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The gas-source molecular-beam epitaxy (GSMBE) of P-FeSiz layers on Si(111) and Si(001) has
been studied. Results from two difFerent growth processes, depending on the choice of either SiH4 or
SizHs as the silicon gas source, are discussed. Fe(CO)s acts as the Fe source for the silicide growth
in both processes. Concerning surface roughness, thickness uniformity, and substrate/overlayer
interface sharpness, best growth temperatures are found to be from 450 to 550 'C for both the SiH4
and Si2H6 GSMBE processes. In 8itu electron spectroscopy combined with transmission-electron-
microscopy structural analysis allows the identification of the grown silicide phases; furthermore,
a heavily p-type doped accumulation layer is found to form at the surface, as revealed by high-
resolution electron-energy-less-spectroscopy. High defect optical absorption is measured below the
edge region (Es 0.87 eV) and compared with common semiconductor materials. The RT electrical
properties as measured by Hall eKect are shown to be masked by a contribution from the substrate.
At 77 K the mobility and carrier concentration of the grown P-FeSi2 layers are p, 2 cm /V s and
p ~ 2 x 10 cm, respectively.

I. INTRODUCTION

The semiconducting phase of iron disilicide, P-FeSi2,
has attracted considerable interest in the last few years
because it could open new possibilities for other silicon-
based heterostructures besides the Si-Ge alloy system to
be of interest for optoelectronics and microelectronics.

Heteroepitaxy of thin P-FeSi2 layers on both (ill) and
(001) silicon surfaces has been achieved by different tech-
niques mainly under ultrahigh vacuum (UHV) conditions
and it has turned out to be a diFicult concern. The
complex orthorhombic structure of P-FeSi2 intrinsically
causes the growth of differently oriented epitaxial do-
mains on both types of silicon surfaces. Furthermore,
depending on the growth technique and conditions, dif-
ferent epitaxial relations with the substrate are observed,
which all have a relatively large lattice mismatch to sili-
con.

In the case of very thin layers a better matched epitax-
ial interface has been shown to induce the formation of
pseudomorphic metallic phases that do not occur in the
equilibrium bulk phase diagram. The temperature-
induced phase transition towards the equilibrium P-FeSi2
phase has been studied and diferent paths have been ob-
served, depending on the growth technique.

Besides their interesting fundamental character, these
studies aim at investigating the potential role of P-
FeSi2 as a material for applications in silicon-based opto-
electronics and microelectronics. The measured direct
energy gap of about 0.87 eV ( 1.43 pm) matches very
well with the optimum transmission window of optical
fibers. However, recent experimental optical results agree
with the theoretical prediction of an absolute indirect gap

for the p-FeSiz very close in energy to the direct one. ~ s

These findings would prevent the use of the material in
Si-based optoelectronic applications as a light emitter; at
present the Si-Ge system and porous silicon seem to be
more promising in that field. Nevertheless other possible
applications, e.g. , as in&ared detector or for use in thin
film solar cell technology still motivate further investiga-
tion.

In this work we report on a study performed on the
growth by gas-source molecular-beam epitaxy (GSMBE)
and characterization of P-FeSi2/Si heterostructures.

Gas-source MBE (also known as chemical beam epi-
taxy, CBE) has become a widely used technique for
the deposition of semiconductor materials. The reac-
tant gases are delivered as molecular beams with no gas-
phase reaction prior to reactant adsorption. In contrast
to MBE, the gaseous sources do not have to be heated
significantly above RT, thus avoiding the presence of hot
surfaces in the vicinity of the sample. They ensure con-
tinuous performance and the UHV growth environment
allows, as in MBE, a high control of the growth process
in situ. Furthermore, the possibility of selective growth
onto a silicon dioxide patterned substrate is very attrac-
tive. FeSi2 layers have been grown on Si(ill) and Si(001)
substrates. A comparison between two diferent growth
processes, depending on the choice of either SiH4 or Si2H6
as silicon gas source, is reported. Fe(CO)s provides the
Fe component for the silicide growth in both processes.

In situ low-energy electron diffraction (LEED) displays
the surface symmetry of the grown silicide layers that re-
flects the overlayer crystal symmetry and its epitaxial re-
lation to the substrate. A more complete structural anal-
ysis is then achieved by means of transmission electron
microscopy (TEM), which reveals details of the sample
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crystal structure and morphology of the bulk of the layer
on a scale ranging &om several micrometers down to the
atomic scale. Information about the chemical composi-
tion and crystalline quality of the grown heterostructures
is also gained by Rutherford backscattering (RBS) anal-
ysis. The electronic and vibrational properties of the
iron silicide layers grown are investigated by in situ high-
resolution electron-energy-loss spectroscopy (HREELS).
The incoming electrons are scattered due to charge den-
sity fluctuations in the crystal that can be caused by, e.g. ,
excitations of phonons, surface plasmons, or single parti-
cle excitations (intraband and interband electronic tran-
sitions). The energy-loss spectra measured in reflection
geometry (dipole scattering regime) thus give a picture
of the crystal surface elementary excitations. Electronic
valence band spectra are measured by means of ultravio-
let photoemission spectroscopy (UPS) and their features
allow the identification of the grown silicide phase.

II. EXPERIMENT

The UHV system consists of a GSMBE growth cham-
ber connected with two analysis chambers for the in situ
characterization. The first analysis chamber is equipped
with a three-grid LEED system and a HREELS spectro-
meter with two stage monochromator and analyzer. Pho-
toelectron spectroscopy is performed. in the second analy-
sis chamber. A He discharge lamp (Ru = 21.2 eV) serves
as ultraviolet source and for the x-ray excited spectra
monochromatized Al K radiation (Ru = 1486.8 eV) is
used. The base pressure is 2 x 10 Torr in the growth
and in the first analysis chamber, 2 x 10 ~ Torr in the
photoemission system. A load-lock entry allows a rapid
insertion of the samples into the growth unit.

