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Formation of platinum-based silicide contacts: Kinetics, stoichiometry,
and current drive capabilities

G. Larrieu, E. Dubois,® X. Wallart, and X. Baie
Institut d’Electronique de Micrdectronique et de Nanotechnologie, IEMN/ISEN UMR CNRS 8520,
Cite Scientifique, Avenue Poincarg9652 Villeneuve d’Ascq Cedex, France

J. Katcki
Institute of Electron Technology, Al. Lotnika32/46, 02-668 Warsaw, Poland

(Received 16 April 2003; accepted 8 July 2003

A detailed analysis of the formation of & and PtSi silicides is proposed, based on x-ray
photoelectron spectroscopgXPS), transmission electron microscopfTEM), and electrical
characterizations. Published kinetics of theSPtand PtSi transformations under ultrahigh vacuum
condition are consolidated on the basis of XPS measurements performed duirnrgteiannealing

at a constant heating rate. At room temperature, an incomplggeréaction is clearly identified by

XPS depth profiling. Using rapid thermal annealing at 300, 400, and 500 °C, the sequential
Pt—P4Si—PtSi reaction chain is found to be completed within 2 min. Outdiffusion of silicon to the
top surface is shown to be responsible for the formation of a thin, $&pping layer at 500 °C.
Pileup of oxygen occurring at the J&i/Pt reaction front is clearly identified as an inhibiting factor

of the silicidation mechanism. Another incomplete reaction scheme limited to the unique formation
of Pt,Si is exemplified in the case of ultra thin silicon-on-insulator films. Finally, current drive
measurements on PtSi Schottky contacts have allowed us to identify 300°C as the optimum
annealing temperature while TEM cross sections demonstrate the formation of a smooth and
continuous PtSi/Si interface at 300 °C. @03 American Institute of Physics.

[DOI: 10.1063/1.1605817

I. INTRODUCTION perspective of a 10 nm physical gate MOSFEEDne pos-
o o _ . sible solution to obtain a reduced specific contact resistance
Very thin films of metal silicides play an increasing im- js o adopt a dual silicide approach according to which sili-
portant roI(_e in silicon |r_1tegrated circuit technology as metal-;jje materials with very low Schottky barriers to holes, )
oxide-semiconductor field-effect-transistaddOSFETS are and electrons &¢,,) are integrated inp-type and n-type

shrunk below 0.1um of gate IengtH.Tltamum, cobalt, and MOSFETSs, respectively. Even more exciting, a MOSFET ar-

nickel silicides are commonly used in the semiconductor N hitecture using low Schottky barriédeally 0 eV} contacts

dustry. The interesting properties of metal silicides, directlyhas been recently propogediin order to replace the conven-

relatgd to their L.'t”.'ty in silicon technol.qg.y, mcl:l'ude the”‘.“f’" tional ohmic contacts on highly doped S/D. Pt and Ir based
stability, low resistivity, and reduced silicide/silicon specific

contact resistance. In order to further pursue down-scaling O§|I|C|des (low ¢pp) and rare earth silicides like ErSllow

MOSFETSs in the 10—20 nm range of gate lengths, a signifi-‘ﬁb“) are probably the best candidates for that purjdse.

cant effort must be devoted to the development of alternative-_l— hese_pe_rspectives reactivate a great deal 9f interesF on plati-
architecturés that solves the many issues associated to th@um silicide. Much of the recent work onJSi and PtSi has
use of high« dielectricé and to the design of improved focused on the k|net|_cs and _st_0|ch|olr;1etry_undgr ultrahigh
source/drain(S/D) regions. S/D are commonly based on avacuum(UHV) annealing condltloné‘?‘. ‘I this article, we
highly doped extension that provides the necessary configl2foPose a detailed study of the Pt silicidation mechanisms
ration to obtain an excellent ohmic contact with a typicalUsing various annealing conditions like UHV and rapid ther-
specific contact resistivity around 10Q cn®. This last Mal annealing with a particular attention on the interface
value is representative of the best midgap silicitiasieeper ~ reaction at room temperature, on the influence of oxygen
insight in the challenges imposed to the S/D regions revealduring silicidation reaction and on the optimum conditions to
tremendous constraints imposed to the dopant profiling angbtain the lowest specific contact resistance. After a descrip-
to the contact resistances. For instance, the lateral S/D dopion of the preparation techniques and measurement proce-
ing steepnes$l nm/decadg the silicide thicknes5 nm), dures in Sec. ll, the kinetics and composition oftand

and the specific silicide/silicon contact resistance (2.4PtSi silicides are critically analyzed using x-ray photoelec-
X 1078 Q) cn?) are expected to reach very low targets in thetron spectroscopyXP$) in Sec. IIl. Finally, Secs. IV and V
provide electrical measurements and transmission electron
aauthor to whom correspondence should be addressed; electronic maiMiCroSCOPY(TEM) observations that consolidate the results
emmanuel.dubois@isen.iemn.univ-lille1.fr of physical analysis.
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Il. PREPARATION TECHNIQUES AND EXPERIMENTAL V V0=ground
PROCEDURES
A. XPS analysis ||<|I 'V\/V—‘—[>|—‘

