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The influence of Pt on solid state reactions in Ni(30 nIn)/Pt(X)/SIep (50 nm)/ Si(001)
(x = 2 nm, 6 nm) nanodimensional films has been investigated. The layers of Pt and Ni
were produced by magnetron sputtering technique on the epitaxially grown 50 nm Si layer
on the top of the monocrystalline Si(001) substrate at the room temperature. Isochronal
rapid thermal annealing of the samples was carried out in nitrogen atmosphere for 30 s in
(450-900)°C temperature range. In the as-deposited films no phase formations were ob-
served. During heat treatments thermally activated solid state reactions began by forma-
tion of intermediate silicide phase of Ni,Si for x = 2 nm, but the formation of this Ni reach
phase was hindered for x =6 nm. Increasing the annealing temperature up to 600°C,
independently from the thickness of the intermediate Pt layer, NiSi, PtSi compounds as
well as Ni;_,Pt Si solid solution have been formed. Two-layered heterostructure has been
observed for x = 6 nm: complex polycrystalline Ni;_,Pt Si phase formed close to the sur-
face, below which the NiSi phase was situated. Decomposition of Ni;_ Pt Si silicide to the
NiSi (and PiSi) phases was observed after annealing above 650°C and 850°C. Si enrichment
at the surface of the Ni;_ Pt Si, NiSi and NiSi, phases is clearly observed on secondary
neutral mass spectrometry depth profiles, which is interpreted as a consequence of the fast
diffusion of Si along the grain boundaries.

WUccaenosano Bamanme Pt Ha TBepmoTelbHBbIe pPEAKIIMM B HAHOPABMEPHBIX ILIEHKAX
Ni(80 mm)/Pt(x)/ Si,,;.(50 mM)/Si(001) (rze x = 2 uM, 6 uM). Crom Pt u Ni momyuensr marze-
TPOHHEIM OCaKAeHHneM Ha cjoii Si Toamumoit 50 HM, SIUTAKCUAILHO BLIPAIEHHLIH Ha MOHO-
KpucTalInueckoii moaao:xke Si(001) mpu xomHaTHON Temmeparype. CKOpOCTHON TepMudec-
KHI OT:KHUI 00pasiioB IIPoBOAMIICA B arMocdepe azora B umHTepBase temneparyp (450-900)°C
B Teuenue 30 c¢. B ocasxmeHHBIX ILTeHKax (asoobpasoBaHue He HaOJMIOJaJOCh. B Ipoliecce
TepMUUECKOll oOpaboTKU TepMUUECK aKTHBHPOBAHHBLIE TBEPIOTEIbHBIE PEAKIIMN HAUNHAIOT-
¢ ¢ 00pasOBAHUA MPOMEKyToUHON cuamiuanoil dasser Ni,Si gra x= 2 uM, HO axa x = 6 HM
opMupoBaHMe dTOM oGoramfeHHoN HuKegeM (hashl 3aTPyIHEHO. Y BeJMUeHNe TeMIepaTyphl
orteura mo 600°C, He3aBHCHUMO OT TOJMIUHLI IPOMEXYTOUHOTO cjios Pt, mpusoxgut K dopmu-
posarmio ¢as NiSi m PtSi u rTBepmoro pacrsopa Ni;_ Pt Si. Hua x =6 mm mabmoganack
IBYXCJOMHAA IeTePOCTPYKTYpa: OJMKe K IMOBEPXHOCTH (POPMHUPOBAIACH CIOMKHAA HOJUKPIC-
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rannnueckaa ¢asa Nij_ Pt Si, muxe xKoTopoil pacmonaranacs ¢asa NiSi. ITocae oTsUTOB TpU
remmeparype 650°C u 850°C cumumup Nij_ Pt Si pacnaganca sa daser NiSi u PiSi. Kornenr-
panyoHHble NPOMUIN, IOJYYEHHBbIE METOJOM MAaCC-CIEKTPOMETPUN BTOPUUYHBIX HelTpasei,
[IPOLEMOHCTPUPOBAIH 0GOralieHrne IIOBEPXHOCTHBIX CJIOEB KPEMHUEM, YTO MOMHO OOBACHUTH
6eicTpolt auddysuein Si BLOJL IpaHUI, 3CPEH.

