
PHYSICAL REVIEW 8 VOLUME 47, NUMBER 16 15 APRIL 1993-II

Phase transition from pseudomorphic FeSiz to P-FeSi2/Si(111) studied

by in situ scanning tunneling microscopy
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We have used the scanning tunneling microscope to study the Jahn-Teller-like structural transition
from pseudomorphic FeSiz on Si(111) to the stable bulk phase P-FeSi2. Thin films of the pseudomorphic

phase have been grown by molecular-beam epitaxy at room temperature. The crystal structure has been

determined to be a CsC1-derived defect phase with a statistical occupation of the metal sites. In scanning

tunneling spectroscopy we have found direct evidence for the atomic disorder on the metal sublattice.
The fluorite structure was only observed after prolonged annealing at temperatures near the transition to
P-FeSiz. Upon annealing the crystalline order deteriorates when approaching the transition, which man-

0

ifests itself in the appearance of a smooth surface corrugation on a 100-A scale in scanning-tunneling-

microscope topographs. This can be explained by a precursor phase in which the cubic silicide is locally
distorted towards orthorhombic P-FeSiz. The actual transition is very sensitive to kinetic factors, i.e.,
the stoichiometry of the initial deposit. Apart from the (101) orientation of P-FeSi2 occurring also in

films grown by solid-phase epitaxy both a (001) and a (100) orientation have been observed. The corre-
sponding films exhibit a high degree of structural perfection with grains several pm in size which might
become relevant to electro-optical applications. We discuss the surface reconstructions observed on the
various types of P-FeSi2 grains.

I. INTRODUCTION

In its stable bulk form at room temperature FeSiz is a
semiconductor with a direct band gap of 0.87 eV. Since
it can be grown epitaxially on Si(111)and (100) it has be-
come a promising candidate for optoelectronic applica-
tions in Si technology. ' This so-called P-FeSiz phase
has an orthorhombic crystal structure belonging to the
Cmca space group; it can be understood as a Jahn-Teller
distortion of a cubic FeSi2 phase with the Auorite struc-
ture. The geometric misfit to Si is relatively large; the
volume of the unit cell is smaller by —6. 1%%uo than that of
the four corresponding Auorite cells with the Si lattice
constant. Systems with large misfit can sometimes adopt
a different crystal structure which does not occur in the
bulk phase diagram but which can be synthesized in
thin-film form. This may happen when the new phase is
well lattice matched to the substrate. The phenomenon is
called pseudomorphism and was observed for a variety of
systems, such as bcc Co on GaAs. Recently, the syn-
thesis of a cubic, metallic FeSi2 phase on Si(111)has been
achieved by solid-phase epitaxy (SPE), liquid-phase epi-
taxy (LPE), and molecular-beam epitaxy (MBE). A
band-structure calculation by Christensen on a hypotheti-
cal FeSi2 phase with the CaF2 structure predicted a lat-
tice constant equal to that of Si to within 1%. From a
practical point of view, research in this field has been
mainly motivated by Christensen's finding that fluorite
FeSiz might be a Stoner ferromagnet.

In this work cubic FeSi2 films were grown by MBE at
room temperature (RT) and the phase transition from the
pseudomorphic to the stable bulk phase /3-FeSi2 was stud-
ied by in situ scanning tunneling microscopy (STM) and
transmission electron microscopy (TEM). In several

respects the FeSiz system is ideal for a study of this kind
of transformation since cubic FeSi2 films grown by MBE
exhibit a high degree of structural perfection, the growth
mode being two dimensional up to film thicknesses of at
least 60 A. Furthermore, the phase transition can be in-
duced by annealing which allows one to carefully trace
the detailed path which the system follows. We first
determined the crystal structure of the as-grown samples
and found it to have the CsCl symmetry (see Sec. III A).
Upon annealing a gradual decrease in the long-range
periodic order was observed, i.e., the structural proper-
ties were found to vary laterally on a 100-A scale (see Sec.
III B). This state preceded the actual transformation.
Our explanation in terms of a local distortion of the cubic
towards the orthorhombic phase sheds light on the con-
tradictory results reported on the crystal structure of the
cubic phase. The phenomenon might also occur in
other pseudomorphic systems. The way in which the ac-
tual phase transition to P-FeSi2 proceeds was found to be
very sensitive to kinetic factors, i.e., to slight variations in
the stoichiometry of the initial deposit (see Sec. III C).
Apart from the epitaxial orientations observed in SPE-
grown films two additional ones with comparatively low
lattice mismatch have been observed. The corresponding
P-FeSiz films are almost two dimensional with a grain size
of several pm; this might become relevant for practical
applications, since SPE-grown films usually suffer from a
rather poor morphology. We present a detailed STM
study of the surface reconstructions on the different
P-FeSiz grains.

II. EXPERIMENT

FeSiz films with thicknesses between 5 and 300 A were
grown in a commercial 3-in. MBE machine on Si(111)
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III. RESULTS AND DISCUSSION

A. Crystal structure at RT

Templates formed at RT exhibit a 1X1 RHEED pat-
tern with well-developed Kikuchi bands of cubic symme-
try revealing type-B orientation of the silicide, i.e., the sil-
icide is rotated by 180 around the Si(111) direction.
During the second codeposition step the sharp Kikuchi
band pattern remains, demonstrating epitaxial growth at
RT.

