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Growth kinetics of CaF2 ÕSi„111… for a two-step deposition

Andreas Klust,* Robert Kayser, and Joachim Wollschla¨ger
Institut für Festkörperphysik, Universita¨t Hannover Appelstraße 2, D-30167 Hannover, Germany

~Received 14 December 1999!

The growth of CaF2 on vicinal Si~111! substrates precovered by an interfacial CaF layer was investigated
using atomic force microscopy~AFM!. The interfacial CaF layer is grown in a first deposition step at 750°C,
depositing 1.3 triple layers~TL’s! CaF2. This is partially covered by CaF2 due to the deposition of excess
(.1 TL) CaF2. In a second step the succeeding CaF2 layers are grown at lower temperatures (300–600 °C).
The inhomogeneous morphology of the initial film allows us to study simultaneously the growth of CaF2 on
the CaF interfacial layer and on CaF2 covered terraces formed during the first growth step. At low tempera-
tures, the CaF2 growth on CaF2 tends to be layer-by-layer while the growth on the pure CaF layer is dominated
by three-dimensional islands. At temperatures above 500 °C, a transition from terrace to step nucleation is
observed. These observations are explained using kinetic growth models to determine the diffusion barriers on
both the CaF interfacial layer and the CaF2 islands.
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I. INTRODUCTION

Most commercial semiconductor applications are ba
on silicon. Although Si technology is very sophisticate
there is no insulating material which grows epitaxially on
available for mass production. Up to now SiO2 has been used
for insulating layers in most devices, but due to the am
phous structure of SiO2 it is impossible to produce multilaye
heterosystems with epitaxial quality directly. CaF2 is a well
suited candidate for epitaxial insulating layers on Si on
count of its small lattice mismatch~0.6% at room tempera
ture! and high band gap of 12 eV. High-quality meta
insulator heterostructures can be grown with CaF2 on Si so
that nanoelectronic devices~e.g., resonant tunnelling diodes1

and transistors2! can be manufactured.
In addition to technology, the system CaF2 /Si(111) also

serves as a model system for the growth of ionic crystals
covalent bound semiconductors.3,4 In particular the interface
structure was investigated extensively with medium ene
ion scattering,5 x-ray standing waves,6,7 x-ray photoelectron
diffraction ~XPD!,8,9 and x-ray diffraction.10–12A rough dis-
tinction may be made between two different interface str
tures depending on the growth temperature. At growth te
peratures below;650 °C, the first layer exhibits a bulklike
stoichiometry (CaF2-type interface!. If the growth tempera-
ture is increased above;650 °C, the CaF2 molecules are
partially dissociated and the CaF-type interface is form
The interface structure does not change sharply with
growth temperature but smoothly over a temperature ra
of about 100 °C. In the case of the CaF2-type interface, the
interfacial layer consists of bulklike CaF2 adsorbed on the S
with weak Si-F bonds. The CaF-type interface consists
one CaF layer with strong Si-Ca bonds.13 Low-energy elec-
tron microscopy investigations by Tromp and Reute14

showed that the CaF2-type interface is unstable under certa
growth conditions, while the CaF-type is the more sta
one.

Due to the high quality of the CaF-type interface, we us
a two-step growth process for the experiments presente
this report: first we grew the CaF interface layer by eva
PRB 620163-1829/2000/62~3!/2158~6!/$15.00
d
,
i

r-

-

n

y

-
-

.
e
e

f

e

d
in
-

rating 1.3 triple layers~TL’s! CaF2 at T15750 °C. One TL
corresponds to one molecular CaF2 layer consisting of one
Ca layer embedded between two fluorine layers. Further
ers were grown in a second step at the temperatureT2,T1.
The interfacial CaF layer is closed before the subsequ
CaF2 growth starts on it. This is confirmed previous by x-ra
photoelectron diffraction~XPD!,15 and atomic force micros-
copy ~AFM! investigations.16 Excess CaF2 which is not in-
corporated into the interfacial CaF layer leads to the form
tion of CaF2 islands confined to substrate terraces. Thus
surface exhibits two different terrace types after the fi
growth step:~i! terraces covered by one CaF-layer only, a
~ii ! terraces where the interfacial CaF-layer is covered ad
tionally by the excess CaF2 ~see Fig. 1!. The formation of
this morphology is described in more detail in Ref. 16.

