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Bulk and surface processes in low-energy-electron-induced decomposition of CaF2

R. Bennewitz,* D. Smith, and M. Reichling†

Fachbereich Physik, Freie Universita¨t Berlin, Arnimallee 14, 14195 Berlin, Germany
~Received 9 June 1998!

The irradiation of CaF2 with low-energy~typically 1 keV! electrons results in a decomposition of the crystal
and the formation of metallic clusters on its surface, and in a near-surface layer. In this paper we describe the
formation of surface clusters and their typical shapes and transformations they undergo in an ultrahigh-vacuum
environment. From the evidence found in a variety of experiments, we conclude that surface metallization is
strongly related to diffusive transport of irradiation-induced defects. We can coherently explain experimental
results presented here, and earlier observations, by assuming that both the conversion of primarily createdF
and H center defects into chargedVk and I centers, as well as their electric-field-induced diffusion, are
controlled by the electron irradiation. Fluorine diffusion into the bulk leads to the formation of subsurface
fluorine gas bubbles appearing as micron-sized surface elevations in scanning force microscopy images. For
the initial stages of metal cluster formation on the~111! surface, we observe ordering phenomena indicating an
epitaxial growth. Due to oxidation the surface topography changes when metal clusters are subjected to a
residual gas atmosphere of 131029 mbar for more than one day.@S0163-1829~99!05508-3#
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I. INTRODUCTION

There is technological interest in the electron-induc
modification of CaF2 from two points of view: First, insulat-
ing layers of CaF2 can be structured by electron-bea
lithography1 and ‘‘hole drilling’’ with high-energy electron
beams,2 processes that may both become important for
use of CaF2 in microelectronic devices.3 The second techno
logical impact of electron-induced surface modifications
the improvement of epitaxial growth of GaAs overlayers4,5

as well as Si overlayers6 on CaF2~111!, known as electron-
beam-assisted molecular-beam epitaxy. To understand t
processes, it is important to investigate the initial stages
electron-induced surface modifications, which is one aim
the present paper.

In our previous work, several aspects of low-ener
electron-induced decomposition of CaF2 have already been
treated, namely, the penetration depth of primary electro7

the formation of bulk colloids and surface metal cluster8

and the electron-stimulated desorption of fluorine.9

The penetration depth of primary electrons with an ene
E in CaF2 has been found to obey the equationL519 nm
3(E/keV)1.45 by simulating electron trajectories.7 Here the
penetration depthL is defined as the depth where the ener
of primary electrons falls below three times the band-g
energy, which is assumed to be the lower limit for electro
hole-pair excitation. A penetration depth of 15 nm results
the energy of 850 eV mostly used in experiments discus
here. The depth of maximum energy loss~two times larger
than at the surface! and, therefore, of most effective defe
creation is 25% of the penetration depth.

Optical spectroscopy of electron irradiated CaF2 reveals
the development of calcium colloids in the bulk of th
crystal.8 For irradiation with 2.5 keV electrons at room tem
perature and above, one can expect typical colloid radii
tween 15 and 30 nm. Colloid formation results from agg
gation of F centers, a process favored in CaF2 by the good
match between the lattice structure and atomic spacing
PRB 590163-1829/99/59~12!/8237~10!/$15.00
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calcium metal and the Ca21 sublattice in CaF2 ~see
Table I!.

An important observation in electron-stimulated deso
tion studies on CaF2 relevant for the defect transport studie
discussed in this paper is delayed desorption.9 The delay be-
tween the start of irradiation and the maximum of the d
sorption yield indicates that desorption is fed by diffusion
fluorine from the bulk to the surface. In a simple picture t
desorption reaches a maximum when fluorine from a de
corresponding to the depth of maximum defect creation
rives at the surface. For longer irradiation times the deso
tion yield decreases due to depletion of bulk fluorine, a
masking of the surface by metal.

Indirect evidence that diffusive transport is not only the
mally activated but stimulated by electron irradiation w
found in a scanning force microscopy study of low-ener
electron-induced surface metallization on CaF2~111!, where
the amount of surface metal was measured as a functio
electron irradiation time.10 Surprisingly, the dependence o
metallization on irradiation time was found to be quadrat
and this observation can be explained by assuming diffus
transport ofF centers from the bulk to the surface whe
diffusion is activated only during the time of electron irr
diation. Such diffusive transport is the dominant process
experiments with a low electron intensity, applied for
longer time of observation and relevant for all measureme
presented here. At higher irradiation intensity, however, c

TABLE I. Physical properties of the Ca compounds discuss
Values are taken fromCRC Handbook of Chemistry and Physi
~CRC Press, Cleveland, 1976!.

Lattice structure Lattice constant~Å!
Molecular volume

~Å3!

