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Synthesis of epitaxial ternary Cq _,Fe,Si, silicides with CsCl- and CaF-type cubic structures
on Si(112) by codeposition techniques
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68093 Mulhouse Giex, France
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We have grown ternary Go,Fe,Si, silicide films, about 100 A thick, by codeposition ontqSi1) held at
room temperature in the whole composition rangex3<1. Low-energy electron diffraction, inelastic
medium-energy electron diffraction, x-ray diffraction, x-ray photoelectron diffraction, and photoemission spec-
troscopy techniques are used to investigate the atomic and electronic structure of these ternary silicides. It is
found that the as-deposited films are metallic and adopt an ordered cubic structure of CsCl type with essentially
random vacancies, except in Co-rich films<0.25) where a tendency toward an ordered vacancy arrange-
ment of the Caktype is already visible. Upon annealing at 650 °C, these silicides are found to be metastable,
but phase separation does not take place. Fe-reh0(85) films invariably convert into a semiconducting
phase with a structure similar to the orthorhompBid=eS} one. Yet, most interestingly, the cubic structure is
preserved fox=<0.85, i.e., stabilized when the Co content exceeds about 15%. X-ray diffraction reveals that
these phases exhibit partial Galeng-range order. The order parameter is close to zerokf00.85 and
increases rapidly with increasing Co content. The data indicate that Fe does not merely substitute for Co atoms
in a perfect Caltype CoSj structure. Several of the Fe and possibly Co atoms preferentially occupy the
interstitial octahedral sites of this latter structure evenxet0.50, while forx=0.75 a local environment
essentially similar to that in defected CsCl-type structure is observed for both Fe and Co sites.
[S0163-182697)01019-9

I. INTRODUCTION work done, remains mediocre due to a poor matching of the
orthorhombic cell to the hexagonal symmetry of th€l$1)

Epitaxial growth of crystalline materials has been a highlysurface as well as rotationally equivalent domain formation.
successful approach to preparing metastable systems, cla®n the other hand, there exists a metallic form of Fé&i
fying and understanding their various structural and elecbeled «-FeSj stable at high temperaturegabove
tronic properties. Moreover, epitaxial growth of materials ~950 °Q in a tetragonal structure with lattice parameters
such as transition-metal silicides on silicon paves the way foa~2.69 A andc~5.09 A.
high-speed silicon-integrated devices. Among silicides, Ni, Besides stable phases, it was recently reported that meta-
Co, and Fe disilicides have been attracting attention moretable FeSi,, and CoSj., silicides can be epitaxially sta-
particularly for possible applications. The use of GoSli- bilized on S{111) over the whole composition range
cide as a good conductor in metal-insulafbt) devices is  0<x=<1."° These metastable silicides adopt the so-called de-
actually prominent. Indeed, using GaRsulator barriers and fect CsCl-type FeSi and CoSi structures, where only a frac-
CoSp metal wells on Sil1l1), the first Ml hot-electron tion of metal sites is randomly occupied for 0. The meta-
transistor: resonant-tunneling diode, resonant-tunneling stable FeSi an CoSj phases with defected CsCl-type
transistor and resonant-tunneling hot-electron transistorstructure are stable up t0400 °C. In the case of ultrathin
have been recently reportéd. films (<30 A), an a-FeSj-derived structur® =3 has been

Stable CoSidisilicide has a fluorite (Cgjf structure with  obtained at about 500 °C. On the other hand, Ontlal.
a lattice constant of 5.365 A, which is 1.2% smaller than thahave reported the formation of a Gafpe y-FeSj phase
of silicon. Epitaxy of this binary silicide has been exten- grown on S{111) under very particular growth condition$.
sively studied. Due to their simple structure and small misfit A semiconducting3-FeSj phase may be a promising
relative to Si substrates, Cg3ilms can be epitaxially grown candidate for optoelectronic applications in silicon-
on Si(111) with a high crystalline quality.As to iron sili- intergrated devices. Indeed, optical as well as electrical
cides, the Fe-Si system has a more complex bulk phase dimeasurement3!® showed a direct gap of about 0.85 eV.
gram, and FeSicrystallizes in two different structures. The However, the nature of the gap, direct or indirect, has not yet
semiconducting Fegidoes not crystallize in the CaRype, been established without doubt since one suspects, both theo-
but in an orthorhombic structure with lattice parametars retically and experimentally, the existence of an indirect gap,
=7.791 A, b=7.883 A, andc=9.863 A (stable below slightly lower than the direct on¥:'® Very recently, using
~950°0.% This complex form, labele@-FeSh, displays semiempirical tight-binding calculations in a continuous dis-
48 atoms in a unit cell, and may be obtained by a Jahn-Telletortion of the y-FeSp into B-FeSp phase, Miglio and
distortion of Cak-type structure. Actually, the morphology Malegori® showed a strong structure sensitivity of the nature
of B-FeS}, layers epitaxially grown on §111), despite much of the gap. Indeed, allowing for a slight decrease in the first-
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neighbor distance, the nature of the gap becomes directide composition is preserved without phase separation.
Hence the doping effects induced by substitution of part offThese silicide layers exhibit a metallic character as well as
the Fe by Co atoms might well deeply alter the properties ofubic structure up to Fe contents as highxas0.85, with

the B-FeSj layer. In this respect, Teicheet al?° reported ~ Partial Cak-type long-range order as clearly attested by
the influence of Co doping on the physical properties ofXRD measurements. For=0.90, the films are transformed
Fe,_,Ca,Si, (0< X <0.05) grown on insulating quartz sub- into Co-dop_edp—FeSh, ie., an_orthorhomblc semiconduct-
strates. The results indeed show a direct gap with lineai"d Phase similar to purg-FeSp.

