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Suppression of silicide formation in Fe films grown on Si (001)
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Thin ferromagnetic Fe films were grown at both room and low temperatitgsK) on (2x1) and

on Au-passivated 8001). In the case of Fe grown d2x1) Si(001), the magnetization sets in at an

Fe coverage of 3.6 monolayefIL) at room temperature and of 2.3 ML at 150 K, indicating a
reduced magnetization due to silicide formation. To suppress Fe—Si reactionsdae 21841 thick

Au buffer layer deposited in two steps. We performed a reconstruction by the deposition of about
0.5 ML of Au at~1000 K followed by the growth of another 1.5 ML at room temperature or at 150

K. Room temperature growth results in rough Au films and no earlier onset of magnetization in
comparison to the case of unbuffered Fe films. However, a strong out-of-plane magnetization is
measured at the onset coverage. By contrast, at 150 K, smooth Au buffer films are observed, acting
as protective layers against Fe and Si intermixing. Growth on these buffer layers results in an early
onset of the out-of-plane magnetization at 1.4 ML of Fe and a larger Kerr signal. Both these findings
point at a significant reduction of silicide formation. A 2.3 ML thick Fe film grown on Au passivated
Si(002) shows a reversible magnetic behavior upon annealing to 280 K and cooling back to 150 K,
indicating a thermally stable system. 2D00 American Institute of Physics.
[S0021-897€00)08121-4

I. INTRODUCTION icide formation. A recent investigation of Fe films grown on
S-passivated G&Ref. 12 shows no reduction in the magne-
The widespread use of Si in semiconductor technologyization onset coverage and brings evidence for S migration
together with new trends in microelectronics raises the quego the surface during deposition. The segregation of the pas-
tion whether Si is able to cope with the challenges posed bygivation agent on top of the film may reduce the passivation
the emerging field of spin electronics. In this respect, theand contaminate the Fe film. An alternative passivation was
investigation of thin metallic films grown on semiconductorsachieved by the growth of-10 ML thick CoSj film on
and their interfaces is of special interest. Therefore, studieSi(001) prior to the Fe depositid reducing Si migration
of the reaction of Fe grown on ®01)2 have been done, and favoring the growth of a good epitaxial bcc Fe film.
special attention being paid to the investigation of direcfgap In view of recent studie¥**Au seems to be appropriate
semiconducting iron disilicidfe® for its possible use as near at least for the relatively large attenuation length=230 A)
infrared light sources and detectors. In the case of Fe growfor ballistic electron transport in Au grown on (801).1°
at room temperaturéRT) on S(001) by molecular beam Besides, the possibility of suppressing the spin—flip scatter-
epitaxy, it was founfl that the Fe/Si interface is far from ing for tunneling electrons through an Fe/Au multilayer base
being sharp, and an amorphous phase with the stoichiometfgbricated onto am-type S{001) collector* makes Au the
close to FgSi starts to form after-1 monolayerML) of Fe  favorite candidate for our purpose. For these reasons, the
is deposited. The reaction slows down above 5 ftb,end  thermodynamically stable Au-induced reconstruction of
abruptly at 10 ML® with the beginning of body-centered- Si(001) surfacé®!” has been used to reduce silicide forma-
cubic (bco Fe formation. A long-range in-plane ferromag- tion at the Fe/Si interface.
netic order in the silicide films was shofifto set in after
the deposition of 4 ML of Fe at RT, with a reduced magnetic
moment in comparison to bcc Fe. Il. EXPERIMENT
The amorphous silicide at the interfac®strongly re-