Ca fcc 5.57 43.2
CaF2 fcc 5.46 40.8
CaO bcc 3.83 28.1
8237 ©1999 The American Physical Society
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loid formation due to fluorine desorption directly from th
surface may become important.10

In the present paper, we describe bulk and surface
cesses of the decomposition of CaF2 single crystals during
and after low-energy electron irradiation, and seek for a c
clusive interpretation of previously published and recent
perimental data. The experimental observations describe
Sec. II of this paper include the temperature-dependent m
allization efficiency in a near-surface layer deduced from
tical reflectivity data, and scanning force microscopy of ir
diated surfaces revealing gas bubble formation below
surface. The observations summarized in this introduc
and those described in Sec. II are discussed in Sec. III, w
we develop a model for diffusion driven by electron irrad
tion. It is a peculiarity of low-energy electron irradiation th
the development of radiation damage is strongly influen
by enhanced diffusion of charged defects in the electric fi
of the charge built up during electron irradiation. This effe
is known in the literature as electromigration and influen
for example the Auger analysis of glasses.11 Based on our
experimental findings, we propose a model for the decom
sition of CaF2 and colloid formation, in which the electri
field inhibits the recombination of the primarily produced
and H centers after conversion of theH center toI and Vk
centers. As a consequence of this transformation, the ele
field acts as a driving force for transport of these charg
defects, and especially for diffusive transport of fluorine
the surface and into the bulk of the crystal, leading to flu
rine desorption at the surface and gas bubble formation in
bulk. In Sec. IV we report on the development of metal
islands at the surface. Ultrahigh-vacuum scanning force
croscopy on weakly irradiated surfaces reveals the forma
of 30-nm-sized atomically flat islands. We present evide
of epitaxial growth under certain experimental condition
Another important feature of surface metal clusters is th
oxidation even in an ultrahigh vacuum environment. In S
V, we describe the surface topographical changes that
company such oxidation, and discuss possible mechan
of an oxidation induced transformation of the surface clus
shape.

II. BULK DECOMPOSITION

In this section we present experimental results describ
the electron-irradiation-induced decomposition of a ne
surface layer. The temperature dependence of metal co
formation efficiency is used to derive a characteristic acti
tion energy for metal formation. Furthermore, the formati
of gas bubbles during irradiation is discussed, and their de
is estimated from an elastic deformation model.

A. Temperature dependence of colloid formation

In experiments recording optical extinction spectra of c
loids formed in the bulk of CaF2 by low-energy electron
irradiation, we found that colloid formation strongly depen
on crystal temperature during irradiation.8 Since a quantita-
tive knowledge of the temperature-dependent metalliza
efficiency is of great importance for the understanding of
decomposition processes discussed here, we made an at
to determine this efficiency quantitatively. Principally, th
could be accomplished by an analysis of a series of col
o-
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extinction spectra; however, we found that it is much mo
straightforward to extract the metallization efficiency from
measurement of sample reflectivity during the early stage
metallization. For such measurements the beam of a heli
neon laser polarized perpendicularly to the plane of in
dence was reflected from the center of the electron-irradia
spot. In Fig. 1~a!, the development of reflectivity as a func
tion of irradiation time is shown at different temperatures
a sample irradiated with 0.5 mA/cm2 of 1-keV electrons.
Assuming that the reflectivity is a linear function of th
amount of metal produced, the slope of the reflectivity cu
in such a plot is a measure for the metal production e
ciency. As expected, the reflectivity rises linearly with tim
in the early stages of irradiation, but levels off for long
irradiation times. While the saturation of the curves does
follow a simple function—probably due to surface metal
zation effects—the linear increase of reflectivity at the beg
ning of the irradiation at different temperatures can be u
to derive the temperature dependence of the initial meta
zation rate. This method is based on the assumption tha
reflectivity increases linearly with the volume fractionq of
metallic colloids in a near surface layer for small values ofq.

FIG. 1. ~a! Development of the reflectivity of the CaF2~111!
surface under electron irradiation~1 keV, 0.5 mA/cm2! at different
temperatures. The inset shows the reflectivity as a function of
fraction of Ca in CaF2 as calculated by a theoretical model d
scribed in the text.~b! Slope of the linear increase of reflecte
intensity at the beginning of irradiation as a function of inver
temperature. Data sets of two different crystals are presented
offset is a result of different probe laser intensity. Both measu
ments yield an activation energy for the metallization process
0.3060.03 eV.



th
gh
te
ic
m
-

u-
o

c-
in
c
-
e

ro
in

e
at
in
p
ra

rv

u
re

hi
-
e
,
-

t-
ca
re

-
th
su
es
ic

ea
p

bo
ic

o

a
ter-

ll-
F
the
on-
n is
ed
al
ting
face

be
f gas
ni
ed
e-
i-

,
mall
the

d to
s in
rce
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This has been shown for the case of spherical colloids
are small compared to the wavelength of the probing li
and that do not interact with each other. For such a sys
with a very low density of colloids the effective dielectr
constant«eff of the metallized layer can be calculated fro
the dielectric constants«CaF2

and«Ca of CaF2 and Ca, respec
tively. Applying the Maxwell Garnet formula12 yields

«eff2«CaF2

«eff12«CaF2

5q
«Ca2«CaF2

«Ca12«CaF2

. ~1!