band-gap reduction versus Co doping along with a change of
conduction type frorm to p. To our knowledge, the possi-
bility to grow epitaxially ternary Fg,CqoSi, silicides on Epitaxial ternary Co_,FeSi, silicides were prepared on
silicon and their relevant atomic and electronic structuresSi(111) in a UHV chamber, with a base pressure of
have not yet been investigated in a systematic way. Motta-10~ % mbar. Prior to loading into the preparation chamber,
and Christensét performed a self-consistent total-energy the S{111) wafers were cleaned in ultrasonic bath of ethanol
calculation of ternary Co ,FeSi, alloys in Cak form. It for 30 min and dried in flowing bl gas. In order to remove
was found that these ternary systems exhibit total-energgurface oxides and other contaminants, the substrates were
minima at values of the equilibrium lattice parametéx) irst heated at a temperature b_elow 400 °C for a few hours,
that increase with increasing However, the difference in and then flasrlmg.d to 950 °C, with the residual pressure kept
lattice parameters of extreme Cg@ind FeSi compositions  Pelow~5.10"" Torr during the whole process. In this way,
remains quite small Xa~0.05 A). Experimentally, Tan we obtained contamlnant-free_ surfaces with sharp< [¢]

et al??recently reported the sequential-ion-implantation syn—'lg\I/EE.D pattems. Fe, Co, and Si were evaporated |n.the 1-2-
Iesi of a temry sicide on DD, heid at 350°C vty 1171 21 LY Sabe pomerace evanertors i aoer
doses of %10 Co/cnt and 1.5<10*' Fe/cnf. An ex- y

. i were carefully controlled by a two-quartz-microbalance sys-
tended x-ray-absorption fine-structure study performed olen. CoSj template layers were first grown by deposition of

such silicides suggested the formation of a single-phase siI5 2-A Co layer followed by codepositiorf ® A CoS, at
cide in which Fe substitutes for part of the Co in a@room temperaturgRT) subsequently annealed at 550 °C,
Cak-type str.ucturr-;. Lately, a transm|s§|on electron microssyhich results in a well-define@(1x 1) LEED pattern and
copy (TEM) investigation of FgsC0sSi, prepared by se- sharp electron confinement states observed-@t5 eV by
quential equal-dose implantations of Co and Fe odd®)  ytraviolet photoemission spectroscafly.The technique
held at 350 °C has been reportédit was also concluded pased on disilicide template layers has been shown in previ-
that the as-implanted ternary J#£0, sSi, alloy crystallizes  ous work on binary Fe or Co silicides to result in substan-
in a Cah-type structure. Furthermore, phase separation int@ially improved quality of the film$>2® Then 100 A
Cak-type Fg_,Co,Si, anda-FeCo, -,Si; (with x close to  Co,_,Fe Si, (0<x=<1) were codeposited at RT for a series
1) has been observed upon annealing up to 1000 °C, for suchf stoichiometries.
an Fe-to-Co ratio. However, neither the possibility of epitaxy  Thein situ experimental setup has been described in de-
nor the evolution of atomic and electronic structures over aail elsewher€:® As to the structural characterization of the
large composition range (@x<1) have yet been explored. fims, we note that Fe (2, and Co 2, XPD measure-
In this respect, codeposition may be much more suitable thagents were obtained at the highestL.° angular resolution
implantation techniques since it permits a careful control ofpf the hemispherical analyzer with a high-power
the stoichiometry. _ _ (1600 W)AlKa (hy=1486.6 eV) x-ray source. High-
In this work, we report on cubic Go,FgSi, compounds  resolution Si D core-level photoemission spectra were re-
epitaxially grown on Sil11) over the whole composition corded using a monochromatized Kl x-ray source with
range G<x<1 using the room-temperature codepositionan overall energetic resolution about 450 meV. Experimental
technique. The investigation of these ternary silicides haxpp data are compared to single-scattering-clus&80
been carried out by means of low-energy electron diffractiorsimulations with spherical-wave correctiohs. In these
(LEED), inelastic medium-energy electron diffraction simulations, we used a spherical sector-shaped cluster de-
(IMEED), x-ray-diffraction (XRD), x-ray photoelectron dif-  fined by its radiusR=12 A and a cone of half-angld
fraction (XPD), and photoemission spectroscopy techniques=g0° centered on the emitter with its axis along the emis-
We demonstrate the formation of epitaxial ternarysjon direction. An effective mean free path of 10 A was used
Col,XFQ(S|2 silicides, with good ato.mlc order. at all stoichi- for poth Fe D3 (779 eV) and Co P, (706 V) emissions.
ometries (6<x=<1), when codeposited on @1 at room  partial-wave phase shifts were generated fof — 20, using
temperature. These silicides are all metallic, and adopt a cyy muffin-tin potentia?” IMEED map£® were collected at
bic structure derived from the CsCl-type FeSi and CoSigpp-eV primary energy using a conventional LEED optics.
structure in which only half of the metal sites are occupied afy sjty high-resolution x-ray-diffractio®® —20 scans were
random. However, in Co-rich filmsx{0.25), a tendency performed by means of a Phillips diffractometer with mono-

toward an ordered vacancy arrangement of the @gbe  chromatized CiK « radiation and a sample rotation stage.
structure is already observed, even at room temperature.

Thermal-evolution studies indicate that the atomic and elec- . RESULTS AND DISCUSSIONS
tronic structures are preserved upa00 °C. Upon further

annealing at about 600 °C—-650 °C, the atomic and electronic
structures are strongly affected depending on the Fe-to-Co First we note that all ternary 100-A €o,FeSi, layers
ratio. Nevertheless, experimental data suggest that the sill0=<x<1) codeposited on §ill) with template at room

Il. EXPERIMENTAL PROCEDURE

A. LEED and IMEED
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temperature show p(1xX1) LEED pattern, proving that all [1-21] [1-21]
these silicides are epitaxial and fairly well ordered. From
observed LEED spot widths, one can infer coherent domains
about 5-10 lattice parameters in width. Furthermore, IM-
EED diagrams, recorded at normal incidence with primary
electron energyE,=800 eV, exhibit well-defined aniso-
tropic intensity distributions, as shown in Figal It may be
helpful to recall that these angular intensity distributions re- }
flect the crystallographic structure, in a similar way as the
atom-specific XPD technique at the same kinetic enétgy.