High resistivity (p 5000 Bcm) Si(111) and Si(001)
wafers (6 x 15 mm2) are used as substrates. They are wet
chemically treated. ex situ by a modified Shiraki method,
which leaves a thin oxide layer on the sample surface.
Complete desorption of this oxide layer is achieved. in
UHV after annealing at 820 C for about 15 min resulting
in a clean Si(ill)(7 x 7) or Si(001)(2 x 1) reconstructed
surface as checked by LEED and HREELS.

Either silane (SiH4) or disilane (Si2Hs) are used as sili-
con gas sources for the two difFerent investigated GSMBE
processes. Iron pentacarbonyl, Fe(CO)s, serves as iron
gas source in both cases. Each gas is injected into the
chamber separately and focused onto the heated silicon
substrate, placed a distance of 6 cm &om the gas line
outlets. The gas flow is controlled by Baratron valves.
In order to get a homogeneous flow profile at the sam-
ple the gas lines are equipped with glass capillary arrays,
whose pore diameter is 50 pm. The gas pressure p, at
the inlet leak valves is of the order of 10 Torr and
the background pressure pg in the chamber d.uring the
growth is of the order of 10 Torr. The partial pressure
of the two components at the crystal surface depends on
the pressure at each inlet leak valve, which in turn is di-
rectly related to the background pressure in the growth
chamber. A calibration of the gas inlet system gives for

p, = 1 x 10 Torr the following partial pressures at
the crystal surface: ps;H, = ps/0. 018 = 0.6 x 10 4 Torr
and pF, ~~ol = pg/0. 0075 = 1.3 x 10 Torr. At the
beginning of each GSMBE growth process the substrate
temperature is set up, then the Si source is opened first
and after 1 min the iron source is switched on. At the
end the Fe line is closed, leaving the Si line still open for
1 min. Finally the sample temperature is lowered at a
rate of —1 K/s to RT before the sample is transferred
into the analysis system. Within the sensitivity of the
i n situ characterization methods employed no traces of
carbon or oxygen incorporation in the silicide films are
observed.

III. GROWTH PROCESS WITH SiH4

The first series of growth studies are concerned with
the eKect of a systematic variation of the Si-to-Fe com-
position ratio at the growing surface. A sequence of sili-
cide layers is grown on Si(001) in the range from 0:1 up
to 5:1 Si:Fe atomic ratio. The growth temperature is
550 C and the deposition time is 3 h for each process.
The silicide phase formed is the seiniconducting P-FeSi2
for all samples, as revealed by the presence of the Fuchs-
Kliewer phonons in the HREELS spectra and the shape
of the UPS spectra with negligible intensity at the Fermi
level

A scanning-electron-microscopy (SEM) analysis (not
reported here) shows very different surface morphologies
for the di6'erent Si:Fe ratios. High roughness is observed
if only Fe impinges upon the surface and with increasing
Si feed the roughness decreases. The smoothest surfaces,
on a scale of 0.1 pm, are achieved by equal Fe and Si
gas pressures or slight Si overpressure. A too high Si gas
feed induces three-dimensional (3D) growth with island
formation.

In order to determine the growth rate a series of P-
FeSi2 films has been grown on Si(111) and Si(001) with
varying deposition times at a substrate temperature of
550 C. The beam gas pressures are 2.5 x 10 Torr and
3 x 10 4 Torr for Fe(CO)s and SiH4, respectively. Due to
these relatively low values, gas-phase collisions can be ig-
nored when considering the growth kinetics and therefore
only surface reactions are assumed to be important. The
layer thickness increases linearly with the deposition time
as determined via RBS. On Si(ill) and Si(001) growth
rates of about 2 A./min and 2.5 A/min are obtained.

Figure 1 shows the Arrhenius plot of the growth rate
r for the P-FeSi2 growth on Si(111) and Si(001). Data
from Si(001) homoepitaxy with SiH4 by Hirose et aL
are also shown; the SiH4 pressure in their GSMBE pro-
cess is 2 x 10 Torr. The P-FeSi2 growth rate as a
function of the temperature shows a clear break: below
T = 600 C it does not significantly depend on the tem-
perature, while at higher T a thermally activated behav-
ior is observed. In the whole temperature range a slightly
higher growth rate is achieved on Si(001) than on Si(111).
A break at almost the same temperature is also found for
the silicon growth process. A relation between the two



17 782 A. RIZZI et al.

10—

900 800 700

T( c)
600

I

E,=10.9 kcal/mol

I ~ I I

E,=4.3 kcal/mol

Cl

500

p-FeSi2/Si(111)

P-FeSi&/Si(001)

Si(001)

E,=24 kcal/mol

400
Referring now back to the temperature dependence of

the silicide growth rate reported in Fig. 1, it can then
be expected that the lower temperature region in this
case is also characterized by a high-coverage regime. The
presence of activated iron, cobalt, and nickel is generally
known to catalyze the synthesis of saturated (C H2 +2)
and unsaturated (C„H2„)aliphatic hydrocarbons from
carbon monoxide and hydrogen. An example of this
commercially important Fischer-Tropsch synthesis is

E =12.6 kcal/mol CO + 3H2 ~ CH4 + H20(g) + 49.26 kcal
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FIG. 1. P-FeSis growth rate on Si(111) and Si(001) as a
function of the substrate temperature. The gas pressures are
2.5 x 10 and 3 x 10 Torr for Fe(CO)s and SiH4, respec-
tively. Each sample was grown at the selected growth temper-
ature for 3 h. The growth rate is derived from the measured
thickness by RBS with an estimated relative error of 10+0.

processes might be inferred even though the growth rate
temperature dependence above and below this breaking
point is difFerent for silicon homoepitaxy and for the sili-
cide growth. It is therefore useful for the discussion to
recall briefly the Si growth model generally proposed in
the literature.