Introducing«eff into Fresnel’s equations, for perpendic
larly polarized light one obtains a nearly linear increase
the reflectivity from 5.4% to 10.8% when the volume fra
tion q rises from 0 to 5%; this curve is shown in the inset
Fig. 1~a!. The volume fraction of metal produced by an ele
tron dosage below 35 mC/cm2, corresponding to 70-s irradia
tion time in Fig. 1~a!, certainly does not exceed 5%, as w
concluded from optical density measurements on elect
irradiated crystals not shown here. Therefore, the linear
crease of the curves in Fig. 1~a! for low dosages can be
identified with a linear increase of the metallized volum
and its slope can be used as a measure for the metalliz
rate. Figure 1~b! shows results from two different samples
an Arrhenius-type plot. The temperature range for this ty
of measurement is limited by the onset of calcium evapo
tion at temperatures above 250 °C. The slope of the cu
yields an activation energy of 0.3060.03 eV for the metalli-
zation process, whereby the error is determined from res
performed on different samples. An interpretation of this
sult will be given in Sec. III C.

B. Formation of fluorine gas bubbles

In Figs. 2~a! and 2~b!, scanning force microscopy~SFM!
images from two different electron-irradiated CaF2~111! sur-
faces are presented. The images were taken in ultra
vacuum using the noncontact mode13 of a commercial scan
ning force microscope similar to the one introduced in R
14, and Si cantilevers with a spring constant of 45 N/m
specific conductivity of 3–5V cm21, and a resonance fre
quency of 300 kHz.

In Fig. 2~a!, the surface is covered by islands with a la
eral extension of 50 nm. These are irradiation induced
cium islands, and will be discussed in Sec. IV. Furthermo
large elevations of typically 0.5-mm diameter can be ob
served which are also covered by the smaller islands;
latter are interpreted as fluorine gas bubbles below the
face, yielding a surface deformation by their internal pr
sure. Evidence that the observed features are topograph
their nature and represent the bulged CaF2 surface rather than
any material on the surface is found in Fig. 2~b!, where the
elevation in the center of the image extends across two cl
age steps. Metallic islands do not appear in this microgra
since it is differently scaled than Fig. 2~a!; however, the 10-
nm-high cleavage steps intersect the bubble, whereby
terraces adjacent to the step are elevated. Thus both m
graphs together show that a complete CaF2 surface layer is
elevated, and these results directly visualize the decomp
tion of CaF2 into fluorine gas and calcium metal.
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While the filling of the bubble with fluorine gas is
speculation based on our experimental evidence, this in
pretation is supported by observations of Zanettiet al. re-
porting that fluorine gas bubbles evolve during ‘‘hole dri
ing’’ by a 100-keV electron beam in a 100-nm-thick Ca2
layer.2 These authors verified the presence of fluorine in
bubbles, and also its molecular character, by electr
energy-loss spectroscopy. The process of bubble formatio
closely related to stimulated diffusion and will be discuss
in Sec. III, while in this section we quantify the intern
pressure and formation depth of the bubbles by interpre
the observed surface structure in terms of an elastic sur
deformation model.

The lateral size and height of surface elevations can
used to determine the pressure of the gas and the depth o
bubble formation following a concept introduced by Mita
and Gösele for the description of bubble formation in bond
silicon wafers.15 The basic geometry of the problem is d
picted in Fig. 2~c!. This model is based on an energy min
mization where the Gibbs free energyG of the bubble is the
sum of the pressure energy2pV, the surface energypgr 0

2

for tearing apart the crystal, and the elastic energyEelastic of
the deformation:

G52pV1pgr 0
21Eelastic. ~2!

FIG. 2. ~a! and~b! Scanning force micrographs of CaF2 surfaces
irradiated with 75-mA/cm2 electrons of 850-eV energy for 10 min
at a 400-K sample temperature. The surfaces are covered by s
metal islands, and partially elevated by gas bubbles formed in
bulk. ~c! Schematic representation of the geometric model use
calculate the internal pressure and number of fluorine molecule
the bubble from geometric parameters derived from scanning fo
micrographs.
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Here p denotes the pressure in the bubble,V the bubble
volume, andr 0 the radius of the bubble. The energy per u
areag needed to separate two CaF2~111! surfaces has bee
determined to be 0.45 J/m2 experimentally16 and
theoretically.17 Assuming the elevation as a deformation o
thin circular plate fixed at its rim with a thicknessd that is
made from a material with an elastic modulusE and Poisson
numberv, we can relate the measured geometrical proper
to the internal pressurep, and find18

p5
64Dh

r 0
4 where D5

Ed3

12~12n!2 . ~3!

