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Atomically resolved imaging of a CaF bilayer on S{111): Subsurface atoms and the image contrast
in scanning force microscopy
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The CaF bilayer on $111) was imaged with atomic resolution scanning force microsd@®M). The CaF
bilayer has almost exactly the same geometry as the uppermost two atomic layers of bylkh€gtositions
of the F atoms below the Ca layer, however, are vacant. We discuss the influence of this difference on atomic
scale contrast formation in SFM. The SFM images obtained on the CaF bilayer are very similar to results from
the literature obtained on bulk Cakith positively terminated tips. SFM observations on the CaF bilayer are
explained within a model based on the electrostatic and van der Waals forces between tip and sample. The
model predicts that the atomic corrugation is independent of the charge located at the position of the F
vacancies and thus explains the similarity of SFM images obtained on bulk&aFthe CaF bilayer.
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[. INTRODUCTION Fosteret al. have been very successful in quantitatively ex-
plaining the details of atomic-scale contrast formation in
The invention of the scanning tunneling microscopeSFM by using sophisticated simulatioh$ a simplified,
(STM) (Ref. 1) opened the way to microscopy of surfacesand thus less resource intensive model would be desirable for
with atomic resolution. STM, however, is restricted to con-less detailed interpretation of experimental SFM data. The
ductive samples. Scanning force microsc¢BfFM) (Ref. 2 validity and limitations of the model are discussed by com-
lifts this restriction and enables high-resolution imaging ofParing its predictions with our experimental results as well as
surfaces regardless of their electric conductivity. The operadsing results published by others on bulk G4EL1) (Refs.
tion of SFM in the dynamignoncontact mode offers, in
principle, the same resolution as STM. In contrast to STM,
SFM involves many different tip-sample interactions, each Il. EXPERIMENT
with a different length scale, resulting in a nonmonotonic
tip-sample distance dependence of the interaction. AlthougpII

both short- and long-range interactions contribute to thqattice misfit of 0.6% with respect to 315 In contrast to

measured force, only short-range forces give atomic—scalgulk Cak, crystals, Cag/Si(111) films can be imaged with
information. Thus high sensitivity is needed to measures T if the thickne’ss of the film does not exceed 1—2 %m.
atomic-scale features. Therefore, both experiments an\d)o far, however, only submonolayer G&5i(111) structures
theory are more complex than for STM. For an overview onpave been imaged with atomic resolution using S¥N
dynamic SFM see Ref. 3. STM seems to be unable to obtain atomic resolution on
An important question for the interpretation of atomically thicker Cak/Si(111) due to the need for relatively high bias
resolved SFM images is how deep SFM senses into th@oltages. Here, we present atomically resolved images ob-
sample. For instance, in the case of the Si(H(IJX7)  tained by SFM.
surface, both adatoms and the restatoms below them have The interface between Calnd Si has been investigated
been resolved.Combined experimental and theoretical in- with a wide variety of experimental techniques such as x-ray
vestigations on the CaR(111) surface of cleaved crystals photoelectron spectroscoiy® and diffractiont®'2° x-ray
have shown the contribution of several atomic layers to thejiffraction?>?> medium energy ion scatterirtg,and x-ray
atomic-scale contrast in SFM imag¥s. In this paper, we

Cak; is a candidate for the growth of epitaxial insulating
ms on Si due to its large band gap of 12 eV and its small

present a SFM study of a CaF bilayer grown oril$i), Fy ° ° o ° o
where the atomic structure of the two topmost atomic layers Ca— 9 ° o ° R ® . ° ; ® .
is practically identical to the bulk CaFsurfacé®*3 (cf. Vi e e e e° o° o
Fig. 1). The most significant difference is that F atoms cor- si—* [111’] * [
responding to the third atomic layer from the surface in bulk T-» Si T-» CaF,

CakF, are missing in the CaF bilayer. We compare our results a) [T12]g; b) [ﬁz]Can

with the results published on contrast formation for bulk
CaR, (111 (Refs. 5-9to discuss the influence of subsurface  FiG. 1. Atomic structure model d) the CaF bilayer on Si with
features on SFM images. type-B orientation(see text and Ca atoms on fourfold symmetric

Additionally, we present a model for atomically resolved tetragonal 7, sites andb) bulk CaF,. Vi denotes the position of the
SFM on the CaF bilayer based solely on the electrostatic anH vacancy. Note the different orientation of the CaF bilayer and the
van der Waals interaction between tip and sample. AlthouglitaF, crystal.
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FIG. 3. Single-line profile along th@llf]c‘.le2 direction as
marked in Fig. 2. The main features are marked with A, B, and C.