The growth model for silicon homoepitaxy with silane
considers adsorption of SiH4 followed by diffusion and
incorporation in a sequential manner. The net reaction
1s

SiH4(g) ~ Si(s) + 2H2(g)

Two different growth mechanisms with different activa-
tion energies are identified, depending on the growth lim-
iting process. An adsorption-limited process occurs on a
sparsely covered silicon surface, when the hydrogen sur-
face coverage is low and therefore adsorption site avail-
ability is high (high temperature limit). Silicon carry-
ing fragments are presumed to diffuse fast towards the
atomic edge steps to specific sites where incorporation
occurs. This process is characterized by a low overall
activation energy ( 4 kcal/mol). In a high surface cov-
erage regime attained in the low temperature limit, an
increase in the overall activation energy is observed as
the SiH4 adsorption rate is controlled by the rate of H2
desorption, producing dangling bonds.

Concerning the iron gas source it is known that
Fe(CO)s shows a relatively low activation energy ( 6.2
kcal/mol) for the thermal decomposition reaction on a
Si(001) surface in UHV,

and this reaction runs already at 250—300 'C due to the
catalytic effect of, e.g. , nickel. This kind of exothermic
reaction might thus explain the observed temperature in-
dependent growth rate that characterizes the growth of
the iron disilicide by codeposition in the lower temper-
ature range. Above 600 C, when in the Si growth the
adsorption of silane becomes the limiting process, the
transition towards a low-coverage surface slows down the
reaction between Fe and Si at the surface and the fast
diffusion of Fe in the substrate becomes the important
growth mechanism. This also explains the increase in
the overall roughness observed for the samples grown at
higher temperatures.

Further evidence for the reaction of the Fe with the Si
substrate at higher growth temperatures is provided by
growing the silicide on a SiO~ patterned Si substrate. A
cross-section TEM picture of a sample grown at 700 C
is shown in Fig. 2. The plane of the picture lies perpen-
dicular to the 1 pm wide oxide strips; the original silicon
substrate surface is marked by the Si/Si02 interface in
the middle of the image. The P-FeSi2 is found to grow
selectively on the bare silicon surface (left and right of
the Si02) and it is clearly seen that a significant layer
fraction has grown by diffusion into the substrate.

Figure 3 shows cross-section images of P-FeSi2 layers
grown by GSMBE at 550 C substrate temperature on
Si(111) and Si(001), respectively. A smooth surface and
a sharp interface are observed for the epitaxy on the
Si(ill) substrate, while epitaxy on Si(001) results in a
slightly higher surface and interface roughness. The dif-
ferent contrast within the grown layers arises from silicide
grains with difFerent azimuthal orientations. Strain con-
trast is also clearly seen at the interface on the silicon

Fe(CO)s(g) ~ Fe a, + 5CO(g) .

Surface-to-bulk transport of iron is observed to start
above 400 C and the diffusion kinetic of Fe in Si is char-
acterized by an activation energy of 16 kcal/mol.

FIG. 2. Cross-section TEM image showing the growth of
P-FeSiq on a SiOs patterned Si(001) substrate. Growth tem-
perature is 700 'C.
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FIG. 3. Cross-section TEM images of P-FeSiz layers grown
on. Si(111) (top) and Si(001) (bottom). Growth teinperature
is 550 C and growth time 3 h.

substrate side.
RBS analysis confirms the FeSi2 composition of the

layers grown in the whole temperature range. Simula-
tions of the measured spectra, assuming the growth of a
uniform silicide overlayer, also indicate the tendency to-
wards increasing film roughness with increasing growth
temperature. This eKect is more important for the het-
eroepitaxy of P-FeSi2 on Si(001) than on Si(ill).

The reported results show that P-FeSi2/Si heterostruc-
tures can be grown by GSMBE with SiH4 and Fe(CO)s
in a wide substrate temperature range. Concerning the
morphology of the grown films, the best results are ob-
tained on Si(ill) substrates in the temperature range
from 450 C to 550 C and with a slight silane par-
tial oversupply at the sample. In the next section the
microstructure and epitaxial relationships of the het-
erostructures grown will be discussed.

FIG. 4. 63 eV I EED pattern of epitaxial P-FeSi2 grown on
Si(001) at (a) 550'C (d = 360 A) and (b) 700'C (d = g00 A).

relationship with P-FeSi2(100)IISi(001). The azimuthal
orientation shows differences at the two selected growth
temperatures. At the higher temperature [Fig. 4(b)] one
orientation is mainly observed; the lower temperature ad-
ditionally induces a 45 rotated twofold symmetry pat-
tern [Fig. 4(a)]. The two observed epitaxial relationships
correspond to the two-dimensional real space configu-
ration shown in Fig. 5. The Si(001) lattice points are
plotted as small circles and the P-FeSiz(100) unit cell by
the dashed lines. The shaded areas describe the lattice
unit cells. In one case the azimuthal orientation is P-
FeSi2[010]IISi(100) with a linear mismatch of —4.3%%uo and
—3.8%%uo', the other azimuthal orientation corresponds to
P-FeSi2[010]IISi(110) with a linear mismatch of +1.5%%uo

and +2.0%. Similar results are reported for the growth

3-FeSi,(100) I I Si(001)

IV. MICROSTRUCTURE
AND EPITAXIAL RELATIONSHIPS

Semiconducting P-FeSi2 crystallizes in an orthorhom-
bic lattice with a = 9.863 A. , b = 7.791 A, c = 7.833 A;
the primitive cell contains 48 atoms, 16 Fe and 32 Si
atoms. Even though there is no simple structure match-
ing with the cubic silicon substrate, several groups have
demonstrated the epitaxial growth of P-FeSi2 on Si(ill)
and Si(001).i'2's' ' 'i Due to the reductiori of the layer
symmetry as compared with the cubic substrate, several
equivalent azimuthal orientations are expected and have
been indeed observed for the epitaxy of P-FeSi2 on both
silicon substrates.
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I EED pictures of P-FeSi2 grown on Si(001) at 550 C
(a) and 700'C (b) are shown in Fig. 4. The primary elec-
tron energy is 63 eV. Both patterns show the epitaxial

