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Kinetics, stoichiometry, morphology, and current drive capabilities
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A detailed study of the formation of iridium silicide obtained by ultrahigh vacuum annealing and
atmospheric rapid thermal processing is proposed using x-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and electrical characterizations. Using XPS analysis, the
stoichiometry of each silicide phase (IrSi, IrSi; ¢) is identified. A model based on the variation of the
measured intensity of the Ir 4f spectra is used to obtain the kinetic coefficients of reaction of Ir
silicidation (E,=2.48 eV, Dy=9 cm?/s). TEM cross sections indicate that the roughness of the
silicide/silicon interface increases with temperature. Lastly, electrical characteristics are used to
identify the optimum annealing temperature to obtain an iridium silicide contact with the lowest
Schottky barrier height to holes. © 2007 American Institute of Physics. [DOI: 10.1063/1.2802564]

I. INTRODUCTION

As complementary-metal-oxide-semiconductor (CMOS)
technology is entering in the decananometer era, the contact
resistance associated to the silicide/silicon interface is iden-
tified as one of the biggest challenges to solve in order to
preserve current drive capabilities. In that context, source/
drain (S/D) engineering takes an increasing importance in
the development of leading edge CMOS generations because
of the increasing impact of S/D series resistances on transis-
tor performance.1 As titanium showed limitations for the sil-
icidation (TiSi,) of narrow lines at the 250 nm technology
node, cobalt silicide (CoSi,) became the industrial standard
in CMOS integration down to the 90 nm technology node.’
Nickel silicide (NiSi) is now the most widely accepted alloy
owing to improved characteristics in terms of layer unifor-
mity and sheet resistance.” The interesting properties of
metal silicides, directly related to their utility in silicon tech-
nology, include low sheet resistance, reduced specific contact
resistance on highly doped silicon (S/D), and also thermal
stability.4 In order to further pursue downscaling of metal-
oxide-semiconductor-field-effect transistors (MOSFETSs) in
the sub-32 nm range of gate lengths, devices® that hierarchi-
cally combine alternative materials such as metallic gate,
high-K dielectric® as well architecture concepts such as mul-
tigated channel have been proposed. Considering that the
aforementioned innovations, referred to as technology per-
formance boosters, are expected to deliver a higher current
drive at shallower junction depth and reduced silicide thick-
ness, extremely severe constraints are placed on the junction
and contact technologies. In order to address these chal-
lenges (i.e., low specific contact resistance, abrupt highly
doped junction), one alternative is to operate on lowly doped
silicon and to use silicide contacts that present a very low
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Schottky barrier to electrons and holes for n-type and p-type
MOSFETs, respectively.” Pt-based silicides (low ;) and
rare earth silicides such as ErSi, (low ®,,) are commonly
used for that purpos.e.&9 Surprisingly, iridium silicide which
is known to present the lowest barrier to holes' has not yet
been considered for p-MOS device integration. In that con-
text, one important step to evaluate iridium silicide as a pos-
sible candidate in CMOS technology inevitably requests a
detailed knowledge of its stoichiometry and associated elec-
trical properties. Many stoichiometric flavors of iridium sil-
icide have been suggested in the literature."'™'® Several stud-
ies have pointed that iridium silicidation involves three
successive phases: first, the formation of the IrSi phase was
observed at ambient temperature,“ 400 OC,12 450 °C,]3
while another IrSi, silicide was observed at a temperature
close to 600 °C. The stoichiometry of the last silicide phase
is still subject to debate: x= 1.5,14 x= 1.6,”’15 or x=1.75.1%1°
Finally for activation temperatures close to 1000 °C, the for-
mation of IrSi; was also reported.n’16 In this paper, we pro-
pose a detailed study of the mechanisms of iridium silicida-
tion using various annealing conditions such as ultrahigh
vacuum (UHV) and rapid thermal annealing with a particular
attention on the interface reaction at room temperature, on
the stoichiometry of the silicide and on the optimum condi-
tions to obtain the lowest specific contact resistance. A de-
scription of the sample preparation technique and of the mea-
surement procedures is given in Sec. II. The kinetic of Ir
silicide formation and the stoichiometry of Ir-based silicides
are critically analyzed using Xx-ray photoelectron spectros-
copy (XPS) in Sec. III. Section IV provides transmission
electron microscopy (TEM) observations that consolidate
chemical analysis. Finally, Sec. V proposes electrical mea-
surements of Ir-based silicide contacts that identify the opti-
mum phase and temperature window to obtain the lowest
Schottky barrier height.

