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Abstract

X-ray diffraction experiments have been combined with Raman scattering and transmission electron microscopy data to
analyze the result of rapid thermal annealing (RTA) applied to Zr films, 16 or 80 nm thick, sputtered on Si;_,Ge, epilayers
(0O=x=1). The C49 Zr(Si,-,Ge,), is the unique phase obtained after complete reaction. ZrSi,_,Ge, is formed as an
intermediate phase. The C49 formation temperature 77 is lowered by the addition of Ge in the structure. Above a critical Ge
composition close to x = 0.33, a film microstructure change was observed. Films annealed at temperatures close to 7} are
continuous and relaxed. Annealing at 7' > T; leads to discontinuous films: surface roughening resulting from SiGe diffusion at
film grain boundaries occurred. Grains are ultimately partially embedded in a SiGe matrix. A reduction in the lattice parameters
as well as a shift of Raman lines are observed as T exceeds T;. Both Ge non-stoichiometry and residual stress have been
considered as possible origins for these changes. However, as Ge segregation has never been detected, even by using very
efficient techniques, it is thought that the changes originate merely from residual stress. The C49 grains are expected to be
strained under the SiGe matrix effect and shift of the Raman lines would indicate the stress is compressive. Some simple
evaluations of the stress values indicate that it varies between —0.3 and —3.5 GPa for 0 = x = 1 which corresponds to a strain
in the range (—0.11, —1.15%). X-ray and Raman determinations are in good agreement. © 2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The potential technological applications of transition
metal germanosilicides in microelectronic devices as
metallic contacts with SiGe alloys are subjects of many
investigations. Their formation by metal-SiGe solid state
reaction and stability as thin films are specifically studied.

In the Zr—SiGe system, the thermally induced solid phase
reaction in Ge concentration ranges, limited to SigsGeg s has
been the subject of recent studies in spite of high resistivity
of the zirconium germanosilicide in comparison with others
such as the C54 phase of Ti(SiGe),. ZrSi, and ZrGe, have
the C49 orthorhombic stable crystal structure with
very similar lattice parameters. Studies of the structural
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properties and stability of the germanosilicide formed by
solid state reaction of Zr with Si;_,Ge, [1] reveal that Zr
reacts uniformly with Si;_,Ge, and that C49 Zr(Si;_,Ge,),
with y = x is the final phase. Zr(Si;_,Ge,) is found to be an
intermediate phase prior to the formation of C49 phase.
Another study indicates Zr,Ges as an intermediate
compound in Zr/SipsGegs system [2]. The Zr(Si;_,Ge,),
films formed by annealing at 700 °C are continuous films
consisting of grains which islanded for long annealings. No
Ge segregation is detected. The sheet resistance of the C49
Zr(Si;-,Ge,), films is found to be higher than that of C49
ZrSi; [1].

As Ge segregation upon annealing can be very detrimen-
tal to device performance, it has been thoroughly studied in
several M-SiGe systems. Differences of Ge content
between Si;_,Ge, alloy and germanosilicide films have
been detected in systems where M = Co [3], W [4], Pd,
Ni, Pt, Ti (see [5] and references therein). Ge segregation

0022-3697/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0022-3697(02)00175-0



1890 O. Chaix-Pluchery et al. / Journal of Physics and Chemistry of Solids 63 (2002) 1889—1900

is stronger in the Co and W-SiGe systems. In the case of
Co, it is explained by the non-miscible character of CoGe, in
CoSi,. For a W contact, W—Ge compounds are not easy to
form, except at high temperatures and under high pressures.
Therefore, W reacts to form WSi, only and Ge is rejected at
the interface [4]. In the case of Ti, the Ge composition y of
the final C54 Ti(Si;,Ge,), is always lower than x in the
initial Si;_,Ge, alloy. The excess Ge diffuses into the C54
grain boundaries where it combines with Si;_,Ge, substrate
and precipitates as Si;_,Ge, (z > x) [2,3,6—8]. In addition to
compound formation, a strain relaxation of the unreacted
SiGe epilayer is reported, which can be important as soon
as Ge segregates. In the Zr—SiGe system, the absence of Ge
segregation during the Zr germanosilicide formation is
usually explained by a reduced mobility of Si and Ge
compared with the C54 Ti(Si;—,Ge,), and by a lower
thermodynamic driving force for Ge segregation in the
Zr-SiGe system than in the Ti—SiGe system. Other studies
concerning the electrical properties and thermal stability of
the Zr phases formed in the Zr-Si,_, ,Ge,C, system after
RTA have been reported [9,10]. Similar phase sequences
have been obtained upon annealing, with C49 Zr(Si;-,Ge,),
as the final phase of the reaction at 800 °C. The presence
of C does not modify the reaction but it prevents strain
relaxation [11].

In this work, we have investigated the Zr/Si,_,Ge, film
solid state reaction in Ge concentration ranges extended to
x=1 (0 =x=1) as a function of annealing temperature
and metal thickness. The present paper is mainly devoted
to the film microstructure analysis performed by using X-ray
diffraction and to Raman scattering results. A previous
paper [5] reports on phase identification and surface
morphology results. To our knowledge, the whole ZrSi,
Raman spectrum has never been reported because of the
low intensity and rather complex Raman spectra of ZrSi,
films and lack of single crystals. We have also performed
Zr(Si;-,Ge,), Raman spectrum analysis in the whole Ge
composition range. A lot of results have been obtained.
Specific effort has been made for understanding the thinnest
film behavior. Additionally, Transmission Electron Micro-
scopy observations have been performed to help understand
the film behavior at the highest temperatures.

