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Study of dynamics and mechanism of metal-induced silicon growth

Elena A. Guliants and Wayne A. Anderson
Department of Electrical Engineering, State University of New York at Buffalo, 212 Bonner Hall,
Amherst, New York 14260

(Received 28 July 2000; accepted for publication 1 February 2001

The present study addresses the mechanism of metal-induced growth of device-quality silicon thin
films. Si deposition was performed by magnetron sputtering on a 25-nm-thick Ni prelayer at
525-625 °C and yielded a continuous, highly crystalline film with a columnar structure. A Ni
disilicide intermediate layer formed as a result of the Ni reaction with Si deposit provides a
sufficient site for the Si epitaxial growth because lattice mismatch is small between the two
materials. The reaction between Ni and Si was observed to progress in several stagesSihe Ni
phase evolution in a Ni:Si layer was studied by x-ray photoelectron spectroscopy, Auger electron
spectroscopy, Rutherford backscattering spectrometry, transmission electron microscopy, and x-ray
diffraction and found to be controlled by the Ni-to-Si concentration ratio at the growing front. After
Ni is completely consumed in the silicide, continued Si deposition leads to the nucleation and
growth of Si crystals on the surface of the Ni§rains. The issues related to the nature ofS\i

phase transformations and Si heteroepitaxy are discusse@00® American Institute of Physics.
[DOI: 10.1063/1.1359150

I. INTRODUCTION silicide grown at the Ni-crystalline Si interface. For example,

The recent development of metal-induced Crystallizatiorghe reaction between NiSi films awelSi was reported to lead
[

. . _ . . ) 11
(MIC) techniques represented an important breakthrough o diffusion conFroIIgd grovvth .Of NISI at. .400 € It was
Si technology because of considerable interest in low-ound th_a_t the_dlff_usmn c_:oeff|C|ent for Niin u_nrelaxed amor-
temperature formation of polycrystalline S In particular, phous S|I|con_ IS SIX t_o elght qrders of _m_agmtude !ower than
MIC methods avoid problems associated with the use of low!l1at for the interstitial diffusion of Ni in crystalline 4t

cost and low-softening point substrates, such as glass (ﬁ\ccordingly, the temperature lowering can be explained by a

polymers, by reducing the crystallization temperature for a ecrease i_n the "_"m?“”t of Ni_atoms at th_e NiSi—Si interface
given silicon structure. due to limited diffuison of Ni througha-Si which conse-

The MIC phenomenon relies on the epitaxial growth 0f_quently results in a more silicon-rich phase. Annealing stud-

Si crystals on the lattice-matched silicides of some transitiod®S ©f Ni-implanteda-Si films confirmed the possibility of
metals, formed typically by thermal annealing®8i films the Ni diffusion-controlled nucleation of Nigi where the
either capped with a thin metal fiki-®or metal implanted. ~ former was the only phase to fofrif as compared to the
To date, Ni appears to be one of the best suited metals fg¥ll-documented NSi—-NiSi—NiS}, sequence for the thin-
this purpose, and silicon crystal growth on NiSceived a film case. In the bulKthicker than 10um) Ni—Si systems,
substantial coverage in the literature. the silicide phase formation sequence was shown gSiNi
The mechanism of MIC is frequently described based orlNisSiz, NizSi, NisSi, and finally, NiSi’** The absence of
the understanding of the inverse process, namely, heteroegiome of the earlier phases in the thin-film case was explained
taxy of silicide on silicon. The epitaxial Ni silicide films on by their kinetic instability due to a sufficiently thin diffusion
the Si substrates have been widely studied in the past twaone!
decades because of their important applications as intercon- The structural transformations in the earlier examples
nections in the integrated circuit industry. It has been clearhhave been thoroughly investigated in the Ni silicide films
established that the reaction between a Ni film and a crystasynthesized by long-term furnace annealing of the prefabri-
line Si wafer exhibits a sequential growth of three phdses.cated Ni—Si couples. All these examples involved predepo-
The first Ni-rich phase NBi forms at the Ni—Si interface at sition of amorphous Si film, thus dividing the MIC process
a temperature as low as 200 °C. Further consumption of thito two steps: formation of the disorderly covalent Si bonds
Ni atoms in the Si layer leads to the formation of NiSi at theand their subsequent breaking and rearrangement. Therefore,
Ni,Si-Si interface at temperatures of about 350 °C. NiMIC created a precedent for the present work ondhect
monosilicide is also a metastable phase and transforms to Igrowth of the polycrystalline silicon film on a thin Ni
disilicide, NiSh, at ~700—750 °C. The formation of bi  prelayer® A scanning electron microscogEM) image of
and its transformation into NiSi rely on the diffusion- the Si film deposited at 575 °C on the yttria-stabilized zirco-
controlled phenomenawhereas the formation of NiSis  nia (YSZ) substrate selectively covered with a 25-nm-thick
initiated by a nucleation-controlled proceés$.The tempera- layer of Ni, shown in Fig. 1, demonstrates the advantages of
ture of the Ni silicide formation between a thin Ni film and a such metal silicide induced growth or, simply, metal-induced
film of amorphous silicon is noticeably lower than that of the growth (MIG) of poly-Si. The grains seen on the surface of

