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The cleaved CaSi, (111) plane exhibited atomically smooth terraces with steps, and the secondary
electron microscope (SEM) image showed a dark and bright contrast on the terrace. The Auger in-
tensities showed a clear contrast corresponding to the SEM image contrast: The intensity of Si LVV
was high in the dark region and low in the bright region, while the intensity of Ca LMM was re-
versed. The surface termination of the cleaved CaSi, (111) was quantitatively determined from the
Auger-electron-spectroscopy point analysis such that the dark region was terminated in the Si bi-
layer and the bright region in the Ca monolayer. The results show that the cleavage occurs between

the Ca monolayer and Si bilayer.

I. INTRODUCTION

CaSi, has received extensive attention as a new metal-
semiconductor interfacial material in very large-scale in-
tegrated (VLSI) technology since an atomically smooth
epitaxial film is grown on silicon wafers.? In the past,
such an ideal interface on silicon was found only for
CoSi, and NiSi,.>"® The crystal structure of CaSi, shows
layer-by-layer packing in which hexagonal Si bilayers al-
ternate with hexagonal Ca monolayers along the [111]
direction.” The basic structural features of the epitaxial
CaSi, film are investigated by cross-sectional electron mi-
croscopy.”? Theoretical and experimental studies of the
electronic properties and structures have also been per-
formed on the bulk polycrystals.!®” % More detailed
knowledge of the structures of this compound is critical
for our understanding of the physical and chemical prop-
erties.

Recently, one of the authors reported the growth of a
large single crystal of CaSi, by a floating-zone method
and its electrical properties.!> The single crystal of CaSi,
exhibited a very smooth cleaved (111) surface just like
mica. In this paper, we will present the results of surface
analysis of the clean cleaved CaSi, (111) by Auger elec-
tron spectroscopy (AES). Our purpose in this study is to
examine the termination of the cleaved (111) surface.
The cleaved surface structure of CaSi, is of considerable
scientific interest in view of the chemical bonding in this
compound. Since CaSi, has a layered structure, the ter-
mination of the cleaved surface will serve to elucidate the
chemical bonding. It is also of technological importance
since the termination of the substrate surface strongly
affects the growth of subsequent epitaxial layers. Such an
effect has been studied for the metal overlayer growth on
the transition-metal disilicides CoSi, (111), FeSi, (001),
and MoSi, (001).'%'7 We will show, using surface-
sensitive analysis AES, that cleavage occurs between the
Ca monolayer and Si bilayer, resulting in the Ca mono-
layer termination and Si bilayer termination.

II. CRYSTAL STRUCTURE OF CaSi,

CaSi, has a trigonal and rhombohedral structure with
a =10.42 A and a=21.5° and two molecules in the unit
cell, as shown in Fig. 1(a). The fundamental crystal
structure data’ are listed in Table I. The stacking se-
quence along the [111] direction is an alternating repeti-
tion of hexagonal Ca monolayers and hexagonal Si bi-
layers, as shown in Fig. 1(b). There are 18 layers (6 Ca
monolayers and 6 Si bilayers) in the entire stacking se-
quence. Two inequivalent Si atoms, Si(1) and Si(2), exist
in the unit cell. Both Si atoms have a three Si first neigh-
bors at 2.44-2.45 A (slightly longer than the 2.35-A bond
length in pure silicon) in their neighboring Si layer. The
major difference between Si(1) and Si(2) is a Ca atom
coordination surrounding the Si atom as pointed out by
Bisi ez al.;'!i.e., Si(1) has one Ca second neighbor at 3.06
A while Si(2) does not. The interspacing of the Si bilayer,

TABLE 1. Structural data of CaSi, (taken from Ref. 9). Bra-
vais lattice: trigonal and rhombohedral; space group: R 3m; lat-
tice parameters: a =10.42 A, a=21.5% atomic positions: Ca
(0.083, 0.083, 0.083), Si(1) (0.185, 0.185, 0.185), Si(2) (0.352,
0.352, 0.352).

Coordination
Coordination Distance
Atom Neighbor number (A)
Ca Si(2) 3 3.01
Si(1) 3 3.03
Si(1) 1 3.06
Ca 6 3.86
Si(1) Si(1) 3 2.44
Ca 3 3.03
Ca 1 3.06
Si(1) 6 3.86
Si(2) Si(2) 3 2.45
Ca 3 3.01
Ca 3 3.78
Si(2) 6 3.86
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FIG. 1. (a) Unit cell of CaSi, and (b) the stacking sequence of atoms along the [111] direction.