FIG. 5. Two-dimensional real space model for the epitaxy
of P-FeSi2 on Si(001). The plane of the figure corresponds to
the Si(001) (circles) and P-FeSi2(100) (dashed lines) lattice
planes.
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FIG. 6. HRTEM plan-view
picture of P-FeSi2(100) grown
on Si(001) showing the bound-
ary region between two epitax-
ial grains. (a) Grain bound-
ary region of two domains ro-
tated by 45'. (b) Grain bound-
ary region of two domains that
are only slightly tilted against
each other. The lattice fringe
resolution is reduced due to the
tilt. The optical diffractograms
of the boundary areas are in-
serted in the images.

by MBE. ' In the GSMBE process not only the growth
temperature affects the type of heteroepitaxy; a Si source
oversupply is observed to induce preferentially both ori-
entations in the whole temperature range.

A high-resolution plan-view TEM picture in the region
of a grain boundary is shown in Fig. 6(a). The sample
was grown by GSMBE at 550'C. The (004) and (040)
fringes of the p-FeSi2 are clearly resolved that form an
angle of 45 at the domain boundary thus confirming
the results of the I EED investigation. The inserted se-
lected area optical difFractogram was taken from both
grains and shows the overlap of the two grain patterns
that are rotated by 45 against each other. The direc-
tions of the reciprocal lattice vectors corresponding to the
(010) planes in the two domains are marked by the arrows
in the diffractogram. In other cases plan-view HRTEM
reveals the formation of small-angle grain boundaries
[Fig. 6(b)]. The inset shows the optical diffractogram
of the two grains; the pattern of only one orientation is
recognized. The loss of resolution in the grain on the
right-hand side can be explained by a slight tilt of the
[100] direction of the P-FeSi2 with respect to the inci-
dent electron beam, which also gives rise to a broadening
of the reflections in the optical difFractogram. The mean
lateral size of the single epitaxial grains is in the order of
0.5 pm. RBS spectra taken on the present samples do not
show any channeling in P-FeSi2(100)/Si(001). Von Kanel
et aL, however, have reported a minimum yield of 7.5%%up

for MBE-grown P-FeSi2(100)/Si(001). In their growth
process a thin template silicide layer is formed at the
substrate interface by low temperature deposition before
proceeding with the MBE growth at 700 C. This pro-
cedure should improve the silicide growth, mainly con-
cerning the sharpness of the substrate interface. The
GSMBE-grown P-FeSi2 layers show a relatively rough in-
terface to the substrate (Fig. 3) that might be the reason
for the formation of epitaxial grains slightly tilted against

each other. The described microstructure would of course
prevent channeling efFects in RBS.

In Fig. 7 a cross-section HRTEM image shows a re-
gion with two differently oriented grains. The insets
display the optical diKractograms of the two grains.
The left one shows the common epitaxial orientation P-
FeSi2(100)!!Si(001).In the upper part of the right grain
the P-FeSi2(220) and P-FeSi2(202) planes are clearly visi-
ble. The P-FeSi2(202) planes are oriented almost parallel
to one set of the (ill j planes in the Si substrate, which
corresponds to the epitaxial orientation commonly ob-
served for P-FeSi2 on Si(ill) substrates. The interface
roughness in this area most likely induces this epitaxial
orientation.

B. P-FeSiq/Si(ill)

Similar to what is observed on Si(001), the epitaxy
of iron disilicide on Si(111) also shows different epi-

FIG. 7. Cross-section HRTEM image of two differently ori-
ented grains (left and right) with the insets showing the opti-
cal diffractograms of the two regions. P-FeSi2 was grown by
GSMBE at S50 C.
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taxial relations in the lower and higher growth tem-
perature range. Figure 8 displays the LEED patterns
taken after GSMBE growth of P-FeSi2 on Si(111) at
three selected temperatures. As in the former case, the
epitaxial relations are schematically shown in a two-
dimensional real space model in Fig. 9. At 700 C
growth temperature [Fig. 8(c)] epitaxial grains of P-
FeSiq(101)/Si(ill) or P-FeSi2(110)/Si(111) are formed.
Due to the small difference in the b and c lattice con-
stants of the orthorhombic system, it is not possible
to distinguish between the two possibilities in LEED
experiments. The threefold rotational symmetry of
the substrate induces the growth of three different az-
imuthal oriented domains, rotated by 120' against each
other (Fig. 9, right-hand side). This is the most com-
monly observed epitaxial orientation for P-FeSi2 grown
on Si(ill) by different growth methods and in particu-
lar the one erst observed for solid-phase-epitaxy- (SPE)
grown Alms. Growth at 500 C results in a different
symmetry of the LEED pattern [Fig. 8(a)]. Twelve
spots ordered in a ring geometry are recognized and
they correspond to the growth of P-FeSi2(100)iiSi(111)
with P-FeSi2[010] or [001]i~Si(110) (Fig. 9, left-hand side).
The LEED pattern is composed of three equivalent az-
imuthal oriented domains, rotated by 120 . A mis-
match of +1.4% (+2.0%) along Si(110) and of —1.9%
(—2.4%) along Si(112) is calculated if a large common
unit mesh is considered (56 x c or 5c x 6). At 550'C
[Fig. 8(b)] an additional 12 spots, rotated by 15, are
identified and correspond to a different azimuthal orien-
tation with respect to the substrate, P-FeSi2[011]~iSi(101)
(Fig. 9, middle). Even though with lower intensity ad-
ditional spots appear that correspond to the pattern
observed at the higher temperature [Fig. 8(c)], i.e. , P-
FeSi2(101)/Si(111) oriented grains. These results are
confirmed by TEM; for a growth temperature of about
500 C the grain sizes range from 50 nm to several
p,m. 20

A minimum channeling yield of 57% in RBS spec-
tra is measured for the P-FeSi2 epitaxial layers grown
at 450 C; y;„increases almost linearly up to a value
of 86'% by increasing the growth temperature up to
750 C.

