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Disordered structure of cubic iron silicide films on Si(111)
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X-ray difFraction has been used to analyze a series of thin-film samples of Fe Si as a function of thick-

ness and the composition variable x. Unannealed samples are found to be composed entirely of a CsC1-

type structure not present in the bulk phase diagram. A careful crystallographic analysis is used to show

that the variable composition is accommodated by vacancies on the Fe sites. The unit cells of the film

are nearly lattice matched to the substrate, which results in a rhombohedral distortion; this lateral strain

is compressive for samples near the FeSi composition and tensile for samples near the Feo 5Si composi-

tion. Films annealed to 630 C are also lattice matched to the substrate but composed of the a-FeSi,
structure.

I. INTRODUCTION

Iron silicide has recently received increased attention
(as with other silicides) as possible materials for advanc-
ing today s silicon-based semiconductor industry. The
specific interest in iron silicide arises because of the pres-
ence of a band gap in the bulk phase P-FeSiz. ' This has
the promise of being a suitable material for the develop-
ment of a silicon-based electro-optical device. The P
phase, however, is unlike the cubic NiSi2 or CoSiz, which
are metallic and have been successfully grown epitaxially
on Si; P-FeSi2 has a more complex orthorhombic struc-
ture that is believed to be due to a lattice instability,
which explains the band gap in its electronic structure.
In the effort to grow epitaxial iron silicide on Si, pseu-
domorphic phases have been discovered, which are not
seen in the bulk. Technically, these are not true thermo-
dynamic phases, but are stabilized by the substrate and
growth conditions. One such pseudomorphic phase is an
iron disilicide, with the fluorite structure, called y-FeSi2
(Ref. 3) analogous to the NiSiz and CoSi2 that also have
this structure. Another pseudomorphic phase is a CsCl-
type structured silicide, which is characteristic of lower
growth temperature. ' Recently, we proposed that this
phase is best described as Fe U& Si with a CsCl-type
crystal structure where 0 represents iron vacancies. '

The experiments we report have elaborated on the prop-
erties of this phase. A series of silicide samples with
varying thickness and composition was studied with x-
ray diffraction and a discussion of their structure will be
presented.

The most common bulk phase of cobalt and nickel sili-
cide is the disilicide, CoSi2 or NiSi2, which has the Auor-
ite (CaFz) crystal structure illustrated in Fig. 1(c). The
bulk iron-silicide phase diagram is more complex with a

BL

ZnS

4L

4L 4Evr

0 0
0 0

4L

0 0
0 0

JL
%r

BL

CsC1 o.—F'e Si2

FIG. 1. Comparison of related cubic structures. Each shows
the direct cube face made of type-A (metal) atoms as the sohd
spheres, and a second layer of type-B atoms as larger spheres.
The structures are (a) face-centered cubic, (b) zinc blende, (c)
fluorite, (d} cesium chloride, and (e) a-FeSi&.

variety of phases; including the orthorhombic P phase
mentioned above, the cubic c-FeSi that has a distorted
NaC1 crystal structure, and the high-temperature tetrago-
nal a-FeSi2. The cubic FeSi2 fluorite structure (known as
the y phase) and the CsC1 phase do not exist in the bulk,
but only in epitaxial films. The strain induced by epitaxi-
al growth in thin films is a well-known means of favoring
a new structural phase over bulk phases, especially when
the favored structure is closely lattice matched to the
substrate [an example is bcc Co on GaAs (Ref. 9)]. This
is the case for y-FeSiz, which has a lattice parameter
closely matched with Si and is one of the phases observed
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only in thin films. The ease is similar for the a-FeSi2,
which forms epitaxially far below its bulk formation tem-
perature' '" which we also observe.

When FeSi is grown by molecular-beam epitaxy
(MBE) at room temperature, it does not have the fiuorite
structure but has the CsC1 structure instead. These crys-
tal structures are in fact closely related, as Fig. 1 at-
tempts to demonstrate. The figure shows a series of cubic
structures viewed directly on the cube face. Et starts with
the primitive face-centered-cubic (fcc) lattice made up en-
tirely of atoms of type A in Fig. 1(a). By adding a second
kind of atom (type 8) at four of the ( —,', —,', —,') positions,
this becomes the zinc-blende (ZnS) structure shown in
Fig. 1(b). By filling the remaining four ( —„',—,', —„')positions
with 8 atoms, it becomes the fiuorite (CaF2) structure
shown in Fig. 1(c). Finally, upon filling the previously
empty eightfold coordinates sites between the B atoms
with A atoms, this transforms into the CsC1 structure
[Fig. 1(d)] with a unit cell of half the size. From the point
of view of diffraction, structures 1(a)—1(c) all have fcc
selection rules, but structure 1(d) is simple cubic; it can be
distinguished by the presence or absence of fcc
refiections. Structures 1(a)—1(c) can only be dis-
tinguished by the relative intensities of their reflections,
i.e., by crystallographic analysis. Shown in Fig. 1(e) and
discussed in Ref. 12 is the e-FeSiz structure that is also
related by removing alternating (100) planes of Fe (type-
A atoms) within the CsC1 structure.

