PHYSICAL REVIEW B VOLUME 57, NUMBER 15 15 APRIL 1998-I

Structural and electronic property evolution of nickel and nickel silicide thin films
on Si(100) from multicore x-ray-absorption fine-structure studies
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We report an x-ray-absorption fine-structu@#\FS) investigation of a series of nickel and nickel silicide
thin films prepared by magnetron sputtering nickel ofi@0) substrates and sequential annealing procedures.
XAFS at the NiK edge, SiK edge, and SL 3, edge have been used to monitor the structure and bonding
systematics at different stages of the silicidation process. It is found that the as-deposited film exhibits notice-
able intermixing at the Ni-Si interface at room temperature, leading to the formation of a Ni-rich silicide in the
vicinity of the interface; as the annealing temperature increases, predominantly NiSi apdohéSes are
sequentially formed. It is also shown thatlSj,-edge studies using total electron yield and fluorescence yield
are ideally suited for noninvasive characterization of silicide thin filf8€163-1828)01115-1

[. INTRODUCTION ditions for the specific films used in this investigation were
Ar pressure, 2.00 Pa; Ar flow rate, 447 sccm; rf power 200
e\N and target self-bias; 116 V. The Ni films were annealed
ex situat successively higher temperatures from 300 °C to
850 °C in steps of 50 °C for 30 sec at each temperature in
dry N, ambient in an RTA(rapid thermal annealingystem.

The specimens and their preparation conditions are summa-
qlzed in Table I.

Si K-edge measurements were carried out at the Double
Crystal Monochromator beamline of the Canadian Synchro-
tron Radiation Facility(CSRF located at the Ednor M.
Rpowe Synchrotron Radiation Center, University of

isconsin-Madison near Stoughton Wiscon&®0 MeV/1
GeV, typical injection current 250 mA InSK(111) crystal
'monochromators were used. ISj -edge measurements were
also carried out at the CSRF grasshopper beamline using a
1800 lines/mm grating, which provides a photon energy
resolution of less than 0.1 eV at thelSj, edge(~100 eV).

Ni K-edge measurements of the films were carried out with a
Si(111) double crystal monochromator at the X11A beamline

Metal thin films on Si substrates and their interaction ar
of considerable interest in connection with the self-aligned
silicidation (salicidation process in which metal silicides are
prepared by metal deposition on 4150 wafer followed by
rapid thermal annealingRTA). This technique is widely
used in integrated circuits to reduce polysilicon interconnec
resistance and silicon source/drain contact resistance in mo
ern CMOS (complimentary metal oxide semicondugtor
processed? As device dimensions shrink, the electrical and
mechanical integrity of the silicide with reduced vertical and
lateral dimensions becomes an issue. It has been report
that titanium disilicide (TiSi), a commonly used silicide,
exhibits significantly increased resistance as the lateral di-
mension shrinks to sub-half-micrdf. It has also been re-
ported that for nickel silicide%? the sheet resistance remains
unchanged even for linewidths down to Quin, thus show-
ing potential for applications in the next generation of ULSI
(ultralarge scale integratgdircuits.

It appears that studies of the electronic structure system-
atics of metal-silicon interaction in unusual dimensions sucly of the x-ray ring(2.5 GeV,, typical injection current 200 mA

as thin films, submicron lines, etc. will advance the under'Btro:)i?waNezﬁlol\llq:tlor?e){lnchrt;);rrg?orngl\r;lteaiolrjé;é;lnstls_sgt ?\tlSLS
standing of the behavior of metal silicide films produced by v : y u

the salicidation process. Information from these studies maiyere carried out in a He atmosphere using both TEKal

in turn be used to modify the process. In this paper, we TABLE I. Summary of samples and preparation conditions.
report a study using site and sampling depth sensitive core