The samples have been analyzed by XPS, using a Physi DA Rsi DB

cal Electronics 5600 spectrometer fitted in an UHV chamber _ o _

(base pressure>110‘1°Torr). We use a monochromatized EIG. 1. Eguwalent lumped circuit correspon_dmg to ‘two b_ack-to-back
Al x-ray source hv= 1487 eV) and the detection angle is chottky diodesD , andDg) separated by the silicon series resistaRge
45° with respect to the sample surface normal. For depth

profile analysis, we use an Aion gun with an ion energy of
1 keV and a beam raster of& mn?. Concentration profiles

are obtained using standard sensitivity factors provided b ) . .
the manufacture Sputter profiling induces the knock-on 2 Crowell and R|deou¥.3A_ direct consequence is that the
Activation energy method in reverse mode can become less

effect resulting in a smearing of the depth resolution. This i
why, in order to minimize this effect, we have chosen a mog-accurate because the slope of thal{*)-1/T plot does not

erate ion energy of 1 keV. Under our experimental condi.necessarily reflect the real barrier heighi?! In order to
tions, the induced broadening lies probably around 2thm circumvent the aforementioned problems, an alternative
Howéver the following analysis of the XPS resu(gec. Il) " method that characterizes the current drive capability of a

does not rely on thickness measurements from the depth pr(§—ChOttky contact has been set up. To reproduce the lateral

files neither on a precise research of interface positions(.:onf'gurat'on of the source/drain contacts of a MOSFET,

Hence, the conclusions are not affected by this parasitic eimeasurements are pe_rformed between_ two Schottky con-
tacts separated by a micrometer gap. This configuration also

holds the advantage to eliminate any contribution of parasitic
) resistance associated with another type of metal—
B. Sample preparation semiconductor interfacg.g., contact at the back side of the

Samples consist of pieces cut frof@00) Si bulk or Samplé. The lumped equivalent circuit corresponds to two
silicon-on-insulator(SOI) substrates(p type doped 4-10 back-to-back Schottky junctions separated by the series re-
Q cm). Afirst degreasing step was performed in acetone folSistance associated to the silicon gap as reproduced in Fig. 1.
lowed by a rinse in isopropy! alcohol. A standard RCA clean-When an external voltagé is applied on a circuit terminal,
ing step was subsequently applied to remove any possibfene Schottky junction is forward biased while the second
surface contamination. Before being loaded into the vacuurRPerates in reverse mode. Because a forward current in-
deposition system, the surface oxide was removed by afréases exponentially with the applied voltage, this configu-
HF:H,O (1:100) dip for 30 s followed by a rinse in de- ration ensures that the measured current is representative of
ionized water. Pt films were deposited by electron beanthe reverse biased junction providing that the silicon series
evaporation. The base vacuum before deposition was Pesistance is negligible. Two criteria can be used to evaluate
% 1078 Torr. A gentle surface etch was realiziedsitu using ~ Pt-based silicides in terms of current performance. The first
Ar sputtering at 60 eV during 20 s. Unless otherwise specione is the maximum current drive when the contribution of
fied in the following of this paper, silicidation steps at vari- the silicon series resistance is negligible compared to the

ous temperatures were processed by rapid thermal annealifgghottky contact resistance. In order to further justify the
(RTA) system(Jipeleg. relevance of this parameter, Fig. 2 shows a typical Arrhenius