0021-8979/2001/89(8)/4648/9/$18.00 4648 © 2001 American Institute of Physics
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of ~1—2 min. The sputter rate was about 2.5 A/s; however, it
varied with the film composition. The Auger electron spec-
troscopy(AES) data were collected in a Physical Electronics
thin film analyzer usig a 5 keV incident electron beam to
excite Auger electron emission. The depth profile was cre-
ated usig a 4 keV argon beam rastered over 3 wgmm
area. The Rutherford backscattering spectrom@BS) ex-
periment was performed in the Dynamitron type accelerator,
using a randomly aligned Hebeam with an energy of 2
MeV and a total power of up to 30 kW. The transmission
electron microscopyTEM) analysis was carried out in a
JEOL JEM 2100 high-resolution electron microscope oper-
ated at an accelerating voltage of 200 kV with a Ldia-
ment and point-to-point resolution of 1.94 A. Selected area
diffraction (SAD) was used for the phase identification of the
FIG. 1. A SEM image of the poly-Si thin film deposited at 575 °C on a Ysz Silicide prelayer. X-ray diffractiofXRD) studies were con-
substrate selectively covered with Ni prior to Si deposition. The polycrys-ducted on a Phillips X'pert MPD diffractometer equipped
talline area belongs to the film grown on a Ni underlayer. with a CuKea radiation source. SEM pictures were taken
with a Hitachi S-4000 field emission scanning electron mi-
croscope operated at 20 keV in the secondary electron mode.

m 10000X

the film belong to the area capped with Ni prior to the Si
deposition, while the rest of the film is amorphous.

In the previous stud}® we described the metal-induced !ll. RESULTS AND DISCUSSION
grown poly-Si films in terms of their structural properties. In o N silicide formation and Ni
order to provide a better control of the MIG-Si film struc- transformations
ture, the physical mechanisms underlying the Si crystal ) . )
growth on a Ni prelayer need to be clarified. In this study, we N Order to elucidate the physical mechanisms underly-
address the dynamics of the entire process beginning witld the metal-induced epitaxial growth of the Si crystals on a

the reaction of polycrystalline Ni with sputtered Si atoms andV Prelayer, the basic aspects of silicide formation and phase
ending with the Si grain coarsening and film growth. Thelransitions need to be understood. Several methods were em-

MIG phenomenon will be discussed in terms of the Ni—siPloyed here to determine the structure, composition, and the

interdiffusion kinetics, NjSi, phase nucleation and het- phase changes in the silicide layer. Because these techniques
eroepitaxial growth in the Siy/Nigisystem. were not available foin situ characterization, the film depo-