© 2007 American Institute of Physics
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Il. PREPARATION TECHNIQUES AND EXPERIMENTAL
PROCEDURES

A. XPS analysis

The samples have been analyzed by XPS, using a Physi-
cal Electronics 5600 spectrometer fitted in an UHV chamber
(base pressure 1X 107'° Torr). We use a monochromatized
Al x-ray source (hv=1487 eV) and the detection angle is 45°
with respect to the sample surface normal. For depth profile
analysis, we use an Ar+ ion gun with an ion energy of 1 keV
and a beam raster of 5X 5 mm?. Concentration profiles are
obtained using standard sensitivity factors provided by the
manufacturer.'’

B. Sample preparation

Samples consist of pieces cut from (100) Si bulk (p-type
doped 4—-10 Q cm). For TEM cross sections, (100) silicon-
on-insulator (SOI) wafers (p-type doped 4—10 ) cm) with a
100 nm thick active silicon layer have been used to better
evaluate the thickness of the silicide layer and the amount of
consumed Si. A first degreasing step was performed in ac-
etone followed by a rinse in isopropyl alcohol. A standard
RCA cleaning step was subsequently applied to remove any
possible surface contamination. Before being loaded into the
vacuum deposition system, the surface oxide was removed
by a dip in diluted fluorhydric acid (1%) for 30 s followed by
a rinse in de-ionized water. Ir films were deposited by elec-
tron beam evaporation with a low deposition rate (0.1 A/s)
to keep the sample temperature below 40 °C. The base
vacuum before deposition was 2 X 1078 Torr. A gentle sur-
face etch was realized in sifu using Ar sputtering at 60 eV
during 20 s. Unless otherwise specified in the following of
this paper, silicidation steps at various temperatures were
processed in a rapid thermal annealing (RTA) system under
forming gas (N,:H,/95:5).

C. Electrical measurements

Standard techniques to characterize Schottky barrier
height are not suitable when they are applied to very low
barrier and weakly doped substrates.'® The mechanisms of
current injection involve a complex combination of the ther-
mionic emission (TE) and field emission (FE).'® Instead, an
alternative method was used'™'? to characterize the current
drive capability of two Schottky contacts separated by a mi-
crometer gap. Schottky barrier heights were determined us-
ing an extraction procedure that couples experimental data to
a transport model that accounts for TE and FE as well as
barrier lowering due to image charge induction.'® The sheet
resistance of the silicide layer is obtained using a conven-
tional four-point probes technique.

lll. XPS ANALYSIS
A. Kinetic of iridium formation under UHV annealing
1. Identification of the silicide phase

The kinetic of reaction leading to the formation of IrSi is
a mechanism controlled by diffusion of the most mobile spe-
cies through the incipient layer of silicide. Silicon is the ma-
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FIG. 1. Kinetics of IrSi silicidation reaction. A 10 nm Ir thick overlayer is
annealed under ultrahigh vacuum using a constant temperature ramp
(4.8 K/min) (a) Dependence of the atomic concentrations on the annealing
temperature obtained from the Ir 4f and Si 2p XPS emission lines recorded
from the top surface. The temperature for which the front of silicidation
reaction reaches the top surface is 570 °C. (b) Ir 4f spectra recorded at
specific temperatures, 20 and 570 °C, relevant to metallic Ir and IrSi,
respectively.