In order to predict the growth mode for a certain set
growth parameters~growth temperature, deposition rate, a
substrate morphology! using kinetic growth models, one ha
to know the diffusion barrier heights for the diffusion of th
admolecules on the substrate. In our case we have to di
guish between two different diffusion barriers for the grow
during the second growth step. First, the CaF interfacial la
forms an effective substrate with the diffusion constantDCaF

FIG. 1. Schematic drawing of the 1.3 TL thick CaF2 film mor-
phology after the first growth step atT15750 °C. Due to the high
deposition temperature the Si substrate is covered entirely by
interfacial CaF layer~black!. Excess CaF2 ~hatched! forms 2 TL
thick islands on 20% of the terraces of the CaF wetting layer. T
template structure forms the effective substrate for the sec
growth step. The arrows indicate the two different diffusion co
stantsDCaF2

andDCaF on the different materials.
2158 ©2000 The American Physical Society
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PRB 62 2159GROWTH KINETICS OF CaF2 /Si(111) FOR A TWO- . . .
for the subsequent growth of bulklike CaF2. Second, diffu-
sion of the admolecules deposited on the CaF2 islands is
governed by the diffusion constantDCaF2

. It is obvious that
the two diffusion constants should be different due to
chemical differences between the bulklike CaF2 islands with
pure ionic bonds and the interfacial CaF layer with mix
ionic and covalent bonds. For instance, in contrast to
interfacial CaF layer a CaF2(111) layer has no dipole mo
ment.

Most of the previous studies concerning the growth kin
ics of CaF2 on Si~111! were carried out at high temperatur
where the CaF-type interface is formed during the ea
stages of adlayer growth. Using the two-step growth proc
it is possible to study the growth of CaF2 on the interfacial
CaF-Si layer at various temperatures without altering
structure of the interfacial layer even below the formati
temperature for the reacted CaF-layer. Further, the coe
ence between CaF- and CaF2-terminated areas due to th
excess CaF2 before the second growth step enables us
investigate simultaneously the CaF2 growth on the interfacial
CaF layer and the bulklike CaF2 islands at low temperature
(T,650 °C).

II. EXPERIMENTAL SETUP

The CaF2 films were grown in a ultrahigh vacuum~UHV!
system equipped with a CaF2 evaporator, a mass spectrom
eter for residual gas analysis, and a spot-profile analysis l
energy electron diffraction~SPA-LEED! instrument. LEED
was used only to check the preparation of the Si(111)27
37 before the CaF2 deposition in order to avoid electron
beam-induced damage in the CaF2 films.7,17,18 The CaF2 is
evaporated with a homemade e-beam evaporator using a
talum crucible. The deposition rate is controlled with
quartz microbalance. After the growth process the sam
were transferredin situ into a second UHV chambe
equipped with an atomic force microscope~AFM!.19 The
homemade AFM is based on the laser deflection schem20

and operated in the contact mode. The noise level of
AFM in the vertical direction is about 0.05 nm and the late
resolution is limited by the tip radius (;10 nm).

The samples were cut from a Si~111! wafer with a mis-
orientation angle of 0.6°. They were heated by direct elec
cal current flowing in the@11̄0# direction ~parallel to the
steps!. Due to the direction of the heating current parallel
the steps we observed step bunches after removal of the
tive oxide by flash annealing the sample up to 1250 °C
;10 s. The step bunches have an average height of 2 nm
they are separated by;200 nm wide terraces. Temperatur
above 700 °C were measured using an optical pyrom
calibrated at the Si(111)2737 to 131 phase-transition
temperature observed by LEED at 830 °C. Lower tempe
tures than 700 °C were determined using an infrared pyr
eter. The estimated temperature measurement erro
610 °C for temperatures above 700 °C increases for lo
temperatures~e.g.,650 °C at 300 °C).