FIG. 2. Atomically resolved SFM image of the CaF bilayer

taken at a constant frequency shift &f = —800 Hz and an oscil- Minimize |Af| for a fixed cantilever-sample distance.

lation amplitude of about 8 nm. The average corrugation is 40 pm. Under the growth conditions chosen here the Si substrate

A low-pass filter was applied to the imadeThe profile along the IS completely covered with the CaF bilayérCaF, mol-

black line is shown in Fig. 3. ecules adsorbing on the CaF bilayer form islands with pref-
erential nucleation at substrate step edges. Sample areas cov-

standing wave$>?3 The most stable configuration of the in- ered with Cak islands can be distinguished from regions

terface consists of a single nonstoichiometric CaF bilayewith the uncovered CaF bilayer by STRF° or friction force

(see Fig. 1L CaR grown on top of this bilayer essentially microscopy®® Here, we used STM measurements to identify

exhibits bulk structural and electronic propertlé®8oth the  regions covered with the bare CaF bilayer before SFM mea-

lattices of the CaF bilayer and the film growing on top of it surements. These regions covered about 80% of the sample.

are rotated by 180° relative to Si around the surface normal

(type-B orientation[ 112] ¢4, direction points irf 112]s; di- ll. RESULTS

rection, cf. Fig. 1. The formation of the CaF bilayer is g e 2 shows an atomically resolved SFM micrograph
driven by the substrate temperature during growth. Completgg e coF bilayer with an atomic corrugation of 40 pm. This

CaF stoichiometry is obtained for growth temperatures abovﬂeight variation is much smaller than the 80 pm Ca-F layer

~550°Ck - -Si i ith x-
spacing and 260 pm Ca-Si layer spacing measured with x-ray

Si samples were cut from a well-oriented Bil) wafer  gianding waveéXSW). The threefold symmetry of the sur-
and degassed for 12 h at about 600 °C after insertion into a0 can be clearly recognized in the SFM image. Further-

ultrahigh vacuumUHV). The native oxide was removed by mqre, the atomic features in the image appear to be triangu-
flash annealing the samples for 10 s at about 1200 °C. Digr shaped. This triangular structure manifests itself in the
rectly after removal of the oxide, the samples were annealeg,o profile along one of the high-symmetry directiofsee

at 900 °C for 10 min and finally slowly cooled to room tem- iy 3 in the form of shoulder¢B) at the main corrugation
perature. The quality of the @il1)-(7X7) reconstruction peaks(C) and dips(A).

was checked by STM. The Cafilms were grown by mo- The SFM data presented here are strikingly similar to pre-
lecular beam epitaxyMBE), depositing about 2 TL CaF  yiously published SFM data obtained on cleaved Cearfys-

(one triple-layer[TL] =7.8x 10" CaF, molecules/crf) at a5 with a positively terminated tifsee below>° Contrary

0.4 TL/min on a Si substrate heated to a temperature ofy oy images, the data of Baréit al. shown in Refs. 5 and 9
600°C. The deposited amount was measured using a quaiiive been obtained in constant height mode. Regions where
microbalance. CaFwas sublimed from a pyrolitic boron ni- 3 |arge force is measured in constant height mode correspond
tride (PBN) crucible using a Knudsen cell. to regions of high topography in constant frequency shift

SFM measurements were done using a commerciahode. However, the symmetry of the observed structures is
UHV-SFM.”> SFM images were taken at room temperaturenot affected by the measurement mode.