More specifically, structural information is obtained in a very SRy
direct way in real space, since the intensity modulations es-
sentially give a forward projected image of the first coordi-
nation shells around a given atomic species. It is worth not-
ing that all metastable iron silicides, fromJ=g, to FeS;j, as
well as CoSj silicides, grow with theB-type orientation on
Si(112),"%2%j.e., the crystal lattice of the films is rotated by
180° around the $111) surface normal. In the present case,
the epitaxial relationship between the as-codeposited
Co, _,FeSi, films and Si substrate may be readily checked
by comparing the IMEED diagrams with that of cubic
FeSp.

IMEED diagrams obtained from ternary silicides as a
function ofx are found to be very similar to each other, with
a characteristic threefold-symmetric pattern. We compare on | €
the top of Fig. 1 the IMEED diagrams obtained from ternary r

Coy sFey sSi, (x=0.5) and binary Fegi(x=1). The most
striking feature is that the distribution of the intensity ob-
served on the fluorescent screen for,&ee, sSi, is quite
similar to the one obtained from epitaxial binary Fefilim
codeposited on §i11) at room temperature which is known
to exhibit a defected CsCl-type cubic structure witktype
orientation’ Indeed, major but inequivalent intensity [
maxima are seen every 60° along the inner ring of the screen
Patterns are symmetric with respect to (HE1) planes, and
made of two differently shaped broad features near polar
angles close to 35° and 30°, with respect to the surface nor-
mal [111] (®=0°), along the[1—-21] and [-12—1] azi-
muthal directions, respectively. The close similarity between
CsCl-type FeSiand Cq_,FeSi, (0=x=<1) IMEED data
immediately reveals that Go,FeSi, films grow epitaxially
with a B-type orientation, and that the specific CsCl-type
cubic structure observed for=1 seems to be essentially
preserved over the whole composition rangex3<1. This
might be readily explained if one assumes that Co atoms o
essentially substitute for Fe atoms in the cubic Féstice, FIG. 1. IMEED and LEED patterns at normal incidence of
and notes that Fe and Co atoms have similar complex scaf€Sk and Ca &Sk IMEED data have been recorded at primary
tering amplitudes for electron at 800 eV, as shown below. IF"€"9YEp=800 eV for codepositedd) FeSh and (b) Coy e sStz
order to test the stability of these ternary silicides, room-2" S(lll). at _room temperatu_re(c) and (q) correspond to
temperature codeposited films have been annealed at two dif. s 0552 IMEED and LEED diagrams obtained upon annealing
ferent temperatures, namely, 400 °C and 650 °C, for 1-h du‘rzlt 400°C, reSpeCt'V.ely(e) and (f)- correspond to P55k 0
. IMEED and LEED diagrams obtained upon annealing at 650 °C,
ration. respectively. Also shown ar€g) (2x4) and (h) complex

Upon .annealing at 400 °C, the IMEED diagrf"lm is nOttwelvefold-symmetry LEED patterns characteristic of multidomain
substantially changed, whatever the Fe-to-Co ratio. The 'MB-FeS;Z epitaxially grown on SiL11).

EED diagrams are still quite similar over the whole compo-

sition. Figure 1c) illustrates such a diagram recorded from a

Coy F& sSi, layer. In contrast, the silicide surface exhibits both CsCl-type FeSilayers annealed at about 400 °C and
now a well-orderedp(2x 2) LEED pattern, except for bi- thin (<30A) FeSj films annealed at higher temperature,
nary CoSj that preserves the(1Xx1) periodicity (not typically 500 °C—600 °C. In this latter case, th&2 super-
shown). Figure 1d) shows the CgsFe, sSi, p(2X2) LEED  structure was attributed to a Si segregation on top of the
pattern. Such @(2x2) pattern is commonly observed on silicide film.2°
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Upon annealing at 650 °C, marked modification of both

LEED and IMEED diagrams is observed, depending on the hv =21.2eV ~  Co _ Fe Si/Si(111)
Fe-to-Co ratio. Forx<0.85, the threefold-symmetric IM- normal emission & % oI
EED diagram similar to that of Fig. (&) is preserved, o - df’&“w.%jh‘EF:o -8 650°C
thereby indicating that basically an epitaxial cubic structure oo daﬂo’ ﬂ‘*n ’°*°~§::u“¢

closely related to the CsCl- and/or Gafype persists as soon

as Co content exceeds about 15%. Figu® displays the
relevant CgdFeysSi, IMEED diagram, which now exhibits

an excellent contrast. However, at this stage on the sole basis
of IMEED analysis, we cannot readily identify a structural
transition, if any, similar to the one observed in the case of
CoSi,, which adopts its stable Cafeype structure upon an-
nealing at about 500—650 °CIndeed, binary Caftype
CoSj, and ternary Cp_,FegSi, (x<0.85) IMEED diagrams

are very similar to each other. Actually, IMEED cannot
readily distinguish between CsCl- and Galfpe structures
since it mainly reflects nearest-neighbor bond directions. The
p(2X2) LEED pattern persists and improves considerably.
It now consists of very sharp diffraction spots, as shown in
Fig. 1(f) for x=0.50. This shows considerably improved
short-range as well as long-range order upon annealing at
650 °C for x<0.85. Note that the (2) superstructure
spots, which are as sharp and narrow as thel 1spots ob-
tained from the well-known CagRype CoSj (x=0) sur-
face, are clearly observed even for low Fe conternts (

o 'Q_‘ i"o—oooo C()Si2, x=0

| Yo, R

T
&) ey F“*%oo x=0.25
n b

o
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PHOTOEMISSION INTENSITY (arb. units )