sition was repeated under identical conditions and inter-
rupted sequentially at different stages of growth. The results
of the detailed investigation of thus produced films are pre-
The experimental procedure has been described in detagented below for each individual analytical method.
elsewher®® and will be provided here only briefly. Most
experiments were conducted using crystalline SB{) wa-
fers capped with a 200-300-nm-thick plasma enhanced The samples used in the XPS studies were prepared on
chemical vapor deposition silicon oxide. §i@oated Corn- the 25 nm Ni/SiQ/c-Si substrates at standard deposition
ing glass slides and Mo sheets as well as YSZ crystals wereonditions and substrate temperature of 575 °C. To obtain
also used to study the feasibility of MIG on different types ofthe first sample, silicon deposition was interrupted after 5
substrates. Ni films~25 nm thick, were deposited by Ni min in order to determine the film composition of this early
thermal evaporation on the above substrates at a base presage of growth. The second sample was deposited foto
sure in the low 10° Torr range. Si deposition was per- study the final film structure.
formed by dc magnetron sputtering from a 0.006cm The concentration variations of Si, Ni, and O across the
phosphorus-doped Si target in a 5%/lr gas mixture at a first sample, with the thinner silicon film, are shown in Fig.
pressure of 1 mTorr. In all cases, the magnetron power wag(a). The carbon profile is not shown in the figure because its
kept at 50 W while the substrate temperature was varied iconcentration was lower than the XPS sensitivity limit of
the 525-600 °C range which provided a deposition rate 00.1%, except in the topmost 40-50 A surface region. This
about 500-600 nm/h. ensures a low contamination of the deposited films by carbon
The x-ray photoelectron spectrosco¥PS) analysis species, which is so crucial for the electrical performance of
was performed with a Surface Science Labs model SSX-10the Si-based devices. The oxygen profile shows a concentra-
small spot instrument with a base pressure in the®IDorr  tion of about 30% on the surface, indicating that Si on the
range. Data were obtained at an angle of 20°, using moncasurface is partly oxidized. Initially, the oxygen peak intensity
chromatized AK « radiation hv,=1487 e\j with an x-ray  decreases with sputtering time, suggesting that with progres-
spot size of 100Qum and a source power of 300 W. Sputter sive depth the sample consists mostly of Ni—Si compounds.
depth profiles were performed with Ar ions at 4.5 keV en-Then, the oxygen peak intensity increases again and reaches
ergy with a raster area of 2 mx®2 mm, sputter time per step a constant value corresponding to silicon oxide of the

xSi, phase

Il. EXPERIMENT

1. XPS depth profiling results
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L. 100 tected was confined for the most part to the region of initial
S g0 Sputtered SiOy Ni deposition. However, the diffusion coefficient of Ni in
S o Sho0nm o both crystalline Si as well as amorphous Si is known to be
e = [ 25nmthick Nifilm 3 high at 575 °C'? the temperature at which the Si film was
g 7 evaporated prior to Si depositioh deposited. The fact that most Ni remains localized can be
5 %01 . (0] explained by the formation of the stable Si-rich compound,
= 50 Si Ni which is most likely to be Ni disilicide, known as a thermo-
[ . . . . .
O 407 /Y dynamically favorable NiSi, end pha_lse. T_hls co_nclusmn is
8 304 / ) further supported by the average Ni-to-Si atomic concentra-
© 20 Si tion ratio of ~1:2 in this region.
g 10 N_ No Ni was observed throughout the deposited Si film
z 0. volume within the XPS detectability limit of 0.1%.
0 ' 1TOO ' 260 3(30 ' 460 ' 560 ' 6'00 ' 7I00 ' B(I)O ' 9(')0 ' 2. AES depth proﬁling results
(a) Etch time, sec The XPS depth profiles already showed no significant
changes in the composition of the Si film near the surface,
1007 25nm thick St wafer when grown for a standard time of 1 h, as seen in Fib).2
90 Ni film \ Since the main phase transitions occur during the first time
80 Si ' sio interval, the two samples chosen for the AES analysis, were
704 0.6,m thick sputtered Si X deposited for only 4 and 12 min, respectively, with respec-
] LM thick sputtere . . T~y .
60 \ (o) tive sample structure of a 35 nm Si/25 nm Ni/$i©-Si and
504 % a 100 nm Si/25 nm Ni/SiQc-Si. The deposition tempera-

ture for these samples were kept the same as that for the

Atomic concentration, percent

07 samples prepared for the XPS, namely, 575 °C. In addition,

307 one sample was prepared by depositing a 25-nm-thick Ni

20 - 7Z film on the previously obtained standard specini@sulting

10 Nj ¥ in a 25 nm Ni/500 nm Si/25 nm Ni/Sidc-Si) for the fol-

0 - lowing reason. In this study an attempt was made to identify
0 1000 2000 3000 4000 5000 6000 7000 the phase composition by comparing the Si-to-Ni atomic