in UHV using the frequency modulation technigtfeThe

cantilever with a spring constaktof ~42 N/m was excited
at its resonance frequendy of 283 kHz with a constant
oscillation amplitudeA of about 8 nm. Any interaction be- Short-range interactions during atomic resolution SFM of

tween the tip and the sample surface causes a chahg#  ionic crystal surfaces are dominated by electrostatic forces.
fr. Af is measured using a digital phase locked loop fre-Therefore, we simulate atomically resolved SFM images of

quency demodulatét and kept constant during image acqui- the CaF bilayer taking only contibutions of the short-range

sition by regulating the cantilever-sample distaficenstant  electrostatic and long-range van der Waals forces into ac-
Af mode. The influence of long-range electrostatic forcescount. All other forces were neglected.

between tip and sample was minimized by applying a volt- One major problem for quantitative analysis of SFM data

age U between tip and sample. For the particular tip andis the unknown microscopic structure and composition of the

sample used for Fig. 2, a value of 0.2 V fdrwas found to  tip. Good agreement between theory and experiment was ob-

IV. MODEL

035405-2



ATOMICALLY RESOLVED IMAGING OF A CaF . .. PHYSICALREVIEW B 69, 035405 (2004

tained for, e.g., bulk Caf by modelling the tip apex with an 0
ionic material clustet? The atomic-scale contrast pattern as
predicted by the models and confirmed by experimental re-
sults depend on whether the tip is terminated by a positive or -100
negative ior®° We refer to this by discussing our data as-
suming either a positively or negatively terminated tip.
Density functional theoryDFT) calculations of the elec- -200
tronic structure of the CaF bilayer show that the charge dis-
tribution around the Ca and F atoms is similar to bulk
Cak.>® The DFT calculations predict a negative net charge
above the topmost Si atoms near the position of the F va-
cancy (Vg) position. Furthermore, core-level energies from
photoemission experiments were modeled best by assuming gy, 4. Dependence of the frequency shift on the tip-sample

ca’, a Qet charge aVg, and image charges in the Si gistancez The circles show the experimental data. The gray curve
substraté® Therefore, we used ionic potentials to model theshows a fit of Eq(2) to this data forz=3 nm. (The zero point of

electrostatic forces between the CaF bilayer and the tip.  is chosen arbitrarily.
Short-range electrostatic forces were calculated using the

model of Rotenbergt al*° assuming a periodic lattice, one  gimuylations of SFM have shown that the tip and sample
molecule thick. A single negative/positive point charge wasyioms involved in the formation of atomic scale contrast are
used to regz;esfent a negatively/positively terminated tip. We,q; siatic but move from their original positions in the crystal

assumed ions and that either one or zero net electron|aitice under the influence of the forces between tip and
charge is located at the position of the fluorine vacangy) (  sample®3® The theoretical work of Fostest al. shows that

to study the influence of the missing F ions. The underlyinghe magnitude of the atomic relaxations caused by the tip-
conductive Si was modeled by image charges with an imaggample interactions is up to few 10 pm for the case of bulk
plane located just below thé: position. We varied both the Cak.% This is in the same range as the atomic corrugations

magnitude of the C& charge transfer and the strength of gpserved by us for imaging the CaF bilayer. Therefore, tip
the image charges. They primarily influence the work funcinqyced deformations cannot be neglected in the discussion
tion that is compensated by the bias voltage between tip ang; atomic-scale contrast interpretation.

sample in the experiment but they do not significantly  Tq estimate the influence of the tip-induced deformations
change the predicted corrugatitsee Sec. Y. Once the elec- 4t the sample we modify the positions of the ions in our
trostatic forces are determined, their contributibfy, to Af  heriodic lattice and compute the electrostatic force for the
can be computed using pertubation thétry modified setup. In contrast to the more complex simulations
by Fosteret al® our simplified approach is static: the posi-
tions of the ions do not change with the tip position.