plot for different voltages applied to the Schottky system
depicted in Fig. 1. At a given applied bigs.g., 0.5V, two
modes of operation can be distinguished. In the high tem-
The accurate determination of the barrier height of aperature region, the silicon series resistance clearly governs
silicide/silicon Schottky contact is a difficult task when this the current, resulting in a pure ohmic behavior. In the low
barrier is very low. A first reason is related to the silicon temperature region, the current is limited by the thermionic
resistance connected in series with the Schottky contact. land field emission currents flowing over and through the
the case of a weakly doped substrate, the silicon resistivityschottky barrier, respectively. The second criterion is the
governs the current—voltage characteristic making the spdransition temperature between regimes governed by the sili-
cific contact resistance hardly detectable. Another source afon series resistance or by the Schottky contact resistance. Its
difficulty is the high level of reverse current flowing in determination is also illustrated in Fig. 2 at a given applied
through the Schottky junction that precludes an accurate didias. For a same substrate type and doping, a low transition
crimination between conduction and displacement currenteemperature reflects a low Schottky specific contact resis-
when a capacitance—voltage method is considtédsing  tance and therefore a low value of the barrier height. In order
internal photoemission measurements, the square root @6 illustrate the relevance of this parameter, electrical simu-
photocurrent yield established by Fowler thédrpecomes lations of the system formed by the two back-to-back
superlinear when applied to low Schottky barriers. In thatSchottky junctions have been performed. The current—
specific case, the determination of the Schottky barrier heightoltage model is taken from Crowell and Rideout’s théry
according to this method is therefore questionable. Anotheextended to include the effect of image charge inductfon.
serious issue is related to the nature of the current transpofthe voltage at each node of the lumped circuit given in Fig.

mechanisms that involve a complex combination of the ther-
ionic emission and field emission as outlined in the article

C. Electrical measurements
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1 is then determined by solving a nonlinear numerical system
using a conventional Newton—Raphson procedure. Figure 5
represents the temperature dependence of the voltage dres. 3. Results of electrical simulation showing the voltage drop across
across each element of the circuit for different values of theeach element of the equivalent lumped circuit formed by the two Schottky
Schottky barrier height. For a low temperature, the total apg:ontacts and the silicon series resistance. The Schottky barrier height is
. ' ' taken as a parameter. A low transition temperature is relevant of a low
plied voltage matches the voltage drop across the reversgory barrier height.
biased junctionD, indicating that the current flowing
through the circuit is limited by this Schottky contact. As the
temperature increases, the voltage drop across the silicon sg- XPS ANALYSIS
ries resistance also increases up to a point corresponding ko
the transition temperature for which the external bias is ™
equally distributed acrosB 5 and Rg;. The careful inspec- Pt-Si intermixed layers can present three distinct types of
tion of Fig. 3 reveals that the transition temperature decomposition PtSi, BSi, and P4Si, but only the two first are
creases when the Schottky barrier is reduced. As a conclistable form$? Several studies have demonstrated that the
sion, this parameter proves to be useful to classify Schottkplatinum silicidation reaction is a two-step process governed
contacts with respect to their barrier height and thus to estiby different energies of activatioh:*?In the first reaction, Pt
mate the quality of the silicide/silicon interface. diffuses into Si to form an intermediate compoung3?t and

temperature (°K)

Kinetics of platinum silicidation

TABLE I. Typical activation energies related to Pt tg,Bitand PiSi to PtSi reactions.

Reaction(1): Pt,Si formation Reaction(2): PtSi formation
Pt diffusion into Si Si diffusion into P$Si
D PUPLSi D PYPLSI
D=Dg-exp(—EA/KT) Si consumption/BSi expansion D=Dg-exp(—Ea/KT) Si consumption/PtSi expansion
nm of Si nm of PtSi nm of Si nm of PtSi

Reference D, (cn¥/s) Ea(eV) per nm of Pt per nm of Pt D, (cn?/s) Ea(eV) per nm of Pt per nm of Pt
a — 1.3+0.2 0.66 1.43 — 1.50.2 1.32 1.97

b — 1.55+ 0.05 — 1.72- 0.05

c 3.7x10'*1% 150+ 0.15 2. 1019 1,70+ 0.22

%Reference 22.
bReference 11.
‘Reference 12.
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in the second reaction Si diffuses intg,Bitto form a stable 100 feedessdprebeeeli—— 7 ———
PtSi layer. These two reactions are known to occur sequen g ] Pt

L . . : T°C range of
tially: reaction(1) necessitates the complete consumption of {complete Pt to P2Si

T°C range of B
complete Pt2Si

the initial Pt layer before reactiof®2), corresponding to the T conversion to PtSi conversion
transformation of the Pt rich phase ¢8Bt) into platinum ‘*’; 704 245°C ¥ 324°C -
monosilicide(PtSi),?? starts. Both reactions are thermally ac- % 60 258°C —— /_ 33856 L
tivated. Table | summarizes typical measured values of the= ; o~

activation energy and of the pre-exponential diffusion coef- § 507 g
ficient in previously published experimeritst??2 Account- 8 40+ -
ing for the most recent data proposed by Seirlal,* these E 30- L
activation energies are 1.5@.15 eV and 1.760.22 eV, for 2

the first and second reactions, respectively. In order to ana 207 si i
lyze the silicidation kinetics of each transformation, the same 10+ P -
authors used Rutherford backscattering spectroscopy spectl | seqsstptaspsasgoansansasepsaspasaacas
analysis in conjunction withn situ ellipsometric measure- 0 50 100 150 200 250 300 350 400 450 500 550
ments. Starting from a Pt overlayer of 23 nm and for an annealing temperature (°C)

annealing step performed at a constant heating rate of { | {5

K/min, the conversion of Pt into B3i was found to be com- 3 ! ! L ! !