2. Crystal structure and Raman modes
2.1. Crystal structure

ZrSiy and ZrGe, crystallize in the C49 base centered
orthorhombic structure (space group Cmcm or DYy with
four formula units per unit cell. The lattice constants are
a=0.36958 nm, b = 1.4751 nm, ¢ = 0.36654 nm for ZrSi,
[JCPDS  32-1499], a=0.3789nm, b=1.4975nm,
¢=0.3761 nm for ZrGe, [JCPDS 72-1200]. ZrSi and
ZrGe also crystallize in the orthorhombic structure with
four formula units per unit cell (space group Pnma). The

ZrSi lattice constants are a = 0.6981 nm, b = 0.3785 nm,
¢=0.5301 nm [JCPDS 9-226].

The primitive cell of the C49 crystal structure contains
two ZrSi, molecules. Illustrations of the structure are given
in Refs. [12,13]. The silicon atoms are distributed into two
Si(I) and two Si(Il) inequivalent sites. Si(I) atoms are
contained in (010) planes independent of other atoms;
Si(II) atoms are close to the Zr planes. Each Zr atom has
ten near-neighbor Si atoms at distances in the range 0.270—
0.295 nm: four nearest-neighbor Si(Il) and six more distant
Si neighbors (4Si(I) + 2Si(IT)). Each Si atom has eight near-
neighbors: four Zr and four Si(I) around Si(I), six Zr and two
Si(II) around Si(II).

2.2. Vibrations in ZrSi,

The metal and silicon atoms are in special position 4c
with site symmetry mm (or C,,). The six atoms of the primi-
tive unit cell give rise to 18 zone center vibrational modes.
Using group-theory calculations and specially the correla-
tion method as reviewed by Fateley [14], we can identify the
irreducible representations associated with the vibrational
modes after subtraction of the three acoustic modes
(Blu + B2u + B3L|)

Fvib = 3Ag + 3Bzg + 3B3g + 281u + 2B2u + 2B3u

where Ay, B,g, B3, are Raman-active modes and By, By, B3,
are IR-active modes. Thus, nine Raman lines, relative to
nine non-degenerate modes, are expected in the ZrSi, and
Zr(Si,-,Ge,), spectra.

3. Experimental details
3.1. Samples

Si;—,Ge, layers (0 = x = 1) of 0.1 to few pm of thickness
were epitaxially grown by Rapid Thermal Chemical Vapor
Deposition [15-18] or Molecular Beam Epitaxy [19] on
(100) Si substrate, at temperatures ranging from 550 to
800 °C. The Si;_,Ge, layers were either pseudomorphic
(x=0.13), or relaxed (x=0.17). Some of the relaxed
Si;_,Ge, layers were grown on top of a relaxed graded
composition Si;—,Ge,, layer (m from O to x). Prior to
metal deposition, each SiGe sample surface was cleaned
by using a standard chemical procedure, followed by a dip
in dilute HF and a final rinsing in deionized water. 16, 80
and 200 nm thick Zr films were deposited at room tempera-
ture in a dc magnetron sputtering chamber using low cath-
ode voltage (70 V). Heat treatments were performed in a
RTA system under Ar/H, atmosphere. The annealing
temperatures 7 were varying from 385 to 920 °C for 5 min.

3.2. X-ray diffraction

The various phases formed during annealing were
analyzed by X-ray diffraction at room temperature using a



O. Chaix-Pluchery et al. / Journal of Physics and Chemistry of Solids 63 (2002) 1889—1900

1891

———— AT e ————T
I siGe 200{ [|si 200 N ]
1
I 060 Si |
131 002 .
SiGe b
-~ t q
= 060 ]
< ' ‘ SO 020002 013 1
<]
=] 02 Si 1
2 211 301 7020 311 SiGe|\ 5 T
O 4
g, -
I 21 301 71095, si 110313,
Si 1
PSR SRS N T N SR S R SR S ST SO (T TR N ST SR N SO S S PR I .-
25 30 35 40 45 50 55 60
2 theta (°)

Fig. 1. X-ray diagrams recorded from 16 nm thick Zr/Sij s;Geg 3
575 °C; (d) 770 °C; (e) 790 °C; (f) 810 °C. The hkl reflections w.

3 films as a function of the annealing temperature (a) as-dep.; (b) 385 °C; (c)
ritten under styles underlined, italic and bold in the figure refer to Zr, ZrSiGe

and C49 Zr(SiGe),, resp. The reflections marked as Si and SiGe are due to multiple diffraction on Si and SiGe substrates as the sample is
continuously rotated around the scattering vector (normal to the film).

Siemens D500  6/26  diffractometer  (ACugy,

0.15406 nm). The rocking curves of the strongest X-ray
lines of some films were measured using a Siemens
D5000 diffractometer (AFeg, = 0.1936 nm). This was
done to estimate the degree of orientation of the films (or
of alignment of the grains).

