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Atomically resolved imaging of a CaF bilayer on Si„111…: Subsurface atoms and the image contrast
in scanning force microscopy
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The CaF bilayer on Si~111! was imaged with atomic resolution scanning force microscopy~SFM!. The CaF
bilayer has almost exactly the same geometry as the uppermost two atomic layers of bulk CaF2; the positions
of the F atoms below the Ca layer, however, are vacant. We discuss the influence of this difference on atomic
scale contrast formation in SFM. The SFM images obtained on the CaF bilayer are very similar to results from
the literature obtained on bulk CaF2 with positively terminated tips. SFM observations on the CaF bilayer are
explained within a model based on the electrostatic and van der Waals forces between tip and sample. The
model predicts that the atomic corrugation is independent of the charge located at the position of the F
vacancies and thus explains the similarity of SFM images obtained on bulk CaF2 and the CaF bilayer.
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I. INTRODUCTION

The invention of the scanning tunneling microsco
~STM! ~Ref. 1! opened the way to microscopy of surfac
with atomic resolution. STM, however, is restricted to co
ductive samples. Scanning force microscopy~SFM! ~Ref. 2!
lifts this restriction and enables high-resolution imaging
surfaces regardless of their electric conductivity. The ope
tion of SFM in the dynamic~noncontact! mode offers, in
principle, the same resolution as STM. In contrast to ST
SFM involves many different tip-sample interactions, ea
with a different length scale, resulting in a nonmonoton
tip-sample distance dependence of the interaction. Altho
both short- and long-range interactions contribute to
measured force, only short-range forces give atomic-s
information. Thus high sensitivity is needed to meas
atomic-scale features. Therefore, both experiments
theory are more complex than for STM. For an overview
dynamic SFM see Ref. 3.

An important question for the interpretation of atomica
resolved SFM images is how deep SFM senses into
sample. For instance, in the case of the Si(111)2(737)
surface, both adatoms and the restatoms below them
been resolved.4 Combined experimental and theoretical i
vestigations on the CaF2 ~111! surface of cleaved crystal
have shown the contribution of several atomic layers to
atomic-scale contrast in SFM images.5–9 In this paper, we
present a SFM study of a CaF bilayer grown on Si~111!,
where the atomic structure of the two topmost atomic lay
is practically identical to the bulk CaF2 surface10–13 ~cf.
Fig. 1!. The most significant difference is that F atoms c
responding to the third atomic layer from the surface in b
CaF2 are missing in the CaF bilayer. We compare our res
with the results published on contrast formation for bu
CaF2 ~111! ~Refs. 5–9! to discuss the influence of subsurfa
features on SFM images.

Additionally, we present a model for atomically resolve
SFM on the CaF bilayer based solely on the electrostatic
van der Waals interaction between tip and sample. Altho
0163-1829/2004/69~3!/035405~5!/$22.50 69 0354
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Fosteret al. have been very successful in quantitatively e
plaining the details of atomic-scale contrast formation
SFM by using sophisticated simulations,6,9,32 a simplified,
and thus less resource intensive model would be desirable
less detailed interpretation of experimental SFM data. T
validity and limitations of the model are discussed by co
paring its predictions with our experimental results as well
using results published by others on bulk CaF2 ~111! ~Refs.
5–9!.

II. EXPERIMENT

CaF2 is a candidate for the growth of epitaxial insulatin
films on Si due to its large band gap of 12 eV and its sm
lattice misfit of 0.6% with respect to Si.14,15 In contrast to
bulk CaF2 crystals, CaF2/Si~111! films can be imaged with
STM if the thickness of the film does not exceed 1–2 nm16

So far, however, only submonolayer CaF2/Si~111! structures
have been imaged with atomic resolution using STM.16,17

STM seems to be unable to obtain atomic resolution
thicker CaF2/Si~111! due to the need for relatively high bia
voltages. Here, we present atomically resolved images
tained by SFM.