1.00-1.02 ;\, is considerably smalleor than that between
the Ca layer and Si layer, 2.03-2.06 A.

III. EXPERIMENTS

Single-crystal growth of CaSi, was reported in a previ-
ous paper.!> The crystals were grown in a flowing Ar at-
mosphere by a floating-zone method. The crystal struc-
ture was confirmed as a trigonal and rhombohedral struc-
ture by x-ray diffraction. The chemical composition of
the crystals was also confirmed to be stoichiometric by
electron-probe x-ray microanalysis. There were no
detectable compositional distributions along the growth
and radial directions in the as-grown crystals. The crys-
tals were cut to give rectangular bars of 2X2X 15 mm?
with 2 X2 mm? faces perpendicular to the [111] direction.
These specimens were notched to facilitate the cleavage
in the Auger machine and then rinsed in acetone.

The Auger point analysis was carried out for the quan-
titative analysis of the cleaved surface with a scanning
Auger microprobe (PHI SAM-660). An electron beam
voltage of 5 keV with a beam current of 200 nA was used

for the experiments. Auger electron spectra were record-
ed according to the N(E) mode. The derivative spectra
were calculated from these data. The beam spot size was
2.0 um in diameter. The specimen was placed perpendic-
ular to the axis of the cylindrical mirror analyzer (CMA),
making the coaxial electron beam perpendicular to the
specimen surface. The takeoff angle of Auger electron
was 42° with respect to the specimen normal. The line-
scanning Auger analysis was also carried out to examine
the surface elemental distribution by the two-point
method, i.e., by measuring the Auger peak height above
the background. Once under vacuum, the specimens
were cleaved in situ at a pressure of 3 X107 !° Torr. Since
CaSi, is metallic,!®> there were no surface-charge prob-
lems during the analysis: the electrical resistivity ranges
between 56 and 63 p) cm at room temperature, depend-
ing on the crystal orientation.

IV. RESULTS

Cleavage occurred on the (111) plane, as described in a
previous paper.!®> The cleaved surface exhibited smooth
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terraces with steps, as shown in Fig. 2. Figure 2 is a mi-
crograph of the cleaved surface by secondary electron mi-
croscopy (SEM) which is installed in the Auger machine.
Each terrace looks like an atomically smooth surface and
therefore there are no problems for the AES quantitative
analysis due to the surface roughness. A striking feature
in the SEM image is that a dark and bright contrast is ob-
served on the terrace. Several factors are responsible for
the SEM image contrast: (i) incident electron beam an-
gle, (i) chemical composition, (iii) surface roughness, and
(iv) surface contamination.'® We can neglect factors (i)
and (iii) for the present smooth cleaved terrace. We can
also neglect factor (iv) since the SEM observation was
carried out under ultrahigh-vacuum conditions. In fact,
the measured AES spectra show very low surface con-
tamination, as will be described later. Consequently, we
can consider that the presently observed contrast is due
to factor (ii). The Auger analysis will show that this con-
trast reflects the topological difference in the surface
chemical composition.

Figures 3(a) and 3(b) show the AES derivative spectra
of the dark and bright regions, respectively. The cleaved
surface is free from surface contamination such as carbon
and oxygen. We see a large difference in the intensity ra-
tio of Si LVV to Ca LMM between the dark and bright
regions. In the dark region, the intensity of Si LVV is
comparable with that of Ca LMM, while in the bright re-
gion, the former is considerably lower than the latter.
The line-scanning Auger analysis has revealed that the
SEM image contrast is due to the topological difference
of the surface chemical composition. The Auger peak
heights of Si LVV and Ca LMM were measured along
points A —~M in Fig. 2., and the results are shown in Fig.
4. Points 4-M in Fig. 4 have one-to-one correspon-
dence to the points given by the same symbols in Fig. 2.
We clearly see the steplike changes of the Auger peak
heights of Si LVV and Ca LMM on the terrace. The peak
heights of Si LVV are high in the dark region and low in
the bright region, while the peak height of Ca LMM is re-
versed. The fluctuation in the peak heights of both Si
LVV and Ca LMM is very small within each terrace, and
there is little difference in the peak heights between the
terraces. At the steps, points E — H, both peak heights in-

FIG. 2. SEM image of the cleaved (111) plane of CaSi,.