III. EXPERIMENTAL RESULTS

The CaF2 films were prepared in two growth steps. Fir
we deposited 1.3 TL CaF2 at T15750 °C with a deposition
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rateR1 of 0.1 TL/min. Further CaF2 was deposited in a sec
ond growth step atT2,T1 and a deposition rate ofR2
50.3 . . . 0.4 TL/min immediately (1. . . 2min) after the
first step. Throughout this report the CaF2 film thickness de-
notes the entire film thickness deposited inboth growth
steps. The high-temperatureT1 and the low deposition rate
R1 in the first step were chosen to ensure that the whole
surface is covered with CaF.

An AFM micrograph of a 4.9 TL’s CaF2 film grown at
T25300 °C with the two-step process is shown in Fig.
Although the whole Si surface is covered with CaF2 the step
bunches of the substrate are still clearly visible. Two types
terraces can be distinguished in the image: terraces
many small holes~type-H! and terraces without holes~type-
S!. About 80% of the terraces are covered with these ho
The hole density on thetype-H terraces is (450
640) mm22 and they are on average 0.6 nm~2 TL! deep.
The measurement of the hole depth is restricted due to t
small diameter, which is in the same order of magnitude
the AFM tip diameter. Thus the holes could even be dee
than the measured 0.6 nm. The hole depth shows that
growth mode on thetype-H terraces is multilayer and th
holes are caused by coalesced three-dimensional islands
type-Sterraces are smooth apart from two-dimensional~2D!
islands~cf. height profile in Fig. 2! indicating that the growth
mode is layer-by-layer on thetype-Sterraces.

The average distance between thetype-S terraces is
;1 mm. This distance corresponds to the distance betw

FIG. 2. 4.9 TL CaF2 grown on Si~111! at T25300 °C with the
two-step growth process. Two types of terraces can be distinguis
in the upper image:type-Hwith holes andtype-Swithout holes. The
scan size is 6903405 nm2. The image was obtained under ambie
conditions. The bottom image shows the height profile of the bl
line in the top image. The two holes (;0.6 nm deep! in the height
profile are marked with white circles in the micrograph. The heig
profile of the type-Sterrace shows two 2D islands with 0.3 nm
height.
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2160 PRB 62KLUST, KAYSER, AND WOLLSCHLÄGER
the CaF2 covered terraces formed by the excess CaF2 during
the first growth step~see above!. It is well known that CaF2
islands growing at high temperatures on the interfacial C
layer are two layers thick~compare Refs. 4,15,16!. Combin-
ing this result with thetype-Sterrace coverage of 20% lead
to an excess CaF2 amount of 0.4 TL which is in good agree
ment with the (1.360.2) TL CaF2 deposited in the first
growth step as determined by the quartz microbalance~1 TL
for the interfacial layer plus 0.3 TL excess CaF2). Therefore,
one can conclude that the two different film morpholog
after the second growth step are caused by growth on
different effective substrates prepared in the first grow
step. On the one hand, the CaF2 terraces with holes are
grown directly on the pure CaF interfacial layer during t
second growth step. On the other hand, the pinhole-free
races are grown on terraces already overgrown by ex
CaF2 during the first growth step. This coexistence betwe
the two terrace types enables us to compare directly the m
phology of CaF2 films grown on CaF2 and on the interfacia
CaF layer under identical growth conditions.

Figure 3 shows an AFM micrograph of a 5.3 TL thic
CaF2 film grown with the two-step growth process atT2
5400 °C. The main features~type-H and type-S terraces,
amount of excess CaF2, etc.! are the same as for the film
grown atT25300 °C as described above. The hole dens
on the type-H terraces, however, is reduced to (2
630) mm22 while the average hole depth is the same
determined above forT25300 °C.