The interface between CaF2 and Si has been investigate
with a wide variety of experimental techniques such as x-
photoelectron spectroscopy18,19 and diffraction,10,11,20 x-ray
diffraction,21,22 medium energy ion scattering,12 and x-ray

FIG. 1. Atomic structure model of~a! the CaF bilayer on Si with
type-B orientation~see text! and Ca atoms on fourfold symmetri
tetragonal T4 sites and~b! bulk CaF2 . VF denotes the position of the
F vacancy. Note the different orientation of the CaF bilayer and
CaF2 crystal.
©2004 The American Physical Society05-1
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standing waves.13,23 The most stable configuration of the in
terface consists of a single nonstoichiometric CaF bila
~see Fig. 1!. CaF2 grown on top of this bilayer essentiall
exhibits bulk structural and electronic properties.15 Both the
lattices of the CaF bilayer and the film growing on top of
are rotated by 180° relative to Si around the surface nor
~type-B orientation,@112̄#CaF2

direction points in@ 1̄1̄2#Si di-
rection, cf. Fig. 1!.24 The formation of the CaF bilayer i
driven by the substrate temperature during growth. Comp
CaF stoichiometry is obtained for growth temperatures ab
;550 °C.15

Si samples were cut from a well-oriented Si~111! wafer
and degassed for.12 h at about 600 °C after insertion int
ultrahigh vacuum~UHV!. The native oxide was removed b
flash annealing the samples for 10 s at about 1200 °C.
rectly after removal of the oxide, the samples were annea
at 900 °C for 10 min and finally slowly cooled to room tem
perature. The quality of the Si~111!-(737) reconstruction
was checked by STM. The CaF2 films were grown by mo-
lecular beam epitaxy~MBE!, depositing about 2 TL CaF2
~one triple-layer@TL# 57.831014 CaF2 molecules/cm2) at
0.4 TL/min on a Si substrate heated to a temperature
600 °C. The deposited amount was measured using a qu
microbalance. CaF2 was sublimed from a pyrolitic boron ni
tride ~PBN! crucible using a Knudsen cell.

SFM measurements were done using a commer
UHV-SFM.25 SFM images were taken at room temperatu
in UHV using the frequency modulation technique.27 The
cantilever with a spring constantk of ;42 N/m was excited
at its resonance frequencyf R of 283 kHz with a constan
oscillation amplitudeA of about 8 nm. Any interaction be
tween the tip and the sample surface causes a changeD f of
f R . D f is measured using a digital phase locked loop f
quency demodulator26 and kept constant during image acqu
sition by regulating the cantilever-sample distance~constant
D f mode!. The influence of long-range electrostatic forc
between tip and sample was minimized by applying a v
age U between tip and sample. For the particular tip a
sample used for Fig. 2, a value of 0.2 V forU was found to

FIG. 2. Atomically resolved SFM image of the CaF bilay
taken at a constant frequency shift ofD f 52800 Hz and an oscil-
lation amplitude of about 8 nm. The average corrugation is 40
A low-pass filter was applied to the image.31 The profile along the
black line is shown in Fig. 3.
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minimize uD f u for a fixed cantilever-sample distance.
Under the growth conditions chosen here the Si subst

is completely covered with the CaF bilayer.15 CaF2 mol-
ecules adsorbing on the CaF bilayer form islands with pr
erential nucleation at substrate step edges. Sample areas
ered with CaF2 islands can be distinguished from regio
with the uncovered CaF bilayer by STM28,29or friction force
microscopy.30 Here, we used STM measurements to ident
regions covered with the bare CaF bilayer before SFM m
surements. These regions covered about 80% of the sam

III. RESULTS

Figure 2 shows an atomically resolved SFM microgra
of the CaF bilayer with an atomic corrugation of 40 pm. Th
height variation is much smaller than the 80 pm Ca-F la
spacing and 260 pm Ca-Si layer spacing measured with x
standing waves~XSW!.13 The threefold symmetry of the sur
face can be clearly recognized in the SFM image. Furth
more, the atomic features in the image appear to be trian
lar shaped. This triangular structure manifests itself in
line profile along one of the high-symmetry directions~see
Fig. 3! in the form of shoulders~B! at the main corrugation
peaks~C! and dips~A!.