For the following discussion it must be recalled that

the growth of different pseudomorphic FeSi2 phases on
Si(ill), which do not exist as equilibrium bulk phases,
has been reported in the literature. Furthermore, even
the metallic Q.-FeSi2 phase, stable above 937 C, has been
observed to grow epitaxially on Si(111) in the tempera-
ture range 500 —550 C. It transforms into P-FeSi2 either
by annealing or during the growth, by increasing the layer
thickness.

In previous works we have shown that the P-FeSi2 epi-
taxy on Si(111) by GSMBE with silane in the tempera-
ture range 450 —550 C is characterized by the formation
of an epitaxial metallic p-FeSi2 layer at the interface with
the silicon substrate. ' ' The p-FeSi2 has a CaF2 struc-
ture and is not stable in the bulk but it can be stabilized
on Si(111) by an energetically favorable interface to the
substrate. Interestingly the orthorhombic bulk structure,
P-FeSi2, arises by a slight distortion of the calcium fluo-
rite lattice.

Sirringhaus et al. studied the FeSi2/Si(ill) epitaxy
starting from a pseudomorphic Feo 5 0 5Si, with CsCl
symmetry and a random occupation of 50% of the Fe
sites. This FeSi2 CsCl-derived defect phase can be grown
by MBE on Si(ill). ' They found that the orientation
of P-FeSi2 formed after annealing is very much dependent
on kinetic factors, in particular on the stoichiometry of
the initial deposit. On the Si-rich or stoichiometric side
P-FeSi2(101) grains form, whereas on the Fe-rich side P-
FeSi2(100) and P-FeSi2(001) grains are found to grow.

In the GSMBE process reported here different P-FeSi2
orientations are observed as well and with increasing
growth temperature there is a continuous change &om
P-FeSi2(100) to P-FeSi2(101). We do not have any evi-
dence that a variation of the partial pressure ratio of the
components induces a change in the orientation of the
grown silicide. Actually, the transition among the differ-
ent types of epitaxy relates to the growth temperature
and occurs in the temperature region where the system
exhibits a change in the growth mechanism, as discussed
in Sec. III. In the diffusion controlled growth (high tem-
perature range) the same orientation is obtained as in
SPE; below 550 C the codeposition from the gas phase
is the major growth mechanism and the nucleation of
P-FeSiz(100) oriented grains is favored.

We believe that a determining factor in our process is

3-FeSi,/Si(111)

FIG. 8. LEED pattern of
epitaxial P-FeSi2 grown on
Si(ill) at (a) 500'C (E = 46
eV, d = 500 A), (b) 550 'C
(E = 43 eV, d = 100 A),
and (c) 700 'C (E = 46 eV,
d = 800 A.).

T=500 'C T=550 'C T=700 'C
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FeSi2 epitaxial layers grown by GSMBE is achieved by a
model calculation of the HREELS spectra. In Fig. 12 the
experimental spectra measured on the P-FeSi2/Si(111)
heterostructure before (a) and after hydrogen adsorption
(b) are reported again (circles) together with a semiclas-
sical model calculation (continuous line) based on the
dielectric theory. In this model the loss spectra are cal-
culated by considering the kinematics parameters of the
electron scattering (experimental setup) and the dielec-
tric properties of the scattering medium. In particular,
the model has been developed for layered structures. It
is based on the calculation of an effective dielectric func-
tion that depends on the bulk dielectric properties of
each layer, after considering the appropriate boundary
conditions. The parameters entering the model, concern-
ing the dielectric properties of each layer, are the high-
&equency dielectric constant and the Lorentzian oscil-
lators describing the transverse-optical phonons in the
material. These data are normally deduced &om in-
frared spectra. This is also the case for P-FeSi2 where
phonon parameters have been derived that reproduce the
HREELS spectra well, by fitting optical data.

It has been shown in Sec. IV B that a metallic p-FeSi2
layer is stabilized at the interface during the GSMBE on
Si(ill). At 450 C growth temperature the layer is quite
uniform with a thickness of about 10 A. . This metallic
layer is considered in the calculation and. even though
it is buried at about 400k. below the surface, its pres-
ence also causes a slight broadening of the main struc-
tures in the spectra. This can be understood by consid-
ering that in the dipole scattering regime the interacting
fields have long range character; they penetrate a cou-
ple of hundred angstroms into the solid. The dielectric
properties of the p layer are described by means of a
&ee-carrier Drude contribution and the parameters are

Fig. 12(a)
p+-P-FeSi2
P-FeSig
p-FeSi2
Si (substrate)
Fig. 12(b)
p-FeSi2
p-FeSi2
Si (substrate)

d
(A)

100
300
10

400
10

Concentration or u„
(cm or eV)

p=ox10
@=1.5 x 10'

ca)p = 3
n=2x10

p=1.5 x 10
cdp =3

n=2x10

POI 7

(cm /Vs or s)

p, =18
@=75

7. =5x10
p = 1500

p = 1.8
7-=5x10

p = 1500

derived from an optical study performed on a metallic
epitaxial pseudomorphic FeSi2 phase grown on Si(111)
by MBE. A &ee-carrier contribution is also considered
for the P-FeSi2 layer. The efFective mass of the holes in
the material is taken as 0.8m0, m0 being the free electron
mass. The free-carrier Drude parameters, together with
the thickness and sequence of each layer assumed in the
sample structures, are listed in Table I. The high inten-
sity background of the spectrum measured after growth
[Fig. 12(a)] is well reproduced if a hole accumulation layer
at the surface with a thickness of 100 A is assumed. The
removal of this accumulation layer, leaving the other pa-
rameters fixed, provides a calculated spectrum in good
agreement with the one measured after hydrogen adsorp-
tion [Fig. 12(b)]. There is certainly some arbitrariness
in the choice of some model parameters. The significant
point is that within many possibilities only the assump-