(b) Etch time sec concentration ratio. Most of the documented Auger standards
! are valid for single crystal silicon and may not apply to the

FIG. 2. XPS depth profiles of the Si films deposited far 5 min and(b) micro- and poly-Si. In order to measure the,8ij, stoichi-

1 hat 575 °C on a 25-nm-thick Ni prelayer. ometry more precisely, the Auger depth profiles were ob-
tained for the peak-to-peak intensity values instead of atomic
concentration units. The atomic concentrations of Si and Ni

SiO,/c-Si substrate. The most challenging task was towere then calculated by calibrating the peak-to-peak intensi-

clarify the relationship between Si and Ni and, therefore, taies in the sample of interest against the Auger signals of

provide the information about the Ni silicide phase formedpure Ni and poly-Si surfaces. On the other hand, no elemen-
first during the Si deposition on a Ni prelayer. Neither Ni nortal Ni exists in the sample after the Si deposition, and a pure

Si profiles in Fig. 2a) show uniform concentration across a Ni/pure poly-Si interface can be obtained by Ni evaporation

certain thickness, suggesting that no particular phase wam the surface of the metal-induced grown poly-Si film with

dominant in the sample. As seen from the depth profile, théhe substrate at room temperature.

Ni concentration gradually decreases from the bulk towards The AES depth profiles for the first sample, deposited

the sample surface. The Ni-to-Si concentration ratio possiblyor 4 min, and the second sample, deposited for 12 min, are

indicated Ni monosilicidéNiSi) near the Si/Ni silicide inter- presented in Figs.(8) and 3b), respectively. By comparison
face, and a more Ni-rich compound, such agS\or NisSi, with XPS, AES appeared to be more sensitive to the pres-
in the region confined to the substrate. Besides, in this reence of carbon species, indicating a 1%—-2% carbon contami-
gion, Ni partially interacts with the oxygen atoms diffused nation in the bulk of both films, and concentration of about
from the SiQ layer. 20% at the very surface of the samples.

Figure Zb) shows the depth-dependent elemental profile  Figure 3c) shows an Auger depth profile collected from
obtained for the sample deposited for 1 h. The decrease in $ie Ni/poly-Si standard sample, which was used to adjust the
concentration with a corresponding increase in the oxygenendor supplied sensitivity factors for pure Ni and Si in or-
concentration at the very surface of the Si film clearly indi-der to convert raw peak intensities into atomic percents. As-
cates the presence of a nonstoichiometric,Siffeciedmul-  suming that the plateaus in the Ni and Si signal profiles
ticomponent natural oxideThe gradual increase in the oxy- correspond to the atomic Ni and Si, the Ni:Si signal sensi-
gen atomic concentration from low levels in the deposited Stivity can be found as 2.05:{the above ratio of Ng-Si is
film to the stabilized 55%—-60% level in the silicon oxide 1:2).17 In Fig. 3@), both Ni and Si signals increase rapidly
layer suggests that a small amount of both N#ind SiQ  towards the surface of the sample, stabilize at certain values,
precipitates are present in the bulk of the film. The Ni de-and then fall sharply at the very surface due to the carbon
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120 55
@ 5o] " 30nmNi/SiO,/Si -
€ —o~— 30nm Si/ 30nm Ni/ SIO, / Si Ni peak
) § 451 —o— 120nm Si/30nm Ni/ SiO, / Si 'l
3 " 4
© T 40 \
o e et oo [ d
£ S 354 Si peak' -
S o 1 due to Si wafer
< £ 301 ) )
S 5 1 Si peak due to
2 £ 257 Siin Si0, (L
S O o 3 Si peak due to
% 2 Siin Ni silicide 5
a 8 154 .
m -
o 104
[} 4
ity WU S 54
[} E
600 700 800 900 1000 g 0
(@) - S 5
Sputter Time, sec Z2 S5+ T T 7T 71T T 7T —T1 11
. 07 08 09 10 11 12 13 14 15 16 17
Energy, MeV
_1°° FIG. 4. RBS of a Si-on-Ni structure showing the sequential growth of Ni
5 silicide phases. Solid symbols represent the Ni film on a, 88Dsubstrate
£ prior to Si deposition.
=
=
3
) Ni,Si—NiSi phase transition, in the Ni—Si thin-film diffusion
E couples, takes place exclusively at the phase inteffatae
e second sample, deposited for 12 nfiRig. 3(b)], clearly