x=0.75
x=0.85
x=0.90

=0.10). In sharp contrast, in the Fe-rich regir®0.90, the A-FeSi x =1
LEED pattern converts into either ax2 [Fig. 1(g)] or a — r
complex twelvefold-symmetryFig. 1(h)] diagram. More- 6 1 2 0 5
over, relevant IMEED modulations completely vanish, i.e., BINDING ENERGY (eV)

the diagram(not shown consists of a diffuse homogeneous
intensity background. Such diagrams are similar to that ob-
served for multidomainB-FeS} epitaxially grown on
Si(112).% In the case of orthorhombic semiconducting
B-FeSp phase, the lack of IMEED anisotropy can be ex-
plained by the fact that, on one hand, the Jahn-Teller distorAll spectra show a dominant feature at about 1-2 eV binding
tion of the Cak-type structure results in inequivalent sites energy which essentially reflects nonbonding iron and cobalt
that contribute to the intensity modulation with a series of3d bands and a broad shoulder in the2—5 eV binding-
different forward-scattering directions that completely de-energy range that originates from bonding méke,Co3d
stroy the IMEED modulations. On the other hand, three sil-and Si 3 state$3° However, UPS is sensitive to both sur-
icide orientations separated by a 120° rotation are equallyace and bulk electronic properties of the film, and a detailed
likely to occur, on the grounds of the threefold symmetry ofinterpretation needs a more careful analysis. In particular,
the substrate §111) surface and rectangular in-plane unit these ternary films exhibit surface states that will be consid-
cell of the matching3-FeSj, planes. Moreover, different ep- ered elsewhere. The purpose of UPS spectra shown here is
itaxial relationships ofg-FeSp on Si11l) has been ob- mainly to establish the metallic or semiconducting character
served by means of TEM as well as transmission electronf the films. This may be done by investigation of the density
diffraction (TED) measurement¥. It has been found that of state at the Fermi level. As can be seen, all UPS spectra
either the (101).gesiz OF (110)5 gesip Plane may be parallel obtained from ternary films annealed at 400 °C display a
to the (111Si plane with the azimuthal010]s.resi, OF  clearcut Fermi edge, indicating the formation of metallic ter-
[001] 5_gesio direction aligned wit —101]g; or [10—1]g;, re-  nary disilicides, irrespective of the Fe-to-Co ratio. However,
spectively. Clearly, both LEED and IMEED data strongly upon annealing at 650 °C, the UPS spectra evolve differently
suggest the formation of a structure of {BeFeSj type, i.e., as a function ofx. A well-marked Fermi edge is still ob-
a metal-semiconductor phase transition for Fe-rich ( served for Fe contents<0.85, while the opening of a band
=0.90) ternary films annealed at about 650 °C. In order tagap occurs forx=0.90 with a valence-band maximum lo-
confirm or disprove this point, ultraviolet photoelectron cated at about 0.1-0.2 eV below the Fermi lekgl. The
spectroscopyUPS measurements were carried out. position of the valence-band maximum with respect to the
Fermi level depends on the Co content. This means that 100-
A-thick ternary films with a Co content of 10% or less con-
vert into a semiconducting phase. This is quite consistent
In Fig. 2, we show a series of UPS spedtre 1) recorded  with the change in structure observed by both LEED and
at normal emission from codeposited 100-A,CgFe,Si, IMEED. Finally, we note here that, when the Co content
films as a function ok, after annealing at 400 and 650 °C. exceeds about 15%, ternary films are strongly stabilized in a

FIG. 2. UPS spectrum evolution of ternary 100-A
Co,_,FeSi, codeposited on §111) annealed at 400 °C and 650 °C
as a function ok.

B. UPS measurements
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CsCl-type FeSi structure CaFs-type CoSiy structure azimuth [1-21] -O— Co,p,,

+ FeZ p3e‘2

e Simulations

101
gg%;1 [133] [35.31 [131] [111] [101]

[-12-1]

: 7
(-101) CsCl typ//e % ‘-._‘(b)
FIG. 3. Sketches of CsCl-type Fe@ft) and Cak-type CoSj
(right) structures with corresponding cross-sectional cuts through
the(—101 plane. The arrows indicate expected directions and polar 111 101 [1.11]
angles with respect to th@ll1l] surface normal for forward- (1) ‘ [ ‘ 1 ‘

scattering enhancement of photoemission intensity. 20 0 20 4‘0 60 80

POLAR ANGLE © (deg)

PHOTOELECTRON Fe,p,, OR Co,p,, INTENSITY (arb. units)
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metallic epitaxial cubic structure, more adapted to the struc-

ture of the Si substrate thasFeSp-type phases. FIG. 4. Polar-angle scans of Copg, (open circley and Fe

2ps, (solid circles photoelectron intensities from Cafype
C. Reference x-ray photoelectron diffraction profiles CoSj and CsCl-type Fegialong the[1—21] azimuth with an an-
gular resolution oft1° using classical AK, source(1486.6 eV.

n .Order fo obtain more mfo_rme_mon on the crystallo- Calculated single-scattering profilé® and (b) (dotted ling corre-
graphic structure of Re,CqSi, films, photoelectron- spond to Co Py, (706 eV) and Fe sy, (779 €V) in CaFy-type

intensity (XPD) modulations of Fe @5, and Co D3, COre  cos;j, and CsCl-type FeSi respectively. The data are normalized
levels have been measured as a function of polar angle using the same intensity a=0°. The arrows indicate forward-

