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Low-temperature interface structure of CaF2 ÕSi„111… studied by combining x-ray standing waves
with component-resolved photoemission
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X-ray photoelectrons excited by x-ray standing waves~XSW! are used to study the atomic structure of the
low-formation-temperature (370°C) interface between CaF2 and Si~111!. The core-level shift of the photo-
emission spectra of the Ca atoms at the CaF2 /Si interface is used to distinguish interface Ca atoms from atoms
in other ~bulk! layers in the XSW measurements. Therefore, we obtained quantitative structure information
specific to the buried CaF2 /Si interface avoiding some of the ambiguities of XSW. Even at the low growth
temperatures used here, the interface is well ordered, with interface Ca atoms exclusively adsorbed onT4 sites.
The majority of the interface layer has CaF stoichiometry. The CaF2 films consist of domains with type-A and
type-B orientation.
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The heteroepitaxial system calcium fluorid
(CaF2)/silicon ~Si! serves as a model system for atomis
processes during the epitaxy of two very dissimilar mater
such as the ionic crystal CaF2 and the covalently bound Si.1

The growth of CaF2 on Si was expected to be relative
straightforward because both materials have similar st
tures and lattice constants~0.5% lattice mismatch at room
temperature!. Investigations of the growth and structure
CaF2 /Si, however, have shown that this system involves s
eral complications. For instance, the interface chemis
leads to CaF2 dissociation at high growth temperatures.2 It is
assumed that incomplete interface reactions at tempera
below ;650 °C provoke poorly ordered interface layer3

Therefore, CaF2 is usually deposited at high temperatures
grow high-quality epitaxial films on Si.4 The interface struc-
ture of CaF2 /Si(111) grown at high temperature
(>650 °C) has been investigated extensively using differ
experimental techniques such as x-ray photoelectron s
troscopy~XPS!,2,5 x-ray photoelectron diffraction~XPD!,6–8

x-ray diffraction,9–11 medium energy ion scattering,12 and
x-ray standing waves~XSW!.3

Although most studies on the interface structure
CaF2 /Si(111) are focused on films grown at high grow
temperatures because of their high crystalline quality, low
growth temperatures are desirable for technological appl
tions due to the improved homogeneity13 and electrical
properties14 of the CaF2 films. These applications include
e.g., nanoelectronic devices15,16 exploiting the large~12.1
eV! CaF2 band gap and Si-based optoelectronics.17 There-
fore, we investigated the interface structure of ultrathin Ca2
films grown on Si~111! at 370 °C with XSW.

XSW is a powerful experimental technique to study t
atomic structure of adsorbates.18 In particular, it can be used
to precisely determine the position of atomic species re
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larly adsorbed on a surface with respect to the substrate
tice planes within 1% of the lattice plane spacing. In stud
of the structure of multilayer films or buried interface laye
however, XSW suffers from an ambiguity of the results:
oms of the same species but different adsorption sites ca
be distinguished and thus cause intermixed signals. Atom
different sites are, however, surrounded by different envir
ments causing shifts of their core-level photoemission sp
tra. As proposed before,18 these core-level shifts can be use
to obtain separate inelastic signals from atoms on differ
adsorption sites.19 Here, we present an application of th
technique to the quantitative structure analysis of an in
face.

The standing wave field is generated by the interfere
between the incident and the Bragg-reflected x-ray beam
phasen is varied from 0 top by scanning the x-ray energ
over the Bragg condition. This shifts the standing wave p
tern by half a lattice plane distance. Photoemission of ato
in the standing wave field reflects the resulting local intens
variation by a change in its intensity, the inelastic signalY,

Y}11R12AR fccos~n22pFc!. ~1!