demonstrates a stratified structure, where the Ni silicide
- serves as an intermediate layer between the substrate and the
(b) & f66 900 S0 400 500 @06 705 6000 00 4000 continuously growing silicon film. These data show the sili-
Sputter Time, sec cide layer to be composed predominantly of the MNiSis-
5000 tallites. However, the accurate analysis of the Ni and Si con-
tent in NiSi, is complicated by the nonuniformity of the
Ni-to-Si signal ratio distribution.

3. RBS results

For the RBS results, a 30-nm-thick Ni film was evapo-
rated on the SiQ¥c-Si substrate. The sample was then cut
into three sections. The first section was studied to provide a
backscattering spectrum of a pure, unreacted nickel. The sec-
ond and the third sections served as substrates for the Si

e T e L — e
o : 96 15 2 2 films deposited at a substrate temperature of 600 °C for 3 and
Sputter Time, sec 15 min, respectively. The random RBS spectra of all three
(C) samples were plotted in the same fig(iFég. 4) to allow an

FIG. 3. AES depth profiles fofa) a 35 nm Si/25 nm Ni/SiQ¥Si sample(4 accurate composition analysis of the formed phases.

min silicon depositiojy (b) a 100 nm Si/25 nm Ni/SiQYSi sample(12 min The total energy differencAE between th_e particles
silicon deposition (c) a 25 nm Ni/500 nm Si/25 nm Ni/SigSi sample ~ Scattered at the surface and near the surface is giveh by
used for the signal intensity calibration of elemental Ni and poly-Si.

’ Y pov AE=NAX[€], )

where N is the atomic density of the materiéflor Ni, N

and oxygen contamination. The fact that both Ni and Si pro-=29-1x 10°*at cm ®, and for Si,N=5.0x 10°*at cm %), Ax

files demonstrate a plateau practically over the entire samplé the penetration depth into the sample, @eldis the stop-
thickness provides evidence that the film composition is in{ing power factor, which depends on the atomic density and
variable with depth. Using standard sensitivity factors ob-the nature of the material. The stopping power factor is
tained from the Ni/poly-Si sample, this composition can beclosely related to the stopping cross section. For theii
calibrated as Ni:S#1.07:1. This, in turn, might indicate the compound, the atomic stopping cross sections can be added
presence of at least two phases, most likely NiSi angsNi {0 give the compound stopping cross section

(from the above ratio, NiSi:N8i=90:10). The uniform spa- Ni Ne

tial distribution of these phases seems very intriguing since it ¢;,_g= NI enit S

contradicts the previously proposed model in which the Nni+ Ns; Nni+ Ns;

Sis 2
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whereNy; andNg; are the atomic densities in the alloy. Be-
cause the atomic concentrations are under investigation, and,
hence, cannot be unambiguously determiteg;] and|[ eg;]

were considered to be equal within an accuracy~&%.

With this assumption, the composition of the silicide layer
can be given as

N _ Hui[Zs|”
Na HalZ) ¥
Si Si Ni
whereH;/Hg; is the ratio of the peak heights in Fig. 4, and
the atomic masses are= 14 for Si andZ=28 for Ni.

For the second sample, the intensities of the Ni and SF'_G- 5. (@ An XTEOM image of the Si film deposited on a 25-nm-t_hick
peaks are 36 and 4.5 counts, respectively. Taking into adg\_l:agLe(I;yer at 575 °Cy{b) SAD pattern taken at the center of the micro-
count the ratio of the squared atomic masesm Eq. (3), '

[enil=~[€g]}, the composition of the film is Ni:Si

= 36x(14)%:4.5¢(28)?=2:1. Obviously, after 3.5 min of the by circles in the image. As can be concluded from Fig) 6

