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Electrical and structural properties of zirconium germanosilicide formed
by a bilayer solid state reaction of Zr with strained Si 1-xGe, alloys

Z. Wang,® D. B. Aldrich,” R. J. Nemanich, and D. E. Sayers
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

(Received 3 March 1997; accepted for publication 20 May 1997

The effects of alloy composition on the electrical and structural properties of zirconium
germanosilicide (Zr-Si—-G¢ films formed during the Zr/$i,Ge, solid state reaction were
investigated. Thin films of Zr($i,Gg)) and C49 Zr(Si_,Gg,), were formed from the solid phase
reaction of Zr and Si_,Ge_ bilayer structures. The thicknesses of the Zr and Jbe, layers were

100 and 500 A, respectively. It was observed that Zr reacts uniformly with thg &, alloy and

that C49 Zr(Sj_,Gg)), with y=x is the final phase of the Zr/Si,Geg, solid phase reaction for all
compositions examined. The sheet resistance of the £r(Sk,), thin films was higher than the
sheet resistance of similarly prepared Zrfiims. The stability of Zr(Sj_,Ge), in contact with
Si,_xGg, was investigated and compared to the stability of Ti($Gg), in contact with
Sih_Geg,. The Ti(Si_,Geg)),/Si; _Gg structure is unstable when annealed for 10 min at 700 °C,
with Ge segregating from Ti($i,Gg), and forming Ge-rich Si ,Ge, precipitates at grain
boundaries. In contrast, no Ge segregation was detected in the Z/G8}),/Si; - ,Geg, structures.

We attribute the stability of the Zr-based structure to a smaller thermodynamic driving force for
germanium segregation and stronger atomic bonding in C49 Zr(Gg),. Classical
thermodynamics were used to calculate Zy($Ge)),—Sh_,Gg tie lines in the Zr-Si-Ge
ternary phase diagram. The calculations were compared with previously calculated
Ti(Si;—,Gg)),—Sh _,Gg tie lines. © 1997 American Institute of Physics.

[S0021-897€07)00617-9

I. INTRODUCTION was modeled in terms of the enthalpy of formation of C54
o _ _ _ _ Ti(Si;—,Gg)),. The enthalpy of formation of Tigiis lower
The potential incorporation of $i,Ge alloys into Si-  thap that of TiGe and it was proposed that, after formation,

based devices has motivated many investigations on the me};, ¢4 Ti(Si_,Ge,), changes composition to decrease the
allization of Sj_,Ge, alloys!=?° Metal germanosilicides total energy of ihe system

Zloys, and Knowledge about the formation and Stabiy of "¢ 2 and Ti have many common physical and
yS, y chemical characteristit$ and ZrSj and ZrGe share the

thin metal germanosilicide films is essential for such appli- _ -
cations. The thermally induced metal/SjGe, reaction has same C49 crystal structure, similar results may be anticipated

previously been studied in Bt/ Pd/8W,? Ni, % Ti,11-15and for the Zr/Si_,Ge, reaction. The average enthalpy of forma-

Co~2° Various degrees of germanium segregation and/ofion of C54 TiSp and C54 TiGg is 51 kJ(mole atgm$‘1 .
the formation of segregated layered structures were observ@hd  the  driving ~ force  for  segregation s
in the reactions of these metal{SjGe, systems. ~8 kJ(mole atomg 1.2 In the Zr-Si—Ge system the aver-

The Ti/Sy_,Ge, system is of particular interest. Due to age enthalpy of formation of C49 ZiSiand ZrGe is
its low resistivity TiSp is widely used in the semiconductor 81 kJ(mole atomg * and the driving force for segregation is
industry. In recent studies it has been observed that the final 5 kJ(mole atoms .2 The mobility of Si and Ge in the
phase of the Ti/Si,Ge solid phase reaction is C54 C49 and C54 structures will also play a role in the germa-
Ti(Si;-,Ge)), and that the properties of the resulting C54 njym segregation process. It has been reported that the mo-
material (morphology, stability, and electrical characteris- bility of Si is lower in C49 ZrSj than in C49 TiSj.2? If the
tics) a_lre_strongly dependent on_compo;s;t_?dnn a study of mobility of Ge is also lower then this may provide an addi-
the Ti/Si,_,Ge, reaction by Aldrichet al““ it was observed . . . S .

