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Abstract 

The atomic structure of the (Ill) interface between ion beam synthesized 

buried CoSi'l C'pilayer (.type-A) and bulk Si has been investigated by using 

bulk x-ray dilrraction a!ul x·ray stalldill~ wave techniques. Our results show 

that the COSi'l lattice is 0.7% contracted in the [1111 direction with respect 

to the CoSi 2 free lattice constant. At the interface, the Co atoms (not the Si 

atoms) of the CoSi 2 l'pilayer are directly bonded to the surface Si atoms of the 

bulk Si( Ill) substrate conforming to the 8-fold Co coordination model. The 

Co-Si bonds at the interface are contracted by 0.03±O.06 A with respect 

to that in bulk CoSi 2• 
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The heterostructures formed by growing epitaxial metallic silicides, sdch as NiSi2 and 

CoSi2, on silicon substrates are of considerable interest because of their fundamental im

portance and possible technological applications. An understanding of the basic aspects of 

atomic bonding geometry and the electronic properties at the inte~facesof the heteroepi taxial 

structures contribute to their effective USe in microelectronic applications. The nearly lattice 

matched NiSh/Si(111) and CoSh/Si(l11) systems have been studied by various experimen

tal 11-7] and theoreticai techniques [8-10] leading to an understanding of these interfaces. 

Conventionally the epitaxial metallic silicide layers are grown on Si surfaces under ultrahigh 

vacuum (UIIV) condition by Soliu Phase Epitaxy (SPE), Molecular Beam EpitaXy (MBE) 

and Reactive Deposition Epitaxy (RPE). White et aJ. [11] used high-dose ion implantation 

into silicon substrates, followed by annea(i~g, .~o gr~w buried epitaxial layers. This method 

is known as Ion Beam Synthesis (lBS). The epitaxial silicide layers gro\v in two possible 

orientations: type-A, where the silicide layer has the same orientation as the Si substrate, 

and type-B, where the silicide layer is rotated 1800 about the surface normal of the Si sub

strate [12]. For epitaxial CoSi 2 layers, it is interesting to note that in the UHV procedures 

the B-type layers are predominantly formed whereas IBS-prepared CoSi2 buried layer has 

the type-A dominance for thicker films. For thin layers prepared with the IDS technique, 

orientations of both type~A and type-B are present [13J. The IBS preparea silicides have re

ceived much attention as the electrical transport properties of epitaxial CoSi, layers formed 

by IBS are better than those formed by the conventional UHV procedure and the possi
, 

ble application of an IDS-fabricated Si!'CoSi1 /Si heterostructure as a metal base transistor 

[11,14]. 

A complete understanding of electronic properties of the epitaxial silicide layers requires 

detail knowledge of atomic bonding configuration at the interface. Possible models for both 

A-type and B-type have been proposed by Cherns et al. [2]. Either the metal atoms Of the Si 

atoms of the silicide can be bondeu to the substrate, leading to either an 5-(or 5-) or 7-fold 
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coordination of the interfacial metal atoms [Fig.!]. The 8-fold coordination model comprises 

an extra plane of Si atoms at the interface on silicide-lattice positions compared to the 5

fold coordination model. Earlier experiments by Gibson et al. using high resolution electron 

microscopy (HREM) on B-type CoSh/Si( Ill) sampleS, prepared by Co deposition on Si(I1I) 

substrates and annealing under UHV conditions, showed the evidence for 5-fold coordinated 

interface structure [1]. But recently Catana et al. used the same UHV deposition and 

annealing technique to obtain both B-type and A-type CoSi 2/Si(1l1) interfaces, and using 
I 

the same technique (HREM) they observed sevenfold (as well as some eightfold) coordination 

for the B-type CoSh/Si(lIl) samples [15], which contradicts the observ~tions of Gibson et al. 

For the A-type interface as well Catana d al. fount! evidence for the sevenfold coordination. 