level x-ray-absorption fine-structur¢XAFS) to investigate  sample Description
a series of blanket nickel films on (8D0), representing
stages before, during, and after silicidation. Ni-Si(1) ~ Ni (50 nm onn-Si(100), as-deposited
Ni-Si(2) Ni (50 nm on n-Si(100), rapid thermal annealed
Il. EXPERIMENT at 300 °C/30 sec
Ni-Si(3) Ni (50 nm on n-Si(100), rapid thermal annealed at
Ni films of a thickness of 50 nm were sputter deposited 300 °C/30 sec, 350 °C/30 sec, 400 °C/30 sec,
onto chemically clean, lightly P-doped, 4-€¥cm, n-type, 500 °C/30 sec
Si(100 single-crystal substrates in a UHV magnetron SPUt-N;-Si(4) Ni (50 nm on n-Si(100), rapid thermal annealed at
tering system with a base pressuresob X 1077 Pa. Details 300 °C/ 30 sec, 350 °C/30 sec, 400 °C/30 sec,
of the chemical cleaning process and the sputter-deposition 850 °C/30 sec

system have been described previolsThe deposition con-
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electron yield and FLY (fluorescence yield’ Measurements
with soft x rays and VUV at CSRF were made in a vacuum
chamber using both TEYdrained currentand FLY (chan-
nel plate detecto~12 The surface was degreased with or-
ganic solvents in an ultrasound bath prior to introduction into
the chamber; ion sputtering was deliberately avoided.

Ni K-edge EXAFS(extended x-ray-absorption fine struc-
tureg were extracted from the absorption spectrum using
standard procedures and were analyzed with Fourier trans-
form (FT) techniques after background removal using a
spline and normalizatiof® Bond lengths were obtained us-
ing the theoretical phase and amplitude pack@dge~F9 of
Rehret al 4
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Let us consider for the moment the complexity of the Photon Energy (eV)

system and how multielement, multicore XAFS can facilitate
the unde_r_standing.of the eIgc_tronic structure of the system. FIG. 1. SiK-edge XANES(TEY) for the Ni-Si system de-
When Ni is deposited on Si, intermixing may occur at the
interface. Upon annealing, further intermixing and com-
pound formation will take place. In order to probe the Nitween the surface oxide and the Si substrate. In addition,
silicide layers between the Si substrate underneath and thgnce ion sputtering is not required for FLY, the risk of dam-
unreacted Ni overlayers, or native oxide on the surface whegge to the film by ion sputtering, which is required in pho-
the film is exposed to the ambient, site and sampling deptfoemission experiments, is nonexisteht®
selectivity is crucial. We show below that the multicore |t is clear from the above analysis that Kiedge with
XAFS approach does provide some selectivity for the Ni-SITEY detection is most sensitive to Si in the vicinity of the
system. Ni-Si interface and in the Ni silicide layers, Nf-edge
We first consider the photoabsorption characteristics at NfTEY) is most sensitive to the near surface Ni overlayers and
K(~8333 eV}, SiK(~1840 eV}, andL 3, (~100 eV edges. Sj L5, edge with FLY detection is most sensitive to the
The one absorption lengths glattenuation are approxi-  “bulk” of the silicide film which is the main concern of this
mately 3.38um, 1.3um, and 50 nm for the NK edge, SK study.
edge, and SiL3, edge, respectively, with corresponding
core-hole lifetime broadenings of 1.44, 0.5, and 0.015 eV, IV. RESULTS AND DISCUSSION
respectively. It is apparent from the above information that
the absorption coefficients alone immediately point to the
near-surface and high chemical sensitivity of thé. $} edge Figure 1 shows the 3{-edge x-ray-absorption near-edge
because the one absorption length is comparable to typicatructure(XANES) obtained with TEY for the Ni-Si films
film thickness(Table ) and the core-hole lifetime broaden- (Table |) together with that of an ambient and a clea(l80)
ing is very narrow. Although the sampling depth sensitivitywafer. The difference curve between ambient and clean
in yield measurements is also and more often than not detegi(100), which represents the XANES of the surface native
mined by the escape depth of electrons and fluorescenesxide (typically <1 nm)*?is also shown. The corresponding
photonst>8in the case when the one absorption length isFLY (not shown exhibits only the XANES of crystalline Si.
short, the photon penetrating depth becomes important as ibis interesting to note that although the as-deposited film,
the case of SL;, edge. Thin metal silicide films with the Ni-Si(1) was covered with 50 nm Ni, we still see signals
described thickneséTable |) will absorb practically all the from the Ni-Si interface region and the substrate underneath.
incident photons at these energies. This is because the penetrating depth of the photon at the Si
The total electron yield technique is particularly sensitiveK edge is considerably larger than the thickness of the Ni
to the first several nm of the film due to the short escapdilm. The Si in the Ni-Si interface is most sensitive to kSi
depth of the electrons in the soffd*>!®therefore it is a edge TEY detection since Ni absorption is monotonic in this
preferred method for Ni and $i-edge studies of thin nickel energy region, it reduces the flux but does not modulate the
silicide films. Fluorescence technique samples at least te8i K-edge XAFS. We can see from Fig. 1 that the as-
times the deptt'® and is normally considered as a bulk deposited film, labeled Ni-§l), is noticeably different from
technique for dilute samples and thin films. Thus a combinedhat of clean Si100) and significant changes occur upon fur-
TEY and FLY study of the absorption spectrum of the filmsther annealing.
at the SiL 3, edge can reveal nondestructively both the sur- Figure 2 shows the NK-edge XAFS of the exact films
face (typically <1 nm) of the film that has been exposed to together with that of a Ni foil recorded in the TEY mode.
the ambient and the “bulk” metal-silicon layefs>50 nm FLY detection yields nearly identical XAFS for the films. In
that are underneath with negligible influence from the Sicontrast to the SiK-edge results, the XAFS for the as-
substrate. Therefore, 8k redge XAFS using FLY detection deposited film looks the same as that of the Ni foil while
would reflect primarily the properties of the silicide film be- progressive change in both the XANES and EXAFS are evi-