Al Ko radiation. Since IMEED data show the same three-cattering directions at nearest or next-nearest neighbors of the or-
fold symmetry as the one of the defected CsCl-type fe6i  dered Caktype and CsCl-type FeSi structures shown in Fig. 3.
Cak-type CoSj, these XPD polar profiles have been

scanned through the101) plane along the two nonequiva- CaF-type CoSj (Co 2p5,) XPD profiles recorded along
lent opposite azimuthal1—21] and [—12—1] directions, [1—21] and[—12—1] azimuthal directions, respectively. As
along which major forward-focusing directions are expectedmentioned above, both profiles exhibit forward-scattering
The CsCl-type FeSi and Cgfype CoSj structures as well  structures centered at the same polar angles. Indeed, three
as their cuts through the-101) plane are shown in Fig. 3. prominent structures are observed n@a¢0°, ®~35°, and
Note that in the zeroth-order interferenderward focusing ®~70° in the [1—21] direction, and around®=0°, ®
approximation, CsCl- and Cafype XPD profiles give rise  ~30°, and® ~55° in the[—12—1] direction. All these par-

to the same forward-scattering peaks alddid1], [101], ticular polar angles coincide with forward-focusing direc-
[1-11], [131], and[010] atomic rows. Indeed, the defected tions shown in Fig. 3. However, these reference profiles can
CsCl-type FeSior Cak-type CoSj can be derived from be clearly distinguished by the fine structure associated with
CsCl-type FeS{CoSij upon removing one out of two metal higher-order interference effects occurring around
atoms. A defected CsCl-type structure consists of disordered01] (~35° and [131] (~30°) atomic rows along the
metal vacancies as opposed to the £fpe, where the va- [1—-21] and [—12—1] azimuthal directions, respectively.
cancies are ordered in a specific way; i.e., within¢h€01)  Along the[101] atomic row, the Cajtype Co D5, profile
plane, every secondlO1] metal-atomic row is removed so exhibits a structure with strong anisotropy factor defined by
that no nearest neighbor metal pairs are left, as sketched = (I ;..«—min)/Imin that shows three maxima located @t

Fig. 3. In this way, the lattice periodicity of defected CsCl- ~30°, ®~35°, and®~40°, whereas defected CsCl-type
type FeSj is similar to that of CsCl-type FeSi while for Fe 2, profile shows a volcano-shaped structure with a
CaFk-type CoSj it becomes twice as large. minimum instead of a maximum alonfl01] forward-

In order to go beyond the forward-focusing approxima-scattering direction as well as a much smaller anisotropy
tion and to distinguish between CsCl and Gaffomic ar-  factor. The physical reasons for the particular shape of the
rangements, it is useful first to consider the Bg2and  structure a®~35° were extensively investigated in previous
Co 2p3, XPD profiles recorded from well-known binary work? Briefly, this effect is due to destructive interferences
FeS, and CoSj layers. Figures 4 and 5 display the from out-of-chain atoms relatively close in angle to [i181]
reference-defected CsCl-type FgSi(Fe 23, and directions as well as to the reduction by a factor 2 of the



55 SYNTHESIS OF EPITAXIAL TERNARY Cq_,FeSi; . .. 13045
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FIG. 5. Same as Fig. 4, but along the12—1] azimuth. FIG. 6. Calculated single-scattering Cps (706 e\V) and Fe

2ps, (779 eV) profiles in the same crystallographic structure of

atomic density alon§101] rows in defected CsCl-type struc- defected CsCl typéFeS}, or CoS).

ture. It is worth noting that this particular splitting of the
[101] forward-scattering feature is characteristic of thecorresponding XPD profiles must be the same, irrespective
random-metallic-vacancy network in CsCl-type FeSimi-  of the Co or Fe nature of the occupied metal sites. This can
larly, along the[131] atomic row, it is the Cajtype be traced back to the fact that the calculated scattering fac-
Co 2pg, profile that exhibits a volcano-shaped peak with ators (not shown are very similar for Fe and Co, at the small
deep minimum in intensity along forward-scattering direc-scattering angles<40°) and high photoelectron kinetic en-
tion at®~30°, while a single asymmetric peak is formed in ergies(779 and 706 eYinvolved. This indicates a metal-
the case of defected CsCl-type FeSihese specific features type independencéor neighbors in the first transition se-
of the XPD are also fairly well reproduced by simulations weries) of the XPD profiles that reflect the CsCl and
have performed using the cluster model in the single-CaF-type geometric arrangement of the atomic species but
scattering spherical-wave approximation for CsCl-typenot the chemical natur@~e or C9 of the metal site. Hence
FeSj and Cak-type CoS;j structures. Calculations at kinetic We are now in a situation to take advantage of the reference
energies of 779 and 706 eV correspond to pgRand CsCland Caftype profiles in the structural study of ternary
Co 2p, profiles, respectively. The calculated profilelot-  Co,F&Si, phases.
ted lineg are compared to experiment in Figs. 4 and 5. As
?na:n? ?nsi%?r’] S;)r:ll;lra_. gggl:ng oi)i(tfoer:;ngé a(;\e; el:]aﬁl gﬁgg ea%rr? g D. X-ray photoelectron diffraction profiles for Co,_,Fe,Si,
clearly exhibit the characteristic fine structure discussed Fe 23, and Co D3, XPD profiles for codeposited
above. This allows us to use these fingerprints to discrimiCo, _,FeSi, silicides at room temperature along azimuthal
nate between CsCl- and Cafype structures. [1—21] and[—12—-1] directions are shown in Figs. 7 and 8,
In order to make sure that the observed difference in fingespectively. The most striking observation is that all profiles
structure along thg101] and[131] atomic rows between the are essentially very similar to that of the reference CsCl-type
two reference XPD profiles is actually due to a change irprofile. As discussed above, this close similarity leads imme-
structure rather than the difference in chemical nature of theliately to the conclusion that all ternary silicides grown at
metal (Fe,C9 and photoelectroiiFe 24,,Co 2053, kinetic ~ room temperature have defected CsCl-type cubic structure in
energy, we have performed single-scattering-cluster simulavhich Fe and Co atoms basically adopt the same local envi-
tions in the same defected CsCl-type structure, namelyonment. Since phase separation is not likely to occur at
CsCl-type FeSiand CoSj, for Fe 25, and Co D, pro-  room temperature because of reduced atomic mobility, it is
files as shown in Fig. 6. As can be seen, profiles related texpected that Fe and Co occupy the metal sites in defected
Fe 23, and Co D3, are essentially the same. Therefore, CsCl-type structure in a random distribution with probabili-
these simulations clearly demonstrate that if Fe and Co atiesx and 1-X, respectively. However, Cqa3,, profile re-
oms lie in the same local crystallographic environment, thdated to Co-rich ¥=<0.25) films shows a slight difference
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FIG. 7. Polar-angle scans of Cqpg, (open circley and Fe FIG. 8. Same as Fig. 7, but along the12—1] azimuth.

