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Hulk won silicides ond implanted iron silicides have besn studied by soft-a-ray emission (SXE) spec-
troscopy. The 51 £, ; emission spectra of these mnterials are mensured, For bulk silicides, these spectra

provide a measure of - und d-4ype partial density of states (PDOS) localized on the Si sites. We compare
them wilh availible hand-strscture caloulitions and also with photoemisgion measurements. For im-

planied syslems, the Ji £, | emission specirn provide usefal information about the silicide formation pro-

cess wilh the varizien of implant doses.

I. INTRODUCTION

In & great number of studies' * conducted on Lhe
transion-metal (UMY sibeides und metal-sibicon nler-
fuces, iron sibicides huve received far less witention (hun
coball and mckel silicides, Only o small number of elec-
tronie structure studies huve been performed on iron sili-
cides, Parlly, this s due o the lower technological po-
lenlial of won sithoides ol presenl compared with either
Co ur N silicides, and parily it s due 10 the comples
erystal structure of these malertals, Yel iron silicides
have very imleresting electromc and magnelic properties.
A mure comprehensive understanding of ther electronic
siruciures cerlminly will help 1o explore these properties.

One of the three pure phase bulk Fe silicides, FeSi; is a
pood semiconductor” and shows potential use in combin-
ing silicon-based digital technology with new optoelect-
ronte devices.” Another, Fesl, hus drawn considerable
interest due 1o the site oceupation preference of substitu-
tenal transition-metal impurities in this material. Bur ic
has been studied mostly by nuclear magnetic resonance
INMR) and neutron seattering techniques.” The magnet-
ic properties and structural stability of the third, FeSi,
are also very interesting. A clear picture of its electronic
structure and chemical bonding is needed to fully under-
stund these properties, However, our knowledge of these
materials is still incomplete as far as the electronic strug-
rure and chemical bonding are concerned. We have
made soft-x-ray-emission (3XE) measurements on these
malerinls in order 1o gain more experimental information
o the filled bands of these compounds. SXE spectrosco=
py is & proven method in investigating the bulk electronic
structures of solid materials. Our previous studies™”
have demonsirated the uselulness of SXE spectroscopy m
studying bulk silicides and implanted silicides. In partic-
ular, the 5= and d-like partial density of states of the
valence electrons localized on 51 sites can be effectively
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stuclied by this methogd.

Too this paper, we will prasent the 81 L, emission spec
tra aof these bulk Fe silicides und also of some iron-
implanted silicon samples. In SXE spectroscopy. oner-
getic electrons or photons ure used to generate vacanciey
in the eore levels of atnms within the specimen. Sali a
ravs are emitted as valence electrons radiatively recom-
bine with the core-leve] vacancies, The enerpy disinbu-
livn of these pholons are delected amnd analyzed, which
provides information aboul the Alled valence or condue-
livn bands of the materiuls studied, Becawse the speciri
are generiled 1o radialive transiions W a localized core
hole, the spectroscopy 15 chemically selective and pro-
vides o local density of stutes (LDKS) for ench element of
a complex sohd, In addition, the radiative teansitions
obey the dipole selection rule for angular momentium 2o
that  SXE  spectra formally  represent  anguolar-
micmentum-stlected partinl density of seates (P05,
Alsa, for moal operating conditions, bath excitation and
escape distances are sufficiently great a0 that SXE spec-
troscopy i3 a bulk probe which is relatively insensitive o
aurface conditions.

By mensuring the 51 L, ; emission spectra of iron sili-
cides, the local 5 and & LPDOS's for the Si sites can be
effectively probed by this method. This information 15
not available from photoemission measurements due Lo
the dominance of the Fe d electrons in photoemission
spectra. 'We will discuss the involvement of silicon 5 elec-
trans in bonding and compare our results with available
calculations and photoemission results, Genernl ugree-
ment is found between our spectrum on FeSi, and
theoretical calculations as well as previous experimental
results, Some comparisons can also be made with less de-
tailed calculations available for Fe,Si. No detailed band-
structure calculations with projected LPDOS exise in the
liternture for FeSi, However, some clear trends can be
identified in going from iron-poor to irom-rich com-
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pounds that give information about the evolution of
bonding in these materials.