tional barrier against Ge segregation in the Zr—Si—Ge sys-

that C54 Ti(Sj_,Ge), forms such that initiallyy =x. How- - o :
ever, during further annealing there is a net segregation o m. Because the driving force for Ge segregation is lower in

germanium out of the C54 Ti($i,Ge), which is accom- t € Zr—S.i—.Ge system than iq the Ti-Si-Ge system, one
panied by the formation of germanium-rich, SjGe, pre- might anticipate that C49 Zr(8i,Ge), would be stable to

cipitates along the C54 Ti(§i,Ge), grain boundaries. higher temperatures and/or longer annealing times. Previous
Both the morphology and sheet resistance of the films ar#/ork has also determined that ZgSloes not exhibit a per-
affected by the germanium segregation. In the study by Alsistent tendency for surface roughening and islanding like
drich et al?? the driving force for germanium segregation TiSi,, which results in comparable sheet and contact resis-

tance in the Ti—Si and Zr—Si systefisThese results sug-
dCurrent address: LS| Logic, Santa Clara, California 95054. gest t_hat_ Zr_may be more _attrgctwe than Ti as a contact
PiCurrent address; Texas Instruments, Dallas, Texas 75265. material in SiGe-based applications.

2342 J. Appl. Phys. 82 (5), 1 September 1997 0021-8979/97/82(5)/2342/7/$10.00 © 1997 American Institute of Physics



In this study we investigated issues relating(1p the  and the surface was examined with Auger electron spectros-
formation of C49 Zr(Sj_,Gg), from the solid phase reac- copy (AES) and LEED. The O and C Auger signals were
tion of Zr with Si;_,Ge, alloys and(2) the stability of the below the detection limits of AES. DiffuseX1 LEED pat-

C49 zr(Si_,Geg)),/Si;_Ge, bilayer structure, where the terns were observed, which indicated that the surfaces of
stability of a system only refers to the stability with respectthese SiGe samples were partially disordered after the clean-
to elemental segregation. The zirconium germanosilicidéng process. An electron beam evaporation source was then
phases formed during the reactions were identified usingised to deposit 100 A thick Zr films at a rate of 0.2 A/s. The
x-ray diffraction (XRD) and extended x-ray absorption fine thickness of the Zr films was monitored with an oscillating
structure spectroscop(EXAFS). The surface morphology quartz crystal monitor. During deposition the chamber pres-
and grain structure were examined with scanning electrosure was<8x 10~ ° Torr. Following deposition of Zr the
microscopy(SEM). The electrical characteristics of the zir- samples were annealdd situ. The temperature was in-
conium germanosilicide films were measured with a four-creased at a rate of 60 °C/min, held at the desired tempera-

point probe. ture for 20 min or 100 min, and decreased at a rate of 60 °C/
min. Annealing temperatures of 500, 600, and 700 °C were
Il. EXPERIMENT used. The thicknesses of the Zr and SiGe, alloy layers

Were chosen such that the Zr/SjGeg, reaction would not
completely consume the Si,Ge, alloy, and the reaction
Broducts would be in contact with the remaining SiGe,

The samples used in this study consisted of clean 25 m
Si (100) wafers on which a layer of $i,Ge, and a layer of
Zr were deposited. The silicon wafers were precleaned by th
. ; eaIon.
manufacturer using a standard RCA cleaning procedure. A Rigak diffract ¢ h tic CIK
Prior to use in the laboratory the wafers were further cleaned igaku x-ray diffractomete(monochromatic @

by (1) exposure to UV generated ozone to remove hydrocar@d'at'or? was used for XRD exper!ments. A JEOL 6400
bons from the surface and to form a stable oxit®,spin field-emission scanning electron microscope was used for

etching with a solution of hydrofluoric acid: B@: ethanol SEM imaging. Sheet resistance was measured with a Magne-
(1:1:10 to remove the oxide and passivate the(B0) sur- Tron Instruments Model M-700 resistivity/conductivity test
face with hydrogen, an¢B) anin situ thermal desorption at system. EXAFS data were collected at beamline X-11A at