2ps;» (solid circles photoelectron intensities from codeposited
Co,_,FeSi, on S(111) at room temperature as a function »f In ideal defected CsCl-type CgSiith random vacancies, a
along the[1—-21] azimuth. The data are normalized to the samestatistical distribution gives rise to a mean value of three
intensity at® =0°. next-nearest neighbors at about 2.68 A. In the case of a small
deviation from a statistical distribution toward Gatiype or-
concerning the fine structure aroui=30° (Fig. 8). In-  der, as suggested by our XPD data, this average value must
deed, this structure exhibits a tendency to a double-peakéask lower than 3. However, no evidence could be obtained
shape, intermediate between that in pure CsCl androm EXAFS data of a deviation from statistical distribution
CaF-type structures. This suggest that binary Gasi well  which is thus probably small. It is well known that the EX-
as Co-rich §<0.25) ternary films codeposited at room tem- AFS technique does not give precise coordination numbers
perature already exhibit a tendency toward a local orderedince their extraction strongly depends on nonstructural pa-
vacancy arrangement of the Gafype. Nevertheless, high- rameters such as dynamic and static lattice disofidebye-
resolution x-ray diffraction(HRXRD) ®-20 scans(not  Waller facto.
shown do not clearly show111) reflections characteristic of According to XPD data, this partial CalBrder does not
the relevant Caj-type superstructure for room-temperature evolve substantially upon annealing at about 400 °C. More
codeposited Co-richx=0.25) films. The lack of sucfil11) generally, at this stage, the XPD profile®t shown do not
reflections may be due to the mere absence of,@gfe  exhibit any appreciable change, irrespective of Fe-to-Co ra-
long-range order and/or to a too small reflection intensity, ortio. This clearly indicates that the defected CsCl-type struc-
the grounds of low silicide thickneg¢00 A) and small de- ture (with partial Cak-type order on the Co-rich sidlds
viation from a statistical distribution of metal vacancies in stable up to 400 °C for both binafx=0 and 1 and ternary
defected CsCl-type structure. In this respect, it is interestinglisilicides. However, upon annealing at 650 °C, important
to recall the conclusions arrived at from extended x-ray-changes take place in the XPD profiles, as shown in Figs. 9
absorption fine-structuréEXAFS) measurements for room- and 10 for[1—21] and[—12—1] azimuths, respectively, in-
temperature codeposited CeSind FeSi films.”*! Meta-  dicating a change in atomic structure. For0.90, XPD
stable CoSi EXAFS results are essentially similar to those modulations(not shown are no longer observed in agree-
of CsCl-type FeSi The numerical data fitting procedure re- ment with IMEED results which confirm the transition to-
veals that Co atoms are surrounded by-8(5) Si nearest ward the orthorhombi@-FeSji-type structure, as discussed
neighbors at about 2.34 A and by 8() Co nearest neigh- in Sec. Ill A. The most striking observation, however, is that,
bors at about 2.68 A as opposed to the Sifpe structure in  for x<0.85, well-defined XPD profiles are still observed,
which the nearest Co neighbors are located at about 3.8 Aand reflect the persistence of an epitaxial cubic structure in
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FIG. 9. Polar-angle scans of Copg, (open circlep and Fe FIG. 10. Same as Fig. 9, but along the12—1] azimuth.

2ps;» (solid circles photoelectron intensities from codeposited | o )
Co,_FeSi, upon annealing at 650 °C as a functionxo&0.85  difference in fine structure arounel=35° with respect to

along the[1-21] azimuth. The data are normalized to the samethat of the reference Caftype profile. Indeed, the character-
intensity at®=0°. istic triple-peaked structure is partly transformed into a
volcano-shaped one with a marked reduction in the anisot-
the ternary filmsThis again demonstrates that Co in excessropy factor. The relative loss in forward-scattering intensity
of about 15% stabilizes the cubic structure of these silicidesilong the[101] (®~35°) as compared tp111] (®=0°)
up to 650 °C.More specifically for Fe content=0.75, the direction is particularly remarkable, as compared to the ref-
Co 23, and Fe Py, profiles remain similar to that of the erence Cajtype profile. This feature may be qualitatively
reference defected CsCl-type reproduced at the bottom adxplained by the lack of some metal scatterers in[th@]
Figs. 9 and 10. Hence we conclude that an Fe and Co localtomic row, thereby leading to a reduction in forward-
environment of defected CsCl type is essentially preservedcattering contributions along this row. Note that the metal-
up to 650 °C forx=0.75. However, the Co@, and site occupation probabilities in th&01] atomic row are 50%
Fe 203, profiles evolve differently when the Co content is and 100% in the case of CsCl-type Fe@ind Cak-type
about 50% or larger. Indeed, the Fes2 profiles remain CoSi, respectively. In contrast, alond11], the nearest-
similar to the reference CsCl-type one fo=0.50 and be- neighbor scatterer is the Si atom present in both structures.
come intermediate between CsCl and &dffpes for x  Thus the attenuation of the XPD intensity @t=35° sug-
~0.25 and below, whereas the Cps2 profiles clearly gests that annealing Co-rich CqFegSi, films at about
evolve toward that of the reference Gélfpe. This clear-cut 650 °C does not lead to a perfect Gaffpe structure, in
difference indicates that Fe and Co atoms now reside in difeontrast with pure CoSfilm. Only partial CaF, order seems
ferent local environments for<0.50, i.e., Fe atoms adopt a to be achieved even for low Fe conteint., interstitial octa-
CsCl-type local environment, while Co atoms prefer ahedral sites in a perfect Cafype structure are occupied by
Cak-type one. We also note that the Fes2 profile related  a fraction of metal atoms, probably mainly Fe atoms since
to Cqy 752550 silicide exhibits strong intensity enhance- the Fe 5, profile more closely resembles the defected CsCl
ment at grazing emission angles, a behavior generally obrype. Moreover, we observe a systematic reduction up to
served in the case of very thin films-@0 A). This can be 15% in overall XPD anisotropy with respect to Ce$iot
interpreted in terms of Fe segregation, and suggests a neatpparent in the normalized data presentation of Figs. Y.—10
surface Fe enrichment, making the interpretation of theThis suggests a marked increase in static disorder, i.e., a
Fe 24, profile more complex for this Fe concentration. As local distortion of the cubic structure brought about by the Fe
to the Co D3, profiles forx<0.50, we can see a marked atoms when introduced into the CgStructure. Finally, let
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parameters equal to that of silicon substrate (flid) reflec-