Ymeopenns i mepmivna cmitikicms ¢gasu NiSi y nHanopo3miprii naiéxoeiii Komno-
suyii Ni(30 nm)/Pt(2 um; 6 um)/Siy, (50 nm)/Si(001). I0.M.Mawxozown, O.I1.Il1asnosa,
C.1.Cudopenro, I'Beddic, /].JI.Bexe, AHux, T.I.Bepbuyvra, O.B.Qizypua, P.AIllkapbanb.

Hocaigseno sBonaus Pt Ha TeBepmorinmpui pearmii y HaHOposMipHHMX miIiBKax
Ni(80 mm)/Pt(x)/Si,, (50 mm)/ Si(001) (ze x = 2 um, 6 mm). Illapu Pt i Ni orpumano marme-
TPOHHHAM oOCafyKeHHAM Ha map Si Topmumoio 50 HM, emiTakcialbHoO BUPOIeHHUN HA MOHO-
kpuctaniuniit migxaagumi Si(001) mpum kimuaTtmift Temmeparypi. IIBugricumii Tepmiunmit
Bigman spaskie mpoBoxmscsa B atmocdepi asory B imrepsasi temmneparyp (450-900)°C mporTsa-
rom 30 c. ¥V ocammennx miaiBkax ($pasoyTBOpeHHA He cmocrepirasocsa. B mpoueci Tepmiunoi
00pobOKY TepMiuHO AKTMBOBAHI TBEPIOTiNbHI peakriiii IIOUMHAIOTHCA 3 YTBOPEHHS IIPOMiKHOIL
cuinuaaoi ¢asu Ni2Si ans x =2 HM, ane ana x = 6 M dopmyBamHa Iiei s36arauenoi
Hikenem ¢asu yrpygHeHe. 30inbplieHHs Temieparypu Bigmaay gpo 600°C, Hesase:xHO Bif
TOBINVHK HOpoMiskHOro mapy Pt, mpussozmte g0 Qopmysamas ¢gasz NiSi i PtSi i tBepmoro
posunry Ni;_ Pt Si. lna x = 6 uM cmocTepiramaca ABONIIAPOBA T'eTePOCTPYKTypa: GamKde 10
moBepxHi (opMyBanaca ckiragHa momikpucrtamiuma gasa Ni;_ Pt Si, mmmxue sa axy posramro-
ByBasaca (asa NiSi. Ilicna Bigmamy mpm temmeparypi 650°C i 850°C cmmimua Nij_, Pt Si
posnagascs Ha (asu NiSi i PtSi. Kornernrpaniiiai npoditi, orpumani MeTOZOM Mac-CIeKTpoO-

MeTpil BTOpPMHHMX HeHTpaJeli,

HPOLEMOHCTPYBAJIN

sbaraueHHsI IIOBEPXHEBUX IIapis

KpeMHieM, 110 MOKHA MOSCHUTHA HMIBUAKOIO AUQysicio Si y3moBK Mex sepen.

1. Introduction

Application of thermally stable, nanodi-
mensional transition metal silicides as func-
tional elements offers the solution of the
following increase of degree of integration,
miniaturization of electronic devices and
their expected exploitation [1-3]. The
silicides are formed in solid state reactions
between the metallic film and the silicon
substrate. In the case of Ni metallic film
deposited on Si substrate, consecutive for-
mation of three silicide phases takes place:
Nio,Si and NiSi at intermediate temperatures
(200-850)°C and NiSi, at 750°C. The nickel
monosilicide — NiSi, which is an intermedi-
ate phase in the solid state reaction between
Ni and Si, appears to be the best, low resis-
tive (~10 uQ-cm) material in microelectron-
ics for the transition to nanotechnology [1,
2]. The formation of NiSi is diffusion con-
trolled process, which provides smooth pla-
nar interface. During its formation the con-
sumption of the silicon substrate is about
30 % less than for the formation of other
silicides, (CoSi, and TiSiy), which, from the
point of view of transition to nanodimen-
sions, makes it acceptable for preparation of
p-n contacts. The phase transformation of
NiSi into NiSi,, having higher electric resis-
tivity, is a problem for the application of
NiSi [4—7]. Since about 75 % of technologi-
cal operations in the productions of mi-
croelectronic devices take place at relatively
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high temperatures after formation of the
silicide layer we are faced with the topical
requirement to increase the thermal stabil-
ity of NiSi and avoid the transformation of
this phase to the high resistivity NiSi, phase
which is the end product of the solid state
reaction between Ni and Si.