TABLE I ~ Model parameters for the calculated spectra
(continuous line) shown in Figs. 12(a) and 12(b), respectively.
Thicknesses and the Drude theory parameters are listed for
each layer in the model samples. The assumed layer sequence
is shown in the insets of Fig. 12.
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FIG. 12. HREELS spectra
as in Fig. 11, measured (a) after
the FeSiq GSMBE on Si(111)at
450 C and (b) after hydrogen
adsorption at RT. The circles
are the experimental data and
the solid lines are the results of
a model calculation (see text).
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tion of the surface accumulation layer turns out to give
reasonable agreement between experiment and simula-
tion.

In order to further investigate various possibilities for
silicide GSMBE growth, the silicon source has been ex-
changed and Si2H6 is considered in the following. Prom
Si homoepitaxy it is known that disilane has a relatively
high reactivity compared to silane, which enables higher
Si growth rates. The ratio of the Si2H6 to SiH4 stick-
ing coeKcient is about 10 . Since we have seen that
the kinetics of the surface reaction plays a major role in
determining the growth mode and orientation of P-FeSi2
on silicon, it is expected that Si2H6 could provide some
more insight into the behavior of this puzzling system.

VI. GROWTH PROCESS WITH S~iH6

The GSMBE has been performed in this case on
Si(ill) substrates. The effect of different partial pres-
sure ratios for the two gas sources has been investigated
at first, in analogy to the SiH4 process (Sec. III). Si:Fe
atomic ratio values within the range 0:1—10:1 have been
applied. The Fe(CO)s pressure is fixed and it has been
assumed that each Si2H6 molecule provides two Si atoms
at the surface. The growth temperature is 550 C and
the deposition time is 3 h. A SEM analysis (not re-
ported here) shows different surface morphologies for dif-
ferent Si:Fe ratios. In the lower Si:Fe range, up to 4:1,
there results a high roughness of the grown layer indi-
cating a 3D growth of the silicide phase. By increasing

the Si-to-Fe gas feed the roughness decreases and in the
range 5:1—10:1 quite smooth surfaces are obtained. The
same tendency is also reported in a study of the FeSi2
growth on Si(ill) performed in comparable experimen-
tal conditions. 38

Rutherford backscattering spectra of two samples
grown with Si:Fe ratios of 1:1and 10:1,respectively, are
shown in Fig. 13. The roughness of the sample grown
with the lower Si2Hs pressure, Fig. 13(a), induces the
tail in the Fe signal between 0.9 and 1 MeV energy. For
the simulation also shown in full line a layer with a homo-
geneous thickness of 800 A. and a FeSi2 composition on a
silicon substrate are assumed. The RBS and channeling
spectra of the sample grown with 10:1 Si:Fe atomic ratio
are shown in Fig. 13(b) (filled and open circles, respec-
tively). The minimum channeling yield is 75%. The sim-
ulation assumes a homogeneous thickness of 900 k. and a
Fe0 85Si2 composition.

Correspondingly also diferent electronic properties are
measured for the two diferent Si:Fe ratio ranges. For
the lower Si:Fe values, both UPS and HREELS show
the typical features of P-FeSi2, like the ones shown in
Fig. 11 (center). Due to the bad surface morphology
the intensity of the elastic peak in HREELS is much re-
duced as compared to the SiH4 grown samples. LEED
patterns correspond to the P-FeSi2(100) ~~Si(lll) epitaxy.
The spectra measured on a sample grown with a Si:Fe ra-
tio of 10:1are presented in Fig. 14. The main structure at
the top of the valence band has narrowed in comparison
to the silicide spectra in Fig. 11. The density of occupied
states shows a clear Fermi edge, indicating the formation
of a metallic phase. This is also con6rmed by the struc-
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FIG. 13. RBS random (dots) and channeling (circles) spectra of samples grown by GSMBE with Si2H+ at 550 'C. The solid
lines are the result of a simulation (see text). The deposition time is 3 h. The Si:Fe ratio is (a) 1:1and (b) 10:1
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FIG. 14. UPS and HREELS
spectra measured at room tem-
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with a Si:Fe atomic ratio of 10:1
and after 30 min annealing at
600 'C. (a) Ultraviolet photoe-
mission spectra. Photon en-

ergy is 21.2 eV, the Fermi level
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tical line at zero binding en-
ergy. (h) High-resolution elec-
tron-energy-loss spectra mea-
sured with a primary beam en-

ergy of 5 eV under specular re-
Hection with 55' angle of inci-
dence.
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tureless HREELS spectrum with a narrow elastic peak
(FWHM=4 meV) (Ref. 39) that reveals the presence of
a metallic layer of some hundred angstroms of thickness.
A very thin metallic layer at the surface can be excluded,
because no broadening of the elastic peak is observed due
to 2D plasrnon excitations. I EED patterns show a (2x 2)
reconstruction at the surface.