// |
— &f ) s > Ny A
)
H
]
I SiLvy CalMm
0 100 200 300 400 500 600 700 800 900 1000
Kinetic energy (eV)
(h)
.'E
=
=
=|w SiLwy CalMMm
=is
0 100 200 300 400 500 600 700 800 900 1000

Kinetic energy (eV)

FIG. 3. Auger electron spectra of (a) the dark region and (b)
the bright region of the cleaved CaSi, (111).

crease simultaneously due to the surface roughness. As
far as we know, there are no reports of such a remarkable
SEM image contrast corresponding to the changes of the
Auger intensities for the homogeneous substance. Usual-
ly, SEM image contrast due to compositional distribution
is observed for the heterogeneous substance, for example,
the specimen surface segregated by heat treatment.!®
Considering that the specimen is a homogeneous single
crystal with layer-by-layer packing of the Ca monolayers
and Si bilayers, we can expect that the SEM image con-
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FIG. 4. Line-scanning AES analyses of Si LVV and Ca LMM
of the cleaved CaSi, (111). The Auger peak heights were mea-
sured by the two-point method along points 4 —M in Fig. 2.
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TABLE II.
cleaved CaSi,.

Summary of the AES point analysis of the

Intensity (k counts/sec) Intensity ratio

Isi Ly I, tum Isi tyy /Ica tum
Bright region  1410(%6) 2075(418) 0.68(£0.02)
Dark region 2150(£13) 2170(£30) 0.99(£0.06)

trast is attributed to the surface termination of the
cleaved surface; i.e., cleaving forms two kinds of surface
termination, Ca-terminated and Si-terminated surfaces.
The Auger point analysis was carried out in the dark and
bright regions in order to confirm this expectation quan-
titatively. Table II summarizes the intensities of Si LVV
and Ca LMM, and the intensity ratio of Si LVV to Ca
LMM in both regions. These values are the averaged
ones of the five points from the AES derivative spectra
for each region. The intensity ratio of Si LVV to Ca
LMM, Ig rvy/Ic, pyum» i1s 0.68 in the bright region and
0.99 in the dark region. We will determine the termina-
tion of the cleaved surface from these data in the follow-
ing section.

V. DISCUSSION

CaSi, shows an atomically smooth cleaved surface
parallel to the (111) plane, as shown in Fig. 2. From the
layered structure, two possibilities of the cleavage can be
considered, i.e., (i) between the Ca monolayer and Si bi-
layer, and (ii) between the Si bilayer. Then we can expect
three different termination models, as shown in Fig. 5,
i.e., (a) Ca monolayer termination, (b) Si bilayer termina-
tion, and (c) Si monolayer termination. It is probably im-
possible to distinguish the two inequivalent Si bilayers
Si(1) and Si(2) since the difference between them is too
small: the difference is the more than second-order Ca
atom coordination around the Si atom, as mentioned in
Sec. II. We will show that the Auger intensities corre-
spond to the surface termination models of Figs. 5(a) and
5(b).

As Powell and Seah stated in their recent critical re-
view,? it is practically unattractive to perform quantita-
tive AES analysis from a first-principles equation. The
simplest way of calculating the Auger electron intensity
of the element i, I;yyy, is to use the relative sensitivity

Casi, (111)
Ca-monolayer- Si-bilayer- Si-bilayer-
terminated terminated terminated

FIG. 5. Three possible surface termination models for the
cleaved CaSi, (111). (a) Ca-monolayer-, (b) Si-bilayer-, and (c)
Si-monolayer-terminated surfaces.
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factor S; as follows:
Liwxy=1,5;n,R , (1)

where I, is the primary electron beam current, n; is the
atomic concentration, and R is the surface roughness fac-
tor. In the case of layered compounds such as CaSi,, n;
has an atomic-order depth distribution; i.e., it changes
discretely for each crystal plane toward the interior of the
specimen. Since AES is an extremely surface-sensitive
analysis, the Auger electrons from the outermost surface
atoms make the most significant contribution to the
Auger intensity given by Eq. (1). In addition, the Auger
electrons from the subsurface atoms are superimposed on
them. Considering the attenuation length of the Auger
electron, Eq. (1) is rewritten as

Liwxy=1,S; 2 n;(z;)exp(—z;/Ajyxycost) , (2)
J

where z; is the distance of the jth crystal plane from the
outermost surface, A is the attenuation length, and 6 is
the takeoff angle of the Auger electron with respect to the
specimen surface normal. In CaSi,, n;(z;)=5.83X 1072
AZ for both the Ca layer and Si layer of the (111) planes,
and 6=42°. The attenuation lengths of Si LVV and Ca
LMM are given empirically (in nm) by Seah and Dench
for inorganic compounds:?!

