, we measured the force gradient as
function of a bias voltage U applied between tip
and sample holder as shown in the inset of Fig. 6.
In such an arrangement, surface charges interact
with the polarizable tip and exert an attractive
electrostatic force Fy=c(U+ U,)?, where ¢ is a
constant which depends on tip shape and tip—sur-
face distance [13]. The voltage shift U, was found
to be —1.6 V in the measurement shown in Fig. 6.
For conductive materials U, is usually interpreted
as the work function difference between tip and
surface. For insulating crystals we believe that it
more generally indicates the presence of a negative
charge at the dielectric surface. Such charge may
result from electrons transferred from the Si-tip to
defect states in the CaF, band gap or from charged
defects at the surface. Therefore, one has to apply
a compensating bias voltage between the tip and
the rear side of the sample to minimize such
electrostatic forces (cf. Fig. 6). The appropriate
voltage differs for different tips and surfaces but

is generally positive and increases for irradiated

surfaces.

! The instability range compares to the regime II described
in Ref. [4].

5. Ionic conductivity

When turning the bias voltage off, we observe a
reproducible relaxation of the force gradient with
time. We assume that when a bias voltage U is
applied to the rear side of the sample, charged
defects drift in the electric field between tip and
sample holder and form a macroscopic polariza-
tion in the crystal. Since this effect is directly
related to charge transport in the sample, this
relaxation of the force gradient can be utilized as
a sensitive probe for measuring the ionic conduc-
tivity of the crystal at room temperature, a quantity
which is hard to determine by other methods. The
ionic conductivity of CaF, is believed to be mainly
caused by the mobility of F~ vacancies [14].
Besides those vacancies present in the crystal due
to thermodynamic equilibrium concentration of
Frenkel pairs, F~ vacancies appear as charge
compensation for monovalent metal impurities or
for O*~ impurity ions at F~ sites. The latter are
easily built into the lattice during crystal growth
and have been shown to significantly increase the
ionic conductivity of CaF, [15].

For a conductivity measurement, the tip is fixed
at a distance z above the surface and the feedback
loop is switched off. When the bias voltage is
turned off at =0, the surface charge decays with
a time constant 7 and the change of force gradient
with time is measured. The decay time 7 can then
be related to the conductivity ¢ by t=eey/o (e
dielectric constant of CaF,, €, vacuum permittiv-
ity) [16]. The temporal development of the electro-
static force gradient can be modeled by the
function

el

= () =c(Us+ U, —(U, = Uy )e!"H7)2, (1)

where U; and U, are the initial and final bias
voltages. A fit to experimental data provides a
value for the decay time 7.

A typical relaxation curve of the force gradient
U,=0Visshown in Fig. 7. Since the force between
a surface charge and a polarizable tip is always
attractive, the curve passes a minimum when the
surface charge vanishes. The solid line represents
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Fig. 7. Time dependence of the force gradient after switching
the bias voltage from 4 to 0 V at r=0. The tip was at a similar
distance from the surface as for the measurement shown in
Fig. 6.

the best fit of the above equation to the data and
yields t=250 s which converts to an ionic conduc-
tivity 6=(1.24+0.4)x 107 Q" 'em™% The same
order of magnitude is obtained by an exponential
extrapolation of high temperature data to room
temperature for CaF, crystals slightly contami-
nated by O?~ ions [15]. It is worth mentioning
that great care must be taken to have the system
in stable equilibrium for this type of measurement
otherwise instrumental drift may influence the
result. Any interactions of external charge sources
in the vacuum chamber during the conductivity
measurement have been excluded by our experi-
mental configuration; for example, switching on
and off the ion gauge did not affect the relaxation.

6. Colloid formation during electron irradiation

One of the initial goals for applying force micro-
scopy to CaF, surfaces was to gain a better
understanding of colloid formation during electron
irradiation. In our previous SFM investigation of
electron-irradiated surfaces in air, the formation
of smooth, spherical colloids was observed [3].
Therefore, it was assumed that Ca ions at the
surface have been neutralized by surrounding
F-centers and become mobile to aggregate and
form metallic colloids. After removal of the

calcium colloids by washing the surface with water
holes at the surface were found. We interpreted
these holes as endpoints of channels of enhanced
metal diffusion from the bulk feeding surface col-
loid formation. Such channels could originate from
F-center aggregation along dislocations [17].