Since Eq.~2! defines a balance between different forc
acting, the equilibrium configuration can be determined
minimizing the free energyG. Further assuming ideal ga
behavior for the gas in the bubble, the number of gas m
eculesN can be determined to be

N5
pg r 0

2

3

2
kT

. ~4!

Equation~4! states that the number of molecules in t
gas bubble is determined by the relation between the en
needed to crack the crystal along a~111! planepgr 0

2 and the
mean energy3

2 kT of one gas molecule inside the bubbl
Within this estimate, the number of molecules in bubbles
shown in Fig. 2 is typically 107, with a corresponding pres
sure in the bubble of 53107 Pa. This pressure value fa
above ambient air pressure explains why similar bubb
were also observable in air after removal of the irradia
samples from the UHV chamber.10 From the pressure in th
bubbles, one can calculate the thickness of the deform
layer using Eq.~3!. For this thicknessd of the CaF2 layer
above the bubbles, we find about 20 nm, which is of
order of the penetration depth of primary electrons for
electron energy applied here. This is the depth we exp
from a model for gas collection in the bulk that is describ
in Sec. III.

III. ELECTRON-STIMULATED DIFFUSION

The decomposition of CaF2 under low-energy electron ir
radiation involves several steps of diffusion, transformati
and aggregation of the primarily created point defects. In
section it is discussed how the diffusion of defects is infl
enced by the electric field resulting from electron irradiatio
Therefore, in a first step the electric field built up durin
irradiation is described, then the development of point
fects in the field is explained, and, finally, the field-enhanc
diffusion of charged defects is used to explain the exp
mental observations described above.

A. Electric field of the charging

Charging of insulators during electron irradiation is a ph
nomenon that is qualitatively well understood. Generally
layer extending into the bulk down to the penetration de
of the primary electrons will be charged negatively due
charge deposition. However, the sign of the charge at
t
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surface is determined by an equilibrium between the flu
of incoming primary electrons and emitted secondary el
trons. For the beam geometry used in our experiments, C2
has a secondary electron coefficient larger than unity in
primary electron energy range between 850 and 2500
relevant here;19 i.e., for one incoming electron more than on
secondary electrons leave the crystal and, therefore, the
face is charged positively during irradiation. The typic
electric field resulting from such a charge distribution in
insulator irradiated by low-energy electrons has been
scribed by Cazaux,11 and is schematically drawn in Fig. 3~a!.
Note that there are two inversion points where the elec
field changes its sign. The first one is very close to the s
face, and not relevant for the following discussion. In th
field configuration, negatively charged defects created
tween the two inversion points are driven toward the surfa
while those created beyondPinv,2 are driven further into the
bulk. Quantitative estimates for the electric field are diffic
to obtain since the energy distribution of secondary electr
as well as the conductivity of the crystal under irradiation a
not known. However, the apparent positive surface poten
can be estimated from measurements of the kinetic energ
positive ions desorbing during electron irradiation.7 As a
consequence of the described charging profile, charged
fects experience a strong electric field in the surface la
and are driven toward the surface or into the bulk depend
on the sign of their charge and their position with respec
the inversion points of the profile. Thus the main drivin
force for diffusion is the electric field rather than therm
activation.

B. Development of defects under low-energy
electron irradiation

The primary localized excitation in CaF2 due to electron
irradiation is the self-trapped exciton~STE!.20 This meta-
stable defect may relax into the regular lattice, but may a
separate into a pair of anF center~an electron trapped at a
anion vacancy! and anH center~a fluorine atom at an inter
stitial site covalently bound to a lattice anion!; however, the
probability of such a separation is extremely low for CaF2 if
energy is only provided by thermal excitation at crystal te
peratures discussed here.21 It has been shown, however, th
the separation can be induced by excitation of the hole ce
of the STE with 5-eV photons22 but the lifetime of separated
F-H pairs in CaF2 is limited to milliseconds due to
recombination.21 We propose that in our case of low-energ
electron excitation secondary electrons provide the hole c
ter excitation, and this is the primary source ofF and H
center defects leading to metallization.