Si deposition, all Ni reacted with sputtered Si atoms to formthe silicide layer exhibits a stratified structure consisting of
Ni,Si. Analogously, the intensities of the Ni and Si peaks intwo easily identifiable regions. The top region appears lighter
the third sample have the respective values of 16 and 1f the image and represents a more Si-rich silicide phase
counts, which results in the film composition NiS1:2.5.  whereas the bottom section is darker and contains a higher
This implies that the film is composed of the Ni disilicide, concentration of the Ni atoms. This observation was con-
NiSi,, plus a small amount of elemental Si, which is causedirmed by selected area diffraction. The top layer is found to
by Si saturation in the silicide. be a pure cubic NiSiphase 4=5.416 A2 which provides a

When the reaction between Ni and Si proceeds slowly, &ufficient site for the epitaxial Si growth. As an example, a
coexistence of several phagésr example, elemental Ni and [111] SAD pattern originating from the NiSiregion is
Ni,Si) may be expected, which can be distinguished as ghown in Fig. 6b). The bottom layer represents a mixture of
multilevel (or, multiplateayi Ni signal on the spectrui**  Ni,Si, phases with a more Ni-rich composition. Several
The RBS spectra show the absence of shoulders in either AD patterns were identified with the tetragonaNiSi
or Si portions of the spectra. From the reaction rate standehase 4=7.654 A,c=8.4514 A % as in Fig. &c). The rest
point, the absence of these “levels” indicates that the phasef the SAD patternge.qg., Fig. &d)] were consistent with the
transition occurs almost instantaneously. This may also indierthorhombic NiSi, phase §=12.229 A b=10.805 A, ¢
cate that each subsequent nucleated phase grows through the.924 A)2* Despite the fact that no other Mi, phases
thickness of the initial film as islands of a more Si-rich
phase, surrounded by a uniform layer of a more Ni-rich one,
instead of growing smoothly parallel to the Ni—Si interface.
This interpretation is supported by the spectrum shape of the
third sample, with a thicker Si film. The broadening of the Ni
part of the spectrum towards low energy at the base indicates
that the NiS} grains are already formed, and extended
through the whole thickness of the film.

4. TEM results

In this work, transmission electron microscopy com-
bined with selected area electron diffraction appeared as the
most powerful tool in identification of NBi, phases, which
were present in the metal-induced grown Si film. For XTEM
analysis, a 25 nm thick Ni film served as a prelayer for a 500
nm thick Si film, deposited for an hour at a substrate tem-
perature of 575°C. A low magnification cross-sectional
TEM (XTEM) image of the sample is shown in Fig. 5. Since
Ni atoms are larger and, hence, less electron transparent, the
dark area in the image belongs to the Ni silicide layer formed
due to the reaction between Ni and sputtered Si atoms. The
thickness nonuniformity of the silicide layer seen in the fig-
ure can be attributed to the morphology of isolated grains. ) o ) S .

Figure G2) Shows an XTEM image of the siicide ayer 1% &1 megnfeaton x1ew mage ot e M s egon

at higher magnification followed by experimental SAD pat- ingicating the tetragonal NiSi phase; atd) [534] originated from the
terns[Figs. §b), 6(c), and &d)] taken in the areas identified Ni;Si, phase.
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were detected in the sample, their presence is possible be
cause the capability of the SAD method may be limited by
an insufficient thickness of a minor phase.

As mentioned earlier, the BB, phase was not present
in the case of thin-film couples. On the other hand, a fixed
source of both Ni and Si exists during annealing of the pre-
deposited thin-film couples, while in metal-induced silicon
growth, the Si source is variable and increases from zero at ¢
constant rate. Consequently, when the rate at which Si atom:
arrive at the growing front is higher than that of Si diffusion
into Ni, the Ni—Si interdiffusion kinetics fails to play a domi-
nant role in silicide formation, and the latter is controlled by
a Ni-to-Si concentration ratio at the interface. The most fa-
vorable NiSj phase forms at the top of the growing film
faster than might be expected in the case of “static” diffu-
sion couples due to a larger number of the energetic Si atom:
provided by sputtering. In Nigi the solubility of Si in Ni
reaches a limit, which prevents further diffusion of Si atoms
through the NiSi layer, and the NiSi, stoichiometry re-
mains unchanged.