Other techniques such as x-ray standing wa.ve (XSW) [4,51 and high resolution Rutherford 

backscattering spectrometry (RBS). [61 found the interface of B-type CoSi 2 /Si( Ill) to be 5

fold coordinated, supporting the observations of Gibson el al. Bulle-Lieuwma el al. carried 

out HRE~I studies on the I13S-prepared A-type CoSidSi( Ill) interface in the Si/CoSi2 /Si 

samples and their results fayor a 7-fold interface model [16]. Theoretical calculations, such 

as-local-density-functional [SI and quantulll chemical cluster [9] calculations, howeyer, favor 

the 8-fold coordination model for both t\- and B-type CoSidSi( 111) interfaces. Given the 

contradictions, it is clear that furtherexperilllental studies on the CoSi 2/Si(I1I) A-type 

interface are necessary. In the present work we have undertaken the study of the A-type 

CoSi2/Si( Ill) intei'face in the I13S-prepared Si/CoSidSi( Ill) system with a buried epitaxial 

CoSh layer. We have used the XSW technique to determine the bonding geometry at the 

~nterface by generating standing wa\'es with the (111) reflection from the Si substrate crystal 

and monitoring the Co fluorescence yield frolll the buried layer as a function of incident angle 

within the angular range of the (111) reflection from the substrate. 

With regard to the XSW method, the releyant difference between the S-(or 5- )fold and 

7- fold coordinated interfaces is the distance d/F of the first Co layer from the last (111) 

diffraction plane of the substarte. The distance d/ F is same for both 8- and 5-fold coordinat.ed 

interfaces [Fig.l]. Thus, while the 8-fold interface cannot be distinguished from the :.5-fold 
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one, the structures involving 8- (or 5-) fold and 7-fold interfaces can be easily distinguis 

II. XSW ANALYSIS 

The XSW technique is based on the dynamical theory of x-ray diffraction and is expla 

in a number of publications [17-21]. Here we will give a brief account of the technique. \\ 

a monochromatic x-ray beam is Bragg-reflected from a large perfect crystal substrate, 

interference between the incident and the reflected waves gives rise to a standing wave 

in the substrate. This field also extends across the interface into the overlayer. As predi' 

. by the dynamical theory, the phase v of the sta~ding wave field changes by lr radians as 

crystal is rocked through the Bragg reflection. On the low-angle side of the reflectivity Cl 

the antinodal planes of the standing wave field lie half-way between the diffraction pl. 

and move inward with increasing angle towards a position coinciding with the diffrac 

planes. The position of the buried layer atOlils is determined by measuring the stan( 

wave excited fluorescence yield from those atoms along with the substrate reflectivity. 

function of rocking angle. 

Let us consider a buried epitaxial CoSi2 layer to be composed of X lattice planes of 

fluorescing element Co with a planar spacing dOL and starting at a dista::ce d/F from 

topmost diffraction plane of the substrate [Fig.1]. The relevant difference between the 8

(or 5-(0Id) and the 7-fold coordination is in the value of d/F • From the models showl 

Fig.l, the value d/F for unrelaxed 7-fold and 8-(or 5-) fold coordinated interfaces is 3.5 

and 2.74 A, respectively. We introduce the parameters 8/F =d/F /dH and -:=dOL,'dH -1 

use the formalism given in ref. [3]. (n this case, dll is the (Ill) planar spac:ng in 5ilicon. 

The normalized fluorescence yield }-i;(O), emitted by N overlayer planes as a functio 

incident angle 0 is given by 

YF(O) = 1+R(O) +2jR(O)Fcos[v(O) - 27l'4>c] 

where the reflectivity R(O) and the phase v(O) can be calculated from the d;.namical thel 

4>c and F are called coherent position and coherent fraction, respectiveiy. All poss 
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fluorescence yield (YF(O)) curves can be fitted with these two parameters. ~c and F are 

defined as follows. 

t c = 6rF +(N - 1h/2 {2a) 

drF = ~cdH - (N - 1hdHI2 (2b) 

F = Icsin(-tr N"()I N sin(iq) (3) 

.fc contains the Debyc-Wallcr factor and the information about the crystallinity of the epi

taxiallayer. 