3.3. Raman scattering

Raman spectra were collected using a Dilor XY
multichannel spectrometer and a CCD detector. Experi-
ments were conducted in micro-Raman mode at room
temperature in a backscattering geometry. The 514.5 nm
line of an Ar" ion laser was focused to a spot size smaller
than 1 wm” The incident laser power, measured at the
surface of the sample, was between 1.5 and 3 mW in
order to be much lower than the heating threshold of the
samples and thus, to prevent any excessive sample heating
able to alter the film microstructure. As expected from metal
compounds, the Raman signal was weak and 30 min acqui-
sition times were necessary. The instrumental resolution
was 2.8 + 0.2 cm ™.

As Zr(Si,-,Ge,), Raman lines were very weak, it was
clearly not possible to record Raman spectra using a
setting able to perform a full polarization analysis. To
obtain polarized Raman spectra, we varied only the
incident beam polarization direction.

= 3.4. Transmission electron microscopy

Cross-section TEM observations have been performed by
using a JEOL 200CX microscope.

4. X-ray diffraction results

The solid state reaction between Zr and the underlying
Si;—,Ge, alloy has been investigated in the whole Ge composi-
tionrangex = 0 — 1, the two extreme substrates being (100) Si
and (100) Ge. Whereas the diffraction signal from textured as-
deposited Zr films are very strong, the line intensities from
annealed films are very difficult to record with satisfactory
statistics. However, a sufficient number of characteristic
reflections have been collected to identify the phases at each
reaction stage. In addition, some multiple diffraction contribu-
tions of the substrates are also noticed in X-ray diagrams. Two
main effects of film annealing revealed by X-ray diffraction
will be pointed out: one is relative to the reaction itself, the
second one to the film microstructure.

4.1. Crystal phase identification as a function of annealing

The typical X-ray pattern of a 16 nm-thick Zr film deposited
on Si;_,Ge, is given in Fig. 1 as a function of the annealing
temperature in the case of x = 0.33. The low film thickness and
the weak scattering power of the elements resulted in weak



1892 O. Chaix-Pluchery et al. / Journal of Physics and Chemistry of Solids 63 (2002) 1889—1900

2.50

245§

open symbols T=T ¢

2.40 full symbols T,
—— Vegard

d (x10 nm)
[\S}

Fig. 2. d-spacing variation as a function of x (0=x=1) for
Zr(Si;-,Ge,), (060), (131) and (002) planes. The films have been
annealed at T close to Ty (open symbols) and 7> T; (T,, full
symbols). Full lines are representative of the Vegard’s law. The
d-spacing values have been obtained from ex-situ diffraction data
recorded at room temperature.

diffracted intensities. Special care has therefore been required
to obtain unambiguous phase identification.

The as-deposited films consist of hexagonal Zr (S.G. P65/
mmc). Texture changes from pure 002 in 16—80 nm-thick Zr
films to mixed 002 and 100 components as film thickness
increases.

Upon heating, several steps can be distinguished. First, at
temperature lower than 400 °C, the Zr film recrystallizes and
the diffraction pattern characteristic of a 002 texture com-
ponent changes to a powder-like pattern in which weak Zr
and ZrSiGe reflections coexist (see Fig. 1(b)). This indicates
that the film-epilayer reaction has started. As the tempera-

Table 1

ture is further raised, SiGe incorporation progresses (see
Fig. 1(c) and (d)). At T=790 °C (Fig. 1(e)), the reaction
is complete: the film has the C49 Zr(Si,_,Ge,), structure.
The temperature required to transform the whole Zr film into
the unique C49 final phase will be designated by 7} in the
following (Tt =790 °C in the present case, Fig. 1(e)), and
the annealing temperatures higher than 7; by 7,. Films
annealed at T, give systematically less intense reflections
shifted towards higher 26 angles (Fig. 1(f)) although the
final phase is always the C49 phase.

4.2. C49 line profile evolution

Further investigations of the profiles of the three main
C49 X-ray lines (060, 131 and 002) have been carried out
to study the film microstructure as a function of Ge incor-
poration (0 = x = 1).

As the Ge rate progressively increases, the variation of the
angular positions of the C49 phase diffraction lines indicates
that Ge is incorporated in the structure. As T'is close to Tj, a
plot of the d-spacings as a function of the Ge-content nearly
follows a Vegard’s law defined from ZrSi, and ZrGe, bulk
data (Fig. 2). However, annealing temperatures higher than
T lead to d(x) much lower than the values expected from the
Vegard’s law (Fig. 2). A greater d-spacing reduction is
observed for the (131) planes.

Fig. 3(a) reports normalized 6/20 scans of the C49 lines
obtained from 16 nm Zr films annealed at 7} as a function of
x. For x <0.33, the intensities are typical of a powder
diagram. For x close to 0.33, the 131 and 060 line intensities
are nearly equal to each other, which means that a preferred
orientation of the film is being settled, as for a powder
sample the ratio lys/l13; should be close to 16/100. This
effect is progressively amplified as x increases. Above
x=10.33, the 060 line intensity increases abruptly up to
x=1.