scribed in Table I.

General observations
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crystalline silicon. A small shift—0.4 eV) in threshold en-
ergy, defined as the point of inflection of the rising edge, is
also seen. The widening of the white line and the blurring of
the doublet indicate the presence of a new phase in which the
long-range Si-Si interaction that results in the doublet is dis-
rupted as a result of Ni-Si interactidf. This noticeable
change must arise from intermixing between Si and Ni atoms
at the interface and the interface Si signal contributes signifi-
cantly to the SiK-edge spectrum. Since the film was pre-
pared in a ultrahigh vacuum chamber and the Si surface was
R e covered with 50 nm of Ni, the Si surface is well protected
8320 8340 8360 8380 from oxidation; it is unlikely that these resonances are of an
. T . w oxide origin unless the entire as-deposited film is converted
8200 B400. 8600 8800 9000 9200 to silicide; we show below that most of the Ni overlayer
Photon Energy(V) remains intact. Besides, silicon oxide, which exhibits a char-
FIG. 2. NiK-edge XAFS(TEY) for a Ni foil and the films; from  acteristic resonance at1847 eV, does not exhibit any sig-
top to bottom: Ni-Si1); Ni-Si(2); Ni-Si(3); Ni-Si(4). The XANES  nificant feature below 1845 eV. The observation that the in-
are also shown in the same order in the inset. tensities for both resonances increase upon initial annealing
with no change in spectral pattern and threshold energy in-
dent upon annealing. These results readily suggest that gicates that further intermixing occurs without phase change
and NiK-edge XAFS recorded with TEY are probing differ- [Ni-Si(2), Table I|. The intermixing would most likely yield
ent depths of the film. a Ni-rich silicide phase with a characteristic resonance at
The corresponding i, ~edge XANES for the films re- 1844 eV. An estimate based on a recent depth profile
corded by FLY are shown in Fig. 3 together with those re_analylsé2 shows that the region of intermixing at the inter-
corded in TEY for a clean §100) wafer and the Ni-§B)  face is of the order of several nm.
film. Dramatic difference between TEY and FLY XANES As seen in Fig. 2, the NK edge of the as-deposited film
for Ni-Si(3) and different spectral features for the films Ni-Si(1) exhibits XAFS indistinguishable from that of a Ni
treated under different conditions are clearly visible. foil in contrast to the SK-edge results where the XANES
for the as-deposited film is significantly different from that of
] ) Si(100). This result indicates that the Ni-Si intermixing evi-
Siand NiK-edge XAFS dent in the SK-edge spectra is confined to the vicinity of the
Let us first consider the most prominent features at the Sinterface of the as-deposited film and is not detected under
K edge for the as-deposited and the mildly annealed filmg¢he present experimental conditions. This is because Ni
shown in Fig. 1. The SK-edge XANES of the as-deposited K-edge XAFS recorded by TEY is dominated by signals
film, Ni-Si(1), and the film annealed to 300 °C, Ni¢®) (see  from the near surface region above the interface. For a
Table ) exhibit XANES features significantly different from 50-nm Ni film, for example, if the first-40 nm Ni remains
that of clean SiL00) at the SiK edge. Most noticeable are intact, the unreacted Ni will dominate the signal and the
the presence of the resonances-dt844 and 1847 eV and intermixed Ni-Si layers underneath would make relatively
the broadening of the characteristic white line doublet forlittle contribution to the signal. The N{-edge XAFS for the
film after modest temperature annealifigi-Si(2), 300 °C,
Table [] shows a noticeable reductidr-40%) in amplitude
and a broadening of the EXAFS oscillations although the
pattern remains that of the fcc Ni. This together with the
increase in SK-edge resonance intensity at 1844 and 1847
eV for the Ni-rich silicide phase indicates that the thickness
of the intermixing region has increased significantly and is
moving towards the surface although it is still underneath the
unreacted Ni overlayers. An estimate yields an upper bound
Ni-Si(2) of 30 nm. This situation is also confirmed by the correspond-
M ing SiL;edge TEY XANES(see below; which show no
Si signal for these samples.