I, EXPERIMENT

The bulk FeSi and FeSi; samples were prepared by
compressing commercially obtained powders into pellets.
The powders have crystallites visibly large enough to
represent the bulk properties. The Fe;5 sumple is o sin-
gle crystal prepared by arc melting. lts composition and
erystal structure were checked hy x-ray scattering. The
iran=implanted samples were prepared by uniformly im-
planting polished silicon (100 walers, A scanning beam
of 150-ke¥ Fe™ ions was used for implantation with sub.
strate temperature maintaingd at abhout 330°C in a vacu-
um of 107" Tarr, The sample halder was surraunded by
a liquid-nitrogen trap and warmed by a heater with tem-
peratures monitored and stabilized doring the implanta-
tion. The HEI‘I‘I.J.'I']EFI we studicd here have implantation
doses of 53 107, 71077, and 1 X 10" Fesem?.

SXE measarements were carcied out on our highe
cticiency SXE spectrometer installed at the National
aynchrotron Light Source, Bronkhaven Mational Labora-

tary, Spectrometer and detector bave been descnbed
elsewhere,"" ! Our measurements were conducted wilh o
BO-lines/mm gruting and a 100-um mput sht. Insiru-
menlal resolulion 1s eslimaled Lo be better than 0.2 eV al
i photon energy of 100 ¢V, Mensuremenis were mude m
an UHY chamber al o pressure of 5% 1077 Torr. FEmis-
sion wias exciled by 2 100-pA, AkeV eleciron bepmn Fo-
cuser]l 10 @ l-mm® spol. The samples were placed on a
balcler located X or 4 mm away [rom the enlrance shit of
the spectrometer. Elecirons were imcldent on the sample
aL an angle of 3 from the sample normal, and the take-
off angle for x-rays was ", The spectra were corrected
foor the nonuniform detector regpanse and astigmatic de-
formation in the nondispersion divection, Complete spec-
tra were assembled from scgments taken at successive po-
gitions along the Rowland circle. Each scgment covers
roughly 15 A in the silicon L emission range. Brems-
strublung background induced in electron excitation is
fitted as a straight line und subirscted from the specira.
For the 3-keV eleciron excilation, we estimate the
peneteation depth to be about 100K) i for pure St and (o
be reduced to aboutl 300 A for the most Fe-rich samples,

Sell-adsorption effects sometimes seriously distort SXE
spectra. In these studies, sell-absorption effects are be-
Heved o be small and ire not correcied. We confirmed
this assumption by varying both the excitation energy of
exciting elecirons and the takeoff angle of emitted x rays,
and observing that no significant changes were found in
the measured speciral features.

II. RESULTS AND DISCUSSION

A, The 8l L; ; emlesdon of hulk Fe silicides

Figure | shows the Si L, , emission spectra from Fe,5i,
Fesi, and FeSly. In most 81 compounds these spectra can
bet divided nto iwo regions, There is a peak region ai
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FIGi. 1. The %1 L, . emission spectra of FeS, Fedi, and
TFe®i;.