Rocking curve measurements in a series of annealed films
with 0.33=x=0.71 (16nm Zr, 710=T=820°C)
indicate that the intensity increase is brought about by the
development of a 060 texture component (see Table 1). The
evolution of the 060 6/26 scans and of the corresponding

Intensity and HWHM (a(°)) of 060 w-scans of C49 Zr(Si;-,Ge,), films (16 and 80 nm Zr) obtained at 710 = T'< 820 °C as a function of x
(0 =x=1). Ttis close to 810, 790, 800, 815, 710, 720 °C for x = 0, 0.33, 0.38, 0.47, 0.71, 1, respectively. vw is for very weak, w for weak, s for

strong and vs for very strong

Zr film thickness (nm) x T (°C) 060 w-Scans intensity (a (°))
16 0 810 vw (-)

16 0.33 790, 810 w (1.3°), vw (=)

16 0.38 710, 800, 820 $ (39, s (3.2%), w (1.1°)

16 0.47 815, 820 s (3%, w (0.8°)

16 0.71 710, 815 vs (1.25°), w (0.9°)

16 1 720, 780 vs (1.1°), s (1.0°)

80 0 810 vw (-)

80 0.33 800 vw (-)
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Fig. 3. Relative intensity variation for the 060, 131, 002 reflections
of C49 Zr(Si;-,Ge,), films as a function of x and Zr thickness:
(a)16 nm Zr; (b) 80 nm Zr. The line intensities have been normal-
ized to the 131 one.

rocking curve in this temperature range are shown in Fig. 4
for x = 0.38 but this temperature behavior can be extended
to other Ge-contents reported in Table 1. Tt is close to or
slightly lower than 800 °C. A linewidth decrease occurs in
the /26 scan when T increases from 710 to 800 °C whereas
the integrated intensity remains rather constant. After
annealing at 820 °C, both a line intensity decrease and a
lineshift are observed (Fig. 4(a)). The corresponding rock-
ing curves show that the 060 texture remains rather stable up

2000
(a)

1500

1000 |

Counts

500 [

R NNENE NN SN N SN ETE FN NN PR NS FRN

Normalized intensity
T

44 45 46

2 theta

47

48

1893

to 800 °C (half-width at half-maximum (HWHM) close to
3° (see Table 1)), whereas grain alignment is improved
above this temperature (HWHM close to 1° for
T =820 °C) (Fig. 4(b)). Note that the intensities of reflec-
tion in the 6/26 and w-scans are correlated.

Unlike thinner films, the relative intensities do not depend
upon x in 80 nm Zr films for low x values (Fig. 3(b)). No
thick film was available on substrate with x > 0.33. Rocking
curves measured on such films deposited on Sij¢;Geg 33 and
annealed at 800 °C are characteristic of a powder-type
microstructure. So, the 060 texture observed in thin films
for x=0.33 is progressively suppressed as films become
thicker.

The C49 ZrSi, diffraction pattern reveals lines two to
three times broader than the instrumental width (FWHM
close to 0.12 and 0.15° 26 for Ac, and Ag, respectively)
for both 16 and 80 nm film thicknesses. The corresponding
powder grain size, calculated using the classical Scherrer
formula, varies between 34 and 40 nm. No clear x depen-
dence of the linewidths could be detected.

4.3. Influence of the Ge-content on the formation
temperature of the silicide phases

Two main points can be emphasized:

(i) the formation temperature of the C49 phase obtained
with 16 nm thick Zr films is lowered with Ge incorpora-
tion: T} is roughly linearly decreasing with increasing x,
from 810 °C (x=0) to 720 °C (x=1) in spite of some
noticeable decreasing jump for 0.38 = x = 0.47 (see fig. 2
in Ref. [5]). A similar observation is reported for the Ti—
Si;—,Ge, system [20].

(ii) Ty is also lowered by increasing the Zr film thickness
independently of the Ge effect, from 810 to 780 °C
when passing from 16 to 200 nm Zr (x = 0). This effect
is well-known in Ti films and ascribed to an increase of
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Fig. 4. 6/20 X-ray diffraction pattern (a) and w-scans (b) of the 060 reflection measured from 16 nm Zr/Sip ;Ge 35 films annealed at different
temperatures. The w-scans have been normalized in intensity and position. T} is close to or slightly lower than 800 °C.



1894 O. Chaix-Pluchery et al. / Journal of Physics and Chemistry of Solids 63 (2002) 1889—1900

Zr(Si - xGex) A

Intensity (a.u.)

A IR

200 300 400 500 600
Wavenumber (cm™)

Fig. 5. Raman spectra of C49 Zr(Si,-,Ge,), films (16 nm Zr)
obtained by annealing at temperatures close to Tt as a function of
x (0 =x=1). The lines observed in any spectrum at and below
140 cm ™" are due to air. The lineshifts of the C49 line centered
around 215 cm ™! and of the Si;_,Ge, line of the alloy layer have

been shown by dotted lines.

the surface to volume ratio of the C54 TiSi, nucleus when
decreasing the film thickness [6].