The function sin(-:rN"()INsin(1r"(), for a given "(, will have negative values for the value 

of N falling in SOlllC ranges making the cohercnt fraction F negati\·c. However, to be 

'physically mcaningful F should be positi\'e. Frolll Eq.( 1), we notice, in thc last lcrm, 

• Fcosl//(O) - 2lf'~cl and Fcos[//(O) - 2;:-'[>c + ;;-1 would givc rise to the same yield profile, 

}'F(O). Thcreforc, Eqs. (2) can be rewritten in thc following form [7J 

<t> c =6,,:, + (LV - 1h /:2 + 00 (4a) 

el fF = t1> c cll/ - (.\' - 1))tllI /'2 - Ouclll (4b) 

F = lelAI (.5 ) 

where 

A = sill(rrN"(}/Nsin{q) (6) 

90 = -[sgu{/l) - 1]/4 (7) 

The number of layers of the fluorescing atolns, N, is related to the epilayer thickness, T, 

by 

N = l'/r/o /' = T/[dfl{ I +1)1 (8) 

!j 

'1 c:n be determined from the XSW experiments as was done in ref. [3] or can be determined 

directly from the angular separation of the x-ray diffraction peaks from the epila}ft' and the 

substrate. The value of '1 or dOL contain the information about the strain in the epilayer. 

The film thickness is determined by other methods such as RBS. Now with the known values 

of N and '1, drF is determined from the measured value of ~c: from the XSW experiment. 

This gives the interface structure. 

In order to obtain the values of t c and F from the XSW experiment, the measured 

fluorescence yield is fitted to Eq.l. The best fit gives ~c and F. The normalized ftuorescenc 

yield yF(o) is related to the experimental fluorescence yield, YF (expt), by 

YF(expl) = CYF(O) (9) 

The normalization factor C is proportional to the number of Co atoms within the range of 

the interference field and thus to the number of metal layers (N) . 

III. EXPERIMENTAL 

An Si wafer (p-dopcd) with (111) orientation was implanted with 200 keY Co+ ions to a 

dose of 2 x 10 17 Icm2 while the substrate was kept at 350°C. This was followed by an anneal 

treatment of one hour at 600°C and 30 minutes at 1000°C to for~ 680 ± .50..\ thick A-type 

epitaxial CoSi 2 buried layer under 880 t\ of crystalline Si. This sample will be denoted 

by Si/CoSi2/Si(lll) and is schematically shown in the inset of Fig. 3. The method of this 

preparation of an epilayer is known as ion beam synthesis (18S). A review of the method 

of preparation and characterization of buried epitaxial layers by ion implantation is given 

in Ref.[22]. In the IllS-prepared CoSi 2 epilayer there appears to be a critical size between 

200 and 300 A; below and above this thickness B-type and A-type epilayers, respectively 

are formed [16J. 

The x-ray diffraction (XRD) and the XSW measurements were carried out at the Ham

burg Synchrtron Radiation Laboratory (IIASYLAD), DESY. The experimental arrangement 
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has been described in details elsewhere [23,24J. With the use of an asymmetrically cut 

double-crystal monochromotor the synchrotron x-radiation' from DORIS was collimated and 

monochromatized to obtain 9.2 keY photons incident on the sample [Fig.2J. The asymmet

ric Si(l11) crystal was used to reduce the angular divergence of the exit beam from the 

monochromator to ,.." 1/5 of the Si(111) natural reflection width. In addition, the slightly 

dispersive Ge( Ill) - Si( 111) combination suppresses the harmonics. The Co Ko fluores

cence yield was measured with a Si(Li) detector and the Bragg reflected x-ray intensity 

(reflectivity) was measured with an ionization chamber [Fig.2J. High resolution topographs 

were taken to select a perfect crystalline region on the sample for the XSW measurement. 