lower photon energies near W ¢V associated with non-
honding Si 3¢ arbitals and a shoulder reglon above this
peak extending up ta the top of the Alled valence states ar
about 100 e¥. In the peak region, the spectrum for Fe,&

has o norrow and symmelne peak cenlered just below 90
e¥. The mujor peak of the specirum lor the FeSi is nsym-
melric with s musimum al roughly 91 ¢V and o shouol-
der supernmposed on s low-energy Oank. The mapor
fewture of (he specirum for FeSiy s o nearly symmeiric
peak with its top fattencd. The centrodd of this peak i at
91 ¢¥ and it is wider than the analagous peaks from FeSi
and Fegsi. In the shoulder region, Fe.5i has a wide peak
near the Fermi level with ils maximum al approsimistely
98 e¥ aml another smoll hump located al roughly 94 oV,
The shoulder regin for FeSi s a braad hump between
935 and 100 eV, which peaks at 97 e¥. For Feli,, the
shoulder 15 a ruther flut one with two smull features on
top af i, One of the featwres 15 af 9.4 eV and anathier
one 15 at 98 eV,

It is ¢lear that the s-orbital prak narrows in going from
Si-rich silicide (o Fe-nich silicides, As we mentioned ear-
lier, these 54 & slules are nol involved in the bonding wilh
the metal aloms, The widlh of ihis peak 1s essentiully
determined by the wave-function overlap of the neighbor-
ing silicon atoms, In metal-rich silicides, the 5i1-51 intera-
tomic distances are incrensed due 1o the introduction of
large numbers of metal atoms and the lowering of the Si
concentration, which reduce the wave-function overlap
between different silicon atoms. The broadening is
most dramatic between Fe,Si, which has no Si nearest
neighbors (5i-5i distance= 3,999 A, Ref, 7) and Febi,,
which has an average Si-5i distance of 2. 708 A The de-
tailed shape of this major feature, however, is related to
the long-range order in the erystals. We recall that in
elemental silicon the major feature has a very different
appearance depending on whether it is crystalline or
amorphous, In crystalline silicon, the s-orbital peak 15
splitted, In amorphous 5, the aplitting 15 removed by
filling in the region between the twin ¢-Si peaks, but the
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overall widih of the Teature is essentinlly unchunged.”
The basic tetrahedral local symmetry and the nearest-
neighbor distances are the same in these two materials so

that the width remains the same, while the long-range or-
der in the crystalline phase splits the peak. The asym-
metric shape of the major feature in the spectrum for
FeSi is probably due 1o the irregular number and dis-
tances of 5i neighbors as a result of complex cuble H20
erystal structure of FeSi'*

The bhroad peak centered at 98 ¢V, about 2 eV below
the Fermi edge in the shoulder region of FeSi, can be
identified as the overlup of Fe J orbitals onto the 51 sites,
consislent with observations in our previous study on Co
and Ni osilicides.? A band-steucture  caleolation  hy
Switendick " gives the Fe d LPDOS for the two ine-
gquivalent Fe sites in this siructure, In the wnit gell of
Fe;3i, there are B Fe A, sites ar 2.449 A from cach §i
and 6 Fe 8 sites at 2,524 A from each %" From o com-
pacison with this calculution, we conclude that the peuk
in our spectrum at Y8 e¥ derives mostly from the A,C
gite LPDOS which peaks 2 ¢V below the Fermi edge.
The B site LPDOS makes no contribution at this energy,
but peaks 2 ¢¥ decper in the band. The pholoemission
study by Egert and Punzner'® ulso yields u broad Fe
feature close o the Fermi level,

The weak hump observed b approsmalely 94 ¢V s e
ther due to the %1 5 und p hybnidization or due 1o the §i 5
and l'e o bonding formution, Swilendick's calewlition
has S1 p stutes at thas particulur energy, Though Lransi-
tions from p states will nol conlnbule O our specin, we
do pick up intensity frum sop hybridizations. Thus we
entatively identily thay feuture with Si sop hybridiznd
stutes. We remind the reader that sp ' hvbridization is re-
sponstble [or all of the intensity seen in the shoulder re-
gion in pure 51 samples.