Figure 1 shows a cross-sectional TEM diffraction pat-
tern obtained from an as-grown FeSi2 layer with a thick-

0

ness of 80 A. If the silicide spots are indexed with respect
to a simple cubic unit cell with the Si lattice parameter all
(hkl) reflexes with odd indices are absent. The silicide
spots are separated from the Si ones due to the type-8
orientation. This was confirmed by x-ray diffraction
(XRD) and a detailed analysis of Kikuchi band panora-
mas. From these results we can exclude the CaFz struc-
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FIG. 1. Cross-sectional TEM diffraction pattern of an as-
grown FeSi, film with the CsC1 symmetry taken along the [011]
direction. Only the silicide spots are indexed according to a cu-
bic cell with the Si lattice parameter.

substrates (n-doped, 1 —2000 0 cm). The substrate
preparation technique, described in detail in Ref. 10, re-
sulted in clean, 7X7 reconstructed surfaces with parallel
monolayer (ML) steps due to the unintentional wafer
misorientation of 0. 1 —0.3'. In a first step an ultrathin
crystalline template was grown as a seed by depositing 2
A of Fe followed by the deposition of 7 A FeSi2 by
stoichiometric coevaporation onto the substrate held near
RT. The materials were electron-gun evaporated at a
deposition rate of 0.3 A/s for Fe and 1 A/s for Si. Rates
were monitored by quartz balances and stabilized to
within S —10 %. The templates were annealed at
450—500'C. Temperatures were measured by a thermo-
couple calibrated by an optical pyrometer for T & 400'C.
In a second step the desired film thickness was reached by
stoichiometric coevaporation at RT. The films were
characterized in situ by reAection high-energy electron
diffraction (RHEED), ultraviolet and x-ray-photoelectron
spectroscopy (UPS/XPS), and STM. The STM setup has
been described elsewhere. " PtIr tips were used which
were routinely cleaned by Ar sputtering. The TEM mea-
surements were performed in a JEM JEOL 200CX (high
tension 200 kV). Samples for the plan-view investigations
were prepared by chemical etching, cross sections by
cleaving.

ture. The diffraction pattern is consistent with a CsCl
symmetry of the silicide, the lattice constant being half as
large as that of Si. Recently, we have reported on the
successful synthesis of a pseudomorphic, metallic FeSi
phase on Si(111) with the CsC1 structure. ' It is stabi-
lized with respect to the stable bulk form, e-FeSi, by a
favorable interface structure. The geometrical lattice
mismatch is q=2% as determined by XRD. By measur-
ing the thickness evolution from TEM cross sections and
by monitoring the core-level intensities in XPS we
showed that the stoichiometry in ultrathin FeSi films
evolves towards 1:2 upon annealing to 500'C. This trans-
formation occurs without any change in symmetry. The
surface structure observed in STM topographs was the
same as for annealed samples grown intentionally with
1:2 stoichiometry (see Sec. III B). This suggests that the
low-temperature form of FeSi2 is a CsC1-derived defect
phase, where all metal sites are equivalent due to statisti-
cal occupation. Such a defect Fe& Si phase can be
grown epitaxially at RT in the whole stoichiometry range
from x =0 up to at least x =0.6. On the Fe-rich side one
can successively replace Si by Fe up to type-B oriented
bcc Fe.

STM was of limited use for the as-grown samples. On
a mesoscopic scale two-dimensional layer-by-layer
growth was observed with contrast due to the substrate
surface steps remaining visible up to film thicknesses of at
least 60 A. On an atomic scale the surface exhibited a
1 —2-A roughness due to the low surface mobility at RT
which does not admit a well-ordered surface structure.

B. Evolution of the crystal structure upon annealing

Figure 2(a) illustrates the typical surface morphology
of FeSi2 films after annealing at 500'C. Within the 4-pm
lateral range of our scanner the films are smooth.
Pinhole formation can be avoided by preparing the sur-
face slightly Si-rich (in analogy to the enhanced thermal
stability of Si-rich surfaces in the CoSi2 system' ). Two
kinds of misorientation-induced steps can be dis-
tinguished: true surface steps with an abrupt profile and
rather smooth, buried steps. The latter are 1.6 A high
but do not lead to a disruption of the atomic surface
structure. They are rather straight in contrast to the
faceted surface steps. Corresponding TEM plan-view
measurements resolved an array of parallel dislocations
with an average distance determined by the wafer
misorientation. We conclude that the buried steps are
due to dislocations formed at the silicon-silicide interfa-
cial steps. The topographic contrast observed on the sur-
face implies that the Burgers vector has a component per-
pendicular to the interface plane. The occurrence of
dislocations associated with interfacial steps is a conse-
quence of the type-B orientation of the silicide. The
height of the surface steps as well as that of ML islands
and holes on the terraces is also 1.6 A. Since we observed
no differences in the atomic structure of the adjacent
planes, this is consistent with the CsC1 symmetry of the
silicide for which the distance between equivalent (111)
planes is half the one in the CaF2 structure.

The terraces in Fig. 2(a) are not homogeneous but ex-
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0
hibit a smooth contrast on a 100-A scale, on which we
will focus now. During annealing above 400—450'C the
Kikuchi bands observed by RHEED become more and
more diffuse for films thicker than —10—15 A. By 500 C
most bands have almost completely vanished. In Ruther-
ford backscattering spectrometry (RBS) the silicide chan-
neling minima are completely lost. This drastic
deterioration in the crystalline order of the bulk silicide is
accompanied by the appearance of the fine-scale, speckle
contrast in STM topo graphs which is more clearly
resolved in Fig. 2(b). Obviously, this 21-A-thick film has
become laterally inhomogeneous. The surface exhibits a
smooth corrugation with an amplitude of -0.8 —1 A. Its
wavelength, i.e., the characteristic distance between adja-
cent hills or valleys, was measured to be of the order of
—80 A.