5. XRD results

The NiSi, phases present in a series of samples depos:
ited on a 25-nm-thick Ni film for a standard timé bh were
also characterized by XRD. The XRD results for the samples

deposited at a temperature ranging from 525 to 600 °C did & 504~/
254 &

not differ much qualitatively. In all x-ray scans fromd »f
25°-60°, only three peaks are present. The peaks are ob
served in the vicinity of 28.5°, 47.5°, and 56.2°, as can be
seen, for example, in Fig.(&. These diffracted intensities
match the respective interplanar spacings ofd$#3.14 A
(111), d=1.92 A (220, andd=1.64 A (311). On the other
hand, due to a minor lattice mismatch, the peak positions of
the corresponding diffracted planes for Ni@re very close
to those of Si. In Fig. (), the XRD scan is centered around
Bragg angles of 23.5°-24260=47°-489, in the vicinity of
the (220 diffracted intensity for both phases. Each of the
diffuse peaks in Fig. (&) can be deconvoluted into two over-
lapping peaks, originating from $at smaller values of &
and NiSj (at greater values of@. This result leads to two
basic conclusions that Si grows epitaxially on Ni&nd that
no other phase except the NjSs present in the sample.
However, the sensitivity of the glancing angle x-ray tech-
nique is approximately 200 A. It means that the studied sil-
icide phase must have a thickness of over 200 A.

Figure 7c) shows an XRD scan of the Si film deposited
at 600 °C on a 50-nm-thick Ni prelayer. The reason for pre-
paring this particular sample, with a thicker Ni film, was to
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obtain a thicker silicide layer in order to thicken any minor FiG. 7. (8 An XRD spectrum for the sample deposited at 600 °C on a
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2 Theta, degrees

Ni,Si, phases. As seen in the figure, the spectrum contain&-nm-thick Ni prelayer(b) the (220 portion of the XRD spectrum ife);

several peaks absent in the sample with a 25 nm Ni undela_nd(c) an XRD spectrum of the sample deposited at 600 °C on a 50-nm-
thick Ni prelayer.

layer. However, these diffracted intensities could not be un-
ambiguously assigned to a particular silicide. The structural
analysis is complicated by the existence of six silicide phase
below the eutectic point which possess different lattice sym-

metries. The phase identification conducted here relied on

the previous results of the TEM analysis. TetragondiSi

six and three of their dominant reflections, respectively.

As revealed by the XPS and AES studies of samples
deposited on 25-nm-thick Ni films for different time inter-

and orthorhombic NBi, were tentatively suggested here by vals, a pure Si film begins to emerge between 5 and 12 min
into the Si deposition. The same conclusion can be drawn

E. Si nucleation on NiSi
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ation on the silicide, the visual observation of this process
would provide a direct proof. Second, since SEM relies on
the electron interaction, it is best suited for studying the sur-
faces which contain elements with different atomic masses.
Therefore, silicon can be easily distinguished from the Ni
silicide, which appears darker in the SEM imagdas previ-
ously in TEM).

Silicon nucleation has been observed in the sample de-
posited for 10 min as shown in Fig. 8. The Si grains are seen
to develop randomly on the sample surface. This random
nucleation can be explained by a specific nonuniformity of
the silicide layer, observed in TEM as well, where the first Si
grains are most likely to appear in areas of Si saturation in
Ni:Si.

C. Mechanistic insights into Ni-induced Si growth

Table | summarizes the changes in the Ni:Si film struc-
ture that take place during Si deposition on a Ni prelayer due
to the phase transitions. The proposed mechanism of MIG is
described below in accordance with new experimental find-
ings reflected in the table.

Since Si deposition starts at the elevated substrate tem-
perature(~525-600 °Q, the very first Si atoms arriving at
FIG. 8. A lower(a) and higher(b) magnification SEM image of a 80 nm t[he SupStrate react with Ni, and ,\.“ S|I|C|d_e_beg|ns to nucleate
Si/25 nm Ni/SiQ /Si sample showing the first Si grains nucleated on the IMMediately after the onset of Si deposition due to the low
silicide surface. activation energy of formation. Since there are fewer Si at-

oms available at that moment to form the silicide, as com-

pared to a large number of the Ni atoms, the first silicide
from the results of the XTEM analysis, where the Si—NiSi phase to appear is naturally expected to be Ni rich. In other
interface is located between 40 and 120 nm above the sulwvords, while Si is consumed in Ni, metastable Ni-rich sili-
strate level. In order to record the exact thickness of a Ni:Scide initially forms and grows without any detectable
sample at which elemental silicon starts to grow epitaxiallychanges. According to the results of XPS, AES, and RBS,
on Ni disilicide, the surface of several samples, deposited fothis silicide represents the j8i phase. However, the results
5-12 min on 25 nm of Ni, was imaged using SEM. of the TEM and XRD studies do not eliminate the possibility