XRD, 6/20 t L& tion is forbidden in the CsCl-type structure. The main obser-

__"-.__' vation is that (111).iqe reflection occurs fox=<0.75, i.e.,

E e all ternary films exhibit Cajtype long-range order when the

: Co content exceeds 25%. However, tid1)-reflection in-
CoSiy, x =0 3 " "ol----.r tensity 1 (x) decreases steadily with increasing Fe content
CaF, type “Fo content x x, and eventually vanishes near 0.50. This decrease, rela-

tive to the one of a CaRtype CoSj (1), may be attributed
to a change in crystallographic structure brought about by the
Fe atoms, as shown by the XPD and/or to a change in static
and dynamic disorder as a function of Fe contenHow-
ever, the dynamic disorder contribution does not depend sub-
stantially upon the Fe contenk, since tight-binding
calculationd’ show that elastic constants of FeSand
CoSj, in CaF, form are quite similar. In contrast, concerning
the static lattice disorder one expects indeed an enhanced
contribution corresponding to distortions brought about by
differences in Fe-Si and Co-Si bond lengths. As pointed out
in Sec. Il D, the effect of these distortions is clearly ob-
served by means of XPD in the form of a marked reduction
in photoelectron diffraction anisotropy. Thus it appears that a
substantial decrease {i11)-reflection intensity may be at-
tributed to static positional as well as chemical disorder
brought about by the Fe. However, the relevant reduction in
(112) reflection intensity cannot account by itself for the ob-
served reduction. This is supported by self-consistent total-
energy calculations for a ternary CqFeSi, alloy in Cak
- e s form, showing a fairly small variation of the mean Fe-Si and
135 " 145 15 15.5 Co-Si distances as a function &f?* Moreover, XPD indi-
o (deg) cates that Caftype order disappears at large Fe contents
(x=<0.75). Hence a part of the decrease in diffraction inten-
FIG. 11. HRXRD®-20 measurements for Go,FeSi, (0<x  Sity I(X) must be mainly attributed to a loss of Gafype
<0.85) annealed at 650 °C scanned frém-13.5° to®=15.5°  order in the vacancy network, i.e., an evolution toward a
corresponding to111) reflections region of $111) substrate or defected CsCl-type structure in agreement with XPD data.
CaFR-type CoSj(111). An order parameteP(x) can be obtained from experiment
by V[I1(x)/1,]. This parameter as a function of Fe content
us emphasize that the present XPD data clearly demonstraxeis displayed in Fig. 12. One can readily show that, in a
that an ideal Caftype structure where the Fe merely substi-model wherex is the fraction of the metal atoms occupying
tutes for Co, as considered in previous theoretical calcula“wrong” CsCl-type sites, i.e., octahedral interstitial sites in
tions, is not formed. The above interpretation assumes thdhe ideal Caktype structureP=1—2« if one neglects the
phase separation does not take place upon annealing @ntribution of disorder to the reduction ¢f11)-reflection
650 °C. From the XPD data at hand, we can rule out phas#tensity. Keeping in mind that the disorder contribution is
separation into pure Caffype CoSj and defected CsCl-type actually not negligible,« is less than 10-15% fox
FeSj, since the Co 5, XPD profile always shows substan- <0.50, i.e., the Caftype order is largely preserved. Hence
tial deviations from the reference Cafype structure. In or- XRD demonstrates that Co-rich films annealed at 650 °C
der to gain more insight into the degree of G&fjpe long- adopt a structure close to that of Gelfpe CoSj. Nearx
range order as a function of Fe content, a detailed XRD=0.85, however, the Fe-rich layers crystallize in a CsCl-type
study is desirable. As a first step in this study we have carstructure with a metal atomic arrangement deviating only
ried out XRD® —20 scans of thg111)-reflection charac- slightly from statistical distribution observed in low-
teristic of the relevant CaRype superstructure for typical temperature CsCl-type FgSia~0.50).
films with a cubic structurexX<0.85) annealed at 650 °C. Finally, note that the decrease of the order parameter
beyondx=0.50 seem to be accompanied by a reduction of
the (111-interplane distance. This reduction is shown in Fig.
11 by a sizable shift of the diffraction angl®@(~0.13°)
Figure 11 displays HRXRD® —20 measurements for toward higher values. However, intensity of the silicide
Co,_,FeSi, (0=x=0.85) annealed at 650 °C scanned from(111) reflection is too small, as compared to the substrate
0®=13.5° to ®=15.5°, which corresponds to thd11)- one, to extract an accurate angular position dhd1)-
reflection region of the $111) substrate or CaRtype interplane distance fox=0.50. Actually, we cannot deter-
CoSi(111). The(11D-reflection peak of silicon substrate at mine the lattice parameter or amount of strain in silicide
0~14.23°, labeled (11%)is truncated. Note that upon re- films on the grounds of the present data, since such measure-
ferring all indexes to the simple cubic system with lattice ments give only information on the change of lattice constant