>850°C for 10 min to remove any surface contaminants® National Synchrotron Light Sourd®ISLS). The x-ray

which may remain. This cleaning process has been shown fnergy was defined with a variable-exit monochromator us-

produce atomically clean surfac®sFollowing thein situ "9 WO flat Si(11]) crystals. Harmonics were rejected by
thermal desorption at-850 °C, the substrate temperature detuning the second monochromator crystal. EXA'.:S data
was reduced at 40 °C/min and held at 550 °C for the depoWere collected at room te_mperaturle at FheKZJIedge n a
sition of a 200 A homoepitaxial single crystal Si buffer layer low-angle total electron yield configuratiéh.Background

and a strained 500 A heteroepitaxial single Crys,[alsubtraction and Fourier filtering were performed with a
Si, ,Ge, alloy layer. The Si and $i,Ge, alloy layers were modified version of the University of Washington-Naval Re-
—X . X

not intentionally doped. Alloy compositions with-0, 0.20,  Search Labs packag@Local structural information about Zr

0.32, and 0.50 were deposited. Silicon and germanium werdas obtained by nonlinear least-squares fitting of the experi-

codeposited from two electron beam evaporation sources in _rgental data with t_heoret|ca| EXAFS functlons.nghe theoret-
UHV chamber with a base pressure-ef. x 10™° Torr. The ical EXAFS functions were generated BEFr5™ and the

it ; 30
pressure during silicon and germanium deposition wes cur\ie f|t(tj|ng wasdperftorThed WItREFFIT. dEi.(AFS c:attha V\:e:e
X 108 Torr. The Si and Ge deposition rates were monitorec ' 3122 acgtotr Ny ?(AFeS rg;:on;mzn a |3ncs '?éﬁg nterna-
using oscillating quartz crystal monitors. Feedback from thdional Committee on andards and urve

deposition monitors was used to automatically control the
relative silicon and germanium deposition rates. The maxi-
mum composition variation during deposition was approxi-

mately 2%. The compositions of the deposited JGe, al- F

loys were determined from Rutherford backscattering and 5

x-ray absorption fine structur€XAFS) analysis of native "

Si,_,Ge, layers similarly preparetf Following deposition z Zr(Si,_Ge ),

of the epitaxial Sj_,Ge, alloy layer the sample was cooled g f (002)

at 40 °C/min to room temperature. Low energy electron dif- £ F

fraction (LEED) was used to examine the surface of these E - Zr(Si_,Ge,),

Si;_,Gg, samples. Sharp 21 LEED patterns were ob- £ .._“/\.4 asy

served which indicted that the surfaces of these samples were £ I /

well ordered. The samples were then removed from vacuum - X =00

for transport to a second deposition system. ) e ey
Prior to Zr deposition each Si,Geg, sample was 37 39 41 43 45 47 49 51 53 55

cleaned by the same process used for the initial cleaning of 26 (degrees)

the Si wafer, except that in the second deposition chamber a
thermal desorption temperature of 700 °C was used. Followg g 1. X-ray diffraction scans of Zr/Si,Ge, samplesix=0, 0.20, 0.32,
ing thermal desorption the substrate temperature was reducegd 0.50 annealed at 700 °C for 20 min.

J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Wang et al. 2343
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FIG. 2. Fourier transforms of Zrk-edge k?>-weighted EXAFS of
Zr/Si; _,Ge, samplegx=0, 0.20, 0.32, 0.50annealed at 700 °C for 20 min
(without phase correctionThe transform range is 2.8—10.0A

fitting was performed i space over the range 1.0-4.2 A
with nine variable parameters per data set.
IIl. RESULTS

In order to examine the effect of Si,Ge, alloy compo-
sition on the structure and stability of Zr¢SiGe;), formed

tal structure. The Fourier transformed EXAFS spectra of the
Zr/Si;_,Ge, samples are shown in Fig. 2. Thke=0 spec-
trum is for the C49 ZrSistandard. The similarities between
the x=0 spectrum and spectra farx0 confirm that Zr at-
oms exist in a C49-type structure for all samples examined
here.