At T25500 °C, a substantial CaF2 amount nucleates a
substrate steps forming long islands at these steps coexi
with smaller islands on the terraces. Further increasing
growth temperatureT2 to 600 °C leads to a drastic change
the film morphology~see Fig. 4!. All the terraces are free o
pinholes. In contrast to the micrographs shown before,
CaF2 film grown at 600 °C decorates the substrate s
bunches and forms a ‘‘staircase-like’’ structure with mon
molecular steps. Most islands are formed in front of the
substrate steps. This ‘‘staircase-like’’ structure is attribu
to the 2 nm high step bunches produced during the sam
preparation. At these enhanced growth temperatures it is
possible to distinguish betweentype-H and type-Sterraces
due to the absence of holes. Additionally to the dominat
islands, which are nucleated at substrate steps, a few isl
are nucleated on the terraces.

FIG. 3. 5.3 TL CaF2 grown on Si atT25400 °C with the two-
step growth process. As in Fig. 2 thetype-Handtype-Sterraces can
be distinguished. The scan size is 13003900 nm2. The image was
obtained under ambient conditions.
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IV. GROWTH MODEL

In this section, we first introduce a growth model for th
case of pure homogeneous nucleation i.e., nucleation o
takes place on substrate terraces. Thereafter the influenc
heterogeneous nucleation at substrate steps on the gr
mode is discussed.

A. Homogeneous nucleation on terraces

The experimental results can be explained by the follo
ing growth model which is based on the models develop
by Tersoffet al.21 for the case of homoepitaxial growth an
its extension to heteroepitaxial growth by Olmsteadet al.4,22

The growth stage at which the second layer starts
nucleate, is crucial for the transition from three-dimensio
~3D! to layer-by-layer growth. If the first layer is complete
before second layer islands nucleate, the growth mod
layer-by-layer. Otherwise the nucleation of the second la
starts before the first layer islands coalesce and one ob
3D island growth. There is a critical island radiusRc of the
first layer islands where second layer islands nucleate on
of the first layer islands. The probability for second lay
nucleation increases rapidly for first layer islands with a
dius R.Rc . For a vanishing ‘‘Ehrlich-Schwoebel barrier’
and a smallest stable island size of two molecules~corre-
sponding to a critical nucleus size of one molecule!, the criti-
cal island radiusRc is21

FIG. 4. 5.0 TL CaF2 grown on Si atT25600 °C with the two-
step growth process. In contrast to the films grown at 300
400 °C this film shows no holes. The CaF2 islands are nucleated a
the substrate step bunches. The scan size of the upper ima
8003550 nm2. The bottom image shows a height profile of th
black line in the micrograph. In the profile, one can see clearly
‘‘staircase-like’’ CaF2 film with monomolecular steps nucleated
the substrates step bunch. The image was obtainedin situ.
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Rc5S 192

p

Ln
2a2DCaF2

F
D 1/8

, ~1!

wherea2 denotes the surface unit-cell area,DCaF2
the diffu-

sion constant of CaF2 admolecules on first layer CaF2 is-
lands, andF the incident flux per unit cell.Ln denotes half of
the distance between the first layer islands and can be
pressed by23

Ln5S a2
4Dx

F D 1/6

, ~2!

whereDx denotes the CaF2 diffusion constant on the effec
tive substrate after the first growth step. Since in our case
surface has two different top layers after the first grow
step, one has to distinguish between the growth ontype-H
and type-S terraces during the second growth step. Th
different terrace types act as different effective substrates
the subsequent growth in the second step. Fortype-Hterraces
the CaF2 admolecules of the first layer diffuse on the pu
interfacial CaF layer (Dx5DCaF). In the case of thetype-S
terraces, the CaF2 molecules already diffuse on excess Ca2
(Dx5DCaF2

).

If Rc exceedsLn , one expects layer-by-layer growth, b
cause second layer islands nucleate after the coalescen
the first layer islands. ForRc,Ln the film grows in the
multilayer or 3D island growth mode, because the nuclea
of second layer islands starts before the coalescence o
first layer islands.