w Annealing at higher temperature induces significant

changes in the spectra. For Ni®i (500 °C, Table ), its Si
K-edge XANES(Fig. 1) exhibits a much wider white line
Ni-Si(3) TEY and the pattern characteristic of the Ni-rich phase and crys-

0 o s T talline Si is no longer seen. A comparison of this spectrum
Photon Energy(eV) v_wth Si K-edge XANES .for nickel silicides from thg .
& literaturé® shows that the film has been converted to NiSi.
FIG. 3. SiLzr-edge XANES(FLY) for Ni-Si films, Ni-Si(1), This is confirmed by x-ray diffraction. A9-26 scan in a
Ni-Si(2), Ni-Si(3), and Ni-S{4) (NiSi,), the TEY for Ni-Si3) is  diffractometer gave reflections ap 2ngles corresponding to
also shown. reflections from different planes of the orthorhombic NiSi
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FIG. 4. Fourier transform of NK-edge EXAFY x(k)k?]. The FIG. 5. Comparison of NK-edge EXAFS of Ni with Ni-Si2).
vertical bars mark the positions of neighboring shells. The difference curve after scaling the Ni EXAFS to match that of

Ni-Si(2) is shown in the lower panel. This curve represents the
phase. Auger electron spectroscopy further confirmed th&li-Si EXAFS of Ni in the Ni-rich silicide in the vicinity of the
composition as NiSi, which was uniform throughout the interface.
thickness of the layer. The corresponding Wiedge XAFS
also changes drastically: the fcc-like oscillations are replacedisible in Ni-Si(2) albeit with reduced amplitude and a shoul-
by an entirely different pattern and new resonances emergger at the smaller side of the first-shell Ni-Ni peak
just above the thresholéhset, Fig. 2: The NiSi film .exh|b|ts_ emerges. The films, Ni$Ni-Si(3)] and NiSi [Ni-Si(4)], re-
shifts of —0.6 and 0.8 eV, respectively, at the Si andWi  sylting from subsequent annealing at higher temperatures
edge relative to the elements. Further annealing induces stifilearly show the expected radial distributions from their
another change as seen in the spectra for MjSB50 °C,  MnP and Cak type crystal structure¥, respectively. NiSi
Table ). The SiK edge(Fig. 1) shows some sharp features shows two peaks for the Ni-Si and Ni-Ni interatomic dis-
just above the threshold characteristic of localized densitiegances; the NiSiresult yields a Ni-Si interatomic distance of
of unoccupied states. The sharp resonance at 1847 eV $6328+0.002 A, in excellent agreement with results from
largely due to surface oxide and to a lesser extent the Sirevious analysis of NiSifilms®® (2.37+0.03 A) and the
dumbbell structuor_ezzin all metal silicides with Cafand  p NiSi, value (2.336 A). Using NiSj, as a reference we
MoSi, struc?ures’. Surface oxides are inevitably present gpiain the nearest Ni-Si and Ni-Ni interatomic distances of
since the films have been exposed to the ambient aftes 34001 A and 2.620.01 A respectively, for NiSi. We