The SFM data presented here are strikingly similar to p
viously published SFM data obtained on cleaved CaF2 crys-
tals with a positively terminated tip~see below!.5,9 Contrary
to our images, the data of Barthet al.shown in Refs. 5 and 9
have been obtained in constant height mode. Regions w
a large force is measured in constant height mode corresp
to regions of high topography in constant frequency sh
mode. However, the symmetry of the observed structure
not affected by the measurement mode.

IV. MODEL

Short-range interactions during atomic resolution SFM
ionic crystal surfaces are dominated by electrostatic forc
Therefore, we simulate atomically resolved SFM images
the CaF bilayer taking only contibutions of the short-ran
electrostatic and long-range van der Waals forces into
count. All other forces were neglected.

One major problem for quantitative analysis of SFM da
is the unknown microscopic structure and composition of
tip. Good agreement between theory and experiment was

.

FIG. 3. Single-line profile along the@112̄#CaF2
direction as

marked in Fig. 2. The main features are marked with A, B, and
5-2
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tained for, e.g., bulk CaF2, by modelling the tip apex with an
ionic material cluster.32 The atomic-scale contrast pattern
predicted by the models and confirmed by experimental
sults depend on whether the tip is terminated by a positiv
negative ion.5,6,9 We refer to this by discussing our data a
suming either a positively or negatively terminated tip.

Density functional theory~DFT! calculations of the elec
tronic structure of the CaF bilayer show that the charge
tribution around the Ca and F atoms is similar to bu
CaF2.33 The DFT calculations predict a negative net cha
above the topmost Si atoms near the position of the F
cancy (VF) position. Furthermore, core-level energies fro
photoemission experiments were modeled best by assum
Ca21, a net charge atVF , and image charges in the S
substrate.20 Therefore, we used ionic potentials to model t
electrostatic forces between the CaF bilayer and the tip.

Short-range electrostatic forces were calculated using
model of Rotenberget al.20 assuming a periodic lattice, on
molecule thick. A single negative/positive point charge w
used to represent a negatively/positively terminated tip.
assumed Ca21 ions and that either one or zero net electr
charge is located at the position of the fluorine vacancy (VF)
to study the influence of the missing F ions. The underly
conductive Si was modeled by image charges with an im
plane located just below theVF position. We varied both the
magnitude of the Ca-VF charge transfer and the strength
the image charges. They primarily influence the work fun
tion that is compensated by the bias voltage between tip
sample in the experiment but they do not significan
change the predicted corrugation~see Sec. V!. Once the elec-
trostatic forces are determined, their contributionD f el to D f
can be computed using pertubation theory34,35

D f el5
f 0

2pkAE0

2p

dfFel@z01A cos~f!#cos~f!, ~1!

whereFel(z) denotes the electrostatic force with the tim
dependent position of the tip given byz5z01A cos(2pft).

The van der Waals force was modeled assuming a con
tip shape terminated by a sphere with radiusR using the
following equation for the dependence of the frequency s
on the closest approach tip-sample distance:35

D f vdW~z!52
f 0HR

12A2kA3/2
z23/2 ~2!

with the cantilevers spring constantk, free resonance fre
quency f 0, and Hamaker constantH. We chose a value o
4310219 J for the Hamaker constant of the tip/samp
system.35 To estimate the van der Waals forces during o
experiments, we measured the dependence ofD f on z. Fig-
ure 4 shows the experimental data forD f (z) as well as a fit
of Eq. ~2! to the part of the data that should be dominated
the long-range van der Waals force. The least-squares fi
sulted in a value of 80 nm for the tip radius.

The frequency shiftD f was computed by the addition o
the van der Waals and electrostatic contributions:D f
5D f vdW1D f el .