From an accurate measurement of the 004 SiGe 26 X-ray
line position, it is usually possible to determine the
Ge-content of the Si;_,Ge, alloy by assuming a Vegard’s
law is followed. By using this method, we have shown that
the Ge concentration in the alloy is not significantly altered
by thermal annealing, in the whole range of Ge composition
(0 = x = 1) and whatever the film thickness. This behavior
differs from that of the annealed Ti films from which
Ge-enriched SiGe areas coexisting with Ti germanosilicide
film have been detected [5,6]. The Ge segregation gives rise
to additional 004 SiGe lines whose angular positions depend
on x (see fig. 4 in Ref. [5]).

5. Raman scattering results

Most of the silicide and germanosilicide Raman lines
have low intensity. In the Zr case, the Raman spectrum is

complex and the lines, numbered 1-9 in the following, had
to be fitted using lorentzian profiles, with a particular care
paid for spectra recorded from films with high x values
because line intensities are very weak. In such cases
where profiles were difficult to resolve, constraints have
been applied on the linewidths. The multiple bands centered
around 215 and 260 cm ™! have been decomposed into three
(lines 2-4) and two (lines 5-6) individual lorentzian
components, respectively. In the 240-350 cm™! region,
three groups of Zr(SiGe), lines exist in addition to the
Ge—Ge line. The Ge—Ge line was partially superimposed
either to line 7 for low x values, or to line 8 for x = 0.33. As
Ge—Ge line has very low intensity, it was specifically diffi-
cult to resolve from multi-component profiles. No Raman
line has been observed neither from the Zr film nor from the
Zr(SiGe) phase. The lines pointed in any spectrum at and
below 140 cm ' are due to air.

The ZrSi, Raman spectrum related to a 16 nm thick Zr
film annealed at 810 °C will be presented first. The lines
cannot be assigned because single crystal data are missing.
The low film thickness allows the Si substrate line to be
observed at 520.6 cm™'. A similar spectrum is measured
from a thicker ZrSi, film (80 nm Zr). The Si line is not
observed because the laser beam is absorbed in the thick
ZrSi, film. The low ZrSi, film thickness, close to 35 nm
(=16x%2.2; the expansion factor value =2.2 has been
calculated on the basis of Zr and ZrSi, bulk densities) is
then close to the penetration depth of the laser beam in
ZrSiy. The following sections will be devoted to the
influence of Ge-content and annealing temperature on the
Raman spectrum. The whole Raman results presented later
are relative to thin films (16 nm Zr deposits) previously
analyzed by X-ray diffraction.

5.1. ZrSi,

As expected from the Raman mode analysis in Section
2.2, the Raman spectrum recorded from a Zr/Si film
annealed at 810 °C consists of nine lines in the range
152-333cm™" (Fig. 5). Lines at 152, 288, 323.7,
332.5 cm ™! (lines 1, 7-9) are well defined. Lines obtained
after deconvolution have been pointed at 258.8 and
265.7 cm ™' (lines 5-6) for the 260 cm ™! multiple band
and at 204, 211 and 218.6cm™! (lines 2-4) for the
215 cm™! band. In the last case, the line at 218.6 em s
well defined while both other lines are very weak.

5.2. Zr(Si;-,Ge,);

For low x values (x =0.17), Raman spectra are very
similar to the ZrSi, one. Lines are nevertheless slightly
shifted towards low wavenumbers when increasing x. This
comes from the mass effect of the Ge atoms. The Raman line
observed above 500cm ' is assigned to the Si-Si
vibrational mode of the SiGe alloy. Note it is abnormaly
intense in the x =0.17 spectrum. The reaction was not
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Fig. 6. Evolution of the Zr(Si;_,Ge,), Raman line positions as a
function of x (0 = x = 1). The lines have been numbered from 1 to
9 for clarity.

complete in this film (T=775°C, ie. T<Tp: a
ZrSi,-,Ge, + Zr(Si;-,Ge,), mixture has been identified by
X-ray diffraction. Therefore, the film thickness was
probably thinner than 35 nm, which allows the laser beam
penetration into the SiGe layer. The Si—Ge (about 400 and
432 cm™ ") and Ge—Ge (about 285 cm ') Raman lines begin
to be noticeable in the spectrum when x=0.17. From
x = 0.33, the Zr(Si,_,Ge,), line intensities slowly decrease
with increasing x, except the multiple band centered around
215 cm ™. The ZrGe, spectrum is composed of a multiple
band centered around 180 cm ' and weak lines at 228, 255
and 320 cmfl; the Ge substrate line is observed at
300 cm ', Although ZrSi, and ZrGe, have the same crystal
structure, their Raman spectra are different and the ZrSi,
Raman lines are better defined.

By taking ZrSi, as reference, seven over the nine lines are
shown to be linearly shifted towards lower wavenumbers as
x increases. The two other lines are only observed for low x
values (Fig. 6). The Ge—Ge line shifts slowly towards higher
wavenumbers (see Fig. 5): it was pointed at 286.4, 287.5 and
300.4 cm ™! for x = 0.33, 0.47 and 1, respectively. In this
range, it is superimposed either to line 7 or to line 8.

The Zr(Si;-,Ge,), Raman line intensities are nearly
insensitive to modifications of incident beam polarization.

There is no significant in-plane grain alignment in Zr
germanosilicide films.