. . .12 . .
jor migrant species -~ and the expansion coefficient

[d(IrSi)/d(Ir)] is close to 2% In the proposed experiments,
the reaction of silicidation is controlled under ultrahigh
vacuum (UHV) in the XPS chamber to enable real time
analysis. The initial iridium overlayer is 10 nm thick and the
temperature is varied between 20 and 600 °C in 120 min,
corresponding to a ramp of 4.8 K/min. Only the top surface
of the sample is analyzed during annealing in order to detect
changes of surface composition over the electron escape
depth (~3 nm). Figure 1(a) shows the variation of the iri-
dium and silicon concentrations as a function of the anneal-
ing temperature, obtained from the Ir 4f and Si 2p emission
lines, respectively. In order to determine exactly the tempera-
ture of complete conversion of metallic iridium in IrSi sili-
cide, the chemical shift related to the binding energy of Ir 4f
has been analyzed in detail. Figure 1(b) shows a selection of
the Ir 4f spectra recorded during annealing. At 20 °C, the
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position of the Ir 4f;, peak is centered at 60.8 eV, which
corresponds to the binding energy of metallic iridium.*' The
peak position remains unchanged up to 500 °C and shifts to
a weaker binding energy indicating that the front of reaction
has progressed towards the surface within the depth of analy-
sis. At 570 °C, the peak is centered at a binding energy of
60.6 eV, revealing the complete conversion of metallic Ir
into silicide. The phase of iridium silicide is clearly identified
as being IrSi [Fig. 1(a)]. On the other hand, it is worth noting
that the Si 2p emission line exhibits a chemical shift of
0.6 eV, from 99.2 eV (Si-Si) to 99.8 eV (Ir—Si), related to
the formation of Ir—Si bonds. To identify the kinetic coeffi-
cients of the IrSi formation reaction, a similar experiment
has been conducted using a 3 nm thick iridium layer. Since
the iridium overlayer lies within the depth of XPS analysis,
the variation of composition can be detected at the very be-
ginning of the reaction. The thermal budget was applied by
varying the temperature from RT to 550 °C for 100 min,
corresponding to an average ramp of 5.5 K/min. Figure 2(a)
shows the atomic concentration of iridium and silicon as a
function of the annealing temperature while Fig. 2(b) pro-
vides a selection of Ir 4f spectra recorded during the silicid-
ation reaction. At 20 °C, the Ir 4f;, peak can be decon-
volved in two contributions: a major one centered at 60.8 eV
indicating that most of the layer is composed of metallic Ir
and a secondary contribution centered at 60.6 eV revealing
that the reaction of silicidation has already started at ambient
temperature. At the beginning of the temperature ramp, the Ir
415, peak derives slowly to a binding energy of 60.6 eV as
shown in Fig. 2(b) for a temperature of 500 °C. It subse-
quently recovers its initial position 60.8 eV at 550 °C. This
shift in binding energy is attributed to the growth of another
silicon-rich silicide phase at IrSi/Si interface when the for-
mation of the IrSi layer is completed. Almendra et al.?
showed that the three phases can coexist for a range of iri-
dium thickness around several tens of nanometers. This point
constitutes a considerable difference with platinum silicide
for which the difference between the activation energies as-
sociated to Pt,Si and PtSi is too large to observe this sce-
nario. In the present experiment, the temperature of complete
conversion of the iridium overlayer cannot be clearly identi-
fied because of the simultaneous presence of several phases.
However, Fig. 2(a) strongly suggests that the interval of
complete silicidation ranges between 450 and 530 °C.

2. Kinetic coefficients of reaction

In order to obtain a more accurate determination of the
temperature of complete transformation of the initial iridium
layer, a model based on the variation of the measured inten-
sity of the Ir 4f spectra has been used. The system can be
schematized using a two-layer system, as shown by the inset
in Fig. 3. The top layer of thickness y represents the remain-
ing metallic iridium while the bottom layer of thickness x
corresponds to the IrSi phase. For a 3 nm thick iridium layer,
we can consider that the thickness of the third phase (IrSi,)
remains negligible when the entire metallic layer is con-
verted into IrSi. As the silicidation reaction proceeds, the
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FIG. 2. Kinetics of IrSi silicidation reaction. A 3 nm Ir thick overlayer is
annealed under ultrahigh vacuum with a constant temperature ramp
(5.6 K/min). (a) Dependence of the atomic concentrations on the annealing
temperature obtained from the Ir 4f and Si 2p XPS emission lines recorded
from the top surface. The temperature for which the front of silicidation
reaches the top surface lies between 450 and 530 °C. (b) Ir 4f spectra at
specific temperatures, 20, 500, and 550 °C: at the beginning of the tempera-
ture ramp, the Ir 4f,, peak derives slowly to a binding energy of 60.6 eV for
a temperature of 500 °C and subsequently recovers its initial position
60.8 eV at 550 °C attributed to the growth of another silicon-rich silicide
phase at IrSi/Si interface when the formation of the IrSi layer is completed.