. 3 . . . . . — ' . . ’ 1 .
prepar%tmr?. A comparison with literature SiK-edge  haye also attempted to extract the average nearest Ni-Si in-
results® reveals that the film Ni-$4) is converted to a Ni$i  teratomic distance in the interface by removing the Ni-Ni
phase. Again, this conclusion is confirmed by x-ray diffrac-contripution to the overall XAFS signal in thé-edge data
tion and Auger spectroscopy. This film exhibits no measuryg, Ni-Si(2). This was done by scaling and matching the Ni
able edge shift in SK edge but a noticeable shift of 1.5 eV jetal EXAFS to that of Ni-3P) so that theiry(k)k? at k
at the NiK edge. We show below that the nature of the film ~ 12 A-1 coincide. This procedure is based on the fact that
is also confirmed by the NK-edge EXAFS and that the he Sj packscattering amplitude peaks in the lowegion
t_hreshold energy shift can be attributed to charge redistribusng decreases very rapidly in highwhile the amplitude for
tion upon silicide formation. Ni peaks in the midk region. This is illustrated in Fig. 5

_ where the difference curve is dominated by a single sinu-
Ni K-edge EXAFS soidal wave whose high-region is nearly flat. Thus we can

x(K)k2, for all the films as well as that of a Ni foil. It can be distance in the Ni-rich phase in the vicinity of the interface.
seen that the as-deposited film, Nidj exhibits the usual FT analysis yields a value of 2.5%.01 A which is longer
pattern for fcc Ni of which the first several shells are clearlythan that of the Ni-Si bond in Nigi, but shorter than that in
visible. The slight difference in amplitude between a thin NiNiSi.
film on Si and a thick Ni foil is probably the result of thick-

ness effect and perhaps a slightly different Debye-Waller
factor for the film. These issues do not affect our discussion
and will not be pursued further here. The most significant As noted above, the one absorption length at the Si
feature is the trend. The similarity between the FT of thel ; -edge photon energyt00 e\) and hence its fluorescence
as-deposited film and the Ni foil confirms that the intermix- energy(~90 eV) as well, is~50 nm, directly comparable to
ing of Ni and Si evident in the SX-edge analysis is limited the thickness of the film. Thus the FLY signal would be
to the vicinity of the interface which contributes little to the dominated by the bulk of the silicide film with negligible
Ni EXAFS. After the first annealing, the fcc pattern is still contributions from the Si substrate.

Si L3 edge XANES
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Returning to Fig. 3, several important features are appar-
ent. First, the dramatic change in sampling depths can be
seen in the TEY and FLY XANES for the Ni-&) film,
which is essentially NiSi. The silicide spectrum, invisible in 0.00 i
TEY, is clearly revealed in FLY. Second, there is a large 500 000 500 10.00
chemical shift between the surface oxide and the silicides. Energy (eV)