Solid state reactions between the film of
Ni and Si substrate were investigated by dif-
ferent groups. It was shown that addition of
few percent of Pt to Ni, besides the forma-
tion of NiggsPtg s alloy, significantly en-
hanced the thermal stability of NiSi [7—12].
Decrease of the size of the electronic de-
vices requires deeper understanding of proc-
esses related to the decrease of the thick-
ness of the silicide film. In this article re-
sults on nanoscale solid state reactions in
Ni(30 nm)/Pt(x)/Siep.(50 nm)/ Si(001) (x =
2 nm, 6 nm) multi-layered system as well as
on the thermal stability of NiSi phase are
described. The role of the intermediate
2 nm and 6 nm thick Pt layer is in the main
focus; its effect on the diffusion, thermally
activated phase formation processes is in-
vestigated. Indeed our work differs from
the previous ones because we deposited Pt
layer on the epitaxial, 50 nm thick Si layer,
grown on the single crystalline (001) Si sub-
strate.

2. Experimental

Epitaxial 50 nm thick Si layer was depos-
ited first (at 800°C, 1079 mbar), then it was
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Table. Different phases in Ni(30 nm)/Pt(X)/Siepit.(E)O nm)/ Si(001) (x = 2 nm, 6 nm) films after
the deposition and heat treatments in nitrogen in 450-900°C temperature interval

Sample After Temperature of the heat treatment, °C
deposition| 55 509 550 600 | 650-800 | 850 900
Ni(80 nm)/Pt(6 nm)/ Ni NiSi NiSi Ni,_, Pt Si NiSi NiSi NiSi,
Sigp (50 nm)/ Si(001) Pt PtSi PtSi NiSi PiSi PtSi PtSi
Ni(80 nm)/Pt(2 nm)/ Ni Ni,Si NiSi NiSi Ni, Pt Si | Ni,_ Pt Si NiSi
Sigp (50 nm)/ Si(001) NiSi PtSi PtSi NiSi NiSi NiSi,
NiSi, PtSi
PtSi
a) d)
i
i |
o
Pt (11 @01y o '
N . ! NiSi  (101) (111) (310) (410)
PtSi 021) (211) (002) (222)
b) o) L
]
NiSi (101 A1) @11) NiSi> (111 (220 @11)
PtSi (211) (112) PtSi (101)(200) (002) (231) @411)
& o
c) . e 6
e
Fig. 1. Photographs of XRD patterns (Co
cathode, K g radiation) of samples
Ni(30 nm)/Pt(6 nm)/Siepit(50 nm)/ Si(001)
after heat treatments for 30 sec at different
temperatures: a) as received; b) after 450°C;
c¢) after 600°C; d) after 650°C; e) after 900°C.
NiSi (101) 11y @) (121)
Ni, ,Pt, Si (110) (101) @ @11y (121)

exposed to ambient, etched in HF and put
into the sputtering chamber. Nanosized
Ni(30 nm)/Pt(X)/Siep' (560 nm)/Si(001) films,
x = 2 nm and 6 nm, were produced by mag-
netron sputtering technique depositing
30 nm Ni and 2 nm or 6 nm Pt layers on the
epitaxially grown 50 nm thick Si layer at
room temperature. The substrate was single
crystalline (001)Si. Isochronal heat treat-
ments of the samples in nitrogen atmos-
phere were carried out between 450°C and
900°C in 30 s steps. The solid state reac-
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tions were investigated by X-Ray Diffrac-
tion (XRD), and resistometry. Furthermore,
it was shown recently that depth profiling
by SNMS technique is a very suitable tool
for the investigation of nanoscale solid state
reactions [13]. Thus we investigated our
samples by this technique too. The vyield
versus sputtering time SNMS functions
were converted by a usual procedure to com-
position versus depth profiles [13].