pleted at 261 °C while the transformation of,8itinto PtSi 71 eV- - -. --. 72.5eV (258°C)

was obtained at 335°C. Within the frame of this work, a 5 (20°C) - - - - 72,6 €V (324°C) (b)

0 -
similar type of annealing has been conducted into the XP<S 1o - - - 72.7 6V (338°C)

chamber under UHV condition. The initial Pt layer was 20
nm thick and the temperature was ramped from 20 to 550 °C §
in 120 min, corresponding to an average heating rate of 4.8
K/min. Only the top surface of the sample was analyzed by © 1.5+
XPS during the annealing in order to detect the change ol -2
surface composition oven3\ being the escape depth of 25 ¥ 14
nm2® Figure 4a) shows the temperature-dependent concen- &
tration corresponding to the Pf4and Si2 emission lines.

In order to accurately determine the characteristic tempera
ture at which each transformation is completed, we have de Tena .

tected the most abrupt changes in chemical shift correspond 068 70 7o 74 76 78 80
ing to the Pt4 core level. Figure ) shows a selection of binding energy (eV)

Pt4f spectra recorded during the annealing. As long as the

nnealin moer re is | han 245 ° h ition IG. 4. Kinetics of silicidation reactionga) atomic concentration recorded
annealing temperature is less tha 5°C, the positio y XPS duringin situ annealing at a constant heating rete4 K/min) under

Pt4f;, peak is clearly centered at 71 eV, a binding energyny condition. The temperature ranges at which the reaction fronts of the
relevant to elementalmetallic Pt. The following spectrum PySi and PtSi reactions reach the top surface are indicated. The most prob-

rcarded at 258 C exhbits & sharp chemical hit of LS eV enbectic S coness o St ot s SRR,
that indicates that the Pt to /& reaction front has reached _ ' -1 o es?énd PSi tragsmons. P P

the top surface. Spectra measured at temperatures up to

311°C are also characterized by the samefRp4peak at

72.5 eV. At 324 °C, an additional 0.1 eV shift in the binding ) ] o o ]
energy is clearly detected at 72.6 eV. Finally, from 338 °C toheatlng rates, i.e., 5 K/min. in Ref. 12 gnd 4.4.K/m|n in th|.s
higher annealing temperatures, the P 4peak remains cen- work. These curves hf':lve been obtained using a classical
tered at 72.7 eV indicating that the,Bt intermediate phase growth rate equation given by

has been fully converted into PtSi. In conclusion, reaction ) t Tx .

(PtSi formation by Pt diffusion into $iand reaction(2) dX:foDxdt: L Dy(dT/dt) "dT

(PtSi formation by Si outdiffusion into B$i) are found to °

take place in the 245-258 °C and 324-338 °C intervals, re-
spectively. Despite different heating rates and a thickness of
the Pt overlayer that slightly differs, the temperatures related E
to the end of both silicidation reactions are found to be in -T2 ex;{ o TAX ) ] (1)
excellent agreement with results published by Serial? keTo

In order to get a more accurate determination of these chawherex stands for 1 or 2 for the first or the second reaction,
acteristic temperatures, Fig. 5 represents the variations of thespectively.T, is the temperature at which each one of the
thickness of the formed F3i and PtSi silicide layers as a above reactions is fully completeH,, is the activation en-
function of temperature, accounting for the two differentergy,D,, the temperature-dependent diffusivity, dbgl, the