Af/Hz

'300 T 1 T T T
2 4 6 8
Tip-sample distance z/ nm

f 2
Afm=§;%;J; doFelzot Acos ¢)lcod ), (1)

whereF.(z) denotes the electrostatic force with the time- V. DISCUSSION

dependent position of the tip given lay=z,+Acos(27ft).  As already stressed in Sec. IlI, the SFM data of the CaF
~ The van der Waals force was modeled assuming a conicgfijlayer shown in Figs. 2 and 3 is very similar to SFM data
tip shape terminated by a sphere with radRisising the  gptained for positive tip termination on bulk Capublished
following equation for the dependence of the frequency shiflyy Barthet al>° The fact that the F layer at the interface is
on the closest approach tip-sample distatice: vacant seems to have no influence on the contrast in atomi-

cally resolved SFM images. The three high-symmetry points

foHR 3 (A,B,C) of the image shown in Fig. 2 can be assigned to the

P oy ) symmetry points of the CaF bilayer that are the positions of
12\/2kA%? y

the F atom, Ca atom, and the vacancy positivig) (above

with the cantilevers spring constaki free resonance fre- the topr_nost_Sl atc_;n(see F|_g. 1 The symmetry and crystg_l-
quencyf,, and Hamaker constait. We chose a value of lographic orientation restrlct_ the assgnm_ent of the positions
4x10719] for the Hamaker constant of the tip/sample(A:B.C) to the three following combinationsCa, Ve, F),
systen?® To estimate the van der Waals forces during ourFs C&Ve), and Ve, F, Ca. _
experiments, we measured the dependenc&fobn z. Fig- Figure 5 shows simulated linescans along thé2]c,,
ure 4 shows the experimental data fof(z) as well as a fit  direction. The general shape of the simulated linescans is
of Eq. (2) to the part of the data that should be dominated bysimilar to the experimental data shown in Fig. 3. Imaging
the long-range van der Waals force. The least-squares fit ravith a negatively terminated tip results in corrugation
sulted in a value of 80 nm for the tip radius. maxima above cations while imaging with a positively ter-
The frequency shifd f was computed by the addition of minated tip produces images with maxima above anions. A
the van der Waals and electrostatic contributiomst comparison between the measured and simulated linecan
=Af quwtAfe.® (compare Figs. 3 and)¥ields that our data agree only with

AfvdVV(Z): -
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0.04 4 @) negative tip termination -

charge located af on the atomic corrugation becomes sig-
nificant for smaller tip-sample distances. As noted above,

£ 0.02 - scanning with constanAf in these distances, however, is
< :\ N. ;"\ ;"“5 predicted to be unstable. Microscopy techniques sensitive to
E, 0‘: \ f % ’ Ve of work function changes such as Kelvin probe microscopy
T 0.02 K v W may be able to image areas with and without the F vacancies
] | ] | ! below the Ca layer as observed for lower growth tempera-
-0.04 CaVg F - tures by, e.g., XSW
— = t 7 | T T % 7 This opens the question why the simulated SFM linescans
0 d Z show a shoulder a¥ which is independent of the charge

Bistance/am present al/g, even though we take only electrostatic forces

I S TR S R into account. This may be understood by considering that on
0.04 4 b) positive tip termination - ionic surfaces long-range contributions to the Madelung po-
] C tential are very important to the local electrostatic potential.

g 0027 For instance, taking only the seven nearest neighbors into
2 o account leads even to a wrong sign for the electrostatic po-
2 ] tential.
T -0.02 | The influence of static deformations of the atomic lattice
B ol T E is demonstrated in Fig.(B) showing SFM linescans simu-

[ il N N lated with parameters differing only in the location of the

0 1 2 ions in the periodic lattice comparing the linescan obtained
Distance / nm using bulk Cak coordinates that are practically identical to

FIG. 5 Simulated line profiles with a constantf of the CaF bilayer structuféwith a linescan simulated for a