One reason for drawing the structures beside each oth-
er in Fig. 1 is to illustrate the role of disorder. If the B
(fiuorine) sites in the CaF2 structure are only partially oc-
cupied, its diffraction intensities will tend towards the
ZnS structure; in the special case of 50% occupation
(randomly distributed), we would have the situation of
identical stoichiometry and the only distinction between
the structures would be small differences in the relative
difFraction intensities. The situation for structures 1(c)
and 1(d) is analogous. Random 50% occupation of the A

sites of the CsCl structure in l(d) yields a disordered ver-
sion of the CaFz structure in l(c), which, since it has
identical stoichiometry, can only be distinguished crystal-
lographically. We report here that this random occupa-
tion description represents the case of FeSi~ (or more ap-
propriately Fe Si) films grown at room temperature on
Si(111).

II. METHOD

The various iron-silicide samples were grown by room
temperature MBE. All samples started on cleaned
Si(111) surfaces showing a 7X7 reconstructure. Samples
were grown with a range of thicknesses and with two ra-
tios of stoiehiometry. Three silicide films were grown by
codeposition of Fe and Si in the ratio of 1:1 after initial
deposition of 2 ML of pure Fe. Another set of four sam-
ples was grown in a two-step process: the 1:1 codeposi-

0
tion of a template was stopped after 5 A of growth and
the film annealed to 400—500 C, then additional Fe and
Si in a ratio of 1:1were deposited at room temperature to
the desired final thickness. We know from previous x-ray
photoemission spectroscopy (XPS) and ultraviolet photo-

emission spectroscopy (UPS) studies that this annealing
step results in a template of cubic Fe Si." Using this tem-
plate, five more samples were grown with a Fe to Si ratio
of 1:2. Three of these five were overgrown with Si and
later annealed to 630 C. A quartz-crystal monitor was
used in each case to determine the film thickness. All
unannealed samples were sealed with an amorphous Si
cap layer about 20—100 A thick to protect them during
transport through air. For the three annealed 1:2 growth
samples, the diffraction scans confirmed the Si cap layers
to be epitaxial. A more detailed description of the sam-
ple growth can be found in Ref. 13.

The x-ray diffraction experiments were carried out on
beamline X16B at the National Synchrotron Light
Source at Brookhaven National Laboratory. The fixed
geometry of the beamline provides a focused mono-
chromatic x-ray beam with a wavelength of 1.69 A. The
samples were mounted on a Huber four-circle
diffractometer and the diffraction intensities measured
with a scintillation detector. Both the incident and
rejected x-ray beams were defined by 1X1-mm slits.
The Bragg peaks (111),(113),and (220) of the silicon sub-
strate were used to align the substrate to the
diffractometer.

Diffraction from the films was measured by means of
direct rod scans selecting the measurement points along
straight lines in reciprocal space perpendicular to the
sample surface. At selected points, integrated intensities
were measured by means of rocking curves (co scans), per-
forming a background subtraction, and applying correc-
tions for sample area and Lorentz factor. In this paper,
the results from the diffraction experiments are organized
into four sections: the epitaxial crystal symmetry, the
structure factors (or integrated intensities), the film
strain, and finally the thickness and uniformity of the sili-
cide films.

III. CRYSTAL SYMMETRY OF THE FILMS

We used searches for the points of maximum intensity
to determine the locations of film Bragg peaks. This
differentiated two groups of samples: the unannealed
films with differing stoichiometries, and the 1:2
stoichiometry silicide films annealed to 630'C.