Quantitative crystal structure information was obtained
by fitting the experimental EXAFS data with theoretically
generated EXAFS functions. For Kredge EXAFS analysis
the local structural parameters determined from the fitting
include: (1) the numbeN and type of the atoms that sur-
round central Zr atom(2) the distanceR, between the cen-
tral Zr atom and the neighboring atoms; a@Bgla measure of
the disorder in the local structure, quantified as a Debye—
Waller factor, 0. In C49 ZrS} the first coordination shell
consists of ten Si atoms at an average Zr—Si distance of 2.73
A, and the second coordination shell consists of six Zr atoms
at an average Zr—Zr distance of 3.67 A. For the C49
Zr(Si,_,Geg)), EXAFS data, the first shell was split into two
subshells to account for the fact that both Si and Ge atoms
are contained in the first shell. Fitting results are given in
Table I. From the EXAFS fitting results it is possible to
calculate the Ge indey of the C49 Zr(Sj_,Gg)), alloy:

Y=Nzr_ge/ (Nzr_get Nzi_s))- (@]

during the Zr/Sj_,Gg, solid phase reaction, samples were The compositions calculated from the EXAFS analysis and
prepared with alloy compositions of=0, 0.20, 0.32, z?md Eq. (1) suggest that the C49 Zr(Si,Ge), formed in the
0.50. The samples were annealed at 700 °C for 20 min. Th2r/Sil,XGex reaction is such that the Ge indgs the same
XRD scans of these samples are shown in Fig. 1. All peakgs in the underlying $i,Ge,. Also, the increase in the

in the scans of the Zr/$i,Ge, samples can be directly cor-
related to peaks in the C49 ZpSitandard. This correlation

Zr—Zr bond lengthR,,_,, with Ge content of the compound
indicates that the C49 unit cell expands uniformly with Ge

indicates that the final zirconium germanosilicide phase igontent.

C49 zr(Si _,Gg)), regardless of the initial $i,Geg, alloy
composition for 0.6X=0.50, and suggests that C49

It must be noted here that E@l) is an approximation
that will give identical results for a “true” Zr(Si ,Gg)),

Zr(Si;-yGe)), is the final phase for the complete alloy com- )0y, and for a physical mixture consisting pfarts ZrGe

position range.

and (1-vy) parts ZrSj. The correct expression for calculat-

The effect of composition on the crystal structure of C49ing the Ge index of a&R(Si,_,Ge,),(R=2r,Ti) compound

ZrM,(M=Si;_,Geg) was also examined using EXAFS
analysis. The C49 Zr($i,Gg)), crystal structure consists of
a Zr sublattice and a semiconduci@i—Ge sublattice. As

the Si/Ge ratio in the C49 Zr(§i,Gg,), changes, the com-

position of the semiconductor sublattice will change. Zirco-

requires knowledge of both the average number of Si near
neighbors around GHg._g;, and the average number of Ge
near neighbors around Sig;_g:

Y=Nge_s/(Nge_sitNsi_co- 2

nium K-edge EXAFS analysis was used to examine the local

structure in the vicinity of the Zr atoms, and to correlateHowever, XRD measurements discussed in the following
changes in structure to changes in the composition of thearagraphs do not show any evidence for phase segregation
semiconductor sublattice. EXAFS analysis provides bottin these samples, which justifies the use of @jin place of
qualitative and quantitative information about the C49 crys-Eq. (2).

TABLE |. Coordination numbeN, bond lengthR, and Debye—Waller factar? determined by EXAFS analysis of the Zr{SjGe, samples(x=0, 0.20,
0.32, 0.50 annealed at 700 °C for 20 min.

First shell Zr-Si

First shell Zr-Ge

Second shell Zr-Zr

Sample N R (A) o2 (X104 A?) N R (A) o? (X104 A?) N R (A) o2 (X104 A?)
Zr/Si;_,Ge, +1.0 +0.02 +10 +1.0 +0.02 +10 +1.0 +0.02 +10
x=0.00 10.0 2.73 78 - - - 6.0 3.67 82
x=0.20 8.1 2.73 60 2.0 2.78 60 5.9 3.68 97
x=0.32 7.1 2.73 67 2.7 2.80 62 5.8 3.69 96
x=0.50 4.6 2.71 75 4.4 2.78 76 5.4 3.72 96
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FIG. 3. Plane spacing for the C49 Zr(SjGe,), (131 and (002 planes FIG. 4. X-ray diffraction scans of Zr/§idGe, 3, Samples annealed at 500,
calculated from x-ray diffraction patterns for Zr{SjGe, samples(x=0, 600, and 700 °C.
0.20, 0.32, 0.5Dpannealed at 700 °C for 20 min. The dashed line is Vegard's
law.
that of the Zr/Sj s§G&) 30 Sample annealed for 20 min, indi-
cating that no Ge segregation had occurfetthin the de-