2

0.5+

EAx )

k
— Doy (dT/dt) 12 T2exp —
Eax keTx




J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 Larrieu et al. 7805

50 LS Tanstormaton” P ranstormeatiorT. 50 nique used to qle_p_os_it Pt pro_v_id_es _sufficient_ energy to sput-
Do¢=5.5cm2/s Dyp=8.5cm?/s 5 B tered atoms to initialize the silicidation reaction. In contrast,
= 45-{Ear=1.4850V Epp=1.6850V - .[1'.21 -145 other works also report the presence of Pt—Si bonds when Pt
£ E is evaporated on a clean silicon substrate kept at low tem-
2 -40§ perature, i.e., without bringing any notable source of energy
g 40 o to activate the silicidation mechanisthin order to investi-
2 E gate the initial interfacial reaction, a 15 nm thick Pt layer
o 351 35+ was evaporated following the procedure described in Sec.
E --------- 2 II B. It is worth noting that the sample was not heated during
@ 30- L30 this deposition step. An XPS depth profile was recorded on
% (7] that sample in order to detect a possible reaction between Pt
o o5 _25"' and Si. The original photoemission measurements of the
5 2619C Pt 4f and Si 2 core levels have been fitted using a standard
linear least squares procedtfteo identify the chemical
20 T 1 T T T T 20 states of each elemef$i and Pt that appear in the depth
220 240 260 280 300 320 340 360 profile. Figure §a) shows the resulting decomposition of the
annealing temperature °C Pt4f profile into two Pt4(PtSi) and Pt4(Pt) contribu-

FIG. 5. Thickness of the P®i and PtSi phases accounting for different tions. The extracted basis of spectra used to calculate the two
heating rates. The pre-exponential diffusion coefficients are fitted to matcileconvolved depth profiles is given in Figich The Pt4
results published in Ref. 12 using an annealing ramp of 5 K/min. In thespin_orbit doublet (85,,4f ;) exhibits a chemical shift of
present experiment performed at 4.4 K/min, the temperatures of completi.5 eV from 71 to 72.5 eV that reveals the activation of a
silicidation (255 and 328 °C for BSi and PtSi transformations, respec- .. . . . . . . A
tively), are extracted usingDo=55 cnf/s, Doy=8.5cn?/s, En silicidation reaction involving the formation of a,Si-like
—1.485 eV, andE,—1.685 eV. layer'®26:27This result is consolidated by Fig(t that gives

the decomposition of the SR profile into its two

Si2p(PtSi) and Si2(Si) expected contributions. The cor-
pre-exponential diffusion coefficient, is the starting tem- responding basis of spectra is also shown in Fi{d) feveal-
perature set at 20 °C. Given the large error bars associated ilag a chemical shift from 99.2 to 99.8 eV of the i 2mis-
results of previously published wdrk(e.g., the min—-max sion line, which is again attributed to the presence of silicide-
values ofD, vary over 3 decadgsthe following procedure like bonds!®?’ Figure Ge) gives a summarized picture of the
has been used to better estimate the most probable charact&i- and Pt concentration depth profiles depending on the
istic temperatures of complete silicidation in the present exehemical environment of each element. It can be concluded
periment. that silicide is formed although it is not possible to determine
. . I . the exact composition nor to conclude on the uniformity of
0 Assuming that the average activation energigg,) the silicide layer. Nevertheless, the variations of the indi-

=1.485eV andEp,)=1.685€eV are the most repre- _. . ] . . .
sentative of the silicidation experiments conducted bywdual Si 0(PtSi) and Pt4(PLSi) profiles over a period

Starket al.'? the mean pre-exponential diffusion co- covering 30—80 min of sputtering time does not seem indica-
efficients(b ) and(D Z)pmustpbe set 10 5.5 and 8.5 tive of a stable stoichiometric composition. However, these

cn?/s in order to match the final thickness of theSt profiles can be affected by the knock-on effect induced by

and PtSi phases, 33.5 and 45.3 nm reached at ten%be sputtering as suggested by the observed tail of the Pt

peratures of 261 and 335 °C, respectively signal at long sputtering time and hence do not allow us to
(i) Considering that the above values @ay), (Exs), go further in the analysis of the interfacial compound.

(Dgy and({Dgy also hold in the case of our experi-
ment, the charac_teristic temperaturgs are found to b%. Platinum silicide formation at 200 °C
255 and 338 °QFig. 5 to match the final thickness of
the P4Si and PtSi phases, established at 28.6 and 39.4 Because the silicidation reactions involving Pt are gov-
nm, respectively. erned by a diffusion mechanism, a significant part of the
initial Pt layer can react at a relatively low temperature. Zhou
et al* have found that the two major reactiofisrmation of
Pt,Si and PtSiare preceded by an initial transformation tak-
It has been reported that Pt can react with silicon at rooning place between 100 and 200 °C and characterized by a
temperature resulting in the formation of an intermixedvery low activation energy of 0.190.043 eV. In the present
Pt—Si layer. Using high resolution cross-sectional TEMcontribution, we have investigated the silicidation reaction
analysis, Donatoret al?* observed the formation of a con- obtained by RTA at 200 °C for 2 min, starting from an initial
tinuous, smooth and uniform 3 nm thin PtSi layer obtainedPt layer of 15 nm. Figure 7 gives the corresponding atomic
after Pt deposition and selective chemical etching, on top ofoncentration depth profile obtained by XPS analysis. Over
which a thin layer of silicon oxide was formed. XPS experi- the range of 30—50 min of sputtering time, the concentra-
ments confirmed the same characteristics of silicide bondsons of Pt and Si clearly outline a zone of reaction over
before and after a subsequent rapid thermal annealing athich a partial transformation of Pt into /8i (x~2) takes
450 °C. One of their conclusions was that the sputtering techplace. More surprisingly, we find a significant presence of

