
PHYSICAL REVIEW B 1 NOVEMBER 1997-IVOLUME 56, NUMBER 17
Formation of a ferromagnetic silicide at the Fe/Si„100… interface
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The interplay between magnetism and chemistry at the Fe/Si~100! interface has been examined by spin- and
angle-resolved photoemission. A ferromagnetically ordered metallic silicide of;20 Å thickness is formed by
deposition of Fe on Si at room temperature. This interface layer is ferromagnetic in-plane with a reduced spin
polarization in comparison to bulk Fe. Its electronic structure indicates an Fe-rich composition close to Fe3Si.
The Fe/Si and Si/Fe interface are inequivalent with respect to silicide formation and to the resulting magnetic
properties.@S0163-1829~97!04142-8#
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Metal-semiconductor interfaces are a topic of intens
research due to their potential technological applications
microelectronics.1 Particularly the Fe/Si interface is of fun
damental interest in the development of magnetic, silic
based heterostructures. Recent interest has been focus
the investigation of the electronic structure of semicondu
ing Fe silicide films2–4 due to their possible exploitment i
the development of silicon-integrated optoelectronic devic
Lately another dimension has been added to this field
research due to the observation of antiferromagnetic in
layer coupling in Fe/Si multilayers.5,6 The mechanism of in-
terlayer coupling across a semiconducting spacer layer c
be fundamentally different from that observed for ferroma
netic films coupled across nonmagnetic metallic spacer
ers. However, it is not yet understood how the formation
iron silicides in the spacer affects the coupling. Recent
search results question whether the spacer is semicondu
but rather attribute the antiferromagnetic coupling obser
in Fe/Si multilayers to the formation of metallic silicides
the interlayer.7,8

In order to better understand the mechanism of the c
pling in these multilayers, it is of central importance to e
cidate the chemical and magnetic properties of the sp
layer. A number of studies have dealt with the Fe/Si~100!
interface at room temperature9–15and several of these studie
included photoemission measurements.13–15 Different esti-
mates of the thickness of the reacted layer at the inter
have been made ranging from 0 up to;30 Å.9,11–13,15Also
the chemical composition of the interface layer is a still d
puted question. Various silicides like FeSi,11 Fe Si2,10,12and
Fe3Si ~Refs. 14 and 15! have been proposed to form at th
Fe/Si~100! interface. Up to now very little is known abou
the correlation between interface chemistry and magnet
To investigate this correlation we have studied the electro
structure of Fe overlayers on Si~100! by spin- and angle-
resolved photoemission.

In this paper we present spin-integrated and spin-reso
photoemission spectra of Fe overlayers deposited bot
room temperature~RT! and at 100 K@low temperature~LT!#
on Si~100!. Further we have studied trilayers consisting
Si/Fe/Si~100!. We show that by RT deposition of Fe on Si
560163-1829/97/56~17!/10801~4!/$10.00
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metallic and magnetic iron silicide is formed at the interfac
This silicide is;20 Å thick and is ferromagnetically ordere
in plane. By depositing the Fe at LT the intermixing betwe
the two interface components is strongly reduced. Moreo
we show that the Fe/Si and Si/Fe are inequivalent with
spect to the magnetic properties of the reacted interface
ers.

The experiment has been performed in an UHV cham
at the TGM 1 and TGM 5 beamline at the storage ri
BESSY. The experimental apparatus16 consists of a 90°
spherical electron energy analyzer coupled to a 100 kV M
detector for spin analysis. The experimental setup is sens
to the in-plane component of the magnetization. Si~100! wa-
fers were cleaned by cycles of Ar1 sputtering and annealing
up to 900° C. After this preparation the Si~100! wafers
showed the expected sharp~231! two-domain low-energy
electron-diffraction~LEED! pattern and no contaminatio
could be observed in the photoemission spectra. Fe was
posited by electron beam evaporation. Here, one Fe mo
layer~ML ! is conventionally defined as the atomic density
a single bcc Fe~100! monolayer, which corresponds t
1.2131015 atoms/cm2. The evaporation rate was calibrate
with a quartz crystal microbalance. Spin- and angle-resol
photoemission spectra were measured at various photon
ergies between 20 and 50 eV and for Fe thicknesses up t
ML. The Fe films have been magnetized remanently in-pla
along the spin-sensitive direction of the spin detector.