5.3. Influence of annealing

The thermal evolution of Raman spectra of annealed
films is the same whatever x in the range 0.33-0.71
(Fig. 7) and will be discussed for x =0.47 (Fig. 7(c)).
First, intense Si;_,Ge, lines are observed in the as-
deposited film. Their intensity is maintained stable up
to a temperature from which the solid state reaction
starts. Then, the intensities decrease as the temperature
increases and the reaction progresses (605-715 °C). For
715 =T=815°C, i.e. on both sides of the T; tempera-
ture (not well-defined for 0.38 = x = (0.47 as mentioned
earlier), the spectrum is composed of rather weak SiGe
and Zr(Si;-,Ge,), lines, excepted the lines at 215 cm™!
which are more intense. For higher annealing tempera-
tures, the SiGe lines grow again as temperature
increases, up to their initial intensities in the as-deposited
film are attained, as seen for T, =920 °C. Therefore, the
annealing temperature dependence of the SiGe line intensity
allows us to estimate 7¢for each x value. So, 7} is expected to
be close to 800 °C for x = 0.38 (Fig. 7(b)). In films with
x=0.33 (Fig. 7(a)) and x=0.71 (Fig. 7(d)), T; is either
slightly lower or slightly higher than 790 and 710 °C,
respectively. The Zr(Si;_,Ge,), lines observed at about
215cm ™" are shifted towards higher wavenumbers as the
temperature is increased above T;. This behavior is indepen-
dent of x.

6. TEM results

A TEM cross-section image of a C49 film (16 nm Zr,
x=0.71, T=815°C) is shown in Fig. 8. Dark stripes in
grains 1-4 of Fig. 8 are characteristic of the C49 phase
[21-23]. These result from stacking along the b direction
of structural blocks separated by stacking faults. The stripe
orientation gives unambiguously the crystal [010] direction.
In the grains labeled 1-4, the stacking faults are 120°
oriented from each other. The determination of grain bound-
ary planes and their structural analysis will be reported in a
forthcoming paper. The important results of concern here
are:

(i) Annealing at 7 > Ty induces recrystallization and thus,
specific orientation relationship. In particular, [010]
oriented grains represent a minor fraction of grain popu-
lation.

(i) The grain thickness is also considerably scattered
from 25 nm to more than 65 nm. A single grain with
[010] planes parallel to the free surface is observed in
the image.

The film is no longer continuous. Si;_,Ge, blocks are
clearly identified. Surface diffusion is not restricted to
these blocks. It can extend and cap the C49 film. This
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Fig. 7. Influence of the annealing temperature on the Zr(Si;_,Ge,), film Raman spectra (0.33 =x =< 0.71).

ultimately results in embedded C49 grains in a
Si;-,Ge, matrix.

7. Discussion

Analysis of the wealth of results reported earlier allows to
infer a series of characteristic structural features as function
of annealing temperature. A summary of the analysis is
provided in the following. It has to be noted that our conclu-
sions are in very good agreement with those reported by
Wang for x = 0.5 [1]

(i) the unique C49 Zr(Si,-,Ge,), final phase is obtained
whatever the Ge-content of the substrate (0 =x = 1) and
the film thickness. The C49 film is continuous, as shown
by sheet resistance, RBS and TEM measurements [5].
The as-deposited Zr thin film, 16—80 nm of thickness, is
found to have a [0001] preferred orientation. The inter-
mediate phase prior to the C49 formation is always found
to be ZrSi;_,Ge,.

(ii) the Ge-content of the C49 phase is the same as in the
underlying Si;—,Ge, alloy, as indicated by the C49 lattice

parameter expansion with increasing x following the
Vegard’s law. The germanosilicide film is then stress-
free and the corresponding lattice parameters d(7}) are
defined accordingly as stress-free lattice parameters
(Fig. 2, T="Ty).

(iii) the C49 formation temperature 7% is lowered as Ge is
incorporated in the structure. The same observation in the
Ti—Si;_,Ge, system is explained by a decrease of the C49
to C54 nucleation barrier [6]. In the Zr case, it can be due
to a decrease of the ZrSi;_,Ge, to C49 Zr(Si;-,Ge,),
nucleation barrier.

The film microstructure analysis and Raman spectra evolu-
tion indicate that there exists a critical Ge composition close to
x =0.33 in thin Zr(Si,-,Ge,), films (16 nm Zr). The C49 film
microstructure is of powder-type for low Ge-contents while a
060 texture appears as soon as x = 0.33. The 060 line intensity
increases with increasing x. Raman spectra of C49 films with
x < 0.33, composed of nine lines, are very similar to each other,
i.e. to that of ZrSi,. Some lines vanish when x = 0.33; the
remaining lines have weak intensities except those at roughly
around 215 cm ™. A polarization analysis shows no noticeable
polarization effect in the Raman spectra as x increases.
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Fig. 8. TEM cross-section image of a C49 Zr(Sip29Gep71), film
(16 nm Zr, T,=815°C): (a) C49 grains with different relative
orientations and grain sizes (25—-65 nm). The C49-Si,_,Ge, inter-
face is rough. The Si,_,Ge, capping layer is clearly featured by thin
alternating dark and bright area; (b) embedding of the C49 grains at
the grain sides completed by a Si;_,Ge, capping layer; (c) higher
magnification of the 1-2-3 grains of image (a). The high-resolution
clearly shows stacking faults 120° oriented from one grain to the
next.