B. Platinum silicide at room temperature
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FIG. 7. XPS atomic concentration depth profile obtained from a sample
annealed by RTA at 200 °C for 2 min. The shaded zone corresponds to a
reacted PiSi phase covered by metallic Pt.

completed when a sufficiently thin layer of Pt is considered.
Starting from an initial Pt layer of 15 nm, the,Bi reaction
takes less tha3 s at 300 °Cwhile the full silicidation into

PtSi requires less than 120 s. These times of reaction have
been obtained using the conventional square-root depen-
dence of the silicide thickness with time described by Eq.
(1). Their calculation accounts for the average diffusion pa-
rameters determined with the help of Fig. 5 and based on the
results of Starket al!? From the above analysis, the PtSi
silicidation mechanism is expected to be fully completed
within the 2 min of annealing performed at 300, 400, and
500 °C starting from the same 15 nm thick Pt overlayer. XPS
depth profiles have been recorded for these three annealing

FIG. 6. XPS analysis of the initial Pt-silicide reaction occurring at room cgnditions and are presented in FigS. 8 9 and 10 respec-

temperature(a) Pt 4f depth profile deconvolved into its Pt@PtSi) and

Pt 4f (Pt) contributions; (b) Si2p depth profile deconvolved into its
Si 2p(PtSi) and Si 2(Si) contributionsjc) extracted basis of spectra used
in the deconvolution of the Ptfdprofile shown in(a): 71 and 72.5 eV are
relevant of metallic and silicide-like binding energiéd) extracted basis of
spectra used in the deconvolution of the Bifofile shown in(b): 99.2 and
99.8 eV are relevant of elemental silicon angSpiike binding energies;
and(e) summary of atomic concentration depth profiles obtained front Pt 4
and Si 2 photoemitted electrons according to their chemical environment.

ntration (%)

silicon close to the initial surface between 10 and 20 min of =
sputtering time, indicating that the reaction front is probably &
not as sharp and uniform as assumed for eIIipsometric§
measurement¥. In this region, the SiBs, photoemission
line is essentially centered at a binding energy of 100 evg
attributed to silicide-like bonds.

ic

a

D. Platinum silicide formation above 300 °C

As outlined previously, Pt reacts first with Si to form
Pt,Si and only after all Pt has been consumed in this way, the
second reaction of B$i to PtSi starts. For annealing tem-
peratures above 300 °C, the diffusiviti®s and D, of the
two sequential Pt to P8i and P4Si to Pt silicidation mecha-

100
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807
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601

Si2p

50 pd

407

sputtering time (min)

nisms are large enough to ensure that both reactions are fulbyerlayer is 15 nm.

tively. Stoichiometric PtSi is obtained sufficiently far from

0 20 40 60 80 100 120 140 160 180 200 220 240

FIG. 8. XPS atomic concentration depth profile obtained from a sample
annealed by RTA at 300 °C for 2 min. The PtSi silicidation reaction is fully
completed as shown by the stochiometric Pt and Si concentrations. The Pt
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the top surface. For the three annealing conditions and at i - 87 )) i

typical sputtering time of 50 min relevant to platinum mono- € 7 (o) i

silicide, the Pt4,, emission line is centered at 72.7 eVre- 8 ¢+ -

sulting in a chemical shift of 1.7 é92” with respect to me- = 5 i

tallic Pt (71 eV). Consistently, the Si2 emission peak is 5 ) |

displaced from the 99.2 eV emission position of clean @ *

p-Si(100) to 100.1 eV relevant of PtSi formation. One im- g 33 5} ]

portant feature that can be observed when the annealing tern 2f L -

perature reaches 500 °Eig. 10 is the significant increase 1422 min sputter time} | O1s (SiOy) L

of oxygen concentration present at the top surface. This ef: 0 : i . : : i

fect is attributed to silicon outdiffusion, the diffusion species 526 528 530 532 534 536 538 540 542