The faint atomic-scale corrugation, which is barely
resolved in Fig. 2(b), is due to a 2 X 2 surface reconstruc-
tion. The corresponding additional RHEED reAexes ap-
pear around 300'C. By 350'C they have become as in-
tense as the low-temperature 1X1 spots. Upon further
annealing they remain up to the transition to /3-FeSi2.
The high-resolution STM topographs in Fig. 3 stem from
a 16-A FeSi2 film annealed at 500 C. The empty-state
image [Fig. 3(a)] displays a perfectly ordered, hexagonal
2X2 reconstruction with a corrugation amplitude of 0.4

0
A. The system exhibits the peculiar phenomenon of a
well-ordered surface in spite of deteriorating crystalline
quality and lateral strain variations in the bulk. The 2 X 2
has already been described in a STM study of SPE-grown
FeSiz. ' It has been attributed to a termination of the sili-
cide by Si adatoms with a configuration similar to the one
of adatoms on the Si(111)-7X 7.

The large-scale waviness does not seem to inhuence or
disrupt the atomic reconstruction. Two kinds of domain
boundaries are visible between the four equivalent
domains of the 2 X 2 in Fig. 3. Type-I boundaries make
an angle of 60' with the relative displacement vector
6= (a /2 ) ( 110) ( 6=3.8 A) of the two adjacent domains.
They appear as dark ditches and are also resolved in Fig.
2(b). Type-II boundaries run parallel to h. The average
domain size was found to scale with the wavelength of
the surface corrugation. We attribute this fact to the sur-
face strain caused by the corrugation, which leads to an
increase of the mean distance between nearest-neighbor
atoms with respect to the uncorrugated surface. It has to
be pointed out that no direct correspondence between the
location of the domain boundaries and crests and valleys
could be established.

While in the empty-state image, Fig. 3(a), all atomic
protrusions appear to be equivalent, the corresponding
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FIG. 2. STM topographs obtained on pseudomorphic FeSi2
displaying (a) the mesoscopic surface morphology {sample bias
voltage V, = 1 V, tunneling current I, = 1 nA, film thickness

0
d =21 A, annealing temperature T, =500 C) and (b) the surface
corrugation ( V, = 1.5 V, I, =2 nA, d =21 A, T, =500 C).

FIG. 3. Atomic resolution STM topographs of the 2X2 sur-
0

face reconstruction (d=16 A, T, =500 C): (a) empty-state im-
age (V, =2 V, I, =0.5 nA), (b) filled-state image (V, = —2 V,
I, =0.5 nA). I and II denote the two different types of 2X2
domain boundaries. Sites with significant voltage dependencies
are labeled by letters.
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filled-state image, Fig. 3(b), reveals considerable inhomo-
geneities: Many of the adatorns seem to be slightly
depressed. They can either be isolated (A) or form rows
(B). In addition, a few adatoms appear much brighter
(C). This is possibly due to local adsorption of residual
gas atoms' (see below).

These atomic-scale contrast variations are even more
0

drastic on films with thicknesses below 10 A. Such layers
could be annealed up to 500'C without any deterioration
in Kikuchi band intensity and the surface corrugation de-
scribed above was not detected. Therefore we believe
that the atomic-scale contrast is not directly related to
the smooth surface corrugation. Current-imaging tunnel-
ing spectroscopy' (CITS) was performed to investigate
the origin of the inequivalence among the 2 X 2 adatom
sites. Figures 4(a) and 4(b) show empty- and filled-state
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FIG. 4. Constant-current topographs (CCT) and current im-

ages (CI) of the 2 X 2 on ultrathin films (d =7 A, T, =500'C): (a)
empty-state CCT (V, =2 V, J, =1 nA), (b) filled-state CCT
( V, = —2 V, I, = 1 nA), (c) CI at V, = 1.35 V, (d) CI at V, =0.3 V
measured with a stabilization voltage and current of 2 V and 1

nA, respectively (in the CI, areas of high current appear bright),
(e) current-voltage (open symbols) and normalized conductivity
(filled symbols) curves belonging to the depressed (A, circles)
and bright (B, triangles) sites of the filled-state CCT in (b).

constant-current topographs (CCT) of the 2 X 2 recon-
struction obtained on a 7-A FeSi2 film annealed at 500'C.
In the empty-state image again all sites are equivalent, ex-
cept for two point defects (C) with missing adatoms. In
the filled-state image the individual atoms are less clearly
resolved. Ordinary CCT with a higher density of sam-
pling points revealed that the darker sites (A) do indeed
correspond to depressed adatoms similar to the ones in
Fig. 3(b). The corresponding current images (CI) belong-
ing to a stabilization voltage of +2 V are shown in Figs.
4(c) and 4(d) for tunneling voltages of 1.35 and 0.3 V, re-
spectively. Obviously, the surface electronic structure
varies locally without any relationship to the 2 X 2
periodicity.