A simple solid solution effect could explain the inten-
sity reduction in the Zr(Si,;-,Ge,), Raman spectrum as a
function of x. Due to the large atomic size of Ge atoms
compared to Si atoms (Ge: 0.122 nm, Si: 0.111 nm), the
vibration modes involving only Si motions in ZrSi, should
be the most attenuated modes as Ge concentration
increases. The vibration modes where metal atoms con-
tribute should be less affected. As usual low wavenumber
modes are metal dependent [24] and as the modes we
observed are Si/Ge dependent, we expected the modes
associated with the 215 cm™' involve Si/Ge and metal
motions. Additionally, the Raman shift evolution of the
main line (218.6 cm™") of the 215 cm ™' group approxi-
mately follows a MZr(SiHGH)z_”Z law. However, a depar-
ture from the mass law, increasingly important with x, is
detected. This probably implies that a refined mass model
should be used. The use of a simulation program is con-
sidered to go further in the interpretation of the Raman
spectrum evolution as x increases. It would allow the line
assignment and then, the location of the Ge atoms on both
possible Si sites. Among both possible sites, Si(I) sites
seem to be the most favourable sites to Ge substitution

because they belong to rather independent (010) planes
and they have greater interatomic distances.

As annealing temperatures exceed 7, changes occur in
the X-ray diffraction patterns and in the Raman spectra. The
drastic increase of the SiGe Raman line amplitude at the
expense of most of the C49 Raman lines gives evidence of
SiGe diffusion from the SiGe-C49 interface up to the film
free surface. Additional confirmation of diffusion has also
been obtained from our RBS, SEM and transport property
measurements that indicated the formation of a discontinu-
ous Zr(Si;-,Ge,), film and the presence of SiGe at the film
surface [5]. The cross-section TEM image of Fig. 8 provides
further information. From the dark stripe orientations char-
acteristic of extended planar defects perpendicular to [010],
the orientation relationship between adjoining grains could
be determined but will not be discussed here. The proportion
of 060 oriented crystals is clearly not overwhelming. This
leads to the intensity reduction occurring as 7> T;.

The decrease of the d-spacings as well as the shift towards
higher wavenumbers of the 215 cm ™' Raman multiple line
can be understood in terms of either Ge non-stoichiometry
of the C49 film or residual stress. However, Ge segregation
has never been detected in annealed Zr films [1,5]. More-
over, the comparison of the X-ray diagrams of annealed Ti
and Zr films indicate that additional 004 SiGe lines relative
to Ge-enriched alloy areas due to Ge segregation only occur
in the case of Ti [5]. The d-spacing reduction as well as the
shift of the Raman line observed as 7> T; would lead to
excessive variation of Ge content in the film. For x =0.71
and T varying between 710 and 815 °C, Adys = —0.023 A
and Ady3 = —0.029 A which would correspond approxi-
mately to a Ge content y = 0.30. Similarly, the Raman
shift A2 =8 cm ™' would give y = 0.38. It is very unlikely
that such a great loss of Ge is not correlated with Ge segre-
gation. Accordingly, we have considered these important
changes due to residual stress. In such a case, the C49 grains
would be strained under the SiGe matrix effect when 7' > T}
and the shift towards higher wavenumbers of the 215 cm ™'
Raman line would be characteristic of a compressive stress.
The TEM image leads us to think that the grain embedding
can cause a hydrostatic compressive stress on the grains and,
therefore, an isotropic decrease of the lattice parameters.
Indeed, the decrease of the d-spacings is observed along
the surface normal, whatever the grain orientation and,
therefore, whatever the considered planes. As a conse-
quence of hydrostatic stress, d-spacings in the perpendicular
direction must also be reduced. An analysis of the lattice
parameters in a direction parallel to the interface has been
considered but the weakness of the off-normal reflections
prevented us to carry out the measurements.

The detailed analysis of stresses in grains using the inclu-
sion method of Eshelby [25-28] is not developed here.
Nevertheless, the Raman shift amplitude A{2 and the varia-
tion of the d-spacing values along the surface normal when
increasing 7> T; allow us to give an approximate stress
value. In the first stage, we will discuss stress set-up in the
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Fig. 9. X-ray diffraction (erx) and Raman (&) determination of the
strain added in the C49 films by annealing at 7> T} as a function of
X. egx is obtained by averaging strain values determined from 060,
131 and 002 reflections.

germanosilicide film for a particular Ge-content (x = 0.71).
The discussion will then be extended to the whole composi-
tion range.

For x=0.71, AQ = 8 cm ™' when 7 is varying from 710
to 815 °C. Using a Raman conversion factor of 3 cm ~'/GPa
[29], the corresponding stress o should be close to
—2.6 GPa. To obtain strain values for the C49 film, Young’s
modulus (E = 142 GPa) and Poisson’s ratio (v = 0.27) of
C49 TiSi, [30] have been incorporated in the expression
er = (1 — 2v)0/E. gy is found close to —0.8%. The average
strain value egy obtained from the d-spacing variation is
—0.9%. As calculations have been done within large
approximations, both stress determinations are in reason-
ably good agreement.