during PtSi formation. From a quantitative viewpoint, the

. . . binding energy (eV)
ratio between the surface atomic concentrations of oxyger x 104

and silicon is close to 2:1 indicating that the top layer could 4 5 L 1 L " L L L

be composed of silicon dioxide. At the beginning of the sput- N y— 22,min sputter time

tering phase, a careful inspection of Fig.(d0reveals that 47 : i
the dominant peak of the Sp2emission line is centered 3.5 iy, \ ; © L
around 103.8 eV, while a secondary peak is centered at 100. ’g | N....// AN : |

eV. The first binding energy is consistent with the presence 3 3] g RN

of Si0,,?®?°whereas the second peak is typical of PtSi-like £ 2.5 - LN
bonds. As the sputtering process proceeds, thepQigak at @ 5] : : 3
103.8 eV vanishes while the 101.1 eV emission line clearly & ' . :
increases as the PtSi layer is uncovered during depth profiI‘Na 1.5 1 ' . -
ing. Considering now the Oslphotoemission spectra of Fig. @ i 2:min sputter time |
10(b), it can be observed that the initial peak position located A (surface)

at 533.1 e slightly moves to a lower binding energy of 0.5 {sizp (PtSi) \ Si2p (SIO,) -
532.4 eV before disappearing when sputtering reaches th 0 i : i A . : i

PtSi layer. The above range of @ peak positions are also 96 98 100 102 104 106 108 110 112
characteristic of the presence of the $#hd consolidate the binding energy (eV)

interpretation based on the analysis of the |gishbectra.

E. Incomplete silicidation reaction due to oxygen FIG. 10. XPS analysis of a sample annealed by RTA at 500 °C for 2 min
pileup starting from a 15 nm Pt overlayefa) atomic concentration depth profile

showing stochiometric PtSi covered by Si@rmed by Si outdiffusion and
Crider and co-workef€ established that the growth rates oxidation; (b) series of O & spectra recorded close to the surface: thesO 1

and phase growth sequence of$ttand PtSi silicides were peak centered in the 532.4-533.1 range indicates the presence,of(8iO

: - - P : series of Si D spectra recorded in the shaded zondaf the Si2p peak
not affected by chemical etChmg with fluoridric acid, by centered at 103.8 e\top surface Sig) vanishes rapidly while the second

SpUtte_r cleaning with Ar or by the_ presence of nitr_o_gen undef)eak centered at 100.1 eV dominates when the stochiometric PtSi phase is
a partial pressure of 10 Torr during the Pt deposition step. reached.
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FIG. 12. Silicidation of a thin8 nm) SOI film: XPS atomic concentration
FIG. 11. XPS atomic concentration depth profile of a sample annealed ajepth profile after annealing by RTA at 300 °C for 2 min. ThgSPteaction
300 °C during 30 min in a conventional tubular oven underfldw but is stopped after the complete consumption of sili¢BOI) layer.
exposed to ambient oxygen during the introduction phase. The diffusion of

O, into Pt stops the BS&i reaction front.

room temperature and also because a primary vacuum is re-

L _ . alized before the introduction of the,iH, (97:3) gas flow
In contrast, a significant decrease in bothSpand PtSi dif- ;4 pefore activating the heating ramp.

fusivities was observed when the Pt film was evaporated un-
der 10 & Torr of oxygen partial pressure. In this last case, the o ) o

simultaneous existence of Pt,,Bt, and PtSi can be ob- F_. _Incomplete silicidation reaction due to a limited