For the determination of the phases
Debye-Scherrer photographs of the XRD

Functional materials, 20, 3, 2013
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Fig. 2. Composition profiles of the components in Ni(80 nm)/Pt(6 nm)/Siep_(50 nm)/ Si(001) film
after the deposition (a) and heat treatments at 450°C (b), 650°C (¢) and 900°C (d) for 30 s.

patterns, obtained by using Co anode, were
taken (with long exposition times of 86 h
duration) and the electrical resistance was
also measured by the four point method.

3. Results and discussion

The results of the phase analysis, carried
out on the basis of the XRD data, are col-
lected in Table. In the XRD patterns of the
as-received samples the reflections of Ni, in-
dependently of the thickness of Pt layer,
and the reflections of Pt (in samples with
6 nm thick Pt layer) could be identified
(Fig. 1a). The results clearly indicate that
there were no formations of new phase dur-
ing the sample preparation. Sharp and
smeared out Debye rings refer to a disperse
structure of the films.

Composition depth profiles, obtained
from SNMS show sharp interfaces between
Ni and Pt confirming that there was no inter-
mixing during deposition (Figs. 2a and 3a).

Fig. 1b shows that at 450°C textured NiSi
and PiSi phases formed in system with 6 nm
thick intermediate Pt layer. Heat treatment
at 600°C leads to a qualitative change in the
XRD picture (Fig. 1lc): ternary polycrystal-
line Ni;_,Pt,Si phase have been formed. The
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reflections of this phase in the XRD are
continuous lines. By increasing the anneal-
ing temperature up to 650°C the ternary
silicide Ni;_,Pt,Si decomposes into NiSi and
PtSi (Fig. 1d and see also Table). After fur-
ther annealing in 650—-800°C interval, only
textured NiSi and PitSi phases can be identi-
fied. The phase transformation of NiSi
silicide into the final product NiSi; can be
observed after heat treatment at 850-900°C
(Fig. 1e and Table). The amount of the PtSi
phase, according to the weak reflections in
Fig. 1, was always much less than the
amount of the NiSi phase.

According to Fig. 2b, at 450°C interdif-
fusion of Ni, Pt and Si takes place and the
reaction layer formed is about 80 nm thick.
It is interesting that Pt is present in the
first part of the reaction layer (closer to the
free surface up to about 40-50 nm) and vis-
ibly replaces Ni atoms, as compared to the
second part of the reaction layer. The aver-
age composition of the reaction layer corre-
sponds to Nig 4Sig g. Furthermore there is an
enrichment (segregation) of Si at the free
surface.

From the composition depth profiles ob-
tained after 650°C (Fig. 2c¢) it can be seen
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Fig. 3. Composition profiles of the components in Ni(80 nm)/Pt(2 nm)/Siepit_(E)O nm)/ Si(001) film
after the deposition (a) and heat treatments at 450°C (b), 650°C (¢) and 900°C (d) for 30 s.

that, besides the increase of the reaction
layer thickness, Pt distribution became more
homogeneous in it, but still there is a step
in Pt composition at about 70 nm. From the
SNMS profile taken after 650°C, the phase
with a composition about Nig 44Ptg 0oSig 57 of
70 nm thick and Pt-free layer with the com-
position of about Nij45Sig5g of 30 nm thick
can be seen (Fig. 2c¢). Taking into account
the accuracy of the determination of such a
low Pt concentrations by SNMS, one can
only conclude that the Pt content of the
ternary phase is between 2 % and 5 %.

After heat treatment at 900°C, the depth
profile shows that Si reach phase (with a
composition corresponding to Si-rich NiSiy)
has been formed and diffusion of Ni can also
be observed from the silicide layer into the
Si one (Fig. 2d). This leads to increase of Si
content in the silicide and to the change of
its phase composition. The thickness of this
Si reach phase is about 200 nm and Pt is
homogeneously distributed in the reaction
layer.

It can be seen in Fig. 4 that the electrical
resistance of the samples remains constant
in the interval of (450-550)°C, which is fol-
lowed by a "peak” between 550°C and

336

650°C. According to the XRD data a peak in
the electrical resistance can be attributed to
the formation of a ternary polycrystalline
Ni;_,Pt,Si phase.