The development of the photoemission spectra with
deposition at room temperature on Si can be described
sequence of three different stages. Figure 1 shows s
integrated spectra in normal emission for different amou
of Fe on Si~100!. The spectrum of clean Si shows seve
pronounced peaks. The peak at 1 eV binding energy co
sponds to dangling bond surface states.17 The peaks between
2 and 5 eV are due to direct transitions from bulk state18

The LEED pattern, which is observed for clean Si, becom
weaker already with very small amounts of deposited Fe
disappears with 0.5 ML. This suggests that a chemical re
tion between the Fe and Si atoms results in a disorde
Fe/Si overlayer. Furthermore the LEED pattern does not
appear for large Fe coverages~up to 25 ML!. Due to the
10 801 © 1997 The American Physical Society
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FIG. 1. Angle-resolved photoemission spect
taken at 47 eV photon energy in normal emissi
for different thicknesses of deposited Fe.
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enhanced photoemission cross section of Fe with respe
Si the spectral features are rapidly modified with Fe dep
tion. Three thickness regions~labeled I–III! are distin-
guished in the photoemission spectra of Fig. 1 as a func
of deposited Fe. Up to 3 ML the spectra exhibit a sing
Fe-induced structure at about 1 eV binding energy, wh
shows a weak but continuous shift towards the Fermi le
with increasing coverage. The changes of the spectra in
gion I suggest a nonstoichiometric intermixing of Fe and
at the interface. Above 1 ML of deposited Fe a photoem
sion signal is detected at the Fermi level. This implies
nonvanishing density of states at the Fermi energy and i
cates that the overlayer is metallic from that point on.

Above 4 ML thickness the peak at 1 eV broadens an
new structure develops at about 1.5 eV binding energy
the second thickness region between 4 and 10 ML the s
tral shape remains stable in dependence of the Fe depos
This indicates the formation of a silicide phase with a u
form composition over this thickness range. The silicide f
mation abruptly ends when the nominal Fe thickness reac
10 ML. The spectral shape changes suddenly, as a st
peak develops close to the Fermi level and a weaker struc
at about 3 eV binding energy. The shape of the sp
integrated spectra above 10 ML, in thickness region III,
sembles closely that of corresponding bulk bcc Fe~100!
spectra.19

The measurement of the photoelectron spin polariza
provides insight on the magnetic behavior of the system
different stages of the interface formation. We find a cor
spondence between the development of the electronic s
ture, described above, and the magnetic ordering as pro
by the spin analysis of the photoelectrons. In the first thi
ness region no polarization is detected by the spin-reso
measurements, indicating a lack of long-range in-plane
romagnetic order. The transition to the second phase is
companied by the onset of polarization. The measuremen
the spin polarization shows that the onset of the in-pla
magnetization occurs at 4 ML and it is followed by a rap
increase between 4 and 5 ML. This is in line with surfa
magneto-optical Kerr effect~SMOKE! measurements20

where ferromagnetic order is observed above 5 ML of
deposited Fe. However, the photoemission results show
to
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the magnetic signal between 5 and 10 ML does not de
from a film of elemental Fe, but rather from an intermixe
interface region.

The chemical composition of the interface phase form
between 5 and 10 ML can be discussed by comparison w
the spectra of bulk silicides.21 The spectra obtained in regio
II exhibit a strong resemblance with those of Fe3Si. Photo-
emission spectra of bulk crystalline21 as well as those of
thick ('20 nm! amorphous and polycrystalline Fe3Si
films22 display a strong peak close to the Fermi level at ab
0.6 eV binding energy and another emission at about 1.4
The spectra show similar features for crystalline and am
phous Fe3Si, with more pronounced peaks in the crystalli
case. The broad photoemission peaks and the absence
LEED pattern point towards the formation in region II of
phase with an Fe-rich composition close to Fe3Si and a low
degree of crystalline order. A stoichiometry close to Fe3Si
has also been previously assigned by Gallegoet al.14 to the
reacted phase formed at the Fe/Si~100!. Assuming the lattice
constant of bulk Fe3Si the average thickness of this silicid
layer can be estimated to be about 20 Å.