served because oxygen is known to pile up at the advancin licon source

Pt,Si front?? Within the frame of this study, a 15 nm thick The absence of a sufficient source of silicon atoms to
layer was deposited under the same cleaning and evaporaticomplete the first BSi reaction is another possible cause for
conditions than previous samples for which no abnormal silan abnormal termination of the silicidation mechanisms. In
icidation reaction is observed. The annealing was performedrder to highlight this scenario, a 20 nm thick Pt film was
in a conventional tubular oven at a temperature of 300 °Gevaporated on top of a very thin SOI layer and subsequently
under a continuous flow of nitrogen. Because the introducRTA annealed at 300°C for 2 min. The full initial stack
tion of the sample is made under ambient atmosphere, a sigonsists of the Pt overlaye 8 nmsilicon SOI film, a buried
nificant amount of oxygen is present in the heating pipe abxide (BOX) of 400 nm, and finally the silicon back sub-
the beginning of the silicidation reaction. Figure 11 showsstrate. From Table |, the silicon thickness consumed by the
the resulting XPS depth profile obtained after a 30 min anPt,Si reaction is theoretically 13.2 nm. Therefore, this reac-
nealing step. A significant concentration of oxygen is ob-tion is expected to terminate prematurely due to the default
served within the top Pt film with a clear accumulation peakof one specie$Si) in the active SOI film. Figure 12 perfectly
occurring at a depth corresponding to a sputter time of 50llustrates this phenomenon through the XPS depth profile
min. A probable zone of quasistoichiometric,&it is ob-  recorded across the PYBi/SiO, stack after annealing. The
tained sufficiently far from the top surface. A definite phaseoriginal measurements of the Sh2photoemission line has
growth front corresponding to the oxygen peak position maybeen fitted using a linear least squares algorithm in order to
be clearly identified in this profile. In the present experiment,identify the chemical states of silicon. Excluding the 7 first
oxygen is not introduced during the deposition step as it wasiinutes of sputtering characterized by an intermixed PtO
the case in Refs. 22 and 31. This anomalous and parti8i Pt layer, an unreacted Pt layer is clearly observed and charac-
silicidation reaction is attributed to oxygen diffusion into the terized by a Pt4#,, peak centered at 71 eV, indicative of a
Pt film. Thus, two competitive diffusion process take place inmetallic state. A second zone where a silicidation reaction
opposite directions: oxygen present in the oven enclosureakes place is clearly identified in the 30—50 min sputtering
tends to diffuses into the Pt film while the,Bi—Pt reaction interval. Over this region, chemical shifts of 1.5 and 0.6 eV
front proceeds to the top surface. In a sufficiently thin Pt filmare observed for the Pf4, and Si 2, peak positions, as
(e.g., 15 nm, oxygen rapidly piles up at the Pt#S  expected. Finally, the deeper part of the depth profile corre-
interface®? and acts as diffusion barrier for Pt. As a conse-sponds to the BOX region for which the peak positions of
guence, an annealing at 300°C as long as 30 min is ndbi2p3,(103.8eV) and O §(533.1eV) are consistent with
sufficient to ensure the completion of the firsy$itsilicida-  the presence of oxide. In summary, special care must be
tion reaction. It is worth noting that experiments conductedaken for typical situations where thin SOI films, widely used
in the RTA furnace(Secs. IlIC and Il D are not disturbed in aggressive MOSFET architectures, are combined with a Pt
by oxygen penetration because samples are introduced silicidation step’~’ This discussion also consolidates the se-
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2 160] S 7 interface is obtained. The thickness of the formed PtSi phase is in agreement
£ = with published expansion factofsee Table )l
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F 120, .g 1 TEM cross sections have been realized on a sample an-
110l 2 nealed by RTA at 300 °C starting from a 1% nm Pt over-
3 layer. The corresponding images presented in Fig. 14 show a
homogeneous PtSi film on which the vertical orientation of
2 0% o%e® ® O O O - =!I cal 0
B o O 0@\(\ %QQ RS 690 grains can be distinguished. No preferential site of growth
oq§‘° SO (O ® S SO0 can be observed and the silicide/silicon interface is smooth.
< é\(\e fb(\oefb(\oe (\szﬁ‘(\e %000%00‘3 The thickness ratio iflp;/dpisi~ 0.5 which is consistent with

the theoretical target given in Table(1/1.97=0.507 and

FIG. 13. Electrical characterization of Pt-based silicide contacts obtained atlose to values found in the literatui®.
different temperature@RTA treatment at 300, 400, and 500)°@ low tran-

sition temperature and a high current drive are relevant of the best silicide
obtained at 300 °C. VI. CONCLUSION

In summary, we have proposed a detailed study of Pt-
based silicides obtained at room temperature, annealed in
cgJHV or thermally activated by rapid thermal processing up
to a temperature of 500 °C. XPS analysis was extensively
used to characterize the kinetics and stochiometry of the
Pt,Si and PtSi phases. A remarkable agreement with kinetics
parameters obtained by Stagk al!? has been obtained un-
der UHV conditions. We have confirmed pileup of oxygen
IV. ELECTRICAL MEASUREMENTS occurring at the BSi/Pt reaction front as an inhibiting factor

of the silicidation. The incomplete silicidation of an ultrathin

Electrical measurements of Pt-based silicide contactSOl film has been clearly outlined, providing on the same
have been conducted to determine the annealing conditionsccasion a confirmation of the sequential nature of the
that provide the lowest Schottky barrier to holes and, theredisilicide/monosilicide reactions. Finally, current drive mea-
fore, the lowest specific contact resistance that characterizegirements on PtSi Schottky contacts have allowed us to iden-

the carrier transport through the silicide/silicon interface.tify 300 °C as an optimum annealing temperature.
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