Using Eqs.~1! and ~2! one can compute the ratioRc /Ln

Rc

Ln
5S 48

p

DCaF2

Dx
D 1/8

5S 48

p D 1/8

e2DE/(8kT) ~3!

assuming Dx5a2n exp(2Ex /@kT#) with hopping barrier
heightsEx5ECaF2

andEx5ECaF corresponding to the diffu-

sion constantsDCaF2
and DCaF , respectively.DE5ECaF2

2Ex denotes the difference between the diffusion bar
heights on the first layer islands (ECaF2

) and on the effective

substrate (Ex). It is assumed here that the hopping attem
frequencyn is the same for diffusion on both substrates.

Taking Rc5Ln as criterion for the transition from 3D to
layer-by-layer growth, one can compute the correspond
transition temperatureTc

Tc5
DE

k ln~48/p!
. ~4!

The transition temperature depends only on the differe
between the diffusion barriers on the substrate and the
layer islands and is independent of the deposition fluxF.

The calculations for the critical island radiusRc were car-
ried out for circular shaped islands. For the transition cr
rion Rc5Ln used above one expects pinholes between
circular islands. Therefore, real layer-by-layer growth wh
the first layer is completely closed before second layer nu
ation implies thatf Rc5Ln . This ‘‘shape-factor’’f depends
on the actual island shape and the lateral arrangement o
islands. Since circular islands have the most compact sh
we conclude thatf <1 for the shape factor. Further, due
fluctuations of the island separations, the transition betw
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both growth modes is not as sharp as described by
theory. Taking these limitations into account, Eq.~4! is an
upper limit for the transition temperature or lower limit fo
the diffusion barrier differenceDE for a given transition
temperatureTc determined by experimental observations.

B. Heterogeneous nucleation at steps

Increasing the growth temperatureT2 leads to larger dif-
fusion lengths of the CaF2 admolecules on the effective sub
strate. If the diffusion length and the terrace widthw have the
same order of magnitude, one has to take heterogen
nucleation at substrate steps into account. To describe
step nucleation we use a model originally developed
Myers-Beaghton and Vvedensky24 which has been used be
fore to describe the growth modes of CaF2 on vicinal CaF-
Si~111! by Olmsteadet al.4,22

Myers-Beaghton and Vvedensky introduced the dim
sionless parametera5w2a2F/D to describe the influence o
nucleation at steps24 with average terrace widthw. This pa-
rameter represents the ratio of the average time one ad
ecule needs to diffuse towards a step (w2/D) and the time to
deposit one monolayer (1/@Fa2#). For a.1 the growth is
dominated by nucleation on the terraces as described ab
while for a,1 step nucleation starts to compete with t
terrace nucleation. Thus, the transition from terrace to s
nucleation occurs ata51 ~compare the discussions in Ref
22 and 24! so that we can evaluate the transition temperat
Ts between the two regimes:

Ts5
Ex

k ln@n/~w2F !#
. ~5!

Of course, the choice ofa51 as an exact value for th
transition is quite arbitrary. We introduce it here to compa
the results of this study concerning the growth of CaF2 on
CaF-Si~111! with previous results.22,25

V. DISCUSSION

Both models discussed in the previous section determ
critical temperatures for the transition either from layer-b
layer to 3D island growth or from terrace to step nucleat
~see also Fig. 5!. Both phenomena have been observed d
ing the second growth step of CaF2 on the effective substrate
prepared in the first growth step. Since the critical tempe
tures depend on the diffusion barriers, we will discuss a
compare these diffusion barriers for the growth of CaF2 on
the two different effective substrates~the CaF interfacial
layer, and terraces covered with excess CaF2).