thickness x of the IrSi layer can be related to y, the thickness
of the remaining Ir overlayer, using the following relation-
ship:

y+xla=yg, (1)

where « is the expansion coefficient of IrSi phase, equal to
~2 and y, stands for the thickness of the metal overlayer
equal to 3 nm. The intensity [}, associated to the iridium
emission line can be decomposed into one contribution I,
coming from the iridium top layer and a second one I, origi-
nating from the growing silicide layer,
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where Ny, and Ny, are the concentration of iridium in the top
Ir and bottom IrSi layers, respectively. A, and \j, stand for
the electron escape depth corresponding to each material
layer. Finally, 6 denotes the detection takeoff angle. Assum-
ing that the electron escape depth is the same in the Ir and
IrSi layers, i.e., M{.=\j,=\y, the total Ir 4f intensity can be
expressed as

_ e—x/)\lr sin (?):| ,
(4)

where Iif'= E|,_.=\, sin 6N}, represents the reference inten-
sity of bulk metallic Ir. Accounting for the ratio of Ir stoichi-
ometry Nj./Nj.=0.5 and using =2, Egs. (1) and (4) can be
combined 1nto a second order equation that finally yields

. NT .
_ [ref|: (1- oY\ sin (?) + _ire—y/}\lr sin 0(1
NIr

— Ay sin 01n[(1 — LI

ref _ _ 2
J 1= 1= exp - T 0)} ©

Based on Eq. (5), Fig. 3 presents the variations of y and x
corresponding to the thickness of the Ir and IrSi layers as a
function of the annealing temperature. Based on this result,
the temperature of complete conversion of metallic iridium
into silicide is deduced to occur at 520 °C. From the same
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FIG. 4. Thickness of the IrSi layer as a function of the annealing tempera-
ture for two heating ramps (4.8 and 5.6 K/min). The preexponential diffu-
sion coefficient Dy=9 cm?/s and the activation energy E,=2.48 eV are de-
duced from the best match of a classical parabolic growth rate equation to
experimental data.

experiment, it is also possible to estimate the kinetics coef-
ficients of IrSi formation. Figure 4 represents the thickness
variations of the IrSi layer as a function of the temperature,
taking into account the differences in the heating rates, i.e.,
5.6 K/min in the first experiment and 4.8 K/min in the sec-
ond one. These curves were obtained using a classical
growth rate equation associated to a diffusion mechanism
given by

dig = J Ddt = j D(dT/dr)

E
Dy(dT/d1)™ [TZ e p( 4 )
E, kgT

E
-T, exp( kBATO)} (6)

where T is the temperature of complete silicidation, and E4
the activation energy coefficient. D and D, are the tempera-
ture dependent and preexponential diffusion coefficients, re-
spectively. Finally, T, is the starting temperature set to
20 °C. An optimization procedure using a least-square
method allowed the extraction of the activation energy Ej,
=2.48 eV and the preexponential diffusion coefficient Dy
=9 cm?/s. The activation energy is 30% higher than that
determined by Petersson et al.'* This discrepancy can be
explained by the thickness range considered in its experi-
ment, several hundreds of nanometers, which introduces a
modification of the kinetics of reaction probably related to
the additional formation of the IrSi, phase.16

B. Temperature dependence of Ir silicide formation
1. Iridium silicide at room temperature
Morgan et al. analyzed by XPS a 7 A iridium layer de-