Since only stableF centers may aggregate into metall
colloids, there must be a mechanism inhibiting recombi
tion. As a second basic assumption we propose that this
hibition is accomplished by separating theH center into a
pair of an I center ~anion at an interstitial site! and aVk

center~hole binding two anions to aF2
2 molecule!. Such a

defect transformation is thermodynamically favored23 and
may be enhanced by the hole excitation mechanism
scribed above. The end product of the transformation
charged species, namely,Vk centers andI centers that are
separated in the electric field due to their opposite cha
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Since theVk center has a rather high mobility,24 it is readily
taken away and neutralized by an excess negative charg
the bulk and recombination with aF center is effectively
inhibited. This has to be seen in contrast to radiolysis exp
ments involving high-energy photons where internal elec
fields do not play an important role. In this caseVk centers
simply annihilateF centers when measuring at temperatu
where the holes are mobile. For the interpretation of s
experiments it has been shown, however, that various c
plexes ofI center andF center defects are stable.23 There-
fore, it is also reasonable to assume a coexistence of t
species in our case. In summary, the electron-irradiat
induced electric field is found to be prerequisite for the f
mation of stableF centers andI centers that are the primar
source of the metallization discussed here.

C. Field-enhanced defect diffusion

In this scenario the irradiation induced electric field is t
driving force for fluorine mass transport as well as cha
transport in the form ofVk centers. A similar mechanism
described as electric-field assisted diffusion of fluorine io
was introduced by Ibaraet al.25 for the explanation of the
temporal development of the yield of electron stimulated
sorption from CaF2. The diffusion of these species illustrate
in Fig. 3~b! is determined by the profile of the electric fie
sketched in Fig. 3~a!. While Vk centers are collected at th
inversion pointPinv,2 , I centers are driven towards the su
face or into the bulk depending on whether they are crea
above or belowPinv,2 . Vk centers collected atPinv,2 may
capture excess electrons in this negatively charged reg
recombine, and provide partial charge neutralization in
bulk.

The activation energy of 0.3 eV found in Sec. II for th
metallization process matches the well-known activation
ergy for Vk center diffusion.26 The mobility m of Vk centers
in an electric field is related to their diffusivityD by the
Einstein relationD5mkT. Although the relation betweenD
andm is scaling with the temperatureT, in the temperature
range used in these experiments the temperature depend
of both m andD are dominated by a Boltzmann factor wi
the activation energy of about 0.3 eV. Therefore, the acti
tion energies ofm and D can be compared directly. Th
correspondence of the temperature dependence of meta
tion andVk center diffusion supports the assumption of o
model that the diffusion ofVk centers is the essential firs
step for the development of stable defects and subseq
metallization in CaF2 under low-energy electron irradiation
Much higher values would be expected for the activation
the diffusion of F and I centers, at least in their groun
state.26,27

I centers driven toward the surface are the major sou
for the strong delayed desorption of fluorine observed dur
electron irradiation. Reaching the surface they replace d
orbed fluorine and this substitution mechanism explains
temporal development of the fluorine desorption dem
strated in Ref. 9. The desorption reaches a maximum w
fluorine from the inversion pointPinv,2 reaches the surfac
and subsequently decreases due to the fluorine depletio
the penetration range of the electrons. The increase of
desorption yield is due to the two times higher excitati
in
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density atPinv,2 compared to that at the surface.7 I centers
driven into the bulk yield a fluorine enrichment in a dep
somewhat larger than the penetration depth of the electr
Here the fluorine gas bubbles described in Sec. II are form
The depth of the bubbles of 20 nm estimated in Sec. II C
well in agreement with the expectation depicted in Fig. 3~b!
that the electric field driving the fluorine ions into the bu
reaches beyond the penetration depth of the primary e
trons that is 15 nm for 850-eV electrons. Calculating t
number of fluorine molecules stored in the bubbles shown
Fig. 2 according to the estimates of fluorine production p
sented in Sec. II B, we find that about two triple layers
CaF2 are dissolved in the bubbles in what appears to b
plausible number with regard to the remaining stability of t
crystal.

The last step in this process is the formation of meta
bulk and surface clusters. In the bulk this is straightforwa
since fluorine is removed and the remaining metal io
readily form precipitates with a size and shape determined
the random action of initial defect formation. We assum
that most of the colloids grow around the inversion po
Pinv,2 , where field-enhanced diffusion causes a fluor

FIG. 3. Schematic representation of the model for the decom
sition of CaF2 under low-energy electron irradiation.~a! Electric
field « vs depthz. The field strength is determined by the negati
charger2 in the bulk and the positive charger1 at the surface due
to secondary electron emission~after Ref. 11!. The field direction is
inverted at pointsPinv,1 andPinv,2 . ~b! Electron-irradiation-induced
processes: Transport of fluorine ions to the surface and into the
and fluorine desorption. Calcium colloids develop at the surface
in the bulk while, fluorine gas bubbles are formed slightly below t
inversion pointPinv,2 .
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depletion leaving behind vacancies that may capture ex
electrons to formF centers. When providing enough therm
energy,F centers become mobile, and little diffusion is r
quired to form regular metallic colloids observed at eleva
temperatures.8