For the unannealed films, the locations of the film
Bragg peaks determined the lattice symmetry to be rhom-
bohedrally strained cubic, with the strain axis perpendic-
ular to the interface. The rejections will be indexed in
this paper as simple cubic. However, not all the Bragg
reAections at fcc positions were seen, which immediately
rules out the CaF2 structure found in other silicides such
as NiSi2 and CoSi2. So, although the sets of unannealed
films were grown with differing stoichiometries, each sili-
cide film has a simple cubic symmetry with a lattice pa-
rameter about half that of substrate, implying the CsC1
structure for the reasons stated above. Scans in momen-
tum transfer parallel to the (111) interface (q~~) through
the film Bragg peaks determined the quality of the single
crystal epitaxy to the substrate crystal Si(111). The film
Bragg reAections were found to be commensurate with
the substrate rejections, meaning each film's lattice con-
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atoms. Therefore, the larger structure factors correspond
to bcc-allowed rejections with all the atoms scattering in
phase. The smaller rejections are due to out-of-phase
scattering of the different atoms. In a bcc lattice these
latter refiections are absent, but in the CsCl structure the
diFerent atomic scattering factors of the Cs and Cl (or Fe
and Si) results in a nonzero structure factor. These rela-
tive magnitudes of the in-phase and out-of-phase
reAections for the two samples are not the same.

To understand why two samples grown with different
stoichiometries have the same symmetry, a simple model
is constructed for comparison with the observed struc-
ture factors. This model is the FeSi in the CsCl structure
with a stoichiometry dependence modeled by correspond-
ing occupation of the Fe sublattice, i.e., Fe Si. Only two
different formulas for the structure factors are needed as
a function of the momentum transfer. The model struc-
ture factor for the bcc type or in-phase rejections is

—q2(u2&/I+ =w(xfF, +f„)e
and for the bcc absent or out-of-phase rejections it is

—
q (u &/&F = A (xf„,—fs;)e

To fit the model to the measured structure factors, three
parameters are varied: x, the occupation fraction for Fe
atoms; (u )'~, the Debye-Wailer rms vibration ampli-
tude for both atoms; and 2, an overall scale factor that
was not removed from the data. The atomic scattering
factors for Si and Fe are accurately known, including a
dispersion correction for Fe. The dispersion correction is
needed because the fixed x-ray energy of 7.1 keV at beam-
line X16B is close (0.4 keV) to the iron K-shell absorption
edge.

The curves in Figs. 2 and 3 are the least-squares fit for
the model above. On a logarithmic plot, the scale and
Debye-Wailer factors are represented as an overall dis-
placement and a parabola, respectively, to the fitted
curves. The Debye-Wailer parameters ( u ) '~ for the
1:1 and 1:2 ratio films are 0.33+0.10 and 0. 10+0.05 A,
respectively, which compares with 0.075 A for bulk Si
(Ref. 14) and 0.10 A for bulk Fe. ' The larger Debye-
Waller factor for the 1:1 grown film is believed to be re-
lated to its large strain and possibly larger lattice disor-
der. A noticeable difference between the two samples is

the ratio (or diff'erence on the log plot) between the in-
phase and the out-of-phase structure factors. The spac-
ing between the two curves is accounted for by the occu-
pation parameter x for iron. For the 1:1 stoichiometry
(Fig. 2), the best-fit value is x =0.88+0.13, near the ideal
FeSi(CsC1) structure. For the 1:2 stoichiometry (Fig. 3),
the best-fit value is x =0.69+0.08. This corresponds to a
defect CsCl or Fe„~i „Sistructure with representing
statistically random iron vacancies. From the
stoichiometry of growth conditions, one would expect the
value of x = 1.0 and x =0.5, respectively. The
structure-factor data clearly shows a substantial vacancy
presence in the CsCl structure. A possible explanation of
the discrepancy to the expected values is a relationship to
the film strain, which will be discussed below.

We note that the model does not consider the substitu-
tion of Fe sites by Si atoms, which could produce similar
results, but is considered unlikely because such body-
centered Si atoms would need eight nearest-neighbor
bonds to the surrounding Si atoms. The strain measure-
ments below also reject this hypothesis.

V. STRAIN

For strain and film thickness information, scans of the
momentum transfer perpendicular to the film qz were
performed. We used index scans following the x-ray
scattering intensity between the Si substrate Bragg peaks
along the lines perpendicular to the surface. These scans
measure contributions from both the (commensurate) film
and the substrate crystal: the abrupt termination of the
lattice leads to crystal truncation rods extending between
the bulk Bragg peaks in this direction. ' In each sample
three or more Bragg rejections from the film were sam-
pled. In the film cubic lattice coordinates, these Bragg
peaks are indexed (100), (110), and (111). The Bragg
peaks, however, did not position exactly at these points,
but were displaced along the direction perpendicular to
the surface. As mentioned above, all unannealed samples
were found to have the same general cubic symmetry but
differences were present in the form of strain, or distor-
tion from the cube. The annealed a-FeSi2 films are simi-
larly strained if one considers a larger near-cubic unit cell
with a ' =2a. From the scans in q~, the precise position of
the Bragg peaks was determined. Their average gave the
lattice spacing perpendicular to the interface. Table I

TABLE I. Lists of results, atomic plane spacing, and in-plane coherence lengths. The samples used
for the structure-factor analysis are listed first. Number 1059 is one sample grown in a two-step 1:1
process. Number 1066 is one of the annealed 1:2 grown samples, with the a-FeSi, structure. The un-
certainty of the last significant digit is in parentheses.