posited on a clean Si (100) surface without any temperature
activation.'" The shift in Ir 4f and Si 2p binding energies
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revealed the presence of IrSi-like bonds. In the present con-
tribution, a 15 nm thick iridium layer was deposited by e-gun
evaporation and was directly analyzed without heat treatment
to investigate the initial interface reaction. The XPS Ir 4f and
Si 2p emission lines were recorded to determine the depth
composition profiles during Ar sputtering. These original
photoemission measurements have been fitted using a stan-
dard linear least-squares procedure to identify the chemical
states of Ir and Si, respectively. Figure 5(a) shows the de-
composition of the Ir 4f profile deconvolved in two contri-
butions Ir 4f (IrSi) and Ir 4f (Ir). The reference spectra used
to extract these two depth profiles are given in Fig. 5(c). The
two Ir 4f spin-orbit doublets (4fs/,,4f7,,) exhibit a chemical
shift of 0.2 eV from 60.8 to 60.6 eV corresponding to the
activation of a silicidation reaction involving the formation
IrSi film. This result is consolidated by Fig. 5(b) which gives
the decomposition of the Si 2p profile in two components, Si
2p (IrSi) and Si 2p (Si). The reference basis of spectra used
to obtain these deconvolved Si 2p profiles are provided in
Fig. 5(d), indicating a chemical shift of Si 2p peak from
99.2 to 99.8 eV what is also attributed to chemical bonding
between Ir and Si. The variations of Si 2p (IrSi) and Ir 4f
(IrSi) profiles over a sputtering time window ranging from
30 to 60 min indicate that a silicidation reaction occurred at
room temperature. However, it remains difficult to ascertain
the exact composition of the incipient silicide layer all the
more since the silicidation reaction is probably not regular
but locally takes place in the form of patches.

2. Iridium silicide formation upon different RTA
conditions

To complete our kinetic study of Ir silicidation, the im-
pact of the activation temperature has been investigated

97 97.5 98 98.5 99 99.5 100100.5101101.5102
Binding energy (eV)

when annealing is conducted at atmospheric pressure under
forming gas (N,:H,/95:5). For that sake three distinct tem-
peratures (300, 600, and 900 °C) have been considered for
RTA activation during 2 min, starting from an iridium layer
of 15 nm. Figure 6(a) gives the atomic composition depth
profile obtained by XPS analysis for a sample annealed at
300 °C. For sputtering times between 48 and 55 min, the
iridium and silicon concentrations clearly describe a plateau
over which the 1:1 IrSi stoichiometry is verified, suggesting
that metallic Ir is converted into IrSi silicide. This observa-
tion is consistent with the Si 2p5;, and Ir 4f5,, peaks centered
at 99.8 and 60.6 eV, respectively, which are relevant to IrSi-
like bonds. Figure 6(b) presents the atomic concentration
depth profile obtained from the Si 2p and Ir 4f photoemis-
sion core levels for a 15 nm iridium overlayer annealed at
600 °C. This graph first reveals that the complete metallic
iridium layer is converted into silicide. It also clearly appears
that the first section over the first 35 min of sputtering is
indicative of a stable stoichiometric IrSi composition. In the
sputtering window covering the 35-40 min range, the Ir
415, peak centered at 60.6 eV shifts to higher energies indi-
cating the growth of a more complex phase IrSi, between the
IrSi layer and the Si substrate. From a quantitative stand-
point, a careful inspection of Fig. 6(b) reveals the presence of
narrow plateaus in the 40—50 min range with a ratio of
atomic concentrations of Si and Ir close to 0.62/0.38 that
corroborates the growth of the IrSi; 4 phase. Finally, Fig. 6(c)
presents the atomic concentrations depth profile of a sample
annealed at 900 °C. Over the first 45 min of sputtering, both
the Ir and Si depth profiles indicate that the entire IrSi layer
is converted into IrSi; 4. Simultaneously, the Ir 4f5,, emission
line remains centered at 60.8 eV as already observed in ex-
periments conducted in UHV (Fig. 2).
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IV. TEM CROSS SECTIONS

Transmission electron microscope analyses have been
performed on samples covered by a 15 nm thick layer of
iridium without or with RTA silicidation (300, 600, and
900 °C for 2 min). Figure 7(a) presents a TEM cross section
of the first sample that was not submitted to any thermal
budget. The 15 nm iridium layer is clearly identified on a
SOI substrate with 100 nm active silicon layer. Although not
perfectly uniform, the formation of a ~1 nm thick silicide
layer is clearly visible between the metallic iridium and the
silicon substrate. Figure 7(b) presents a TEM cross section of
a sample annealed at 300 °C for 2 min. The corresponding
IrSi layer features (i) a thickness of approximately 3 nm, (ii)