In the present UHYV study one striking result is
that after electron irradiation conspicuous depres-
sions appear which are very similar to the holes
found below colloids in the air experiments [3],
but in UHV they are not covered by metal. Instead,
bright features are located eccentrically next to the
holes. The upper part of Fig. 8 shows such holes
formed during irradiation with electrons (850 eV
energy, 0.3 uA mm~™2) for 2min at 150°C. The
holes are randomly distributed and irregularly
shaped and have typically 10 nm lateral extension.
In the lower part of Fig. 8, a comparison of the
tip shape (10 nm radius) with the cross-section
through one of the depressions shows that the
depth of such holes is at least 0.3 nm, but cannot
be determined definitely due to the finite size of
the tip. The same holds true for the holes in the
surface which had been irradiated for 10 min with
the same parameters leading to an increased areal
density of holes (Fig.9). It is evident in both
figures that the distribution of the holes is random
and nor gathered along cleavage steps. It can also
be recognized that holes may spread across a step
indicating that the mechanism of hole formation
originates from the depth and is not seeded along
steps. These observations coincide with our previ-
ous experiments where on electron-irradiated sur-
faces mostly no defect aggregation at steps was
found [3], but are in contrast to the clustering of
evaporated gold atoms that has been observed at
steps of cleaved CaF,(111) [18]. The discrepancy
may be due to different surface diffusion mobilities
of calcium and gold on the dielectric surface. More
likely, however, it is caused by a higher number
of nucleation sites present on our electron-irradi-
ated surface, For Si supported CaF,(111) films it
has been shown that the nucleation of Fe particles
on the surface can be strongly related to defects
sites with a high trapping energy [19] and that
electron beam  modification even  more
stabilizes nm-sized metallic surface clusters [20].
Electron-beam-induced holes as present in Figs. 8
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Fig. 8. Noncontact SFM image of a CaF, (111) surface irradiated for 2 min (115%95 nm?). The cross-section in the lower part
corresponds to the white line in the micrograph. The height of 0.34 nm corresponds to one F-Ca-~F layer.

and 9 are very likely to serve as nucleation sites in
that sense. : -

When interpreting noncontact mode images in
Figs. 8 and 9 one has to keep in mind that in this
mode the surface of constant force gradient is
recorded, which may be determined by both,

topography and force variations. For example, the
bright features around the holes in Fig. 9 could
represent not only topographic elevations, but also
the lift off of the tip above trapped charges to
keep the force gradient constant. In the latter case,
the attractive interaction between tip and trapped
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Fig. 9. Noncontact SFM image of a CaF,(111) surface irradiated for 10 min (150 x 150 nm?).

charges simulates the existence of a topographic
elevation. On the other hand, the holes observed
are thought to really represent topographic fea-
tures since no localized defect is expected to
weaken the force, which is determined by the low
polarizability of the unmodified CaF, crystal [12].
There are two possible explanations for the fea-
tures observed at the rim of the holes.

(1) When they are of topographic origin, we
interpret them as metallic calcium. Similar to the
observations in air we assume calcium emerging
from holes. In contrast to ambient atmosphere,
the calcium is collected eccentrically at the rim of
the holes. A quantitative comparison of hole depth
and surrounding elevations is difficult since the

size of the features is comparable with the tip
apex. Interestingly, at each hole a certain direction
seems to be preferred for the calcium aggregation.
For a speculative interpretation we recall the fact
that dislocations do not hit the surface perpendicu-
larly, but at some angle [21]. If the holes form
along such dislocations, an eccentric deposition of
the emerging material is conceivable. On surfaces
cleaved and imaged in air, the formation of spheri-
cal colloids indicates an enhanced surface mobility
of metal compared with the UHV case. Possibly
adsorbed water might act as lubricant at the highly
defective irradiated surface.

(2) Supposing that the origin of the elevations
around the holes are increased forces, we attribute
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those to electrostatic attraction by trapped charges.
Irradiation with electrons easily produces charged
point defects like interstitial fluorine anions or
vacancies. Such defects may be stabilized at the
rim of the holes. This interpretation faces the
problem where the material is left which is removed
from the holes and which has been observed in
colloidal form in air. Therefore, we favor the
interpretation that the bright features in Figs. 8
and 9 are metallic calcium which is collected on
the surface close to the holes. Future studies will
include force spectroscopy to compare the type of
interaction present at irradiation induced features
and at the unmodified surface for a conclusive
interpretation of noncontact images.

7. Conclusion

In summary, we have performed scanning force
microscopy of CaF,(111) surfaces in UHV in
contact and noncontact mode. On freshly cleaved
surfaces we found atomic periodicity with irregu-
larities on an atomic scale. Surface modifications
generated by electron irradiation jam the tip and
impede imaging in contact mode. The importance
of electrostatic forces due to charged crystal defects
was shown by recording the force gradient as a
function of bias voltage applied to the sample rear
side. It was found that a compensating voltage has
to be applied even to bulk samples of ionic crystals
to minimize the total force. The relaxation of
electrostatic forces after turning off the bias
voltage was utilized for measuring the ionic con-
ductivity of the crystal at room temperature to
be 6=(1.24+04)x 107" Q 'em™!. Noncontact
mode measurements allowed imaging of the early
stages of electron-irradiation induced surface met-
allization. As in a previous study in ambient
atmosphere, we found randomly distributed con-
spicuous holes which may have served as diffusion
channels feeding the surface metallization.
Elevations at the rim of such holes are tentatively
interpreted as metallic calcium emerged from the
holes. )
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