Figure 15 shows a cross-section TEM image of a layer
grown at 500'C for 3 h with a Si:Fe atomic ratio of 5:1.
The thickness of the overlayer is about 1200 A and its
di8'raction pattern is shown in the inset. It corresponds
to the growth of o.-FeSi2 on Si(ill) with the epitaxial
relation a-Fe Si2 (112)

~ ~

Si(111).
The metallic o. phase of FeSi2 is the bulk phase that

is stable above 937 C. It has tetragonal structure with
a = b = 2.69 A and c = 5.134 A and deviates from the
stoichiometric composition by about 13% Fe vacancies.
The formation of buried o,-FeSi2 layers by iron implan-
tation and subsequent annealing below the phase transi-
tion temperature of 937 C has been demonstrated to be
a successful technique to fabricate buried semiconducting
P-FeSi2 layers. 4o 4i As already mentioned in Sec. IV, thin
epitaxial o.-FeSi2 layers have been stabilized even at low
temperatures on Si(ill). In fact, the lattice mismatch
is quite favorable if one considers a supercell for o.-FeSi2
with a' = b' = 2a = 5.38 A and c' = c = 5.134 A com-
pared to a = 5.43 A. for silicon. The (111) planes of this
quasicubic supercell grow parallel to the Si(111) surface,
according to the observed epitaxial relations. The in-
ferred growth of the o, phase in the presence of a higher
Si:Fe feed ratio is also supported by the RBS analysis.
The composition of the disilicide layer turns out to be
not stoichiometric and the simulation gives Fe0 SqSi2 that
is in agreement with Fe vacancy concentrations generally
found in o.-FeSi2.

In the spectroscopic in situ investigation (Fig. 14) the
presence of a Fermi edge in UPS and of the &ee elec-
tron background in HREELS clearly reveal the forma-
tion of a metallic phase. The observed (2x2) surface
reconstruction in LEED has been explained in the liter-
ature in terms of a Si terminated layer on the epitaxial
silicide. ' The o.-FeSi2 can be gradually transformed
to the semiconducting P-FeSi2 by annealing at 600'C.
The spectra at the top of Fig. 14 are measured after 30
min annealing at 600 C. In the HREELS spectrum the
typical phonon loss, fingerprint of the P phase formation,
appears on a high loss background; correspondingly the
valence band changes its shape towards the one measured
on the semiconducting P phase (Fig. 11). However, the
P-FeSi2 nucleation is not complete after this annealing
step as revealed by the intermediate shape of the valence

FIG. 15. Cross-section TEM image of a sample grown at
550'C with a Si:Fe atomic ratio of 5:1. The inset shows the
diffraction pattern of the overlayer.
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band. Plan-view TEM analysis on such samples shows
P-FeSi2 grains embedded in the a-FeSi2 matrix.

In comparison with the silane process, the P-FeSi2
GSMBE with disilane does not show any improvement.
In the parameter range where the P phase grows, a higher
roughness is observed. The orientation of the epitaxial
grains is the same, indicating a very similar mechanism
for the growth in the two cases. The morphological qual-
ity of the P-FeSi2 layer therefore seems to be determined
by the growth rate, which in the Si2H6 process is in-
creased, even though its absolute value (& 10 A/min)
remains low as compared with other systems. In con-
trast to what is claimed in Ref. 24 we do not have any
evidence of such a breakthrough in the quality of the P-
FeSi2 layers formed by long annealing of the as-grown o.
layers. The surface looks indeed smoother, as observed
by SEM, but the optical and electrical properties that
will be discussed in the next section remain practically
the same.

An interesting point is the comparison of the two
growth processes performed in this study in the tempera-
ture range 500—550 C. The use of Si2H6 provides a higher
eFiciency of the silicon source as compared with SiH4 and
therefore the Si-rich environment at the growing surface
induces the formation of the epitaxial, nonstoichiomet-
ric o.-FeSi2. Apparently, such a Si-rich environment has
not been realized in the case of SiH4 and therefore the
interface-stabilized epitaxial phase turns out to be the
stoichiometric p-FeSi2. Once the kinetics has induced the
growth of the specific interface-stabilized FeSi2 phase, it
is experimentally seen that the n-FeSi~ can be stabilized
in relatively thick layers, of the order of 1000k, whereas
the p-FeSi2 interface layers have never been seen to be
thicker than about 10k.. This observation can be quali-
tatively understood by the fact that the n phase appears
as equilibrium phase for the FeSi2 system, even though at
high temperatures (above 937 C), but this is not the case
for the p-phase. Now, taking into account the similar lat-
tice mismatches and interfaces between Si(111) and the
two epitaxial phases, i.e., a similar energy gain through
interface stabilization, the observed behavior seems rea-
sonable. These conclusions are, of course, speculative,
but supported by the experimental results; they might
be helpful in shedding some light on the manifold aspects
of the growth of FeSi2/Si heterostructures.

In order to clarify the potential role that might be
played by P-FeSi2 in the field of optoelectronics and mi-
croelectronics optical and electrical characterization of
the grown heterostructures is needed. In the following,
results on samples grown by GSMBE with Si2H6 are re-
ported.
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show a minimum indirect gap very close in energy to
the direct gap at I . A recent absorption experiment
on polycrystalline samples confirmed the theoretical pre-
diction of an indirect gap material with an absolute gap
energy a few tens of meV lower than the direct one at
0.9 eV (80 K).~ Other absorption experiments lead to a
similar conclusion, but it must be pointed out that a
significant defect absorption below the fundamental edge
makes the identification of an indirect gap lower in energy
than the direct one uncertain. ' However, it should be
mentioned that our samples do not show any photolumi-
nescence signal at the band gap energy and in our opinion
no clear photoluminescence (PL) signal from P-FeSi2 has
been reported up to now in the hterature. This observa-
tion agrees both with an indirect gap material and with
a high density of nonradiative centers in the gap.