R denotes the x-ray reflectivity. The coherent positionFc
and the coherent fractionf c are given by

f ce
iFc5

1

N (
n

e2p iHW •rWn, ~2!

whereHW denotes the scattering vector of the correspond
Bragg reflection andrWn the position of thenth atom. Fc
describes the position of the atoms contributing toY while f c
provides a measure for their order. Perfectly ordered ato
on equivalent adsorption sites lead to a coherent fraction
©2002 The American Physical Society04-1
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1, while multiple nonequivalent adsorption sites or rand
disorder~e.g., thermal vibrations! reducef c .

The atomic positions obtained by XSW may not
unique for two reasons: First, there may be several ads
tion sites for one atomic species. This leads to a redu
coherent fraction and an averaged position is obtained by
coherent position@see Eq.~2!#. Second, atomic positions ca
only be obtained modulo the spacing of the Bragg pla
used for the measurement. Therefore, it is impossible to
tinguish between atoms in different layers, e.g., atoms at
interface and atoms in the overgrowing layers. This rest
tion can be circumvented if atoms in different layers can
distinguished by their inelastic signals. In this paper,
present an application of XSW by using XPS to determ
the structure of buried interfaces.

It is well known that the binding energy of Ca core-lev
electrons at the interface is decreased by 2.4–2.7 eV dep
ing on the detailed atomic configuration at the interface.8,20

This core-level shift~CLS! is attributed to different environ
ments of atoms at the interface in comparison to b
atoms.20 Distinguishing interface and bulk contributions
the Ca 2p photoelectron signal~cf. Fig. 1! one can determine
simultaneously the structure of the interface and the ov
growing film, respectively, by means of XSW. The ratio
bulk and interfacial Ca, however, cannot be determined
the intensity ratio of the correspondent XPS peaks becaus
the measurement geometry used here both photoelectron
fraction effects and the film morphology can influence t
intensity ratio. Nevertheless, the XPS data are consis
with the results of Denlingeret al.7

We deposited (1.760.4) triple-layer~TL! CaF2 to ensure
that the interfacial layer is completely closed and does
exhibit any reconstruction as has been reported for the

FIG. 1. XPS spectrum of the Ca 2p emission obtained for 1.7
TL CaF2 deposited at 370 °C on Si~111! by using 3350 eV x rays.
Thep1/2-p3/2 splitting is clearly resolved. The curves are fitted usi
the sum of two Gaussian curves for both bulk and interface con
butions.
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monolayer range at higher growth temperatures.2,21 One
triple-layer denotes one molecular CaF2 layer consisting of
one Ca layer embedded between two F layers (
31014 molecules/cm2).

The XSW measurements were carried out at the B
undulator beamline of the Hamburg synchrotron radiat
laboratory at Deutsches Elektronensynchrotron in Hamb
Germany. Both sample preparation and XSW measurem
were donein situ without breaking the ultrahigh vacuum
~UHV!. Si samples were chemically cleaned before insert
into the UHV system. After annealing at;550 °C for 12 h,
the oxide was removed by increasing the temperature u
850 °C for 10 min. CaF2 was evaporated from an electron
beam-heated graphite crucible at the deposition rates
;0.1 TL/min, controlled by quartz microbalances.

The results obtained from the XSW data~c.f. Fig. 2! for a
1.7 TL CaF2 film grown at 370 °C are shown in Table I. Th
x-ray energy used for all measurements is 3350 eV. Cohe
positions and coherent fractions are determined separa
for both Ca atoms at the interface and in higher layers
using the interface and bulk contribution to the Ca 2p3/2
photoemission, respectively. XSW measurements were
ried out using both~111! and ~220! Bragg reflections to de-
termine atomic positions via triangulation.

The high coherent fractions obtained for the interface
atoms point to a well-ordered interface. The coherent po
tion FCainterf.