The SEM technique was chosen for this purpose for twaf NizSi or/and NiSi, formation.
reasons. The first reason is that even though such dependable Continued Si deposition leads to the increased amount of
analytical methods as XPS and AES suggested the Si nucl&i atoms available at the silicide-silicon interface. This, in

200nm 100000X

TABLE I. Summary of the phase formation sequences in metal-induced growth of polysilicon on a Ni prelayer.

Duration of Anticipated Si

Si deposition film thickness Revealed
(min) (over Ni) (nm) Final film composition by
3 25 Pure NjSi RBS
4 35 ~90% NiSH~10% NiSi AES

other minor phases with
1<Ni:Si<2 are possible

5 45-50 NiSi-a small amount of a more XPS

Ni-rich phase (NiSi or NisSi)

12 100 NiS} closer to the substrate AES
(other minor, not Si-saturated phases
are possible
+a thin layer of pure Si on the top

15 120 NiSj layer on the bottom of the RBS
sampletpure Si on the top

60 500-550 A thick Si film-NiSi, underlayer XPS, TEM} XRD*

(1 h) (+a very small amount of N8i,

and NiSi at the very substrate
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turn, results in the transformation of the Ni-rich silicide IV. SUMMARY

phases into the more Si-rich ones, mainly NiSi and possibly, 1,5 e chanism of metal-induced growth of polycrystal-
NisSi, (TEM, XRD). Further increase in concentration of the jine s; thin films for microelectronic applications was stud-
Si atoms at the growth front results in the formation of thejeq ysing XPS, AES, RBS, TEM, and XRD. Silicon was
most favorable phase, NiSiThe Si atoms impinging the deposited by sputtering from a Si target onto a 25-nm-thick
growing film surface diffuse into the Ni film, thickening the Ni prelayer at a temperature of 525—600 °C and yielded a
silicide transition region until all of the Ni is consumed. Al- continuous uniform film. The evolution of the Ni:Si layer
though the presence of thedSi, and NiSi phases in the final composition and structure was investigated by analyzing the
sample structure, revealed by TEM and XRD, is surprisingsamples grown at identical deposition parameters for differ-
it may also be explained. Formation of the most favorableent time intervals in order to identify consecutive stages of
NiSi, phase on the top of the growing film is accelerated byfilm growth.

the constantly increasing amount of the sputtered Si atoms at  The reaction of Ni with Si atoms results in the formation
the surface, which makes deposition rate a parameter of pr§ @ Ni-rich Ni silicide layer at the top of the growing film
mary interest. This NiSilayer prevents further diffusion of ImMediately after the onset of Si deposition. Continued Si
the Si atoms due to the low Si diffusivity in NiSiand deposition leads to the transformation of the Ni-rich$ij

hence, their consumption by i, and NiSi. As a result, the phases into the more Si-rich ones. The Si solubility in Ni

Ni.Si i f the silicide | di tto th b reaches a limit in the most favorable cubic Nigihase
x=ly composition ot the stlicide fayer adjacent to the Sub-, pich at the same time serves as an excellent site for the
strate is not altered by continued Si deposition.

i ) ) ) epitaxial Si growth due to a 0.4% lattice mismatch with Si.
In the meantime, Si atoms continue to arrive at theag g result, Si crystallizes epitaxially over the already estab-

growth front. Since, as stated, the solubility of Si in Ni jished NiSj, crystal network, and a reasonably pure Si film

reaches a limit, the arriving Si atoms bind the already estabemerges on the surface of Ni disilicide. The Si grains nucle-

lished NiS} crystal network due to a goo(D.4%) lattice  ated at the NiSi-Si interface grow in the direction perpen-

match with Ni disilicide. As seen in Figs. 5, 6, and 8, thedicular to the interface providing a Si layer with a columnar

silicide layer exhibits a polycrystalline structure and, hencestructure.

irregular/uneven/rough planar morphology. The first Si
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