In order to further clarify the origin for this high de-
gree of disorder we have compared normalized conduc-
tivity spectra (dI, /d V, )/(I, /V, ),„,in order to partly
eliminate the inAuence of the energy dependence of the
tunneling transmission factor. The derivatives were cal-
culated numerically with the help of quadratic least-
squares fits. The conductance I, /V, was averaged by
convolution with a smoothing function. In reciprocal
space a Fermi function was used, which was found to be
more appropriate for the rather low density of 50 sam-
pling points per spectrum than the one-pole, low-pass
filter proposed by Stroscio and Feenstra. '

In general, all I( V) curves, which were taken at con-
stant separation, show a strong overall asymmetry be-
tween positive and negative voltages, which has often
been reported for scanning tunneling spectra. ' On the
depressed sites in the filled-state CCT (A) spectra like the
one shown in Fig. 4(e) (open and filled circles) were ob-
tained. They are characterized by a prominent peak at
—1.2 V with a second one on the low-energy shoulder
varying in position between 0.6 and 0.8 V. The spectra
measured on the bright sites in the filled-state CCT [posi-
tion B, triangles in Fig. 4(e)] are qualitatively different:
They always exhibit a distinct peak at -0.3 V, which is
kind of a fingerprint since it does not occur on the
depressed sites. Around 1.5 V another weaker feature ap-
pears. The topographic contrast variations in the filled-
state CCT are not directly related to density-of-states
(DOS) features since on all sites the conductivity appears
rather featureless in the negative voltage range. Never-
theless, the occurrence of the DOS peak at 0.3 V on B is
accompanied by a stronger exponential current increase
with V, becoming more negative than on A [see Fig. 4(e),
open symbols]. This implies that in a filled-state CCT the
tip has to come closer to the surface on A than on B to
reach the regulating current, which leads to the observed
topographic contrast differences. These variations in the
overall current increase must be less pronounced for posi-
tive voltages since the empty-state CCT is rather homo-
geneous. It is of course difficult to prove this directly be-
cause by using a negative stabilization voltage one would
have to compare spectra taken with different tip-sample
distances. In our discussion we have disregarded spectra
measured on sites C and D. These differ from the
remaining ones in that they are featureless over the entire
voltage range. This might be accounted for by missing
adatoms (C) and adsorption sites (D)." On sites D which
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appear similar to the isolated bright adatoms in Fig. 3(b)
the current at negative V, increases much more strongly
than on the other sites.

As a conclusion we state that the surface DOS exhibits
variations on an atomic scale. This is in accordance with
our model of the crystal structure of the pseudomorphic
phase. For a defect CsC1 phase with statistical occupa-
tion of metal sites one can expect vacancies in the first
metal layer below the surface which will certainly lead to
variations in the surface electronic structure.

We will now come back to the surface corrugation and
describe how it depends on film thickness and annealing
temperature. The tendency towards crystal structure
deterioration was found to be more pronounced for thick-
er films. These already exhibit rather diffuse Kikuchi
band patterns at relatively low annealing temperatures
and the amplitude of the surface corrugation is enlarged:
For a 40-A film annealed at 450'C it is of the order of
1.5 —2 A. This has to be compared with the value of
0.8 —1 A for the 21-A film of Fig. 2(b) or 0.5 A for the
16-A film of Fig. 3. This observation confirms that the
effect is related to inhomogeneities in the bulk silicide.

Some samples were annealed in several steps in order
to investigate how the surface morphology evolves as a
function of the annealing temperature. First, an increase
of the corrugation wavelength was observed: after an-
neahng at 550'C it has become as large as 150—200 A for
the 17-A film shown in Fig. 5(a), while its amplitude is

still of the order of 1 A. The crests and valleys tend to be
oriented along the Si(211) directions. They appear
rather localized, leaving planar, essentially homogeneous
regions between them. Figure 5(b) displays the same
sample after further annealing at 600 C, which was al-
ready close to the transition to p-FeSi2, i.e., —10% of the
surface was covered with p-FeSi2 grains. A qualitative
change in the defect structure of the film was observed:
the surface corrugation has almost disappeared; instead,
screwlike defects occur, like the one indicated by the ar-
row in the middle left of the figure. In addition, buried
steps like the ones in Fig. 2(a) appear on the terraces (see
lower left). The density of surface steps has increased
drastically. Most of them are still 1.6 A high, whereas
some have double height. It is important to note that the
quality of the cubic Kikuchi band pattern (which con-
tinuously deteriorated during the annealing, as described
above) does not improve, even after prolonged annealing.
(The formation of the little pinholes can be avoided by
depositing several A of Si onto the silicide before anneal-
ing. ) On the atomic scale filled- and empty-state CCT's
display a perfectly homogeneous 2 X 2 reconstruction,
which suggests that at least at the surface ordering on the
metal sublattice takes place (cf. D). The 2X2 domain
boundaries and the surface steps are often decorated by
linear chains of adatoms oriented along the Si(011)
direction [Fig. 5(b)]. They probably consist of out-
diffused excess Si. In general, the microscopic surface
structure at such high annealing temperatures is similar
to the one reported for the SPE-grown samples. ' In this
respect it has to be pointed out that the long-ranged sur-
face corrugation has not been reported in Ref. 14. This
might be partly due to the high temperatures at which
crystallization occurs in SPE and the limitation to rela-
tively thin films with d &20 A (Ref. 5). In addition,
SPE-grown films consist of individual crystallites of only
some 100 A in size.