Sample No.

7001
1023
1059
1066

Thickness (A)

270
105
45
40

Fe Si (Cscl)

~ =-0.88 (13)
x =0.69 (8)
x =1'
n.a. (a-FeSiz)

(d(„,) ) (A)

1.630 (3)
1.540 (6)
1.640 (2)
1.523 (16)

Rhombohedral
distortion (%)

3.8 (2)—1.8 (4)
4.5 (2)

—2.5 (10)

In-plane
coherence
length (A)

2300
4200
1100
6700

'From growth conditions
d for (112) of tetrahedral cell.
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lists the plane spacing d for two samples used for the
structure-factor analysis and other representative sam-
ples. No displacement of the peaks parallel to the inter-
face was detected indicating the lattice spacing parallel to
the interface is the same as (half) that of the silicon lattice
constant. The rhombohedral distortion can be calculated
from this by

where a is an estimated bulk lattice constant. The value
of a was estimated from a~, a~~, and the elasticity constant
of Possion's ratio o. taken to be 0.35, a value determined
by earlier Brillouin scattering measurements this is a
very small correction, however. The resulting values for
the rhombohedral distortion are plotted in Fig. 4 as a
function of film thickness. The drawn lines are only to
bring attention to how the samples fall in three classes:
compressive strain or positive rhombohedral distortion,
and tensile strain or negative rhombohedral distortion for
both unannealed and annealed. The tensile-strained films
are the ones grown at the 1:2 stoichiometric ratio and the
compressive-strained films were grown at the 1:1 ratio.
From the strain calculations, the estimated bulk lattice
parameter for the 1:1films is about 2.78 A, which in close
agreement to a theoretical (T =0 K) value of 2.72 A for
FeSi (CsCl) in Ref. 18. For the 1:2 disordered unannealed
films, the estimated bulk lattice parameter is 2.69 A.

This difference in strain supports the defect CsC1 struc-
ture model. As iron vacancies are introduced into the
CsC1 structure, the average coordination for Si atoms de-

creases. This generally results in a contraction of the lat-
tice. Such a contraction with the decrease in the Fe
stoichiometry would result in the compressive to tensile
strain difference as shown for the 1:2 grown films. The
opposite would be expected if Si were substituting for the
Fe atoms. Silicon in iron sites of the CsC1 structure
would produce an expansion from the increased coordi-
nation of the Si, in contraction to the measured results.
As mentioned above, the strain could explain why the
determined Fe stoichiometry (from the structure-factor
analysis) was different from the expected growth
stoichiometry: Large stoichiometry extremes would re-
sult in larger extremes in strain. Partial adjustment of
the stoichiometry (maybe involving the substrate) to re-
lieve strain would cause the final value to be closer to the
(nominal) intermediate value of a completely relaxed film.
More experiments are needed to answer this hypothesis
and the questions it raises, such as, how stoichiometry
and strain are related in these systems.

The third set of points on Fig. 4 show that the effect of
annealing is apparently to increase the strain in the 1:2
grown films. This is understood to be due to the c/a ra-
tio of 1.9 instead of 2.0, however. These annealed films
have a tetragonal structure so they no longer have a sim-
ple rhombohedral strain. Taking the bulk a-FeSi2 lattice
parameters, ' the near-cubic unit-cell volume is 7.3%
smaller than Si, consistent with the —3.7% linear con-
traction observed.

VI. THICKNESS AND UNIFORMITY OF THE FILMS

The qi scans also show thin-film oscillations (Laue
fringes) to the sides of the Bragg peaks. A least-squares
fit to the oscillations from some of the samples was possi-
ble using a theory described in Ref. 20. The theory con-
siders a discrete distribution of film domains with thick-
ness Xd. The total scattered amplitude is then the sum of
the individual domain amplitudes over this distribution:

O

O 4-
O
V)

C3

CU

0
(D

O
-2—

u- FeSi2

1:1 grown films

1:2 grown films

iq& Nd

3 =QP~F(q)
N

The structure factor F(q) includes the atomic structure
of the film and, therefore, the transverse momentum
dependence. Assuming a binomial distribution for I'N,
the sum can be performed analytically. The sum is analo-
gous to the moment generating function for this statisti-
cal distribution. A binomial distribution can be justified
since it approaches a Gaussian distribution in the contin-
uum limit. Squaring the amplitude gives the intensity
function as

50 100 '150 250
Film Thickness (A)

300

FICx. 4. Rhombohedral distortion of silicide films vs film

thickness. The solid squares are for films grown with 1:1 Fe to
Si stoichiometry. The solid circles are for the two step 1:1
grown films. The open triangles are unannealed 1:2 grown film.