35
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Simulations of SFM have shown that the tip and sam
atoms involved in the formation of atomic scale contrast
not static but move from their original positions in the crys
lattice under the influence of the forces between tip a
sample.6,36 The theoretical work of Fosteret al. shows that
the magnitude of the atomic relaxations caused by the
sample interactions is up to few 10 pm for the case of b
CaF2.6 This is in the same range as the atomic corrugati
observed by us for imaging the CaF bilayer. Therefore,
induced deformations cannot be neglected in the discus
of atomic-scale contrast interpretation.

To estimate the influence of the tip-induced deformatio
of the sample we modify the positions of the ions in o
periodic lattice and compute the electrostatic force for
modified setup. In contrast to the more complex simulatio
by Fosteret al.6 our simplified approach is static: the pos
tions of the ions do not change with the tip position.

V. DISCUSSION

As already stressed in Sec. III, the SFM data of the C
bilayer shown in Figs. 2 and 3 is very similar to SFM da
obtained for positive tip termination on bulk CaF2 published
by Barthet al.5,9 The fact that the F layer at the interface
vacant seems to have no influence on the contrast in ato
cally resolved SFM images. The three high-symmetry poi
(A,B,C) of the image shown in Fig. 2 can be assigned to
symmetry points of the CaF bilayer that are the positions
the F atom, Ca atom, and the vacancy position (VF) above
the topmost Si atom~see Fig. 1!. The symmetry and crystal
lographic orientation restrict the assignment of the positio
(A,B,C) to the three following combinations:~Ca, VF , F!,
~F, Ca,VF), and (VF , F, Ca!.

Figure 5 shows simulated linescans along the@112̄#CaF2

direction. The general shape of the simulated linescan
similar to the experimental data shown in Fig. 3. Imagi
with a negatively terminated tip results in corrugatio
maxima above cations while imaging with a positively te
minated tip produces images with maxima above anions
comparison between the measured and simulated line
~compare Figs. 3 and 5! yields that our data agree only wit

FIG. 4. Dependence of the frequency shiftD f on the tip-sample
distancez. The circles show the experimental data. The gray cu
shows a fit of Eq.~2! to this data forz>3 nm. ~The zero point ofz
is chosen arbitrarily.!
5-3
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the simulation results for a positively terminated tip. The
fore, the positions (A,B,C) ~cf. Fig. 2! would be assigned to
~Ca,VF , F!. For the following discussion we assume that o
tip had a net positive electrostatic potential.

The model introduced in Sec. IV predicts that atom
resolution can only be obtained within a 20 Hz wide range
D f . For higheruD f u imaging with constantD f is predicted to
become unstable due to the nonmonotonous behavio
D f (z) while smaller values do not result in a sufficient co
rugation. However, atomic resolution images were acqu
with frequency shifts between2600–2800 Hz. This broad
range of experimental values forD f may be explained by
multiple tip changes that occured during the experime
presented here. Nevertheless, the maximum corrugatio
about 40 pm predicted by the model agrees remarkably
with the experimental observations.

Figure 5~a! shows SFM linescans simulated using iden
cal parameters except for different charges located atVF .
Both linescans are identical and additional calculatio
showed that the charge atVF apparantly has no influence o
the atomic corrugation and changes only the workfuncti
Therefore, SFM images of the CaF bilayer and bulk Ca2
should be very similar regardless of the amount of cha
present atVF . It should be noted that the influence of th