Further analysis of the XRD data in Fig. 1 gives anothert€ction limit of the experiment This suggests that C49
indication of the effect of composition on the C49 zrM Z(Sh-xG&), is more stable than C54 Ti(SixGe), when
crystal structure. In Fig. 1 it can be seen that the diffractiori contact with Sj_,Ge . _ _
peaks corresponding to the C49 Zr-Si-Ge compounds are 10 €xamine the phase formation sequence during the
located at angles lower than those of C49 ZiS8id that the ~Z/Sh-xGe& bilayer solid state reaction, the crystal structures
diffraction angles decrease with increasing Ge compositior@f the two Zr/Spd5ey s, samples annealed at 500 and
These shifts in the diffraction angle are due to the expansioR00 °C. respectively, were characterized with XRD. The
of the corresponding lattice planes. The plane spacidgs, Xy diffraction patterns of these two samples of these two
were calculated for both the ZgM131) and (002 planes of ~Samples are shown in Fig. 4, together with the pattern for the
these samples and are plotted in Fig. 3. The calculdted Sample annealed at 700 °C. The lack of the expected C49
spacings are plotted versus thg_SiGe, substrate composi- Peaks in the 2 range between 37° and 50° indicates that
tions. Thed spacings for C49 Zrgiand C49 ZrGgare also
plotted in Fig. 3 and the line connecting these two points
represents Vegard's law. It has been observed that Vegard’'s
law is valid for TiM,,*2 and since the bonding in Zrjis
very similar to the bonding in TiMwe assume that Vegard’s
law is valid for C49 Zr(Sj_,Geg)),. If Zr(Si,_,Gg)), forms
from Zr/Si,_,Ge, such thaty=x (as indicated by the EX-
AFS resultg then all of the points in Fig. 3 should fall on the
line defined by Vegard'’s law. As seen in Fig. 3 this is indeed
the case.

During studies of the Ti/$i,Ge, reaction it was ob-
served that Ge segregates out of T|(5Ge), and precipi-
tates as Ge-rich $i,Ge, along the Ti(Sj_,Gg), grain
boundarie$? XRD scans of the angular range containing the
(400 diffraction peaks of Ge, Si, and the;SiGe, alloy
(60°<260<70°) detected only Si and Si,Ge, peaks due to
the substrate and the unreacted SGe, layer, respectively.
This suggests that Ge segregation did not occur or was below
the detection limit, and supports the conclusion that the only
product of the Zr/Si_,Ge, reaction is C49 Zr(Si ,Gg)),
with y=x.

In a previous study Ge segregation was observed in
Ti/Si;_,Ge, samples annealed for 10 min at 700%GHow-
ever, in the Zr/Si_,Ge, samples annealed for 20 min at
700 °C no Ge segregation occurs. To further test the stability
of the C49 Zr(S_,Gg),/Sh_xGe bilayer structure, a FIG. 5. SEM micrographs of Z8iy ¢gG&, 35, thin film samples annealed at

Zr/Sio.GSGQ).Ss_Z sam_ple was anneale_d at 700 OC_: f_or 10_0 MiN.700 °C for (a) 20 min, and(b) 100 min. Agglomeration is visible in the
The x-ray diffraction pattern of this sample is identical to sample annealed for 100 min.

0.5 um

J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Wang et al. 2345



TABLE Il. Sheet resistance of the Zr/Si,Ge, samples used in this study.

Sample Annealing temperature Sheet resistance
ZrlSi; _,Ge, and time (Q/sqg
x=0.00 700 °C, 20 min 20.0
x=0.20 700 °C, 20 min 26.7
x=0.32 500 °C, 20 min 57.0
600 °C, 20 min 33.0
700 °C, 20 min 32.8
700 °C, 100 min 44.5
x=0.50 700 °C, 20 min 44.2

Zr(Si;—,Ge), has not yet been formed in the sample an-
nealed at 500 °C. The broad diffraction peak 8:236° may Si Ge
be due to diffraction from th€102) plane of a ZrSi-type
structure. However, the data is not sufficient to identify the
actual crystal structure of this sample. Previous studies of the
reaction sequence of the Zr—Si system have shown an amor-
phous Zr-Si interlayer forms initially, followed by the for-
mation of crystalline ZrSi and Zrgiphases??3 Thus, in
parallel with the Zr/Si system, one may speculate that at
500 °C the material formed is small-grained Zr(SiGe)).