The open circles are for annealed films grown with 1:2
stoichiometry (and found to be a-FeSi2). A positive distortion
corresponds to compressive strain. The lines are drawn only to
aid the eye. The two samples used for the structure-factor
analysis are marked with asterisks.

1g= —arctan
d

c sinq~d

E cosqid +(1—E)

&=M/1 —c. and c=s2/M .

—,'(1 —a) +a sin [Nd(qi —g) jI = IF(q)l'
sin (qid/2)

where we have used the following definitions:

a = [1—4e(1 —e)sin (q~d /2) ]' '
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(RHEED) experiments.
Although unannealed samples show exclusively the

symmetry of the CsC1 structure, there is a pronounced
strain effect as the stoichiometry is varied, as seen in the
figure of rhombohedral distortion. The rhombohedral
distortion changes sign between the different extremes of
stoichiometries. This is correlated with a clear change in
structure factors. Unlike the previous TEM and
RHEED experiments, our structure-factor measurements
allow us to determine the atomic occupation within the
lattice. This constitutes the strongest proof so far of a va-
cancy model with partially occupied Fe sites in the CsC1

2.0 2.2 2.4 2.6 2.8 3.0
Perpendicular Momentum Transfer (A ")

FICx. 5. Example scan of silicide film Bragg peak (110) vs
momentum transfer perpendicular to the surface q&. The solid
curve is a least-squares fit for a thin film of thickness 89 and a
roughness of 7 A.

These quantities relate to physical quantities describing
the films: the mean-film thickness in Md and the rough-
ness is sd. Thus, from the fringe spacing, an accurate
determination of thickness is obtained as well as an es-
timated roughness or variation of the film thickness. An
example of the data is given in Fig. 5 where the curve is
the best fit for a film thickness of 89 A and a roughness of
7 A. The growth conditions indicated a thickness of 70
A. Some silicide samples had more complicated peak
shapes probably due to strain gradients that could not be
fit by this simple model.

Table I lists the in-plane coherence length for some of
the film samples. Using cross-section scans through the
film Bragg peaks along a direction parallel to the inter-
face, the in-plane coherence length was determined from
the peak's full width at half maximum (FWHM) by

I =2m lbq(FWHM) .

For all samples, the coherence perpendicular to the inter-
face is limited to the thickness of the films, as demon-
strated above.

VII. CONCLUSIONS

We have determined the structure of iron-silicide films
grown at room temperature on a Si(111) substrate. The
films grow pseudomorphically and commensurate in the
(111) plane. The film Bragg-peak positions and the ab-
sences of other peaks determine the film structure to be
that of the cubic CsC1 structure (space group Pm3m)
with about half the unit cell of the Si substrate for all the
unannealed samples. The total absence of peaks at the
positions of a fcc lattice informs us that there is no CaF2
phase (space group Em3m) even for 1:2 stoichiometric
samples. The CsC1 structure agrees with TEM
diffraction and reAection high-energy electron-diffraction

FICx. 6. Lattice representations for (a) FeSi (CsCl structure)
and (b) Fe

& „Si(disordered CsCl structure). The smaller and
larger spheres represent Fe and Si atoms, respectively. The
open circles in (b) represent disordered Fe vacancies.
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structure. Therefore, a better notation for the composi-
tion of this silicide would be Fe

&
Si with 0.5~x 1

for the fraction 6f Fe. The iron vacancies are represented
by open circles in the disordered CsC1 structure in Fig. 6.
By randomly removing up to half of the Fe from the CsC1
silicide, the average local symmetry is not changed, but
change is clearly seen in the comparison between struc-
ture factors, and is also consistent with the
rhombohedral-distortion data. If the Fe vacancies were
in fact ordered at x =0.50, the resulting structure would
be the CaF2 structure [Fig. 1(c)]. Although not present in

any of our samples, this has been seen with TEM on thin
films of 1:2 ratio iron silicide that are annealed slowly and
transformed to islands of y-FeSiz (CaF2 structured)

phase. This paper's conclusions are consistent with the
idea suggested by the TEM experiment, that the as-
grown 1:2 stoichiometry films are disordered, but can be
come ordered upon annealing.
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