Figure 2 shows characteristic spectra of the second th
ness region~bottom spectra!, measured with spin analysis
The spin-dependent line shape of the spectra reflects the
romagnetic ordering of the system with an in-plane mag
tization component. The spectra differ considerably fro
those of 25 ML Fe on Si~top spectra!. Due to the lack of
long-range structural order in the interface silicide the pe
can be expected to correspond to maxima in the densit
states. We compare the results to the calculated s
polarized density of states of Fe3Si,23 which is the only fer-
romagnetic bulk iron silicide. The majority-spin spectru
displays two broad structures at 0.5–1.5 eV binding ene
and at 2–4 eV binding energy. The latter one agrees ind
well with a maximum in the majority-spin density of state
of Fe3Si.23 Within 2 eV from the Fermi level the theoretica
density of states consists of overlapping majority and min
ity structures, with predominant spin-up states at the Fe
energy, in qualitative agreement with the experimental
sults. In comparison to the thick Fe layers the integra
minority-spin intensity is increased in the thinner lay
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which can be related to the reduced Fe magnetic momen
the silicide. In region III the total polarization of the spect
increases. Figure 2 shows that the spin-resolved spectra
ML deposited Fe are strongly polarized. They show a bro
majority-spin peak around 2.7 eV binding energy and
sharper peak close to the Fermi level. Further a minority-s
emission is observed at about 0.6 eV binding energy.
high binding-energy majority peak and the minority pe
close to the Fermi level can be identified as a pair of
change split states, resulting in an exchange splitting equ
2.1 eV which corresponds to the bulk bcc Fe value. T
spin-resolved spectra resemble markedly those characte
of bcc Fe~100!,19 suggesting a preferential orientation of th
Fe crystallites.

The reactivity of the Fe/Si interface is modified at reduc
temperature as a result of kinetics. In fact, lower tempera
deposition can be exploited to produce compositiona

FIG. 2. Spin-resolved photoemission spectra at~a! 47 eV and
~b! 21 eV photon energy in normal emission. Black up triangles a
white down triangles denote the majority- and minority-spin sp
trum, respectively.
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sharper interfaces between the two elements. Figure 3 sh
the comparison between Fe deposited on Si at room temp
ture and at 100 K, measured with 21 eV photon energy. T
RT spectra exhibit a similar thickness dependence as in
1. The peaks at about 1.2 and at 3.2 eV binding energy fo
thicknesses between 4 and 10 ML correspond to the rea
ferromagnetic phase discussed above. Above 10 ML
spectra develop abruptly an intense peak close to the F
level and a second peak at about 2.8 eV binding energy
for bulk bcc Fe. The right panel of Fig. 3 shows the cor
sponding spectra for low-temperature Fe deposition. In c
trast to the room-temperature results, the spectral sh
changes continuously with increasing amount of Fe, indic
ing that a compositionally defined Fe-Si phase is not form
at LT. The spectra change gradually with Fe thickness a
peak develops close to the Fermi level. Spin-polarizat
measurements on the LT deposited films show no in-pl

d
-

FIG. 4. Angle-resolved photoemission spectra taken at 47
photon energy in normal emission for different thicknesses of
depositions on thick Fe on Si~100!.
ra
or
ted
FIG. 3. Angle-resolved photoemission spect
at 21 eV photon energy in normal emission f
different thicknesses of Fe overlayers evapora
at room temperature~left panel! and at 100 K
~right panel! on Si~100!.
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magnetization at 3 ML in agreement with results obtained
Nazir et al.20 With 7 ML deposited Fe the Fe/Si interface
found to be ferromagnetic in-plane. The spin-resolved sp
tra and the integrated polarization of 7 and 20 ML Fe
Si~100! are rather similar for the LT deposited layers. T
intermixing between the two elements appears to be, as
pected, reduced at LT and the formation of a well-defin
silicide phase does not take place. It is interesting to note
the spectra of 10–20 ML Fe deposited at low temperature
however different from the corresponding ones for RT de
sition. Small changes in the spectra occur for LT deposit
also for Fe thicknesses beyond 20 ML, whereas in R
deposited Fe there is no indication for significant Si interd
fusion above 10 ML. We attribute these spectroscopic ob
vations to structural rather than to chemical differences
the thicker overlayers, possibly due to a different degree
crystalline order.