The diffraction pattern of the sample annealed at 600 °C in-
dicates that part of the reacted layer has been converted to
C49 Zr(Si_.Ge),, and that two phases, Zr(Si,Gg,), co-

exist in the reacted layer. At 700 °C the entire reacted layer
has transformed to C49 Zr(Si,Ge).

Four-point probe and SEM measurements were used to
examine the effects of composition and annealing on the
electrical and morphological properties of the CA49giG. 6. calculated tie lines at 700 °C fde) the C49 Zr(Si_,Gs),
Zr(Si,_,Geg)), films. The SEM images revealed that the C49-si,_,Ge, system; andb) the C54 Ti(Sj_,Ge),~ Sk xGe, system. The
ZrM,, films formed by annealing at 700 °C for 20 min are humbers in_ the figure ipdi_cate the initial compo;ition_ of the SiGe alloy
continuous fims consistng of Zr(Si,Ge), grains, similar _ r°S2encing o each e ne,Nete et e b ines i he 2 st e
to C49 ZrSp. However, an annealing duration of 100 min thermodynamic driving force for Ge segregation in Zr-Si-Ge than in
produced islanded films. SEM micrographs of two of theTi-Si-Ge.

Zr/Siy 6656 30 Samples are shown in Fig. 5. In Fig@p the

continuous layer of grains formed during the 20 min anneal

at 700 °C is visible. In Fig. &) the islanding of the grains sufficient to form C49 Zr(Si ,Gg),, the C49
which occurred during the 100 min anneal at 700 °C can b&r(Si,—,Gg)), forms with a compositiory =x. This is simi-
observed. The islanding is most likely due to the energylar to the Ti/S{_,Ge, reaction, in which C54
difference between bulk and surface. Longer annealing give$i(Si;—,Gg)), initially forms with y=x. Although both Zr
atoms enough energy and time to minimize the energy of thand Ti react uniformly with Si_ ,Geg,, the resulting C49
system by forming small islands. The sheet resistances me&#(Si; - ,Gg), appears to be more stable than the resulting
sured for the C49 Zr($L,Ge)), films are listed in Table Il.  C54 Ti(Si-,Gg,),. For the Ti(Sj_,Gg,),/Si;-Ge sys-
The sheet resistance of the Zr{SjGe), thin films in- tem it was observed that Ge segregated from the initial
creases with increasing Ge compositignfrom 22 /sq for ~ Ti(Si;—,Gg,), compound after a 10 min anneal at 700 °C,
y=0 to 44Q/sq fory=0.50. A similar trend was observed resulting in a Ti(Sj_,Gg), compound withy<x. In con-

in the dependence of the sheet resistance of C5#ast, the Zr(Si_,Geg),/Si;_,Gg, system appears to be
Ti(Si;-,Ge), on the Ge indey .3 The effect was attributed stable against Ge segregation for annealing duration as long
to alloy scattering. The Zr/SidGe, 3, Sample annealed for as 100 min.

100 min has a higher sheet resistance than the sample an- In a study by Aldrichet al®* the energetics of the C54
nealed for 20 min at the same temperature. This increase cdn(Si;-,Gg)),/Si,_,Gg system were examined, and C54
be attributed to the observed islanding of the ZrMin film  Ti(Si;-,Ge)),—Sh_,Ge tie lines were calculated with clas-
during the long duration anneédee Fig. 5. sical thermodynamics. It was determined that C54
Ti(Si;—,Gg), is stable in contact with $i,Ge, only when
y<x. The dynamics of the C54 Ti(8i,Geg,),/Si;_,Ge,
interface instability were modeled in terms of the calculated

Both XRD and EXAFS analyses indicate that when atie lines and the kinetics of the silicon and germanium atoms
Zr/Siy _,Ge, bilayer structure is annealed at a temperaturén both materials. Initially, the driving force for the forma-

IV. DISCUSSION

2346 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Wang et al.