Attempts to understand the possible origin of the
compressive stress have been made from the use of simple
elastic model. For a solid state reaction at high temperature,
the stress measured at room temperature o is the result of
intrinsic oy, and extrinsic gy stress components: o, is due
to the lattice mismatch between the grains and the matrix,
Oex 18 coming from the differential thermal expansion
between the substrate and the film, in our case between
the C49 grains and the SiGe matrix. The extrinsic stresses
observed in silicides are usually tensile stresses (0 > 0)
due to the large mismatch between thermal expansion coef-
ficients: o, = E/(1 — v)Aa. AT, where E and v are
Young’s modulus and Poisson’s ratio of the film, respec-
tively, Aa the difference in the linear thermal expansion
coefficients between film and substrate (in our case between
C49 grains and Si;_,Ge, matrix) and AT the temperature
change from 7, to room temperature. To determine
Qzsi,_Ge)2 and asj e, We have used a unique linear
dependence of the coefficients as a function of Ge-content.

This assumption gives us

AZx(Si;Gey)s

A7;si A7:Ge
2= 2 = = 2.96,

Qi QOGe
where ag; =3% 107K and ag, = 5.75% 10 %/K. The
azsi, value is obtained by averaging the three expansion
coefficients associated to the crystal directions of the unit
cell: azg;, = 8.88 X 107%K [31]. Finally, the calculation
applied to the C49 film (x=0.71) annealed at 815 °C
gives 0. = 0.6 GPa. However, the observation of a
compressive stress at room temperature implies that the
film is only partially relaxed and that, before cooling, the
intrinsic stress is compressive. It has to be noted here that
both annealing (RTA) and cooling are extremely rapid. As a
consequence, the microstructure is almost quenched. The
intrinsic stress value can be deduced from o and o ¢y 3 =
O — O = —3.2 GPa.

From the continuous shift of the 215 cm ™' Raman line, it
is possible to extend the stress discussion to the whole range
of Ge composition. As stress is proportional to the Raman
shift, which itself is linearly dependent on the composition,
the stress is linearly x dependent. By fitting o variations as a
function of x, we obtain

o(x) = —(3.2x + 0.3) GPa

Asi;_,Ge,

er(x) = —(1.041x + 0.105)%

So, o and &g vary from —0.3 GPa and —0.11% (x =0) to
—3.5GPaand —1.15% (x = 1), respectively. Similarly, the
expression of the averaged strain obtained from the d-
spacings (doso, d131, dooa) is:

erx(¥) = —(1.231x — 0.006)%

The linear x dependence of ey and ey is displayed in Fig. 9.
Remarkable results have been obtained in the whole Ge
composition range despite approximations we have done.
This is in favor of residual stress in the zirconium germano-
silicide films rather than a variation in the Ge stoichiometry.

Similar stress values have been reported in silicides such
as MoSi, and WSi, (between —1.6 and —1.9 GPa) [32] and
in Si;—,Ge, layers epitaxially grown on Si(100) by ion-beam
sputter deposition (—2.2 GPa for x = 0.3, 300 nm of thick-
ness; 4.1 GPa for x = 0.6, 800 nm of thickness) [33].

8. Conclusion

X-ray diffraction experiments have been combined with
Raman scattering and electron microscopy data to analyze
the result of RTA applied to Zr films sputtered on Si;_,Ge,
epilayers.

The initial formation of ZrSiGe is followed by the forma-
tion, at higher temperatures, of the unique C49 Zr(Si; -,Ge,),
final phase whatever x and the Zr film thickness between 16
and 80 nm. The C49 formation temperature, denoted by T,
is lowered by the addition of Ge in the structure. Above
the critical Ge composition close to x=0.33, the film
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microstructure becomes textured while it was of powder-
type in films with low x values. As long as the annealing
temperature is close to 7%, films are continuous and relaxed.
If T>T,, films are no longer continuous and grains are
embedded in a Si;_,Ge, matrix. X-ray and Raman data
obtained from this type of samples can be understood in
terms of Ge non-stoichiometry of the germanosilicide
films or residual stress. Nevertheless, the lattice parameter
change observed as the annealing temperature exceeds Ty
would lead to excessive variations of Ge content in the
film. For instance, for x =0.71, the d-spacing reductions
are Adyg) = —0.023 A and Adj3 = —0.029 A which would
correspond to a Ge content close to y=0.30. Although
slight Ge stoichiometry variation cannot be definitely
ruled out, the combined techniques we have used tend to
indicate that the major contribution to the lattice parameter
change has a residual stress origin. Some simple evaluations
of the corresponding compressive stress have been
performed from the 215 cm ™' line Raman shift amplitude
and d-spacing reduction in the range (—0.3, —3.5 GPa) for
0 = x = 1 which corresponds to a strain in the range (—0.11,
—1.15%). Additionally, it has been demonstrated that stress
variations in the germanosilicide films are linearly depen-
dent on Ge composition, thus very easy to use. Finally, the
results show that from d-spacing and Raman spectrum
evolutions as a function of the annealing temperature, it is
possible to evaluate T} and then, to prevent film damage due
to excessive heating.
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