However, diffusion rather than fluorine desorption h
been found to be the driving force for surface metallizat
in low-intensity electron-irradiation experiments.10 There the
integrated volume of metal islands on the CaF2 surface pro-
duced by electron irradiation was found to grow quadra
cally with the applied irradiation time, which can be e
plained by assuming that the surface metallization is built
by diffusion of F centers from the bulk to the surface b
diffusive transport is restricted to the duration of electr
irradiation. The latter assumption can now be understoo
the framework of the model depicted above.F centers are
created and stabilized as long as there is an elect
irradiation-induced electric field; however, as soon as
irradiation is switched off both the creation of charged s
cies as well as their field driven diffusion will stop immed
ately. Any remaining defects will recombine with the
complements since there is no separating force anym
Thermally stimulated diffusion experiments have shown t
above 270 KF centers are mobile enough to aggregate i
metallic colloids of up to 25-nm radius.8 Furthermore, during
irradiation theF centers may be excited and therefore p
sess a lowered activation energy for diffusion. TemporarilF
centers may even be ionized, forming vacancies which
then driven by the electric field toward the inversion po
Pinv,2 . All these excitation processes could enhance the e
ciency of colloid formation.

IV. SURFACE METALLIZATION

As we know that surface metallization due to electr
irradiation at elevated temperatures is to a large extent fe
F center diffusion from the bulk, it is interesting to inves
gate the ordering of metal on the surface in some detail. H
we focus on irradiations that are weak compared to th
applied in earlier studies10; i.e., we irradiated crystals at
temperature of typically 400 K with an average current d
sity of 5 mA/cm2 of 850-eV electrons for 10 min. After cool
ing crystals to room temperature they were inspected
scanning force microscopy in the non-contact mode whe
bias voltage was applied to the rear side of the sample
minimize electrostatic forces.28 Since the electron beam doe
not have a flat intensity profile and the SFM samples onl
very small fraction of the irradiated area that cannot be w
located within the spot, the dosage density relevant fo
specific SFM micrograph is not known precisely and t
irradiation parameters given define an upper limit.

Figure 4 shows a typical micrograph obtained in this w
where surface elevation is coded in the form of a false co
representation. The most obvious features in this microgr
are five terraces descending from the lower left to the up
right corner. Terraces are separated by steps with a heig
0.32 nm corresponding to the distance between~111! triple
layers in the CaF2 structure. The color scaling has been ch
sen so that the level of each of the terraces correspond
one of the main colors yellow, green, cyan, blue, and r
Terraces are covered by randomly distributed islands
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20–30 nm lateral extension. Closer inspection of the col
of the islands reveals that all of them exhibit the color of t
next higher or next but one higher terrace, respective
Therefore, most islands are formed by two layers of the sa
height as the step height between CaF2 terraces. This obser
vation is in accordance with our expectation of an epitax
growth during the initial steps of metallization. The distan
between~111! planes in metallic calcium equals the distan
between~111! triple layers in the CaF2 structure due to the
matching lattice structures of CaF2 and metallic Ca and due
to their nearly equal lattice constants, as can be seen in
compilation of data in Table I. While this observation revea
a growth in ordered layers we sometimes also observe or
ing phenomena in lateral directions. Most islands exhibi
rather irregular contour; however, in some cases we fi
clearly triangular shapes, as demonstrated in the upper r
of Fig. 5, representing a magnified section of the same
face as in Fig. 4. Again, the islands consist of two laye
where the upper layer resembles the symmetry of the~111!
surface by its triangular shape. This type of ordering is o
observed for a range of crystal temperatures providing a
tain level of surface mobility during colloid formation. Th
triangular shape is most probably a result of energy mini
zation, forcing the colloid into a shape with a minimum num
ber of low-coordinated sites, while at the same time allow
epitaxy in island formation that is fostered by a strong int
action of the metallic cluster with the underlying substra
The detailed mechanisms of formation of islands of su
shapes will be described in a forthcoming paper.

It is interesting to relate our results to experiments
silicon growth on electron-irradiated CaF2 reported by
Petterson, Miles, and McGill.6 These authors found that th
roughness of Si films grown on CaF2 can be reduced by
preirradiation with low-energy electrons. The best resu
have been found for irradiation conditions comparable
those used for the preparation of the surface shown in Fig
The atomically flat metal islands provide a higher free s
face energy compared to CaF2 which is needed to enforce
two dimensional growth of the silicon film. The need of
direct Si-Ca bond at the CaF2/Si interface for smooth film
growth has also been shown for the reversal growth of C2
on Si.29

V. OXIDATION OF SURFACE CLUSTERS

In a previous paper,28 we showed preliminary results o
SFM imaging of irradiated surfaces inspected a long ti
after irradiation. In such micrographs we found peculiar s
face features, namely, holes and adjacent elevations,
cannot be explained by ordering processes discussed in
IV. We tentatively assigned the observed phenomena ei
to a true topographic structure developing with time or a
facts due to local charge accumulation. Here we revisit t
phenomenon, present results from more systematic stu
and aim for a conclusive interpretation of such SFM mic
graphs. We are now convinced that they represent true to
graphic features resulting from a structural transformation
surface metal clusters during oxidation or hydroxylation
the residual gas atmosphere, and are not related to char