TABLE IIl. Comparison of theoretical and experimental differences in en-force for Ge segregation may be larger in Zr/SiGe than in
thalpies of formatiion for a series of Ti and Zr silicides. All values are from Ti/SiGe. While the reliability of the absolute magnitude of

Ref. 24, andAH is the difference in the heats of formation between “Ma- the th tical estimat b fi d . t
terial 1” and “Material 2.” The average value for the experimental heat of € theoreucal esumates may be ques IOI‘](IE 24 Cﬁmpar.lson 0
.. shown In

formation was used whenever multiple measurements were available, ardvailable experimental values in de Bogra
the quoted uncertainties were calculated as standard deviations of the eXable Ill, indicates that the theoretical calculations faithfully

perimental values. represent trends in the differences in the heats of formation.
Since our calculations are not used to make any quantitative

AH gpkd AH eorykd . R
Material 1 Material 2 (mole atoms . (mole atomy~ conclusions but merely as a qua_htatlve indication of the_
— trend of the reaction, we feel that in the absence of experi-
pg!z TT_'E! +igig +12 mental results for the enthalpy of formation of ZrGee are
151y 15913 + 19+ + . g . . . .36
e Tisi 0-11 e justified in using theoretical valués:
ZrSip ZrSi +34x22 +18 V. CONCLUSIONS
ZrSi, ZrsSi +21+4 +4 _ ' . .
ZrSi ZrsSi —13+26 —14 We have investigated the structural properties and stabil-

ity of zirconium germanosilicide films formed by the solid

state reaction of Zr/$i,Ge, bilayer structures. The results

indicate that C49 Zr($i,Gg), is the final phase of the

tion of Ti(Si;_,Ge), from Ti/Si; _,Ge, is greater than the reaction, independent of the initial;Si,Ge, alloy composi-

driving force for the segregation of germanium, andtion. A small-grained Zr(Si ,Ge,) phase may be formed in

Ti(Si;-,Ge), forms with a Ge concentration similar to that samples annealed at 500 °C. This may be an intermediate

of the underlying Si_,Ge, substrate(i.e., y=x). The aver- phase prior to the formation of C49 ZrgSiGe)),. When

age enthalpy of formation of C54 TiSand C54 TiGegis 51  Zr/Si, _,Ge, structures are annealed at 700 °C, a uniform

kd/mol, and the driving force for segregationi$ kJ/mol*®  ternary compound, Zr($i,Ge),, was formed with the

In the Zr-Si—Ge system the average enthalpy of formatiosame Ge indey as the underlying $i ,Ge, substrate. The

of C49 ZrSp and ZrGg is 81 kJ/mol and the driving force Zr(Si,_,Ge)), films consisted of grains which islanded

for segregation is-5 kJ/mol?* From a comparison of these when annealed at 700 °C for 100 min. The sheet resistance

values it is reasonable to expect that C49 Zy($Ge)), will of the C49 Zr(Sj_,Gs)), films were higher than the sheet

form from the Zr/Sj_,Geg, reaction withy=x (prior to any  resistance of a similarly prepared C49 Zr8im, possibly

segregation which may ocqurAlso, the larger average en- due to alloy scattering in the ternary compound.

thalpy of formation of C49 ZrM with respect to C54 TiM After initial formation, the C49 Zr(Si,Ge), layer

suggests that the atomic bonding is stronger in the Zr-Si—Geontact with the unreacted ;SiGe, alloy was stable to

system. This can lead to a reduced atomic mobility, as ob700 °C. Unlike C54 Ti(Si_,Gg,),, the composition of the

served by Sukowetal’® A combination of lower atomic C49 Zr(Si_,Gs,), did not change upon further annealing at

mobility and a lower driving force may make C49 700 °C (up to 100 min. The Zr(Si_,Gsg),/Si;_,Gg, Sys-

Zr(Si,_,Geg,)), more stable to germanium segregation thantem appears to be stable with respect to Ge segregation from

C54 Ti(Sh_,Gsg)),. the metal germanosilicide. We suggest that this is due to the
Tie lines of C49 Zr(Si_,Ge)),—Sh_,Gg were calcu-  combination of a smaller thermodynamic driving force,

lated with the same method used to calculate CS54ower mobility, and a higher barrier for Ge segregation in the

Ti(Si;—,Ge)),— S ,Ge tie lines®® The calculated tie lines  C49 Zr(Si_,Ge,), alloys than in the C54 Ti($i,Ge,),

for both systems are plotted in Fig. 6. These tie lines indicatelloys.

that Zr(Si_,Ge), is thermodynamically stable in contact

with Si;_,Ge, only wheny<x. However, a comparison of ACKNOWLEDGMENTS
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