- ) = The Si001) substrates were cut from commercially
lated to the existence of a Schottky barrier at the Fe/Si intery, 1iaple single crystal wafers, mounted on nonmagnetic

face, will act as a strong scatterer for electrons passingampie holders and inserted into the vacuum chamber via a
through the interface, potentially reducing the spin informa-yaq 10ck system. The base pressure in the preparation cham-
tion. To avoid this, a thin, stable and spin-preserving passipar was below 1.8 10~ 2° mbar. The samples were first de-

vation layer of the semiconductor surface is highly desirablegassed by direct heating up te850 K, and flashed after-

in order to reduce intermixing at the Fe-semiconductor inyy4-4s at increasing current values to remove the native oxide

terface. On the oltlhe_r hand, S, Se, or B passivation used f3yer pDuring both degassing and flashing, the pressure was
previous studie€'!! give rise to a rougher surface and it is kept below 5.< 10~° mbar. The clean crystals showed no
not clearly established to which extent these can prevent sik.,-as of contamination in the Auger spectra, and very sharp
(2X1) low energy electron diffractio(LEED) patterns. The

3Electronic mail: florin@mpi-halle.mpg.de crystals were considered clean only when the dimer rows of
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FIG. 1. MOKE ellipticity in longitudinal geometry at saturation vs Fe cov-
erage:(a) films grown on(2x1) Si(001) at room temperaturéopen circleg

and 150 K(solid squares (b) films grown at 150 K on Au-covered ®01)
(open squares; the points above 20fad correspond to the out-of-plane
magnetizationand on(2x 1) Si(002) [solid squares — same data aq ).

The inset in(b) shows the out-of-plane hysteresis loop at the magnetization

onset(1.4 ML of Fe in the film grown at 150 K on Au-covered (8021). € 15
(=
= 10
=y
the (2X1) reconstruction were clearly visible in scanning 2 83
tunneling microscop€STM) topographs. Henceforth, it will 00— 20 80

be understood that all of the STM scans were perforined Position(nm)
situ at RT, regardless of the deposition temperature. The _ .
films were grown at both RT and low temperat(id =150 FIG. 2. A 200<200 nnf STM topogr_aph of'a 20.4 ML th|c_k Fe film grown

. . at room temperature on ®01). The image is taken at a bias voltage of 0.8
K) on (2>_<1) Si(001) smgle CryStaI substrates by molecular V and a tunneling current of 0.1 nA. A line profile taken along the white line
beam epitaxy at a base pressure below<1L0™ *® mbar. The  shown on the STM image is plotted underneath.
Au-induced reconstruction of ®01)**!"was performed by
depositing less than 1 ML of Au at temperatures around
1000 K. The ML Au and Fe coverages are defined in termsnation ends abruptly at 10 ML where we observed a kink in
of atomic densities of face-centered cutficc) Au(00D) and  the MOKE signal. We relate this kink to changes in magnetic
bce F¢001) layers, respectively. The quality of the recon- moment, structure and/or chemical modifications at the
struction was checkedh situ with both LEED and STM.  growth front. A rough film is obtained by RT growth and the
Different overall topographs were obtained according to theypical silicide morphology consisting of elongated islands is
temperature employed for performing the reconstructionpreserved at least up to 20.4 ML of Fe, as shown in the
The magnetization of the Fe films was prolkiadsitu at the  200x200 nn? STM scan in Fig. 2. We correlate the late
growth temperature, by the magneto-optic Kerr effectonset of magnetization observed in RT grown films to the
(MOKE) in the longitudinal geometry. For some very thin weak ferromagnetism of the amorphous silicide film and to
films showing perpendicular magnetization, also polargn intermixed interface.
MOKE loops were taken. As a light source we used a com-  To reduce the thermally activated silicide formation, we
mercial multimode laser diode with the wavelength of 670requced the growth temperature to 150 K. This induces an

nm. The angle of incidence was approximately 50°. earlier onset of in-plane magnetization at 2.3 ML as shown
in Fig. 1(a) (solid squares We did not observe a perpen-
IIl. RESULTS AND DISCUSSION dicular orientation of the magnetic moment, as reported for