Q

Cx+

C. Transition to P-FeSi2

If one further increases the annealing temperature the
transition to p-FeSiz occurs. In a certain temperature
range the two phases coexist [Fig. 6(a)]. Three epitaxial
orientations with drastically different nucleation behavior
were distinguished. The path which the system follows
was found to be extremely sensitive to slight variations in
the composition of the initial deposit.

1. p FeSi2(101) ((Si(-111)

FIG. 5. STM topographs illustrating the evolution of the sur-
0

face corrugation at higher annealing temperatures (d =17 A):
(a) after 550'C ( V, =1.6 V, I, =1 nA), (b) after 600'C ( V, =1.8
V, I, =0.5 nA) ~

The same epitaxial orientation as that reported
for SPE-grown samples (P-FeSiz(101)~~Si(111) with
p-FeSi2[010]~~Si( 011 ) ) dominates on stoichiometrically
grown films (i.e. , with an Fe:Si coevaporation ratio of
1:2). It results in a relatively large mismatch of —5.3%
along Si(21 1) and 1.4% along Si(011). The phase tran-
sition proceeds by nucleation of isolated p-FeSi~ grains
with relatively small size (typically 1000 A in diameter)
within the cubic matrix. Figure 6(a) shows an example
for a 31-A-thick film annealed at 500'C. On the terraces
of the remaining cubic silicide the faint speckle contrast
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surface plane is not inclined. Between tilted and nontilt-
ed regions the surface is smoothly bent. This suggests
that the atomic structure at the P-FeSi2/Si interface
varies laterally, which requires rather abnormal elastic
properties of the orthorhombic phase. Another interest-
ing observation is that stoichiometric films thinner than
-30 A become discontinuous above 600'C, exposing
large areas of the bare Si substrate. In contrast, the other
two epitaxial orientations to be discussed in the following
are completely wetting up to at least 650'C.

2. p EeSi-2 (001) IISi (1I1)
If the initial deposit is slightly Fe rich (Fe:Si=1:1.5)

and if the films are heated up cautiously with prolonged
annealing at temperatures around 500'C, films thinner
than -35 A exhibit a quasicontinuous phase transition to
P-FeSi2 which preserves the smooth surface morphology
of the cubic precursor phase. The first P-FeSi2 RHEED
reflexes appear already at comparatively low tempera-
tures around 480—500'C. The RHEED pattern is of six-

fold symmetry indicating a twofold-symmetric surface
reconstruction with grains occurring in all three
equivalent orientations. By TEM the typical grain size
diameter was determined to be of the order of 6 pm. The
surface morphology on each grain is characterized by an
array of parallel, -4-A-high surface steps with a distance
corresponding to the wafer misorientation Isee Fig. 8(b)].
UPS and scanning tunneling spectroscopy have clearly
proven the semiconducting nature of this phase. By
TEM plan-view diffraction Isee Fig. 8(a)] we determined
the epitaxial orientation of such grains to be
P-FeSiz(001)IISi(111) with /3-FeSizI 100]IISi(112). This
results in a relatively small geometric misfit of —1.2%
along Si(112) and 1.4% along Si(011), which might
compensate for an unfavorable atomic arrangement at
the Si-silicide interface. The common unit mesh is also
reasonably small (2a Xb =19.7 AX7. 8 A). On metallic
CoSiz on Si we have recently observed that interfacial
misfit dislocations induce a topographic contrast on the
surface by which the strain relaxation can be investigated
with STM. ' The semiconducting p-FeSi2(001) grains ex-
hibit the same kind of contrast. We detected two nearly
orthogonal sets of parallel dislocations with an average
distance around 120 and 200 A, respectively. From this
we conclude that the P-FeSi2 grains are at least partly re-
laxed, which has been confirmed by TEM Moire pattern
analysis. It should be mentioned that the (001) orienta-
tion, which does not occur in SPE-grown films, has also
been reported for buried f3-FeSiz films prepared by ion-
beam synthesis.

.30A

I 010]
Il &011&

(b)
&211&

. 8. (a) Selected-area pla
)-oriented P-FeSi, {d=
. The bright spots with si
b) large area STM topo
on a 53-A-thick P-FeSi
d P-FeSiz film with 3
50'C).

FIG
of (001
Si[111]
spots, (
tained
oriente
(T, =5

n-view TEM diffraction pattern
26 A, T, =480 C) taken along
xfold symmetry are the SiI 022]