IV. RESULTS AND DISCUSSIONS 

The thickness (T) of the CoSi 2 layer has been determined to be 680 ± 50 A with the 

RBS technique. It is well known that the lattice structure of CoSi 2 is of the CaF2 type 

cubic and the lattice constant isl.~ l;~! smaller than that of Si. That is, the (Ill) planar 

spacing in CoSb is 3.097 A. 1I0we\'('1'. for the buried epitaxial CoSi2 layer the (111) planar 

spacing (i.~., the value of cloLl has been determined to be 3.075 ± 0.0005/\. This value was 

determined from the angular positions of the (Ill) diffraction peaks from the substrate Si 

and the CoSi 2 epilayer (Fig.3). The mCiu;ured valuc of dOL corresponds to a perpendicular 

strain in the buried COSi'l layer of - U. i% with rcspect to the CoSi 2 free lattice constant. 

This corresponds to .., = -1~.:'!(i X 10-1• whereas it pscudolllorphic growth would correspond 

to..., = -23.0 X 10-3 . For a LOlnpletl:' absence of strain, that is with the CoSi 2 free lattice 

paramet~r, ..., = -12.0 X 10-3 , Our measured value of .., = -1.926% is in good agreement 

with those measured by VantomlllC cl Ill. [2,'jJ for llJS-prepared CoSi 2 films of thicknesses in 

the range 100 - 600 A. With the known film thickness T and the measured value of dOL 

(or ...,), till' 11111111><·1' of (\lSi 1 Iay<'ls S (';1I1 !J<' dl'l{'n\lilll'" flll\\l Eq.(S). TIll' vahl!' of ;\' alld '1 

have been determined to be 221 ± lG and -0.019:3 ± 0.OU02, respectively. The results of the 

XSW experiment, namely, the Si( Ill) reflectivity [R(O)], and the Co 1\0 fluorescence yield 

j' 

[YF(O)J with the corresponding fit are shown in FigA. The parameters t c and F have bl 

obtained by fittin~ the experimental Co fluorescence yield with the theoretical one [Eq.( 

The values are ~c = 0.756 ± 0.006 and F = 0.15 ± 0.05. From Eqs. 4(b),(6) and l . ' 

dIF(expt) = 2.67 ± 0.06 A. 

From the models shown in Fig.!, ignoring the small difference in bond length betwl 

Si-Si and Co-Si, the value of d/F expected for the 7-fold coordination is 3.52.( and tl 

for 8- (or 5-) fold coordination is 2.74 A. Fig.5 shows the computed coherent position c 

coherent fraction for the 8-(or 5-) fold and the 7-fold coordination of Co at the interf 

and the experimental values of <l>c and F. It is clear that our experimentally determiJ 

~c, and consequently dIF , is in good agreement with the 8· (or 5-) fold model and we c 

rule out the 7-fold model. In other words, the Co atoms of the CoSi2 layer are direc 

bonded to the surface Si atoms of the substrate. It should be noted that this analysis ref 

to the CoSi2/bulk Si interface (sec the inset of Fig.3). The difference 6d I F = d/F(ex 

- dIF(8-fold) = - 0.07 A shows that the Co atoms of the Co-Si bond at the interface 

relaxed inward by 0.07 ± 0.06 ..\. In other words, if the substrate surface Si atoms are 

their ideal position the Si-Co bond length at the interface would be 2.28 ± 0.06..\ (Si-l 

bond length in bulk CoSi 2 is ~.:31 A). Our result is in agreement with the surface exten( 

x-ray absorption fine structure (SEXAFS) results of Rossi et al. [261 who measured a va 

of 2.26-2.35 A for one and two CoSh layers. Rossi et al. also ruled' out the 5- and 7-C 

coordination of Co. In previous XSW measurements on epitaxially grown B-type CoSb 