111 50.94 in @111# direction is used to compute th

average interface distanced5(0.29460.013) nm, which is

i- FIG. 2. XSW results using the~220! Bragg reflection for 1.7 TL
CaF2 deposited at 370 °C on Si~111!. The circles, squares, and tr
angles show the measured values for the x-ray reflectivity, Cap
bulk, and Ca 2p interface photoemission components, respective
The curves show the fits of the data with the clear difference
tween the inelastic signalsY of the bulk compound and interfac
compound.
TABLE I. XSW results for 1.7 TL CaF2 deposited at 370 °C on Si~111!. Fc and f c were obtained for two
different Bragg reflections@~111! and ~220!#.

Inelastic signal Fc
(111) f c

(111) Fc
(220) f c

(220)

Ca 2p3/2 bulk 0.9660.01 0.7760.02 0.2260.04 0.1360.04
Ca 2p3/2 interf. 0.9460.01 0.8260.04 0.3960.02 0.9560.19
F 1s 0.2060.01 0.2760.02 0.4260.02 0.1660.03
4-2
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the spacing between the topmost Si lattice plane, i.e.,
plane in the middle of the topmost Si bilayer, and the first
layer, assuming that the topmost Si layer is not relaxed~see
Fig. 3!. In connection with the~220! coherent position
FCainterf.

220 50.40 this shows that interface Ca atoms adsorb

clusively onT4 sites.
In contrast to the interface, the interpretation of the XS

results for the bulk is not straightforward. In particular, t
coherent fractionf Cabulk

220 needs a more complex interpretatio

CaF2 can grow on Si~111! in two different orientations: type
A and typeB where the CaF2 lattice is rotated by 180°
around the@111# direction. Type-A-oriented CaF2 films are
observed only for low growth temperatures and a
metastable.1,22 The coherent position of the bulk Ca atoms
@111# direction equals approximately the coherent position
the interface Ca atoms. This is consistent with CaF2 growing
in a bulklike structure on the interface layer and is indep
dent of the CaF2 orientation. In contrast to the@111# direction
the XSW results obtained using the~220! Bragg reflection
exhibit a strong dependence on the film orientation. Neit
pure type-A nor type-B orientation is consistent with th
XSW data presented here. Therefore, the measured va
for Fcbulk

220 and f cbulk

220 can be explained only by assuming

mixture of type-A- and type-B-oriented domains with (25
612)% of the CaF2 film grown in A-type orientation.

In the bulk CaF2 lattice only two nonequivalent F atom
positions exist with respect to the~111! lattice planes: F at-
oms residing 1/4 of the Ca interlayer distance below a
above the Ca layers. If the number of F atoms below a
above the Ca layers is equal, the coherent fraction of th
atoms vanishes, because the F interlayer spacing is al
exactly half the Si lattice plane distance. The measured
herent fractionf F

111 of the F atoms, however, has a fini
value of 0.27. This is expected for an unbalanced occupa
of the upper and lower F layer. Usingf F

111, the occupation
ratio can be determined. The resulting coherent posi
mainly reflects the majority site position. From the measu
Ca position, values ofFF

11150.1960.01 and FF
11150.69

60.01 are expected for a predominant occupation of the
per or lower F layer, respectively. Our data yieldFF

111

50.2060.01 andf F
11150.2760.02, in excellent agreemen

with deficient F in the lower F layer. Taking into account
total deposit of (1.760.4) TL CaF2 and assuming no desorp
tion of F from the upper F layer, the measured coher
fraction of F yields a value of (0.2860.16) ML for the
amount of F found at the lower interface F layer. This va

FIG. 3. Schematic model of the atomic arrangement at
CaF2 /Si(111) interface showing both type-B ~left! and type-A ori-
entation~right! with CaF and CaF2 stoichiometry at the interface
respectively.
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represents an upper limit since the disorder contribution
reducing the coherent fraction cannot be determined se
rately.

During the initial growth stage, the fully coordinate
CaF2 molecules react with the Si surface, removing the
37) reconstruction for deposition above;200 °C. Here,
several reactions may occur:1 ~i! adsorption of CaF2 mol-
ecules,~ii ! dissociation of CaF2 with both SiuCauF and
SiuF bonding,~iii ! SiuF bonding with Ca evaporation, an
~iv! SiuCauF bonding with F desorption.