Our discussion here is based on a series of microgra
obtained from irradiated surfaces where the time elapsed
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FIG. 4. ~Color! Surface metallization after weak electron irradiation~5 mA/cm2, 10 min, 850 eV, 410 K!. The false color representatio
shows five terraces descending from the lower left to the upper right corner. The irradiation-induced metal islands exhibit colors of
higher terraces.
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tween irradiation and SFM imaging was systematically v
ied between 6 and 40 h; the respective scanning results
displayed in Figs. 6~a!–6~d!. The topography in frame~a!
representing 6-h waiting time is very similar to that of Fig.
i.e., the terraced surface is randomly covered by surface c
ters of 1-ML height and nanometers lateral extension
quently topped by a second monatomic layer of smaller
eral extension. Areas between clusters are atomically
within the precision of the measurement. First stages o
-
re

,
s-
-
t-
at
a

transformation can be recognized in frame~b!, taken 16 h
after irradiation. While the basic structure of surface collo
is still preserved, there appear small holes adjacent to m
of the clusters. Although their lateral extension is only a fe
nanometers and the tip cannot precisely replicate the st
ture of the holes, to our knowledge they are a distinctly n
feature with a depth of at least 0.5 nm. Frame~c!, represent-
ing a result for 24-h waiting time, shows the next step in t
progression where the visible hole area has consider
long the
FIG. 5. ~Color! Magnified area from the same surface as in Fig. 4, demonstrating the alignment of surface metal clusters a
symmetry lines of the~111! surface.
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FIG. 6. Surface metal cluster formation and oxidation on various surfaces observed as a function of waiting time elapsed
irradiation and SFM imaging.~a! Micrograph taken 6 h after 600-s irradiation at 410 K.~b! Micrograph taken 16 h after 120-s irradiation
343 K. ~c! Micrograph taken 24 h after 600-s irradiation at 410 K@same surface and irradiation as frame~a!#. ~d! Micrograph taken 40 h after
120-s irradiation at 385 K.
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grown compared to the previous frame, and in some ca
the metal exhibits a tendency of surrounding the hole i
ringlike structure. Note that the metal clusters now hav
shape significantly differing from that found in frame~a!.
The tendency of a structural transformation is even m
evident in the final frame~d!, representing results obtaine
40 h after irradiation. The most striking feature evident
this frame, however, is the accumulation of metal on top
cleavage steps or tips, where the corresponding hole is
cated at the adjacent lower terrace@see the arrows in frame
~d!#. We have not observed any significant further transf
mation for waiting times longer than one 40 h.

The surface topography is markedly different when
substrate temperature during irradiation is significan
above 400 K; a typical example for an irradiation at 445 K
shown in Fig. 7. In this SFM micrograph we do not obser
traces of surface colloids, but a strong surface erosion m
fest in irregularly shaped holes covering the surface. T
surface structure is reminiscent of SFM micrographs take
air on crystals irradiated at lower temperature, where
surface metal has been removed by exposure of the su
to water.10 As in this previous case, we interpret the holes
locations of preferential surface erosion similar to the ho
es
a
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observed in micrographs from Fig. 6 found at lower tempe
ture. In contrast to these lower-temperature measuremen
the experiment shown in Fig. 7, surface metal has evapor
from the surface leaving behind the eroded CaF2 surface.
The high density of holes is testament to the strong enha
ment of erosion when the temperature is raised~see Sec. II!,
since the irradiation time in this experiment was rather sm
compared to other measurements presented before.

In an effort at a conclusive interpretation of the expe
mental evidence compiled in the previous paragraph, we
collect arguments ruling out that the observed features
due to surface charging effects. This is nota priori evident,
since noncontact SFM imaging is as equally susceptible
surface topography as charging, and there is no inherent
of discrimination between these effects when judging
micrograph.30 Furthermore, the holes detected in the surfa
principally provide a plausible explanation for charging ar
facts, since they are defects that might accumulate cha
defects. Our main argument for dismissing charging as
origin of the features observed in the series of Fig. 6 is
fact that transformation effects progressively develop a
function of waiting time after irradiation, while charging e
fects would decay. The latter has been verified in numer
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experiments on freshly cleaved surfaces, where any sur
charge initially present did decay with waiting time, an
charging reached a level insignificantly influencing SFM i
aging after a few days. Freshly cleaved surfaces certa
contain many defects with a potential of charge accumu
tion; however, we never observed a local increase in ch
ing nor did we find evidence of charging due to an exter
electron source like the filament of the ion gauge in
vacuum system. Of course, electron irradiation introduce
considerable amount of charge, but this charge will de
with time due to the ionic conductivity of the CaF2 crystal.28

Hence the only possible mechanism yielding local charg
increasing with time would be a concentration resulting fro
diffusion and trapping at defects. However, we know th
such diffusion is strongly enhanced by temperature, and
moderate heating~470 K! of a CaF2 crystal it is, for example,
possible to completely eliminate surface charging dur
photoemission experiments.31 Hence the major contribution
to a possible charge concentration would be expected im
diately after electron irradiation when the crystal is still h
and a concentration effect should be visible soon after i
diation and will not develop during days where the crysta
kept at room temperature. In view of all these results a
conclusions, it appears to be highly improbable that charg
plays any role in the time development found in SFM mic
graphs presented above.