FIG. 5. Schematic drawing of the observed growth modes:~a!
3D island and layer-by-layer growth ontype-Handtype-Sterraces,
respectively,~b! growth of the ‘‘staircase-like’’ structure in the ste
nucleation regime.
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A. Nucleation on terraces

During the second growth step we have to distingu
between growth on two different effective substrates. Fi
growth on the excess CaF2 ~type-S terraces! with Dx
5DCaF2

, and, second growth on the pure interfacial C

layer ~type-Hterraces! with Dx5DCaF . The first case corre
sponds to CaF2 homoepitaxy (Dx5DCaF2

⇒Rc5Ln) and one
obtains layer-by-layer growth independent of the grow
temperatureT2. The two-dimensional CaF2 islands coalesce
and form a closed layer before the next layer nucleates. T
process continues for the growth of higher layers so t
CaF2 grows in the layer-by-layer growth mode ontype-S
terraces. Therefore,type-Sterraces show continuous smoo
films with occasional 2D islands depending on the exact c
erage. In the second case (Dx5DCaFÞDCaF2

) the growth

mode depends on the temperature and on the differenceDE
between the diffusion barrierEx5ECaF on the effective sub-
strate andECaF2

on the overgrowing CaF2 islands. Accord-

ing to our model we expect layer-by-layer growth forDE
<0 ~corresponding toECaF2

<ECaF) for all growth tempera-

tures. If DE is positive the growth mode depends on t
temperature. In this case we expect layer-by-layer growth
temperaturesT2 above the transition temperatureTc @see Eq.
~4!#. Below this temperature the growth mode switches to
growth of 3D islands.

The multilayer growth mode ontype-H terraces leads to
the formation of 3D islands. During the coalescence of th
islands the observed holes are formed~cf. the model in Fig.
6!. Thus the nucleation of the second CaF2 layer starts on top
of first layer islands before the first layer islands coalesce
T2,Tc . Increasing the growth temperature also increa
the spacingLn between the islands nucleating on the C
layer, leading to the growth of larger islands and thus t
reduction of the island and hole density as observed.

The observation of the 3D island growth mode on t
type-H terraces can be explained by our growth model o
if DE.0. Otherwise we should observe layer-by-lay
growth without any formation of holes ontype-Handtype-S
terraces. Therefore, we can conclude immediately
ECaF,ECaF2

.

Denlingeret al. calculated the hopping barriers of CaF2
admolecules on the interfacial layer.15 The calculated surface
corrugation potential depends on the effective charge of
Ca atoms in the interfacial layer. According to their calcu

FIG. 6. Schematic drawing of the hole formation process.~a!
shows the nucleation of islands~bright! on the effective substrate
~dark!. ~b! shows the formation of the holes~dark! due to the coa-
lescence of the growing islands. The dashed circles show the p
tions of the nucleated islands shown in~a!. The dotted circles indi-
cate the growth fronts of the islands.
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tions the diffusion barrierECaF2
of CaF2 admolecules on bulk

CaF2 of about 1.6 eV is reduced to aboutECaF51.4 eV on
the CaF interfacial layer where the charge of the Ca atom
lower than in bulk CaF2.

From our observations we deduce that the transition te
peratureTc for the transition from 3D island to layer-by
layer growth is above 400 °C. We were not able to determ
the upper limit forTc exactly, because at temperatures abo
500 °C a substantial amount of CaF2 nucleated at the sub
strate steps. Taking the discussion of Eq.~4! into account as
well, we conclude that the diffusion barrier differenceDE
must be at least 0.16 eV usingTc5400 °C and a maximum
value f 51 for the shape factor. A smaller shape fact
would lead to a larger diffusion barrier differenceDE. This
result is consistent with the value of 0.2 eV forDE calcu-
lated by Denlingeret al.15 and the range of 0.1–0.7 eV re
ported by Olmstead in Ref. 4.

B. Transition to step nucleation

Up to this point in the discussion we have neglected
existence of substrate steps. To explain the drastic chang
the film morphology observed for temperatures abo
;500 °C we have to take into consideration the fact tha
substantial amount of the CaF2 admolecules nucleates at su
strate steps. Again, we have to consider the different di
sion barriers for the growth on thetype-H and type-Ster-
races. The AFM micrographs show that the transiti
between terrace and step nucleation occurs between 50
and 600 °C ontype-H terraces with 200 nm width. Using
Ts

H5(550650) °C as the transition temperature Eq.~5! re-
sults in a diffusion barrier height ofECaF5(1.560.1) eV for
the CaF2 diffusion on the CaF interfacial layer~assuming
1013 Hz for the attempt frequencyn).22 This result is in good
agreement with the value of 1.4 eV observed by Hessin
et al.22 using the same criterion (a51) to compute the dif-
fusion barrier of CaF2 on the CaF interfacial layer from
transmission electron microscopy experiments.