Fe grown at 100 K on $001) (Ref. 9 probably because the
growth temperature in our experiments was higher. The early
It has been shown that the deposition of several monoenset of magnetization we observed at 150 K might be due to
layers of Fe on $001) at RT results in the formation of an the low growth temperature, or to the low measuring tem-
amorphous ferromagnetic iron silicifeyith an in-plane ori-  perature. Since a 2.3 ML thick Fe film grown at RT shows
ented magnetic moment, whose composition is close tmo magnetic signal at both RT and 150 K, we come to the
Fe;Si.” No LEED pattern was detected even for submono-conclusion that the low growth temperature reducing inter-
layer coverage, in agreement with previous worksThe  mixing is responsible for the early onset of magnetization.
in-plane onset of magnetization at RT occurred after no lesédditionally, the kink at about 10 ML of Fe in the MOKE
than 3.6 ML of Fe were deposited, as we found by MOKE.ellipticity at saturation versus coverage in Figa)lis less
By increasing the amount of deposited Fe, a smoothly inpronounced than in the RT growth case. We associate this
creasing MOKE signal is detectdéthe open circles in Fig. finding with a reduced intermixing according to a smooth
1(a): MOKE ellipticity at saturatiof, except for Fe cover- change in the photoemission spectra with Fe thickness at 100
ages between 9 and 12 ML. Recent spin-integrated and spitk, as has been shown by i€igeset al® However, the early
resolved photoemission studfeshowed that the silicide for- onset of magnetization is not accompanied by a significantly

A. Fe grown on (2X1) Si(001)
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toward droplet formation due to high Au mobility at RT does
not favor the growth of a smooth film, and consequently its
role as a buffer layer is not fully achieved. Moreover, the
lower surface free energy of Au with respect to that of Fe is
responsible for the segregation of a single Au capping
monolayer® This leaves roughly only 0.5 ML of Au to-
gether with about 0.6 ML of AURef. 18 involved in the
reconstruction to limit the Fe—Si intermixing. This is not the
main reason for the late magnetization onset at RT though,
because increasing the thickness of the buffer layer does not
bring about any significant change. The reason for the late
onset of magnetization might lie in the roughness of the Au
buffer layer.

However, growing both the buffer layer and the Fe film
at LT on the Au-induced reconstructed(®11) surface fa-
vors the onset of an out-of-plane magnetization as early as at
1.4 ML of Fe[the corresponding polar loop is shown in the

= 15 inset of Fig. 1b)], excluding the existence of a significant
£ 10 magnetically dead layer. The magnetization keeps its perpen-
_395, 0.5 dicular orientation up to about 2.5 ML, where it flips into the
o i plane when increasing the amount of deposited Fe. Again,
"0 20 40 60 we emphasize the existence of a strong out-of-plane mag-
Position (nm) netic moment in the very thin Fe film at temperatures higher

FIG. 3. A 200<200 nnf STM topograph of a 20.4 ML thick Fe film grown than 100 K, reported as the pr_ereqwsﬂe for _the_occurrence of
at 150 K on Au-covered 801 and then annealed to room temperature. & thermally unstable perpendicular magnetization on freshly
The image is taken at a bias voltage of 1.6 V and a tunneling current of 1.yrepared A(001).2? The plot of MOKE ellipticity at satura-

nA. A line profile taken across a group of silicide grains of typical height is .. E . .
plotted underneath. It was performed along the white line shown on thetIon measured at LT versus cover en squares in Fig.

STM image. The inset shows a 19000 nnf STM topograph of a recon-  1(D); the points above 20@rad stand for the out-of-plane
structed surface obtained by the deposition of less than 1 ML of Au at aboumagnetizatioh provides us with another striking result: for
1000 K. The scanning parameters were 1.6 V bias voltage and 0.1 ”"?n-plane magnetized films we observed strongly enhanced
tunneling current. The roughness of the reconstructed surface is similar tP( . . . . .
the one of(2x1) Si(001). err signals in comparison to films grown without buffer _
layers at the same temperature. From the onset of magneti-
zation at 1.4 ML of Fe and from the enhanced magnetic
larger Kerr signal in comparison to the RT growth. Thissignal at LT we conclude that silicide formation is success-
points at only a minor reduction of intermixing at 150 K.  fully suppressed. A silicide film resulting after the deposition
of 1.4 ML of Fe on(2x1) Si(001) at LT does not show any