@

100 nm

grains without particular orientation but with dimensions ho-
mogeneously distributed around to the thickness of formed
layer as well as (iii) a sharp and uniform silicide/
semiconductor interface. Figure 7(c) presents the sample an-
nealed at 600 °C for which the entire Ir layer was consumed
by the silicidation reaction. The ~3 nm thick IrSi, phase that
can be distinguished between the top IrSi layer and the sili-
con substrate confirms results deduced from XPS analysis in
Sec. III B 2. Finally, the TEM observation of the sample an-
nealed at 900 °C [Fig. 7(d)] confirms the presence a single
silicide phase with very large grains (70 nm) contributing to
the roughness of the top surface. Small silicon islands lo-
cated in the upper part of the silicide layer are also clearly

FIG. 7. TEM cross sections of a
sample initially covered by a 15+/
—1 nm Ir overlayer on a 100 nm thick
SOI substrate (a) not annealed, (b) an-
nealed at 300 °C by RTA for 2 min,
(c) annealed at 600 °C by RTA for
2 min, and (d) annealed at 900 °C by
RTA for 2 min.

small Si island

A

S0,
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FIG. 8. Experimental Arrhenius plots of back-to-back junctions and calcu-
lated characteristics using a transport model that includes thermionic and
tunnel emission as well as barrier lowering by image charge induction. The
junctions are biased at 2 and 3 V. The three sets of characteristics corre-
spond to iridium silicide contacts obtained at different temperatures (nonan-
nealed or RTA treatments at 300 and 600 °C).

visible. This type of layer morphology further confirms re-
sults obtained by Morgan et al."" who observed a fast diffu-
sion of silicon to the top surface up to 600 °C, which can
create Si agglomerates at the silicide grain boundaries. The
formation of the IrSi; phase is not observed.

V. ELECTRICAL MEASUREMENTS

Electrical measurements of iridium silicide contact have
been performed to determine annealing conditions that pro-
vide the lowest Schottky barrier to holes and, therefore, the
lowest specific contact resistance that characterizes the car-
rier transport through the silicide/silicon interface. Figure 8
presents Arrhenius plots extracted from current voltage char-
acteristics measured at temperatures ranging from
300 to 140 K. The sample with the as deposited Ir layer for
which the silicide reaction is not uniform presents a barrier
height of 0.2 eV. After RTA activation, it is worth noting that
the transition temperature that separates the regime governed
by the series resistance, due to the silicon gap between con-
tacts, from the regime driven by the contact resistance could
not be determined even for a temperature as low as 140 K.
This constitutes an important result that indicates an ex-
tremely low contact resistance. Under the above conditions,
the extraction scheme predicts a Schottky barrier less than
0.11 eV which corresponds to the lowest detectable figure
and worst case value. The Schottky barrier height is below
0.11 eV for the IrSi phase (300 °C) and 0.13 eV for the IrSi,
phase (600 °C). The silicide sheet resistance (Rg,) increases
slightly at 600 °C, concomitantly with the appearance of the
IrSi, phase. The silicide Ry, measured around 17 (/01 at
300 °C, increases to 58 (/[ at 600 °C. At this temperature,
the total series resistance is not only due to the silicon gap
between the silicide contacts but is also due to the sheet
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resistance of the silicide. Because they are affected by differ-
ent total resistances, the 1/7% vs 1/T characteristics at 300
and 600 °C exhibit the same trend but are shifted from each
other. Above 600 °C, Rg, increases dramatically (>10
kQ/O at 900 °C) due to the degradation of the silicide layer
as observed on the TEM cross section. The non uniform
morphology of the formed layers precludes the proper ex-
traction of the barrier height.

VI. CONCLUSION

In summary, we have proposed detailed investigations
on the formation of iridium silicide obtained using UHV
annealing and atmospheric RTA under forming gas. Based on
XPS analyses, the stoichiometry of the silicide phases (IrSi,
IrSi; ¢) and the kinetic parameters of IrSi silicidation have
been identified. TEM cross sections have provided a cross
validation of XPS experiments as far as the morphology and
the roughness of the silicide layers are concerned. Finally,
electrical characterizations have enabled the identification of
the optimum annealing temperature that provides iridium sil-
icide contacts with the lowest Schottky barrier height to
holes.
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