—390 Hz(see textalong the[llf]can direction for negatively(a) lattice deformed by the tip-sample interaction. As the static
top] and positively terminated tiph(b) bottoni. Both linescans Model described in Sec. IV cannot predict the complex mo-
shown in(a) were computed with image charges in place, and statidion of the sample’s ions below the oscillating tip, we used
deformations moving the Ca cations upwards and F anions dow€ maximum deformation amplitude calculated by the more
(into the sample For the solid(dotted line in (a) the charge lo- advanced simulations of SFM on bulk Galy Fosteret al®
cated atVg was set to—e (zerg. The linescans for the positive tip t0 estimate the amount of lattice deformation. Within the
termination shown irib) were computed without image charges and limitations of our static model, tip induced sample deforma-
with nominal C&" ions and one electron located\4¢. The gray  tions increase the corrugation amplitude but leave the overall
line assumed static sample deformations moving Ca cations dowrshape of the linescans unchanged. While the former is con-
wards and F anions upwards while the black line shows a calculasistent with the predictions of Fostet al,*? their atomistic
tion for bulk Cak, coordinates. simulations show a more drastic influence of the sanguhel
tip) deformations as discussed below.

the simulation results for a positively terminated tip. There-  Figure 2 shows that the atomically resolved images of the
fore, the positions4,B,C) (cf. Fig. 2 would be assigned to  CaF bilayer consist of a triangular pattern. This is consistent
(Ca, Vg, F). For the following discussion we assume that ourwith previously published results obtained by combined the-
tip had a net positive electrostatic potential. oretical and experimentical studies for the case of images

The model introduced in Sec. IV predicts that atomicobtained with a positively terminated ffp:*? However, we
resolution can only be obtained within a 20 Hz wide range ofdid not observe the circular contrast pattern attributed to
Af. For higherlAf| imaging with constanA f is predicted to  negatively terminated tips that is both theoretically predicted
become unstable due to the nonmonotonous behavior @ind experimentally observed for the bulk GaF111)
Af(z) while smaller values do not result in a sufficient cor- surface>®32 This can be explained by in two ways: Firstly,
rugation. However, atomic resolution images were acquiredur data was obtained using only one tip that may have been
with frequency shifts betweer 600— 800 Hz. This broad positively terminated during all experiments. Secondly, the
range of experimental values fdrf may be explained by circular contrast pattern is caused by the dynamics of the
multiple tip changes that occured during the experimentsip-induced atomic deformationsee below® These defor-
presented here. Nevertheless, the maximum corrugation efations may be different for the CaF bilayer than for bulk
about 40 pm predicted by the model agrees remarkably weltaF,. Further experimental and theoretical studies are re-

with the experimental observations. quired to clarify the details of atomic-scale contrast forma-
Figure a) shows SFM linescans simulated using identi-tion on the CaF bilayer.
cal parameters except for different charges locate¥mat Our simplified SFM model predicts a triangular contrast

Both linescans are identical and additional calculationsattern for both positive and negative tip terminations. In the
showed that the charge ¥ apparantly has no influence on case of imaging bulk CgFwith a negatively terminated tip
the atomic corrugation and changes only the workfunctionthe Ca cations are pulled out of the surface upon each ap-
Therefore, SFM images of the CaF bilayer and bulk £aF proach of the tip while the F anions are pushed into the
should be very similar regardless of the amount of charggample. The combination of these relaxations causes a domi-
present at/g. It should be noted that the influence of the nation of the tip-sample interaction by the Ca cations result-
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ing in the circular contrast pattern that cannot be explainedor in contrast formation as it is the case of the circular con-
without taking these deformations into accotinEven trast pattern for SFM imaging of bulk Caiith a negatively
though our model includes tip-induced sample deformationterminated tip:®° On the other hand, the model allowed us
by assuming a static deformation of the atomic lattice, it isto allocate the symmetry points in atomically resolved SFM
not able to predict the circular contrast pattern caused bymages of the CaF bilayer to atomic positions and correctly
dynamic relaxations and thus predicts the same contrast pa@tedicts the atomic corrugation amplitude. Furthermore, the

tern for both tip terminations. model predicts that the atomic-scale contrast on the CaF bi-
layer is not sensitive to the amount of charge located at the F
VI, CONCLUSIONS vacancy position between Ca and $fif due to the strong

contributions of long-range interactions on the surface Made-
In conclusion, we presented atomically resolved SFM imJung potential explaining the similarity of the data on the
ages of the CaF bilayer on (§L1). Our images are very CaF bilayer with data obtained on bulk GaF>*
similar to SFM data on the bulk Caf111) surface obtained
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