B. Fe grown on Au-covered Si (001) magnetic signal in MOKE. The suppression is further con-
In an attempt to hinder silicide formation, we proceededf|rmed by the absence of any kink in the plot of ellipticity at

with passivating thé2x 1) Si(001) by depositing less than 1 saturation versus coverage around 10 ML in the cqse pf Fe
ML of Au at 1000 K. A STM topograph of such Au-induced 9roWn on buffered $001) at 150 K[the open squares in Fig.
reconstructed surface is shown in the inset of Fig. 3. The®)] }
surface atoms rearrange in long stripes running along the Furthermore, a 2.3 ML Fe film grown at LT on Au-
[110] and[110] directions. These stripes were shown to lie c0vered SI001) appears to be thermally stable with respect
behind the occurrence of different structures which coexistO @nnealing up to 280 K, as may be concluded from the
on the surfacé® About 1.5 ML of Au was further added at hysteresis loops in Fig. 4. A decrease in ellipticity from 418
RT or LT as a buffer layer to further inhibit the diffusion of #rad atLT(the solid line in Fig. 4to 308urad is measured
Si into the Fe layer. We emphasize here that our findings oAt about 280 K(the dotted line in Fig. # This is due to the
the magnetic behavior of the Fe films grown on Au-coverededuction of the magnetization when the Curie temperature is
Si(001) should not be related to the previous reports on thetpproached. It retrieves its initial value upon cooling back to
magnetic properties of Fe grown on @01),2°-??for the 150 K (the dashed line in Fig.)4indicating no significant
very complex structure of the reconstructed surface inducesl@ss of magnetization due to intermixing. The overall square-
different growth mode and orientation of the Au buffer layer. like shape of the hysteresis loops and the out-of-plane orien-
The onset of magnetization in the Fe film grown on Au-tation of the magnetic moment is preserved throughout the
covered Si001) at RT takes place at about the same cover{rocess. The increase in coercivity noticed after the cycle is
age (3.9 ML) as in the case of films deposited at RT oncompleted might be caused by minor local silicide formation,
(2x1) Si(001). However, at the onset coverage, an out-of-hindering domain wall motion.
plane orientation of the magnetic moment is detected, which A STM topograph of a 20.4 ML thick Fe film grown at
flips in-plane with adding about 1 ML of Fe. The tendencyLT on Au-covered 3001 and then annealed at RFig. 3



5292 J. Appl. Phys., Vol. 88, No. 9, 1 November 2000 Zavaliche et al.

__ 500 films grown at 150 K on Au-covered ®01), along with the
] 250, absence of any sharp feature at 10 ML in the plot of the
% i largely enhanced Kerr signal at saturation versus coverage
g 01 : points at the successful hampering of silicide formation and
§. -250 the growth with virtually zero magnetically dead layers. A
v so0l== L 2.3 ML thick Fe film grown at LT on Au-covered @01) is

10 5 0 5 10 shown to be thermally stable upon annealing up to 280 K.

tH (mT) This is confirmed by the preservation of the perpendicular
_ orientation of magnetization and by the reversible behavior
FIG_. 4. The hystgress Iqops measured by MOKE of an out-of-plan_e madyf the MOKE signal’s magnitude upon completing the ther-
netized 2.3 ML thick Fe film grown on Au-covered(@01) at 150 K(solid | le. Th findi th ibility of .
line), annealed to 280 Kdotted ling and cooled back to 150 Kdashed mal cycle. ese II"! _mgs prove . e pO_SSI ity o _growmg
line). stable and almost silicide free thin Fe films on((Bi) by
simply employing a noble metal-passivation layer. Using a
o ) ) thin Au buffer layer alleviates the problems associated with
shows groups of about 1.7 nm tall silicide graiitse white ¢ silicide formation and makes Si a good candidate for spin
graing, lying on the top of an otherwise smooth film, which gjectronics.
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