We have also examined the electronic structure of
interface formed by deposition of Si on Fe, to obtain comp
mentary information relevant to Fe-Si multilayer systems.
order to study the Si/Fe interface we have prepared trilay
consisting of Si films of variable thickness on a thick
layer on Si~100!. Figure 4 shows spin-integrated photoem
sion spectra for different thicknesses of Si overlayers eva
rated at room temperature. The top spectrum correspond
a 20 ML thick polycrystalline Fe film on Si. The spectra f
increasing Si deposition on Fe are shown from top to botto
With up to 6 ML of deposited Si, the spectra change co
tinuously with increasing Si thickness. The peak at 1
diminishes and shifts to higher binding energy and additio
weak structures appear at binding energies below 3
These states cannot be attributed to the Fe underneath.
indicate instead new chemical bonding states. The cha
from a metallic to an insulating character of the surface
suggested by the disappearance of the photoemission s
at the Fermi energy with about 4 ML of deposited Si. Abo
8 ML the spectra exhibit only minor changes with further
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deposition. They resemble strongly the spectrum of b
amorphous Si, with two broad emission peaks cente
around 3 and 7 eV in correspondence to maxima in the
density of states.24 A comparison of these data to photoem
sion spectra of amorphous FexSi12x films of varying
composition22 shows strong similarities in the spectral shap
Amorphous Fe-Si films display a broad emission peak cl
to the Fermi level which shifts towards higher binding e
ergy with increasing Si content. An emission peak betwee
and 4 eV binding energy is typical for the Fe-rich silicide
The comparison indicates that a number of composition
different Fe-Si phases are sequentially formed by deposi
of Si on Fe. With increasing Si deposition the composition
the interface silicide becomes richer in Si. The spin polari
tion over the valence-band region decreases with Si dep
tion. The polarization of the spectra is already reduced
half with 2 ML Si, by one third with 4 ML. Above 10 ML no
polarization is detected within a 2% accuracy. Below 10 M
Si the spectral shape of the polarization curve remains s
lar to that of the thick Fe film. We thus attribute the me
sured polarization from the Si-covered system to the atte
ated emission from the Fe underlayer, rather than to
formation of ferromagnetically ordered Fe-Si phases. The
sults point out that the reaction at Fe/Si and Si/Fe interfa
produce intermixed phases which differ with respect to b
chemical and magnetic properties.

In conclusion, the interplay between magnetic propert
and interface chemistry of the Fe/Si system has been ex
ined by spin- and angle-resolved photoemission. RT dep
tion of Fe on Si~100! forms a ferromagnetically ordered si
icide layer. The silicide formation is strongly reduced at 1
K. Si deposition on Fe results in a number of compositio
ally different intermixed phases, for which no indication
ferromagnetism could be detected. The magnetism of in
face silicides has to be considered in the design of excha
coupled Fe/Si heterostructures and of integrated me
semiconductor devices.
r.
1See, e.g., S. P. Murarka,Silicides for VLSI Applications~Aca-
demic, New York, 1985!.

2N. Kobayashiet al., Thin Solid Films270, 406 ~1995!.
3S. Eisebittet al., Phys. Rev. B50, 18 330~1994!.
4K. Lefki and P. Muret, J. Appl. Phys.74, 1138~1993!.
5S. Toscanoet al., J. Magn. Magn. Mater.114, L6 ~1992!; B.

Briner and M. Landolt, Phys. Rev. Lett.73, 340 ~1994!; Euro-
phys. Lett.28, 65 ~1994!.

6E. E. Fullertonet al., J. Magn. Magn. Mater.117, L301 ~1992!; J.
Appl. Phys.73, 6335~!.

7J. A. Carlisleet al., Phys. Rev. B53, R8824~1996!.
8A. Chaikenet al., Phys. Rev. B53, 5518~1996!.
9J. M. Gallego and R. Miranda, J. Appl. Phys.69, 1377~1991!.

10G. Crecelius, Appl. Surf. Sci.65/66, 683 ~1993!.
11K. Konumaet al., J. Appl. Phys.73, 1104~1993!.
12E. V. Chubunovaet al., Thin Solid Films247, 39 ~1994!.
13N. Cheriefet al., Vacuum41, 1350~1990!.
14J. M. Gallegoet al., Phys. Rev. B46, 13 339~1992!.
15J. Alvarezet al., Phys. Rev. B45, 14 042~1992!.
16E. Kisker and C. Carbone, inAngle-resolved Photoemission, ed-

ited by S. D. Kevan~Elsevier, Amsterdam, 1992!.
17F. J. Himpsel and D. E. Eastman, J. Vac. Sci. Technol.16, 1297

~1979!.
18P. Kokeet al., Surf. Sci.152/153, 1001~1985!.
19E. Vescovoet al., Solid State Commun.94, 751 ~1995!.
20Z. H. Nazir, C.-K. Lo, and M. Hardiman, J. Magn. Magn. Mate

156, 435 ~1996!.
21B. Egert and G. Panzner, Phys. Rev. B29, 2091~1984!.
22R. Kilper et al., Appl. Surf. Sci.91, 93 ~1995!.
23J. Kudrnovsky´ et al., Phys. Rev. B43, 5924~1991!.
24B. Kramer, Phys. Status Solidi41, 649 ~1970!.