graph ( V, =2 V, I, = 1 nA) ob-

~ film grown by using a (001)-
0

1-A thickness as a template

FIG. 9. (a) Empty-state CCT displaying the surface recon-
struction on (001)-oriented P-FeSi~ (V, =0.2 V, I, =0.2 nA,
d =26 A, T, =600'C). A surface unit cell is indicated by black
dots, (b) schematic model for the reconstruction in (a) based on
the Fe(001) planes shown checkered in Fig. 7(b). The unit cell
observed in STM is indicated by dashed lines.
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The surface reconstruction on these grains is shown in
Fig. 9(a). It has indeed a twofold, rhombohedral symme-
try with a distance of 6.3 A between nearest-neighbor
corrugation maxima. The angle between the two sides of
the unit cell (indicated by black dots) was measured to be
-75'. The characteristic linear chains along the short
diagonal of the unit cell might consist of adsorbed excess
Si. The orientation with respect to the Si substrate was
determined by investigation of phase boundaries between
the 2 X 2 reconstruction of the cubic phase and P-FeSi2
grains in the temperature range of coexistence. Within
the accuracy of STM angle measurements which is limit-
ed by piezo nonorthogonality and drift we find that the
long diagonal of the surface unit cell points along
Si(211) and the short one along Si(011). This allows a
simple interpretation. In Fig. 9(b) we have drawn the
Fe(001) plane composed of the atoms shown checkered in
Fig. 7(b). By assuming that only every second atomic po-
sition is visible in STM topographs (due to buckling or
electronic differences) one obtains a surface unit cell in
good agreement with our observations. We do not want
to imply that the surface must be Fe terminated, al-
though this could be the case since the measured corruga-
tion amplitudes of the reconstruction are relatively small,
typically 0.3 A. There could also be an additional Si lay-
er on top which keeps the symmetry of the Fe plane. It
has to be pointed out that the observed step height, close
to half the length of the c axis, is in agreement with this
model.

The (001) orientation could be of some practical
relevance if one was able to use such layers as a template
for thicker high-quality /3-FeSi2 films. Corresponding
studies are currently under way. As a preliminary result

0
Fig. 8(b) displays a 53-A film grown by RT coevaporation
of 22-A stoichiometric FeSi2 onto a (001)-oriented tem-
plate. Afterwards it was annealed at 550'C. The grooves
indicate the grain size. The grain edges are faceted in
two orthogonal directions from which one can determine
the relative grain orientation. This shows that, in princi-
ple, the growth of thicker films is possible. The most in-
triguing problem which we are facing at the moment is
how to further increase the domain size which will cer-
tainly be a prerequisite for good electro-optical proper-
ties.

unit cell was found to be parallel to the Si(110) direc-
tion. From this we can determine the epitaxial orienta-
tion: The only atomic P-FeSiz planes compatible with a
fourfold-symmetric surface reconstruction are the two
inequivalent Fe(100) planes shown checkered in Fig. 7(a).
They can well account for the observed 5.5-A nearest-
neighbor distance and the observed surface step height
( —a /2). This results in the following relationship:
P-FeSiz( 100)

~ ~

Si( 111) with either P-FeSiz [001 ] or
[010]~~Si(110). The mismatch for these epitaxial orien-
tations is also relatively small: 2.0% (1.4%) along
Si( 110) and 2.4% ( 1.9%) along Si(211 ). In TEM
plan-view diffraction both orientations (with a clear
predominance of the first one) have indeed been observed.
In Fig. 10(b) an example for the first one is given. In
some cases the fourfold surface reconstruction was found
to be rotated by -15', such that one square side ran
parallel to the (011) direction of the cubic 2X2. This
implies that the P-FeSi2 [011] direction must be along
Si(011). This orientation has also been confirmed by
TEM, which demonstrates that, by a careful analysis of
the symmetry of the surface reconstruction, its orienta-
tion with respect to the substrate and the surface step
height, epitaxial orientations can be determined rather re-
liably. For this third (100) orientation one could imagine
a relatively simple interface structure: in the P-FeSi~ unit
cell the four Fe atoms shown dashed in Fig. 7(a) have

3. P FeSi~ (100) ((Si (111)-

On films grown under the conditions described in the
preceding section we sometimes observed another epitaxi-
al orientation. It can occur simultaneously with the (001)
grains. The grains can be as large in extent, in some cases
even exceeding the 4-pm range of our scanner. The sur-
face morphology is also similar. The two orientations
can easily be distinguished by the surface step height
which was measured to be 5 —5.5 A in this case. On the
atomic scale we resolved a fourfold-symmetric recon-
struction which is shown in Fig. 10(a): each square of
atomic protrusions has a side length of 5.5 A. The corru-
gation amplitude is only -0.3 A. The orientation with
respect to the Si substrate was determined in the same
way as described above. One diagonal of the quadratic

FIG. 10. (a) Filled-state CCT ( V, = —0.5 V, I, =1 nA) of the
fourfold surface reconstruction on (100)-oriented 13-FeSiz

0(d=23 A, T, =630'C), (b) corresponding selected-area plan-
view TEM diffraction pattern taken along Si[l l 1]. The P-FeSi2
(004) spot coincides with the Si [022 I one.
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essentially the same geometry as the atoms in the Si(111)
planes. Locally, this could result in a favorable bonding
configuration at the interface which would be possible for
at least one cell within the common unit mesh
[3(b +c )'~ X(b +c )'~ =33 1.AX 11.0 A]. For the
first two orientations one must expect a relatively compli-
cated interface due to the large common unit mesh
(5b Xc and Sc Xb, respectively). To gain a more pro-
found insight corresponding cross-sectional TEM investi-
gations are planned to be performed in the future.

D. Discussion

In this section we first try to give an explanation for
the surface corrugation described in Sec. III B.

The phenomenon could in principle be related to the
relaxation of the elastic strain in the pseudomorphic
phase. By XRD we have determined the geometrical
mismatch g of as-grown Fe, Si as a function of the
stoichiometry. For the monosilicide (x =0) it amounts to
-2%. With decreasing Fe content it changes sign, re-
sulting in a mismatch of ——0. 5%%uo for the disilicide
(x =0.5).