(111) REFLEXION INTENSITY (arb. units)

E. X-ray-diffraction results
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FIG. 12. Evolution of the order parametBi(x) estimated by
XRD (111)-reflection intensities of Co ,FeSi, (0=<x=<0.85) an-
nealed at 650 °C shown in Fig. 11.
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Figure 13 displays XPS spectra of the monochromatizeco, _,Fe,Si,/Si(111) annealed at 400 °@pen circles and 650 °C
Al Ka-excited Si P core levels for various epitaxial (solid circles. All lines were recorded at normal emissio® (
Co, _FeSi, silicides annealed at 400 and 650 °C. In low- =0°) using a monochromatized Aa source(1486.6 eV. The
temperature processed films 400 °C), core-level binding- spectra are normalized to the same maxima intensity.
energy shifts do not occur as a function of the Fe-to-Co ratio.

The observed binding-energy position is characteristic of Sjy ternary Cq_,FeSi, silicides with respect to binary
2p in binary FeSj,, and CoSj. (0=x=<1) films with  Cosj, For Fe contents 0.25x<0.85, the Si  core level
CsCl structuré:* This Si 2p binding energy measured on adopts a binding-energy position intermediate between CsCl
Co,_«FeSi; silicides of defected CsCl types means that suband Cak-type ones, in line with the structural evolution to-
stituting Fe for Co atoms does not substantially change the §jard defected CsCl type found by XPD and XRD. However,
2p binding energy. Upon annealing at 650 °C, the Bicdre  the Sj 2p spin-orbit-split doublet still remains fairly well
level shifts toward lower binding energies depending on thgesolved without substantial overall broadening, again point-
Fe contentx. In the case of CoSi(x=0), the structural ing toward single homogeneous phase formation. Actually,
transition from CsCl phase to Cafype phases results in a these Si p core-level spectra could not be reproduced by a

Si 2p core-level shift to lower binding energies of about 0.40eighted sum of Si @ core lines from CsCl-type FeSand
eV, as shown in Fig. 13, in agreement with previous work. Cak-type CoS;j films.

In the case of ternary films, the Sp2binding energy ob-

served in Co-rich films X=0.50) coincides with that in

CaR-type CoSj. This is again consistent with the formation IV. SUMMARY AND CONCLUSIONS

of a fairly well-ordered Cajtype phase, as revealed by

XPD and XRD. In particular, in agreement with the very low  Using codeposition, we have shown that metastable me-
deviations <<0.10) from perfect Caftype order ¢=0), tallic Co,_,FgSi, disilicides can be epitaxially grown on
the electronic properties of Co-rich films are similar to thoseSi(111) with all compositions ranging from FeSito

of Cak-type CoSj. Furthermore, it is noteworthy that the CoSi. Fe 23, and Co D3, XPD measurements clearly
spin-orbit-split Si D4,,—Si 2p5, doublet is fairly well re- demonstrate that the as-codeposited disilicides adopt essen-
solved, which definitely excludes a CsCl-Galfpe phase tially the same ordered cubic structure of CsCl type with
separation. The small broadening observed in thepSi@u-  random vacancies, i.e., a structure that can be deduced from
blet components may be attributed to the chemical and relthe well-known metastable defected CsCl type Edipro-
evant static disordedifferent Co-Si and Fe-Si bond lengihs gressively replacing at random Fe atoms by Co ones. This
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defected CsCl-type phase is stable up to 400 °C. Upon aresCl-type environment rather than Gafype one, a result
nealing at 650 °C, 100-A-thick films with a Co content lessthat strongly suggests that Gafype order is not a favorable
than 15% are invariably transformed into a semiconductingatomic arrangement in Fe-rich silicides and hermcrtiori,
phase made of Co-doped orthorhomigic=eS;. However, in FeSj. Thus it is apparent that thg-FeSj phase may be

the cubic structure and metallic character are preserved dsrmed only under very special circumstances such as in ul-
soon as the Co content exceeds about 15%(.85). Phase trathin films, and/or that the Caffype order of the metal
separation apparently does not take place. XPD measur@acancies represents only a slight deviation from random
ments indicate that at least part of the Fe adopts an environe€sCl-type distribution. Finally, it is interesting to note that,
ment close to that in defected CsCl-type ReSihile the  after annealing at 650 °C, the local atomic structure is defini-
local environment of Co is essentially of Ga&nd defected tively different for Co and Fe species, in particular in Co-rich
CsCl types in Co-rich X<0.50) and Fe-rich films (0.50 samples. This emphasizes the role of local chemical-bonding
<x=0.85), respectively. XRD data confirm that effects, and suggests attractive nearest-neighbor interaction
Co,_,FgSi, disilicides annealed at 650 °C exhibit partial for Fe-Fe pairs and a repulsive one for Co-Co or Co-Fe pairs.
CaF, long-range order. The order parameter vanishex by A coupled EXAFS-XRD investigation to obtain more insight
=0.85, but increases with increasing Co content. Thus botinto short versus long-range order in {CqFgSi, silicides is
XPD and XRD results indicate that Fe does not merely subpresently underway in our laboratory.

stitute for Co atoms in a perfect Cafype CoSj structure
even in Co-rich samples. Therefore, we believe that it is not
possible to stabilize a 100-A-thick film of-FeSp, i.e., with

a perfect Captype structure. Actually, in Fe-rich samples  The authors are grateful to V. Pierron-Bohré8CMS,
(x>0.50) even the Co resides in an essentially defecte@trasbourgfor assistance in x-ray-diffraction measurements.
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