Si( Ill) surface it was concluded that the Co atoms at the interface are five-fold coordinat 

In the XSW measuremcnt fivefold coordination cannot be distinguished from the eightf 

one as both the models would give the Silme dIF. Recent local-density-functional (LOF) 

and quantum chemical cluster [~J calculations showed that the eightfold coordination, 

both n and A tyP(~, is much more favol'abh~ than the fivefold coordination. So, the 8-' 

coordination for the U-type interface appears to be established. In the two sets of previ 

XS\V measurements on B-type CoSi2/Si( Ill) samples it was observed that the Co ate 

at the interface arc relaxed outward by 0.05±0.03 A and 0.14±O.05 A. for films in 
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ranges 3-9 [41 and 20-51 Co layers [51, respectively. Here we observe for the A type CoSh 

film containing 221 Co layers an inward relaxation of the interface Co atoms by 0.07±0.0&\. 

Whether this difference in the relaxation is due to the additional epitaxial Si layer [27] on 

top of the buried CoSi 2 layer or beacuse the film is A-type is not clear. The sample used in 

the SEXAFS study [261 had a Si bylayer on top of the CoSi, layer; however, the type of the 

interface was not known. The diffrence in the relaxation for the 8-fold A and the 8-fold B 

type interfaces may lie in the fact that the A-type interface has an overcoordinated Si atom 

whereas the B-type interface has an uJldercoordinated Si atom. Indeed, a persual of the 

contour plots of the constant valence charge dellsity obtained from the LDF theory [28] for 

the 8-fold A, 8-fold B and bulk CoSi2 shows that the Si-Co bond at the A type interface 

is stronger compared to both the B-type interface and bulk CoSi,. This may be attributed 

to the Si-Co bond length contraction at the A-type interface. A difference in the relaxation 

for the A and D type interfacC:l was also o!>scrn.'d for the NiSiJ/Si( 111) system [3,71. 

The mea.suredcohercnt fractiou in the prc:-icnt experiment is higher than the theoretical 

value. One notit:cs this trend for large lilm thicknesses. Jcgenhagen ct ai. [7\ studied NiSi 2 

epilayer on Si( Ill} with film thickll{,s~ in the r<luge (j:3-9iG t\ (20-:31,1 Ni layers). There 

one notices that the measured coherent fractioll falls below t he theoretical \'alne for thin 

layers a.nd above for thick lay('r~. Far I'lrger tltickllesscs the assumption of a constant planar 

spacing (dod may Heed to be modified. In fact. the measured full width at half maximum 

(FWIIM) of the (Ill) diffraction IH'ak frolll till' l'aSi l hycr is more than what is expected 

from a perfect GSO'\ CoSi 2 lay('r with IInifurlll (Ill) planar spacing [29). Howc\,er, this 

minor modificatioI~ is not expected to change the conclusion regarding dfF and the interface 

coordination. 

For the study of the B-type CoSi 2/Si( Ill) system high resolution electron microscopy 

(HREM) was used by Gibson t:.l Ill. Pl. :\s a definite structure assignment may be hampered 

by the uncertainitiCi in the llHE:\1 image silllulation parameters, they identified the .1-fold 

coordination of the interface Co atollls as the llIost likely model. This was later on.supporte!1 

by XSW [4,5] and ion scattering [G) studies. lIowe\'er. using the HREM technique Catana 
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et ai. [15] obtained evidence for 7-fold (in some cases eightfold) coordination for the B-type 

int~rface, which contradicts even the previous HREM studies. For the A-type inurlace as 

well they showed evidence for sevenfold coordination. In both the HREM stndDes [1,15] 

the sample preparation procedures were essentially the same - by room tempen.ture Co 

deposition on Si and annealing under UHV condition. On the IBS-prepared Si/CaSi1/Si(111) 

systems, there were HREM studies by Bulle-Lieuwma et ai. (16] on both A And B type 

CoSi,/Si(l11) interfaces. Through the computer simulations of the HREM images they 

obtained evidence for eightfold coordination of the B-type and sevenfold coordina..ton of the 

A-type interface. It should be notcd that theoretical calculations show the lowest interface 

energy for the eightfold B-type interface. For the A-type interface the sevenfold conE~ration 

has 26% ('" 0.2 eV) higher interface energy compared to the eightfold configura1:on [8,28], 

making the latter more likely. This agrees with our observations. 