It can be excluded that the contrast in STM topo-
graphs originates from misfit dislocations similar to that
observed on CoSi2/Si(111) and (100) (Ref. 19). In plan-
view TEM the density of dislocations was found to be
much lower than one would estimate from the corruga-
tion wavelength. In this respect it has to be mentioned
that sometimes the observed crests and valleys end some-
where on the surface without an apparent disruption in
the atomic surface structure. A dislocation cannot end in
the film bulk. It would either have to emerge at its sur-
face or penetrate into the substrate and form a closed
loop.

In Stranski-Krastanow systems such as Ge on Si(100),
a strain-driven surface instability has recently been re-
ported: ' The substrate (100) planes become curved in or-
der to allow for the relaxation of the surface in a coherent
Ge island. Such a mechanism cannot directly be applied
to our system since the pseudomorphic FeSi2 films are
two dimensional and continuous, i.e., a curvature of the
(111) planes would lead to both expanded and
compressed regions. However, in our specific case, the
corrugation would necessarily have to be accompanied by
lateral deviations from the average stoichiometry as
determined by the deposition, i.e., Fe enrichment in the
expanded regions. The silicide could then have its
stoichiometry-dependent lattice constant everywhere at
the surface with the film remaining coherent. The
relevant driving force would be determined by the misfit
of the pseudomorphic cubic phase, which amounts to
only —0.5 Jo at RT. This value will be further reduced at
the higher annealing temperatures since the thermal ex-
pansion of all disilicides exceeds that of Si by a factor of
2 —4. It appears thus rather unlikely that the observed
corrugation can be explained in terms of such a strain-
driven surface instability.

We therefore propose a different explanation based on
the structural similarity between the P-FeSiz and the
CaF2 crystal structure. It has been pointed out by

Dusausoy et al. that the orthorhombic phase can be un-
derstood as a Jahn-Teller-like distortion of the Auorite
structure. The bonding configuration in both structures
is quite similar: each metal atom has eight nearest Si
neighbors which are situated on the edges of a cube with
the metal atom in the center. In the orthorhombic struc-
ture these cubes are slightly distorted [see Fig. 7(a)]. The
epitaxial orientation which would be expected if the
phase transition took place between the cubic fluorite and
the orthorhombic phase by a simple distortion of the unit
cells without an overall rotation is the one described in
Sec. III C1. The p-FeSi2(101) planes correspond to the
fiuorite (111)planes and have a distorted hexagonal sym-
metry. This is illustrated in Fig. 7(b), where the CaF2
unit cells corresponding to the p-FeSi2 one are indicated
by dashed lines. The horizontal is thought to represent
the Si(111)interface plane. The bulk lattice constants for
p-FeSi2 and the theoretically calculated one for the CaF2
structure have been used. Angles are also drawn to
scale. The hypothetical transformation between the two
phases could be mediated by a soft phonon mode of the
cubic phase.

Within this framework we propose the following
scenario for the phase transition: By annealing, the sys-
tem is obviously driven towards P-FeSi2. If thin films of
the pseudomorphic phase are indeed stable at RT the
transition can be due to a temperature dependence of the
bulk free energy difference between the orthorhombic and
the cubic structure. At some temperature the elastic en-
ergy gained by the pseudomorphic phase becomes
insufficient to compensate for the bulk free energy loss.
In the other possible case where the cubic structure is
only metastable at RT the thermal energy might enable
the system to overcome an activation barrier. Such a
barrier will certainly exist in both cases since the relative-
ly high misfit of p-FeSi2 would require the nucleation of a
dense array of misfit dislocations. This would not be true
if the system just underwent a local Jahn-Teller-like dis-
tortion towards p-FeSi2. If the lateral size of the distort-
ed regions was smaller than the distance between two
misfit dislocations in relaxed p-FeSi2, then no dislocations
would have to be introduced, i.e., the transition could
proceed without a nucleation barrier. This state of small
volumes with a p-FeSi2-like structure within a cubic ma-
trix would precede the actual phase transition. This
model might account for the deteriorating Kikuchi bands
and the observed surface corrugation. It would also ex-
plain why the crystal deterioration in thicker layers
occurs at lower temperatures already since there the ac-
tual transition occurs earlier as well. The driving force
towards the stable bulk phase certainly increases with
film thickness but also with annealing temperature.
Therefore the distorted regions will tend to grow with in-
creasing temperature. At some point they become so
large that misfit dislocations will have to be introduced,
which might be the reason for the observed change in de-
fect structure of the pseudomorphic phase close to the
transformation [see Fig. 5(b)].

If our notion is essentially correct one would have to
expect an intermediate phase with the CaF2 structure,
designated y-FeSi2 (Ref. 7), since upon starting from the
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low-temperature CsC1-derived phase the metal atoms
would first have to undergo ordering into every second
metal (111)plane. ' At relatively high annealing temper-
atures close to the transition we have indeed found TEM
cross sections with the Auorite symmetry. In Fig. 11 an
example is shown for a 21-A film annealed at 550'C: In
contrast to the low-temperature phase with the CsC1
symmetry the reflexes with odd (hkl) are also present.
The CaF2 phase was not homogeneous, as cross sections
with the CsC1 symmetry were also found on the same
sample. It has to be pointed out that the fluorite phase
alone cannot account for the observed surface corruga-
tion since it should be equally well lattice matched to Si
as the CsCl-derived phase. Assuming the contrast to be
of purely topographic origin, a 1-A corrugation ampli-
tude on a 20-A film would require a difference in the per-
pendicular lattice constant of -5%. In this respect it
might be worth recalling that at high annealing tempera-
tures the 2 X 2 appears homogeneous both in filled- and
empty-state CCT's. This also indicates that, at least at
the surface, the metal sublattice becomes ordered. It
should be pointed out that films thinner than —10 A ap-
pear to be thermally stable against a phase transition to
p-FeSi2. Since they can be annealed at rather high tem-
peratures we suppose that they consist of homogeneous
y-FeSi2.