The last case occurs at temperatures above;650 °C. Ca
evaporation@case iii!# seems to be suppressed by the rat
strong bonding between Si and Ca. On one hand, XPD m
surements show no evidence for ordered F atoms below
atoms before second layer nucleation for CaF2 films grown
at 450 °C.7 Furthermore, it is reported that the interface lay
contains only;2/3 ML Ca.6 This behavior can be explaine
by case~ii ! with SiuF species blocking;1/3 of the adsorp-
tion sites. On the other hand, at 370 °C we observed a m
ture between type-A and type-B orientations. The film orien-
tation is determined by the interface structure.22 While the
SiuCaF structure leads to type-B orientation~high tempera-
tures!, the overgrowth of both non-dissociated Si-CaF2 @case
i!# and Si-F covered areas@case ii!# may cause type-A orien
tation. Structures of the Si-F-CaF2 type, however, can be
excluded by our XSW data, because they are inconsis
with the values off c

111 for bulk Ca atoms. In conclusion, bot
the first case and the second case with an additional r
rangement of the SiuF areas during second layer grow
may apply to the submonolayer regime. At least, for cov
ages sufficiently larger than 1 TL and growth temperatu
below 600 °C we propose an interface consisting of b
SiuCaF and SiuCaF2 domains.

The Ca adsorption site at the interface was subject to c
troversial discussions in literature. Both uniqueT4

10,12 as
well as H3 /T4 mixtures3,23 were suggested for films grow
at high temperatures. For the interface of CaF2 /Si films
grown at 370 °C we showed that Ca atoms adsorb ex
sively atT4 sites. Even taking a relaxation of the outermo
Si layer into account, the interface spacingd5(0.294
60.013) nm measured by XSW for films grown at 370 °C,
larger than the value of 0.262 nm determined by Trompet al.
with MEIS for 1 TL CaF2 grown at 770 °C12 ~the outward
relaxation of the outermost Si layer of 0.0125 nm observ
by MEIS is included in the 0.262 nm as it cannot be det
mined by XSW!. This larger interface spacing can be e
plained by an incomplete dissociation of the CaF2 molecules
at lower temperatures, or by relaxation of the topmost
plane. This results in CaF and CaF2 domains, with an in-
creased interface spacing in CaF2 areas~c.f. Fig. 3!.

In this paper, we present an application of XSW emplo
ing XPS to study the structure of a buried interface. T
technique is not restricted to one particular system. M
heteroepitaxial systems involving disparate materials sh
clear CLS of atoms at the interface. Even the position
surface atoms may be determined by XSW, if the CLS of
surface atoms is sufficiently large to be experimentally
solved. Thus using a high-resolution photoelectron spectr

e
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eter in conjunction with a third generation synchrotron rad
tion source opens the possibility to determine surface
interface structures with the accuracy of XSW but reduc
ambiguities. In addition we stress that this technique is
portant to study buried interfaces whose structure may di
from uncovered monolayers. For instance, we observe
strong coverage dependence for the structure of CaF2 sub-
monolayers on Si~111! with XSW.24

In conclusion, the CaF2 /Si~111! interface grown at
370 °C consists of a mixture of CaF and CaF2. The atoms at
i
s

Z

h

1934
-
nd
d
-

er
a

the interface itself are well ordered with Ca adsorbed onT4

sites. Even at these low temperatures the majority of
interface consists of CaF. These results contradict prev
publications assuming the need for high growth temperatu
to establish a well-ordered interface structure.3,12 Therefore,
CaF2 films with high crystalline quality can be grown o
Si~111! at rather low temperatures, avoiding problems w
inhomogeneous growth of CaF2 films at high temperatures.13
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