To explain the surface structural transformations evid
in Fig. 6, we instead suggest a model based on the assu
tion that the metallic surface colloids progressively oxid
during exposure to the residual gas atmosphere in
ultrahigh-vacuum apparatus. In previous papers we sho
by x-ray photoelectron spectroscopy that such oxidation
curs for surface clusters that had been prepared similarl
those discussed here, and that the oxidation in the ultrah
vacuum environment occurs on a time scale of some
hours, very compatible with what we observe here.10,32More
recently we investigated band-gap electronic states emer
after a controlled dosage of the CaF2 surface with various
gases using ultraviolet photoelectron spectroscopy,

FIG. 7. Crater formation on a surface irradiated at higher te
perature. The SFM micrograph was taken 16 h after 40-s irradia
at 445 K.
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found that the electron irradiated surface is readily oxidiz
or hydroxilized by oxygen and water, while dosing with n
trogen and carbon dioxide did not yield a measura
effect.33 Based on the latter results we anticipate that oxyg
and water are the main components of the residual gas
sponsible for the structural changes observed in the S
measurements presented here. Within this model the pro
of surface erosion, colloid formation, and transformation c
be described as occurring in several steps. The primary
is a preferential erosion at sites randomly distributed over
surface, although we presently do not know details ab
these sites. Apparently the holes observed in SFM mic
graphs are the main source of surface metal, and we sp
late that they represent the end points of channels suppl
metal by pipe diffusion. Initially the holes are covered b
metal, and material emerging from below the holes is distr
uted over the adjacent surface, thus forming surface clus
with a height not larger than two monolayers. If the irrad
tion is stopped at this point where the average surface c
erage is about one monolayer and the temperature is
creased, the initially formed clusters are stabilized, and
surface structure does not change significantly during sev
hours. However, prolonged exposure to the residual
leads to progressive oxidation of the clusters. As can be s
in Table I, lattice structure and interionic spacing in Ca a
CaO, and consequently the respective specific volumes
not match well. Therefore, during the time of oxide form
tion there will also be a buildup of surface stress in the cl
ter exerting forces on the parts deeper in the holes. To m
mize its surface energy, the oxidizing cluster undergoe
transformation from the originally flat platelet with some e
tension into the hole to a more spherical shape. Internal
hesive forces yield a removal of material from the hole in
the cluster adjacent to the hole. The transformation is s
ported by progressive oxidation weakening the adhesion
tween the cluster and the CaF2 surface.

VI. SUMMARY

Irradiation of CaF2 with low-energy electrons results i
bulk and surface metallization as well as fluorine desorpti
We demonstrated that these processes are closely relat
each other, and that bulk and surface readily communic
with each other by diffusion of charged defects. A ma
conclusion from various pieces of experimental evidence
that this diffusion is not only thermally activated but main
driven by the electric field built up in a surface layer of th
crystal during electron irradiation. We presented a mo
proposing that, in a highly excited surface layer, self-trapp
excitons as the primary product of electron irradiation
some extent are converted intoI center andVk center defects.
I centers are then driven to the surface feeding fluorine
sorption but also into the bulk where the formation of flu
rine gas bubbles is observed, whileVk centers provide
charge neutralization in a depth corresponding to the p
etration depth of the primary electrons. This mechanism
fluorine depletion fosters the formation of metal colloi
even at low temperature where onlyVk centers are mobile.

The investigation of the topography of electron-irradiat
surfaces yields evidence of strongly inhomogeneous sur
erosion. In the initial stages of surface metallization, we
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ordered nanometer-sized precipitates of 1–2-ML height
formed. Under certain experimental conditions the epitax
growth in lateral direction is influenced by the substrate in
way producing triangular surface clusters reproducing
substrate surface symmetry. The topography drastic
changes upon exposure of the surface to the residual
atmosphere during several days. The initially well-order
flat precipitates are transformed into more irregularly shap
three-dimensional clusters found at the edges of surf
holes which were previously covered by the clusters. W
documented several stages of this transformation, and
posed that this process is induced and maintained by prog
re
l

a
e
ly
as
,
d

ce
e
o-

es-

sive oxidation of metallic clusters in the residual gas atm
sphere.
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