V. CONCLUSIONS 

We have made x-ray diffraction and x-ray standing wave measurements C::l a buried 

CoSi 2 layer in the Si(SSO A)/CoSi 2(6S0 t\}/Si(lll) system prepared by Ion Bea:::; ~:..nthesis, 

namcly, Co ion implantation into Si( Ill) and subsequent annealing. The CaS;~ :.llyer was 

A-type. The (Ill) planar spacing and the strain in the CoSi 2 were determine'i .nth high 

resolution x-ray difrraction measuremnts. These'values were used in further XS',\' analyses 

leading to the atomic structure of the CoSi 2/Si(111) substrate interface. \\'c ::a.'e found 

e\'idcnce for the eightfold coordination of the Co atoms at the interface, which :::~.ans that 

the Co atoms of the silicide layer are directly bOllded to the surface Si atoms of t::'~ nbstrate. 

The positions of the interface Co atoms are slightly relaxed towards the substrate, Assuming 

the substrate Si atoms to be at their ideal positions the inward relaxation corre:?Vnds to a 

Co-Si bond length of 2.2S±O.OG A i.e., 0,03 A shorter thall that in bulk c.:.S::. It was 

not possible to determine the structure of the upper Si/CoSi 2 interface in the pre5e:J.t study. 

However, knowledge of this interface structure would provide an insight into :::e- growth 
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process of the ion beam synthesized epilayer and the critical thickness for the D -+ A-type 

growth. 
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FIGURES 

FIG. 1. Possible models of the CoSi2/Si( 111) interface for both type-A and t~B systems., 

Open and filled circles represent Co and Si atoms, respectively. The Co atoms are 5-fold mordinated 

[( a) and (c)1 when the extra plane of Si atoms are absent at interface. For details, see the text. 

FIG. 2. Schematic experimental setup at the ROEMO station, HASYLAB at DESY. The white 

synchrotron x-ray beam is monochromatized and collimated in angle by using a symmetrically cut 

Ge( 111) crystal (Cl) and an asymmetrically cut Si(111) crystal (C2). The reflectivity {R(O)I was 

measured with the Ionization chamber (13) and the fluorescence yield [Y(O)] was measured with 

the Si( Li) detector. 

FIG.3. Bulk x-ray diffraction pattern obtained from the sample when scanned b)~ '\,nying the 

angle of incident 8 in stcps of 0.002 0 From the values of the angular positions of the (Ill ~ diffraction• 

peaks, we obtained the (Ill) planar spacing in the CoSi2 layer. The sample is schemat:ally shown 

in the inset. 

FIG.·j, R(ll) and '1'(8) are thc reflectivity and the f1uorcsccnce yield, respectively. 

Circles: experiment; Lincs: bcst fit to the XSW theory. The fit gi\'es ~c=0.i56=O.006 and 

F=O.15±O.I).'j. The error hars ;Lre included in the size or the circles. 

FIG.:i. Cohl'r('nt position «Il e ) and cohell'lIt fradion (F) colllJluted fro/ll the ~x;;.,..rimenta1ly 

determined number of Co layers (N) and strain (,) for diflcrcnt interface models. (al (i) and (ii) 

represent the computed coherent position for the 8-(or 5-) fold and the 7·fold model. .-.espectively. 

The open square (with error bars) is the expcrimcntally determined coherent positiott_ (b) Solid 

line represent the computed coherent fraction and the open square (with error bars) re'Present the 

experimental valuc. 
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