After annealing in (650-850)°C interval
the electrical resistance becomes again equal
to the resistance of the samples heat treated
between 450-550°C. According to the XRD
data only NiSi and PtSi phases are present
and there is no detectable change in the
electrical resistance. By increasing the an-
nealing temperature up to 900°C a sharp
increase in the electric resistance appears
which could be the result of a formation of
the high resistive NiSi, disilicide (Fig. 4)
and/or the disintegration of the film.

It is worth noting that the formation of
the above ternary Ni;_,Pt,Si phase was also
observed in [6—8] and [14-17]. For instance
it was shown in [14] that before the forma-
tion of Niy_,Pt,Si ternary phase, during heat
treatments at low temperatures, a two-lay-
ered heterostructure of Nij_,Pt,Si-Niy_,Pt,Si
forms, from which the homogeneous ternary
phase develops at higher temperatures. The
formation of this ternary phase can be ex-
plained by the Hume-Rothery’s rules: in bi-
nary solid alloys extended solid solubility

Functional materials, 20, 3, 2013
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Fig. 4. Temperature dependences of the resis-
tance of Ni(30 nm)/Pt(X)/Siep'(50 nm),/ Si(001)
(x = 2 nm, 6 nm) samples.

exist only if the components have the same
crystalline structure and parameters of
their unit cells differs by less than 15 %
[14, 15]. Pt with silicon forms PtSi phase
which has the same crystalline structure
(orthotombic MnP type with Pnma space
group) as the NiSi silicide. Since both above
silicides have identical crystalline structure
and the difference in the lattice parameters
is inside 15 % limit, thus NiSi-PtSi solid
solution, with complete solute solubility,
may form. The lattice parameter of this ter-
nary Ni;_,Pt,Si phase depends linearly on Pt
concentration between the lattice parame-
ters of NiSi and PiSi. The formation of the
ternary phase can lead to increase of the

a)
NiSi 01y (©20) (111)/ @11) 310) (130)
Ni2Si (220) (301)
b)
o
Vai
‘% T
NiSi (101) (020) (120) @11)

NiSi

Ni,,Pt, Si (110)

electrical resistivity in (550-600)°C tem-
perature interval (Fig. 4).

The phase transformations in the system
with 2 nm thick intermediate Pt layer start
under heat treatment at 450°C. As a result
of interdiffusion, Ni,Si and NiSi intermedi-
ate phases grow (Fig. ba). Increasing the an-
nealing temperature up to 500°C there were
no changes in the diffraction pictures (Table ).
This indicates that the phases in the inves-
tigated films did not change. After heat
treatment at 600°C polycrystalline NiSi and
PtSi phases can be indentified with textured
structure, as it is illustrated in Fig. 5b. The
amount of the PtSi phase, according to the
weak reflections in Fig. 5, was always much
less than the amount of the NiSi phase.

Heat treatment at 650°C leads to a fur-
ther change of the XRD pictures observed
(Fig. 5¢): polycrystalline ternary Ni;_, Pt Si
phase, free of the texture, is detected. This
coexists with the NiSi phase. In the XRD
picture continuous lines as well dashed re-
flections correspond to Ni;_,Pt,Si as well as
NiSi phases, respectively.

After increasing the annealing tempera-
ture up to 850°C the Ni;_,Pt,Si and NiSi
phases were detected and the NiSi, phase
was formed too i.e. NiSi silicide partially
transformed to NiSi, disilicide. As it can be
seen from Table Ni;_,Pt,Si is present in
(650-850)°C interval.