This difference(~5 eV) together with high instrument reso-
lution (~0.1 eV) provides a very useful chemical window to
study the electronic structure of the silicide without the in-
terference of the oxides which are inevitably present on the . ) o
surface. Third, for the as-deposited and low-temperature argnergy as Si becomes more dilute in Ni while the corre-
nealed films, the interface cannot be revealed even by FLY¥Ponding NiK-edge threshold shifts to higher photon energy
Since most of the incident and ﬂuorescence photons are an the SiliCides. Th|S result at |tS face Value indicates that S|
sorbed by the Ni films of which the upper layers remain9ains charge and Ni loses charge upon silicide formation.
intact. The result also indicates that no Si diffused to thelhis is an interesting result in connection with electronega-
surface. This confirms the Nk-edge observation that the tivity considerations since Pauling’s scale shows that both Si
intermixing region is confined to the vicinity of the interface @nd Ni have identical electronegativity. Thus the apparent
under the unreacted Ni overlayers. The oxide features for theharge transfer must be viewed in terms of charge redistri-
silicide films are largely due to surface oxides and in the casution. We argue that Ni favord—s and Si favorsp—s
of as-deposited and low-temperature annealed films due tghybridization upon silicide formation. This is reasonable
scattered light detected by the channel plate which is madgince in the silicides, the Ni-d interaction is reduced and
of silicon oxide. Both silicide and silicon oxide signals are the Si-metal bond will deviate significantly frosp® hybrid-
absent in the TEY spectrum of Ni3) and Ni-S{2) (not ization from the Si perspective. A reduction ird Iharge
shown. Finally, from the figure we can clearly see a chemi-count at the Ni site will increase the binding energy of all the
cal shift of the SiL; andL, thresholds between the silicides core levels even if the depletion is fully compensated by a
and pure silicon; the shift is in the same direction as obgain ofs charge, this is because thecharge is more com-
served in the SK edge: NiSi exhibits the largest shifc0.5  Ppact and screens the nucleus better than thehdrge. As for
eV) and NiSj, exhibits a smaller but measurable stiift0.1  the Si, any change fromp® hybridization as well as metal Si
eV). bond formation will increase thecharacter at the Si site and
hence the screening leading to negative shifts. It is conceiv-
able that this parameter when measured accurately will con-
tribute to the revelation of subtle changes in electronic struc-
It is interesting to investigate the shifts in threshold en-ture of thin films and submicron lines.
ergy (E,) of the silicide films relative to the elements. TKe
edge arises from a transition of an electron from thdelel
to the lowest unoccupied state pfcharacterbottom of the
conduction band in semiconductors and Fermi level in met- Figure 6 shows the threshold region of the.§i, edge for
aly). It appears that the ¥ edgeE, shifts to lower photon the two films NiSi and NiSji as well as SiL00) and their Si

FIG. 7. Partial densities of staté8DOS for Si and Ni in NiSp
from a recent calculatiofRef. 26. Fermi level is at 0 eV.

Charge redistribution upon silicidation

Correlation of XANES features with band calculations
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and NiK-edge counterparts aligned to the inflection point ofels, we can enhance the XAFS probing capability by sam-
the rising edge of the white line. Resonances for thé.Si  pling different atomic sites and depths from the surface. The
andL, edges, separated by a spin-orbit coupling of 0.6 eVuse of NiK, Si K, and SiL3, edge XAFS in this study
are marked with vertical bars. The partial densities of stateallows us to monitor the electronic interaction at various
(PDOS for NiSi, from a recent calculatidfi is also shown stages of the silicidation process. Of particular interest is the
in Fig. 7. We have also carried out similar calculations,Si L3, edge using TEY and FLY detection schemes where
which yield almost exactly the same results. We see that ththe inherent narrow core levels and chemical shifts between
SiK andLj;,edge XANES for NiSj is in qualitative agree- silicon oxide and silicide, and the suitable sampling depth
ment with the calculation in that the first two resonances aprovides an excellent opportunity to monitor the systematics
the SiLs, edge correspond to the Si PDOS ©tharacter of the electronic structure of these films in some detail. The
within the first 3 eV above the Fermi level while the first results reported here clearly show that single phase NiSi and
three resonances at the ISiedge correspond to the three Si NiSi, blanket films can be prepared under controlled condi-
PDOS maxima op character. The assignment for the NiSi tions. Noticeable threshold energy shift between silicide and
Ni K edge can also be made based on the calculation for thgure element is observed despite identical electronegativity
Ni PDOS although it is less certain due to weak absorptiorfor Ni and Si, and is attributed to charge redistribution. The
and core lifetime broadening: the first peak above the threshXANES features are in good agreement with DOS calcula-
old corresponds to the first maximum of the Ni DOSmf tions indicating that the XANES features are of a single par-
andd character. No NiSi calculation is known to us but in ticle origin and can be used to identify the phase of the
the same wor¥ the DOS for a Ni rich silicide, NiSi was  silicide films. These techniques are now being extended to
also calculated. The result shows two Si DOS maxima of the study of submicron metal silicide lines.

character within the first 5 eV above the Fermi level not
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