Figure 16 shows the optical absorption coefBcient o. in
the energy range &om 0.5 to 1.5 eV for a P-FeSi2/Si(111)
heterostructure. The optical absorption is determined
using photothermal defiection spectroscopy (PDS). Ab-
sorption spectra of Ge, Si, and GaAs close to their fun-
damental gap are also shown for comparison. A clear
absorption edge for the P-FeSiq is measured at 0.87 eV.
However, the comparison with the other materials clearly
shows the defect absorption measured at energies below
the edge energy. Its intensity slightly decreases with in-

VII. OPTICAL
AND ELECTRICAL PROPERTIES

10
0.6 1.0 1.4

hv (eV)

0

s I 4'
i s I

An important question to be answered for P-FeSi2
is the nature of its energy gap. First spectral trans-
mission and reflection experiments on polycrystalline P-
FeSi2 thin layers reported an absolute direct gap of 0.89
eV at room temperature. Band structure calculations

FIG. 16. Absorption coe%cient n measured by photother-
mal deflection spectroscopy (PDS) on a P-FeSis/Si(ill) het-
erostructure. The silicide thickness is 800k. The absorp-
tion spectra of other semiconductor materials are reported
for comparison (Ref. 45.)
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creasing growth temperature in the GSMBE process.
The absolute value of the absorption coeKcient is esti-

mated by considering the saturation intensity value above
the edge and the film thickness. As compared to other
material, P-FeSi2 shows a high absorption that can be
related to the partial d character of the density of states
at the band edge. In view of applications, e.g. , in solar
cells and photodetectors, this high absorption coefFicient
might be of interest.

Figure 17 shows the results of electrical measurements
on a P-FeSi2/Si(Ill) heterostructure by Hall-eff'ect mea-
surements. The thickness of the silicide layer is about
1500 A; the Si(ill) substrate is n-type with a resistivity
of 5000 Ocm.

The resistivity p [Fig. 17(a)] and the absolute value of
the Hall constant [Fig. 17(b)] are shown in the temper-
ature range &om 30 K up to room temperature. The
resistivity decreases with increasing temperature and its
RT value is about 0.3 0cm. The Hall constant is positive
at low temperatures up to 200 K where a sign change is
observed. No significant deviation from a linear depen-
dence of the Hall voltage on the magnetic field is mea-
sured at low temperature. The change in the sign of the
carriers from p to n at about 200 K by increasing temper-

ature is characteristic for our P-FeSi2 layers, when grown
on an n-type substrate, independent of the layer thick-
ness. For silicide layers grown on p-type substrates, the
Hall constant as a function of temperature has a varying
behavior, but it remains positive in the whole investi-
gated temperature range. These results suggest an influ-
ence of the substrate above 200 K; therefore RT values
for the mobility and carrier concentration in the P-FeSi2
layers are difBcult to extract. In the low temperature
range the conduction is p type, as generally measured for
semiconducting iron disilicide. Typical values of the mo-
bility and the carrier concentration at 77 K in samples
grown on n-type Si(ill) substrates are p, 2 cm /Vs
and p 2 x 10 cm

The reported results of the optical and electrical char-
acterization of P-FeSi2/Si heterostructures together with
the structural properties discussed in the previous sec-
tions indicate that the quality of the material needs to
be improved, if one thinks of optoelectronics and micro-
electronics applications. In a recent study of the Hall
effect in P-FeSi2 needlelike single crystals, values up to
1200 cm2/Vs for the mobility of holes at low temper-
ature are claimed. However, many difFerent epitaxial
growth methods have been employed so far, but in our
opinion no significant breakthrough in the quality of P-
FeSi2 has been demonstrated yet. A way of improving
the material quality and possibly con6rming the promis-
ing results recently obtained on single crystals might
be given by limiting the lateral size of the P-FeSi2 lay-
ers grown. The possibility of growing microstructures
is given by the selective growth on a Si02 patterned
substrate; this is achieved in a relatively simple way by
GSMBE processes. In Fig. 18 a SEM picture is shown of
a sample grown at 500 C with Si2Hs on a Si(001) pat-
terned substrate. It can be recognized that the P-FeSi2
only grows on the Si bare areas but not on the silicon
oxide. The lateral dimension of the P-FeSi2 dots grown
is 0.5 x 0.5 pm, which is of the same order of the lateral
dimensions of a single crystal P-FeSi2 grain (Sec. IV).
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FIG. 17. Electrical resitivity (a) and Hall coefBcient (b)
measured on a P-FeSi2/Si(ill) heterostructure as a function
of temperature. The silicon source is Si2H6, Si:Fe ratio is 4:1,
the growth temperature is 500 'C. The thickness of the silicide
layer is about 1500k.

FIG. 18. SEM picture of P-FeSi2 grown by GSMBE on a
SiOq patterned Si(001) substrate. The silicon source is Si2H6,
Si:Fe ratio is 4:1, and the growth temperature is 500'C. The
silicide grows selectively in the bare silicon area with size
500 x 500 nm .
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The growth and characterization of such microstructures
certainly is an interesting field for further investigations
on semiconducting P-FeSi2.

VIII. CONCLUSIONS

P-FeSi2/Si heterostructures grown by gas-source MBE
have been characterized by means of several in situ and ex
situ techniques. The comparison of two different GSMBE
processes, differing by the use of SiH4 or Si2H6, has shown
that surface kinetics plays a dominant role in the silicide
phase formation. The relevant temperature range for the
growth is 450—550'C; at higher temperatures the layers
are very rough, with rough interfaces to the substrate.
On Si(ill) metallic FeSi2 phases are stabilized at the
interface in the lower growth temperature range. The
use of SiH4 induces the formation of a very thin cubic
p-FeSi2 that remains stabilized at the interface during
subsequent growth of semiconducting P-FeSi2. If the sil-
icon supply at the surface is increased by using Si2H6,
the tetragonal nonstoichiometric o.-FeSi~ is stabilized by

the interface and corresponding layers grow up to sev-
eral hundred angstroms of thickness. Such o.-FeSi2 lay-
ers can be transformed into the stable semiconducting
P-FeSi2 phase by annealing above 600'C. The lower
symmetry of P-FeSi2 in comparison with the relevant si-
licon surfaces always induces the presence of azimuthal
rotated domains. The optical and electrical properties of
the heterostructures grown show that the possibility of
optoelectronic applications remains speculative. The fab-
rication of micro- and nanostructures by means of selec-
tive growth on Si02 patterned substrates might represent
an interesting field to improve the material quality.
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