The browd lenture centerad al 97 ¢V in the shoulder re-
gion of the spectrem for FeSi is difficalt to interpret at
the present time. There 15 no detailed band-structure cal-
culation with projected LPDOS™s uvailuble for this com-
pound. Hence our anelysn s hmited. Some exlra inlen-
ity near the Fermi edge in the shoulder region for Fesi
probably results from the d overlup from the Fe atoms
surrounding the silicon sites. Photoemission measure-
ments of FeSi (Hefs. 16= 18} locate the muximum of the o
bund very close to the Fermi level |1 V), 20 that it is
unlikely that the intensity peaking 1 eV below the edge
results primarily from Fe d overlap. A recent cluster cal-

culation'” on FeSi found that the strongest bond between
Fe und 5i is the Si sp-Fe sp orbual interactions (if this is

true here, 1t 1s probably also true for CoSi, since 1t has the
sime crystal structure as FeSi). The same calculation
also points out that although Fe d orbitals contribute to
bonding significantly, they do so through electrostatic di-
ptomic interactions, This suggests to us that the magority
of the intensity of the hump centered at 97 eV in our
spectrum is probably due to the Si sp hyvbridized states.
However, the validity ol cluster calculation on complex
ervitals such as FeSi remams gquestionable,

The spectrum of FeSi; can be satisfactorily explained
with Christensen’s caleulation.™ The experimental 5 and
i DOS's localized on 81 sites can be obtained by dividing
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the 8i L, , emission spectrum by the cube of the photon
encrgy. The result is shown in Fig. 2 for FeSi,, The
binding energy of the 5 2p, ., level was chosen at 99.8
eV, the crystalling 51 2p, ,; level binding energy. In Fig, J
we reproduce Christensen's projected 5, p, and o
LPDOSs for 81 and d LPDOS for Fe for atoms in one of
the two inequivalent sites available to each element. The

LPDOS"S for ntoms in the second S and Fe sites have al-
moal the same characteristic structures with the first and

arc not shown here. The 51 5 LPIDMOS in Fig. 3a) clearlv
supports the flattening of the top of the major peak of nur

experimental spectrum, Also from Figs, Mal and Mhbl, we
notice that the §i & LPDOS extends up to the valence-
band maximum and that cthe 5i p LPIMIS extends all the
way down to the bottom of the valence hand. 5o the & 5
and p LPDOS"S overlap completely i the region of the
oecupied bands. The situation is very similar o that of
elemental silicon and of Co and MNi disilicides. In all
these materials, the s states in the shoulder n:f,inn can he
asaociated with the sp’ hybridization. The 5p hybridiza-
fion s the prototype of the covalent bonding for

tetrahedral symmetry., The local tetrahedral symmetry is
sustained in going from clemental silicon to Co and Ni
dinilicides which have the CaF, astructure, Our apectrum
and Christensen’s caleulstion show that this kind of sp’
bybndization 15 still largely preserved mn FeSio, Tlas s

Justificd by the fact that the stable structure of F'esa, devi-

ates only slightly from (he Muorite struciure.

Froam Figa, Mel and 3id), it can be secn that the 5 o
and Fe d LPTHSs of Fodi, peak immediately below che
valence-band maximum at almost the same pusition,
Thelr atructurcs are also very similar. This probably i
the arigin of the pcak we obscrved at 98 eV (- L2 eV in
Fig. 2} right below the band maximum. 1t s also o pood
agreement with the photoemission measuremen! of Egert
and Panzner,'" which lovates the e o bund musimum
approximately 2 eV below the Fermi level, This sitwation
1= agun very similar 1o that of the Co and Ni disilicides
where we observed fenlures corresponding 1o 5i d and Co
lor Wil & contrbuiions,” We concluded that the invalve
menl of St d orbitals wus due 1o Lhe overlap of metal o ar-

bitals onto the 5i siles. Here again we observed that the
same overlap & cavsing an observable leature in the S

% and d LFD{IS

-EIJ.. .IH... (1] b 0 i
Binding Energy(e'}

FIG. 2. The experimential 5 and d LPIMIS's of Febiy derved
from the 56 L emission apeotrum.,