FIG. 5. Simulated line profiles with a constantD f of

2390 Hz~see text! along the@112̄#CaF2
direction for negatively@~a!

top# and positively terminated tips@~b! bottom#. Both linescans
shown in~a! were computed with image charges in place, and st
deformations moving the Ca cations upwards and F anions d
~into the sample!. For the solid~dotted! line in ~a! the charge lo-
cated atVF was set to2e ~zero!. The linescans for the positive tip
termination shown in~b! were computed without image charges a
with nominal Ca21 ions and one electron located atVF . The gray
line assumed static sample deformations moving Ca cations do
wards and F anions upwards while the black line shows a calc
tion for bulk CaF2 coordinates.
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charge located atVF on the atomic corrugation becomes si
nificant for smaller tip-sample distances. As noted abo
scanning with constantD f in these distances, however,
predicted to be unstable. Microscopy techniques sensitiv
work function changes such as Kelvin probe microsco
may be able to image areas with and without the F vacan
below the Ca layer as observed for lower growth tempe
tures by, e.g., XSW.13

This opens the question why the simulated SFM linesc
show a shoulder atVF which is independent of the charg
present atVF , even though we take only electrostatic forc
into account. This may be understood by considering tha
ionic surfaces long-range contributions to the Madelung
tential are very important to the local electrostatic potent
For instance, taking only the seven nearest neighbors
account leads even to a wrong sign for the electrostatic
tential.

The influence of static deformations of the atomic latti
is demonstrated in Fig. 5~b! showing SFM linescans simu
lated with parameters differing only in the location of th
ions in the periodic lattice comparing the linescan obtain
using bulk CaF2 coordinates that are practically identical
the CaF bilayer structure37 with a linescan simulated for a
lattice deformed by the tip-sample interaction. As the sta
model described in Sec. IV cannot predict the complex m
tion of the sample’s ions below the oscillating tip, we us
the maximum deformation amplitude calculated by the m
advanced simulations of SFM on bulk CaF2 by Fosteret al.6

to estimate the amount of lattice deformation. Within t
limitations of our static model, tip induced sample deform
tions increase the corrugation amplitude but leave the ove
shape of the linescans unchanged. While the former is c
sistent with the predictions of Fosteret al.,32 their atomistic
simulations show a more drastic influence of the sample~and
tip! deformations as discussed below.

Figure 2 shows that the atomically resolved images of
CaF bilayer consist of a triangular pattern. This is consist
with previously published results obtained by combined t
oretical and experimentical studies for the case of ima
obtained with a positively terminated tip.5,9,32 However, we
did not observe the circular contrast pattern attributed
negatively terminated tips that is both theoretically predic
and experimentally observed for the bulk CaF2 ~111!
surface.5,9,32 This can be explained by in two ways: Firstl
our data was obtained using only one tip that may have b
positively terminated during all experiments. Secondly,
circular contrast pattern is caused by the dynamics of
tip-induced atomic deformations~see below!.5 These defor-
mations may be different for the CaF bilayer than for bu
CaF2. Further experimental and theoretical studies are
quired to clarify the details of atomic-scale contrast form
tion on the CaF bilayer.

Our simplified SFM model predicts a triangular contra
pattern for both positive and negative tip terminations. In
case of imaging bulk CaF2 with a negatively terminated tip
the Ca cations are pulled out of the surface upon each
proach of the tip while the F anions are pushed into
sample. The combination of these relaxations causes a d
nation of the tip-sample interaction by the Ca cations res

ic
n

n-
a-
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ing in the circular contrast pattern that cannot be explai
without taking these deformations into account.5 Even
though our model includes tip-induced sample deformati
by assuming a static deformation of the atomic lattice, i
not able to predict the circular contrast pattern caused
dynamic relaxations and thus predicts the same contrast
tern for both tip terminations.

VI. CONCLUSIONS

In conclusion, we presented atomically resolved SFM i
ages of the CaF bilayer on Si~111!. Our images are very
similar to SFM data on the bulk CaF2 ~111! surface obtained
with a tip with positive termination.5,6,9 The difference be-
tween the geometric structure of bulk CaF2 and the CaF
bilayer grown on Si~111! in the third layer from the surface
seems to have no influence on the SFM images repo
here.

We presented a simple model based on electrostatic
van der Waals interactions between tip and sample. On
hand, the model fails when dynamic processes such a
induced sample relaxations become the most important
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