The results of SNMS depth profiling
after annealing at 450°C, 650°C and 900°C

c)

(101" (©20) (111) (211) (121) (310)
(101)  (020) (111) (211) (121) (310)

d)

NiSi, (111) /

NiSi (101) (020) (111) (211)

(220) (311

(121)  (310)

Fig. 5. Change of the phases in Ni(80 nm)/ Pt(2 nm)/Siep_(50 nm)/Si(001) films during heat treat-
ments in nitrogen atmosphere at 450°C (a), 600°C (b), 650°C (c), 900°C (d).
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are shown in Fig. 8 (38b, 3¢ and 3d, respec-
tively). Fig. 8b illustrates that Ni,Si layer
(about 15 nm thick) has been formed at
450°C and there is a relatively long tail at
deeper penetrations (similarly as in Figs. 3c
and 3d). Fig. 3c shows that NiSi layer (with
composition of Nij45Sig55) is present close
to the surface. After heat treatment at
900°C, the formation of NiSi, disilicide
layer is observed. It is difficult to get a
definite conclusion on Pt distribution (the
amount of Pt is close to the detection limit)
but it seems to be homogeneously distrib-
uted inside the reaction layer (Fig. 3b—3d).

It can be seen from Fig. 4 that there is
an increase of the electric resistance, after
the heat treatment at 500°C, reaching a
peak at 550°C. This can be attributed to the
formation of the ternary alloy (Table). At
600°C it drops down and then gradually in-
creases up to 850°C. The drop of the resis-
tivity above 850°C in Fig. 4 can be attrib-
uted to the disappearance of the ternary
phase (see Table) which is in accordance
with the results of [8].

The experimental results presented in
this paper show that the presence of the
intermediate Pt layer stabilizes the NiSi
phase and hinders the formation of NiSi,
phase in Ni(30 nm)/Pt(6 nm)/Siep_(50 nm)/
Si(001) samples. The intermediate Pt layer
of 6 nm thick, which is deposited on the
silicon substrate, is five times less than the
thickness of the 30 nm thick Ni layer, and
thus the concentration of Pt, as an alloying
component in the Ni, was not higher than
20 %. In [7, 8, 15—17] the increased ther-
mal stability of NiSi has been discussed. For
example the authors of [8] explained an in-
crease of the thermal stability of the NiSi
phase formed in the Ni layer alloyed by Pt,
by two reasons: 1) formation of the high
texture Ni(Pt)Si films considerably decreases
the interface energy o of (NiSi/Si) interface
and increases the interface energy change
Ac of NiSi+ Si — NiSi, reaction; 2) forma-
tion of the NiSi(PtSi) solid solution decreases
the formation Gibbs free energy, AG(NiSi),
and thus results in smaller absolute value
of AG for NiSi + Si — NiSi, reaction. Conse-
quently Pt additions increase the activation
energy of nucleation of NiSiy, which is pro-
portional to Ac3/AG2, and thus enhances the
thermal stability of NiSi.

Our results suggest that in the nanolay-
ered Ni/Pt/Si(001) system the role of Pt in-
termediate layer in the diffusional phase
formation is analogous to the role of Pt in
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(Ni + Pt)/Si(001) system with Ni layer al-
loyed with Pt. The only difference is that in
Ni/Pt/Si(001) system with the thicker (6 nm)
Pt intermediate layer the textured NiSi and
PtSi phases have been formed, having lower
electrical resistivity and higher thermal sta-
bility than in the system with thinner
(2 nm) Pt intermediate layer.

5. Conclusions

It was shown that the presence of the
intermediate Pt layer stabilizes NiSi phase
and hinders the formation of NiSi, phase.
The complex Ni;_,Pt,Si phase forms in the
system with 6 nm thick Pt layer at 600°C,
which is lower by 50°C than in the system
with 2 nm thick Pt. The phase of Ni;_,Pt,Si
decomposes into NiSi and PtSi phases in the
samples with 2 nm Pt after heat treatment
at 850°C, while in the samples with 6 nm
thick Pt this took place after heat treatment at
650°C. In the both cases (2 nm and 6 nm Pt
layers) SNMS profiles show Si enrichment
at the free sample surface (except the result
obtained after 450°C for 2 nm intermediate
Pt layer, where Ni,Si phase was formed at
the surface) and the increase of electrical
resistance could be attributed to the pres-
ence of the ternary Ni;_,Pt,Si phase. Intro-
duction of the intermediate Pt layers Dbe-
tween Ni and Si(001) substrate increases the
thermal stability of NiSi as compared to the
stability of this phase Ni/Si(001) system
without Pt by 100°C (up to 850°C).
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