Our model is nevertheless still speculative and further
TEM investigations are required to directly image the
distorted regions. Until now this has been hindered by
the relatively small wavelength of the observed corruga-
tion.

The phase transition from pseudomorphic FeSiz has
also been studied in films grown by SPE (Ref. 5) and reac-
tive deposition epitaxy (RDE). It does not follow exact-
ly the same path with respect to the thickness depen-
dence and the nucleation of P-FeSi2. We believe that this
is mainly due to the drastically different kinetics. Apart
from factors like substrate quality, growth and annealing
rates, etc. the crucial variable governing phase transitions
in epitaxial Fe silicides appears to be the stoichiometry of
the initial phase. In SPE and RDE the stoichiometry is
dificult to adjust because of the diffusion involved in the
formation of the silicide, whereas the MBE method has
the advantage that one can start from a pseudomorphic
phase of well-defined composition. In addition, the island

e

$1

FIG. 11. Cross-sectional TEM diffraction pattern taken
along the I011] direction with the CaFz symmetry. It was ob-
tained on a 21-A FeSi2 film annealed at 550 C. Only silicide
spots are indexed (according to a cubic cell with the Si lattice
parameter).

morphology of SPE- and ROE-grown films will also lead
to different kinetics in the nucleation of the orthorhombic
phase.

As a final point we want to comment on the critical
inhuence of the initial film stoichiometry on the path of
the phase transition. Experimentally, this is firmly estab-
lished: If we do not rotate the sample during growth we
can prepare films in which the Fe:Si ratio varies by—10% across the wafer. In this way we can eliminate
the inhuence of other parameters such as the details of
the annealing procedure, substrate quality, etc. A corre-
sponding experiment with a film of 32-A thickness (in the
center of the wafer) annealed at 500 C confirmed the
findings reported above: In the Fe-rich regions the trans-
formation had already occurred; (100) and (001) P-FeSiz
grains were observed. On the stoichiometric and Si-rich
parts the morphology was similar to the one shown in
Fig. 6(a). Theoretically, we do not yet understand the
role which the additional Fe plays in determining the epi-
taxial orientation. Of course, the three orientations can-
not difFer much in their total energies (which contains
contributions from the surface and interface and the en-
ergy required for the introduction of misfit dislocations).
An important hint might be the observed lowering of the
transformation temperature in slightly Fe-rich films.
This might suggest that the driving force, i.e., the
difference in the Gibbs free energy between the pseu-
dornorphic and the stable bulk phase, is larger. This
could be due to a decrease in the entropy of the cubic
phase, since the additional Fe certainly decreases the
number of possible configurations on the metal sublattice.
The lower transition temperature could inhuence the epi-
taxial orientation via the thermal mismatch or purely ki-
netic factors. Alternatively, the Fe-rich stoichiometry
might also directly affect the p-FeSi2 nucleation, e.g., via
a different atomic interface structure of the pseu-
domorphic phase, which could kinetically favor the nu-
cleation of (100)- and (001)-oriented grains.

From a practical point of view it is important to find
out if it is possible to further increase the grain size in the
(001)-oriented p-FeSi2 films. Quasi-single-crystalline lay-
ers can only be expected if one artificially removes the
threefold symmetry of the Si substrate. The simplest way
to achieve this is to use intentionally misoriented sub-
strates. Currently, we are performing experiments with
different misorientation angles and directions hoping that
in this way we can favor one of the three possible grain
orientations. Probably, this would significantly improve
the electro-optical properties of the p-FeSi2 films, since
grain boundaries usually act as effective recombination
centers.

IV. CONCLUSIONS

To conclude, we have used the scanning tunneling mi-
croscope to study the temperature-induced phase transi-
tion from pseudomorphic FeSi~ to p-FeSi2 on Si(111). We
determined the crystal structure of the as-grown pseu-
domorphic phase to be a CsCl-derived defect phase. In
STM spectroscopy we found direct evidence for the
atomic disorder on the metal sublattice. The fluorite
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symmetry was only locally observed after prolonged an-
nealing at temperatures near the transition to p-FeSi2.
Upon annealing a decrease in the crystalline order of the
cubic phase occurred. It can be explained by a local
structural distortion towards the orthorhombic phase
which precedes the actual phase transition. The
phenomenon could also be relevant in other systems
where the pseudomorphic and the stable bulk phase are
structurally similar. However, in cases of different bond-
ing configurations it should not occur. This is in agree-
ment with our results on the transition between pseu-
domorphic FeSi and e-FeSi where the low-temperature
phase remains well ordered up to the transition. ' By us-
ing slightly Fe-rich deposition rates p-FeSi2 films could
be synthesized with a (001) and (100) orientation which

do not occur in SPE-grown films. We have described in
some detail the surface reconstructions observed on the
diA'erent p-FeSiz grains and related them to the symmetry
of the unreconstructed lattice planes. Due to their rela-
tively high structural perfection with grains of several pm
in size these orientations could mean some progress to-
wards optical applications of epitaxial p-FeSiz films.
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