A=2170aE ~2+0.72a3?E1/? . (3)

E is the kinetic energy of the Auger electron (in eV) and a
is the monolayer thickness (in nm) given by

a®*=10*'4/pnN, , )

where N, is Avogadro’s number, p is the density (in
gcm—3 ), n is the number of molecules per unit cell, and
A is the atomic weight. The attenuation lengths are sum-
marized in Table III with their relative sensitivity fac-
tors.”? Then the intensity ratio of I ;yy t0 Ic, pams 1S
written by

.exp(—z; /Ag; Lyycos6)
J

I Lyv Sst Lvv

Tey tum Scarmm | | 2exp(—2;/Acy Lyarc0s0)
J

(5)

The calculated intensity ratios are strongly dependent on
the termination models, as summarized in Table IV.

A comparison of Table III with Table IV reveals that

the calculated Ig; ;py/Ic, rae for model A agrees well

with the measured value in the bright region within the

TABLE III. Summary of the parameters used for the quanti-
tative AES point analysis.

Relative Attenuation
sensitivity length
factor (Ref. 22) (A) (Ref. 21)
Si A’i
Si LVV 0.28 10.9
Ca LMM 0.40 18.2
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TABLE IV. Summary of the calculated AES intensity ratios
based on the surface termination models in Fig. 5.

Termination
model Isi vy /Tca um
A Ca monolayer 0.68
B Si bilayer 1.11
C Si monolayer 0.88

accuracy of 1.4%. We can say that the bright region is
terminated in the Ca monolayer. The measured
I rvy/Ic, pyy in the dark region, on the other hand,
fell on the intermediate value between models B and C.
Model B agrees with the measured value within the accu-
racy of 10.8% and model C does within the accuracy of
12.5%. Since the difference in the calculated
I vy /1c, pyae between models B and C is small, it is
difficult to distinguish between the Si-monolayer-
terminated and Si-bilayer-terminated surfaces. However,
the above results on the bright region indicate that the
cleavage occurs between the Ca monolayer and Si bilayer,
leading to the formation of the Ca monolayer and Si bi-
layer on the surface, and therefore, we consider that the
dark region is the Si-bilayer-terminated surface. Conse-
quently, the surface structure of the cleaved CaSi, (111)
can be schematically illustrated as Fig. 6. Cleavage yields
smooth terraces consisting of the Ca-monolayer- and Si-
bilayer-terminated surfaces accompanied with steps. The
SEM image becomes bright on the Ca-monolayer-
terminated surface, where the intensity of Ca LMM is
high and it becomes dark on the Si-bilayer-terminated
surface, where the intensity of Si LVV is high.

It is a reasonable conclusion that the cleavage occurs
between the Ca layer and Si bilayer. First is the geome-
trical reason. The interspacing of the Si bilayer is consid-
erably smaller than that between the Ca monolayer and
Si bilayer, as mentioned in Sec. II. Second is the chemi-
cal bond in this compound. Bisi et al. recently reported
a combined theoretical and experimental investigation of
the chemical bond and electronic states in calcium sili-
cides (Ca,Si, CaSi, and CaSi,).!! They showed evidence
of an extensive interaction between the Si s-p and Ca s-p-d
states. This interaction is a characteristic feature of the
chemical bond of CaSi,. Very recently, Fahy and
Hamann also calculated the electronic and structural
properties of CaSi, and found a strong hybridization of
Ca d states with Si p states.'* However, they showed that
the Si-Si bond charge is relatively unchanged compared
with pure silicon and there is no sign of a clear bond
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FIG. 6. Schematic illustration of the surface structure of the
cleaved CaSi,.

charge between the Ca and Si atoms because of the very
small effect of the Ca coordination number with Si on the
structure energy. Their calculation seems to be reason-
able since the Si-Si bond length is similar to that in pure
silicon. Their results indicate that the Ca-Si bonding is
weaker than the Si-Si bonding in CaSi, and therefore sup-
port the present results that the cleavage occurs between
the Ca monolayer and Si bilayer.

VI. CONCLUSIONS

We presented an AES analysis of the clean cleaved
CaSi, (111) surface. The cleaved surface exhibited atomi-
cally smooth terraces with steps and the SEM image of
the surface showed a dark and bright contrast on the ter-
race. The Auger intensities of Si LVV and Ca LMM
showed a clear contrast on the terrace, corresponding to
the SEM image contrast. The intensity of Si LVV was
high in the dark region and low in the bright region,
while the intensity of Ca LMM was reversed. We could
quantitatively determine the surface termination of the
cleaved CaSi, (111) such that the dark region was ter-
minated in the Si bilayer and the bright region in the Ca
monolayer. The results indicate that the cleavage occurs
between the Ca monolayer and Si bilayer.
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FIG. 2. SEM image of the cleaved (111) plane of CaSi,.