In the previous section we calculated a lower limit of 0.
eV for the diffusion barrier differenceDE between the bar-
riers ECaF and ECaF2

on the interfacial CaF layer and th
CaF2 islands, respectively. This leads to a barrier heig
ECaF2

>(1.6660.1) eV for the diffusion of the CaF2 admol-

ecules on CaF2 islands.
The diffusion barrierECaF2

can be cross checked calcu
lating the temperatureTs

S for the transition from terrace to
step nucleation ontype-Sterraces. From Eq.~5! we obtain
Ts

B>(650650) °C. This transition temperature is consiste
with the experimental observation that the CaF2 film grows
almost perfectly in the step-flow mode atT25600 °C since
only very few free standing islands are observed on the
races~compare Fig. 4!. Therefore, we conclude thatECaF2

5(1.760.1) eV.

VI. CONCLUSIONS

Summarizing, we investigated the morphology of ultr
thin CaF2 films grown on vicinal Si~111! substrates using a
two-step growth process. The different temperatures for
second growth step enable us to study the growth kinetic

si-
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CaF2 on the interfacial CaF layer formed at high tempe
tures over a wide temperature range. At lower temperatu
the growth on the pure interfacial CaF layer is dominated
the coalescence of three-dimensional islands while
growth mode on CaF2 precovered terraces is layer-by-laye
Increasing the growth temperature of the second growth
results in a drastically changed film morphology which
attributed to the transition from terrace to step nucleati
The islands consisting of excess CaF2 deposited in the first
growth step were used to compare the growth on the
CaF interfacial layer to the growth on these CaF2 islands
under identical growth conditions. The growth mode on
excess CaF2 double layers in the second growth step is lay
by-layer even for the lowest temperatures used here. T
behavior is consistently explained by kinetic growth mode
The differences between the CaF2 growth modes on the in
terfacial CaF and on the bulklike CaF2 are caused by the
different diffusion constants of the admolecules on these
similar materials.

The results concerning the growth kinetics
CaF2 /Si(111) presented here are consistent with most of
studies previously reported by other authors for one-s
growth procedures4,15,25but there are quantitative difference
concerning the diffusion constants. In contrast to previo
investigations, the use of AFM enabled us to observedirectly
the morphology of the ultrathin CaF2 films with high lateral
resolution. For the transition temperature of the transit
-
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from layer-by-layer to 3D island growth on the substrate t
races and the transition from step to terrace nucleation
served here we were able to determine the diffusion barri
The diffusion barrier for CaF2 molecules on the CaF interfa
cial layer is estimated asECaF5(1.560.1) eV, while the
barrier for the diffusion on the CaF2 islands is higher
@ECaF2

5(1.760.1) eV#. Using these values for the diffu

sion barriers and the growth models presented here leads
consistent explanation of our observations and also of
perimental results presented previously by other groups4 and
calculations by Denlingeret al.15 These calculations led to
ECaF2

51.6 eV andECaF51.4 eV as upper limits of the dif-

fusion barriers. The lower diffusion barrier on the CaF
caused by the different charge distribution in the interfac
layer compared to the bulk CaF2.

For the future we plan investigations of the CaF2 growth
on well-oriented Si~111! substrates. Larger terrace widthsw
lead to higher transition temperaturesTs between terrace and
step nucleation. If the transition temperatureTs for terrace-
step nucleation exceeds the transition temperatureTc for 3D/
layer-by-layer growth one should be able to observe the p
dicted transition between 3D island and layer-b
layer growth using substrates with lower miscut angl
Further, we intend to carry out Monte Carlo simulations
investigate the role of the diffusion barrier differenceDE
in heteroepitaxy.
ys.
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