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The Ru-TaSi-O, TaSi-N-O, and Ru-Ta-Zr-O phase diagrams are important for predicting reactions at
interfaces between SiO, and ZrO, gate dielectrics and novel Ru and Ta-based metal gate €lectrodes.
Simplified quaternary phase diagrams of the Ru-Ta-Si-O, TaSi-N-O, and Ru-Ta-Zr-O systems at 900°C
were constructed from known and estimated Gibbs free energy data, respectively. Ru is predicted to be
stable in contact with ZrO, and SiO,, whereas Ta is not stable in contact with SiO, at temperatures around
900 °C. Stoichiometric RuTa and TaN compounds were estimated to be stable in contact with both
dielectrics at 900 °C. Experimental observations of gate electrode/dielectric interfaces are discussed.
They are consistent with the thermodynamic predictions within the limitations of these phase diagrams.
Metastable phases, often found in TaN, films, and diffusion of species from the vapor (e.g., oxygen), in
particular dong grain boundaries in columnar gate electrodes, may lead to reactions not predicted by the
equilibrium phase diagrams.

1 Introduction

Continued scaling of complementary metal—oxide-semiconductor (CMQOS) devices will require a gate
dielectric with a capacitance eguivalent to that of SiO, of less than 1 nm thickness in the near future. As
the equivalent oxide thickness (EOT) is decreased, the introduction of oxides with dielectric constants (k)
greater than that of SiO, or silicon oxynitrides will be required to allow physically thicker gate dielectrics
with reduced |eakage currents. Concurrently, heavily doped polycrystalline Si, presently used as the gate
electrode, may have to be replaced with metal gate electrodes [1]. Metal gates are attractive for both
SiO,-based and high-k gate dielectrics because they eliminate gate depletion, thus alowing lower EOTS,
and are potentially thermally more stable in contact with high-k oxides than Si. Furthermore, dopant
penetration from polycrystalline Si gate electrodes into the Si channel [2-4] could be eliminated if metal
electrodes were used.

Necessary requirements for alternative metal gate electrodes are work functions that are compatible with
low threshold voltages and the thermal stability of the interface with the dielectric at device fabrication
temperatures. Optimal work functions for n-type MOS and for p-type MOS must be around 5 eV and 4
eV, respectively. In addition, midgap gate electrodes [5], as well as integration schemes to obtain dual
workfunction gates for both types of MOS have been proposed. Integration approaches use, for
example, interdiffusion to selectively change the workfunction over one of the devices [6-8]. Ru-Ta
alloys are attractive for such schemes because their workfunction can be systematically varied between
4.2 and 5 eV [9] by changing their composition.

With respect to the thermal stability of the candidate metal electrodesin contact with the dielectric, many
elemental electrodes are not stable in contact with SiO, [10]. These include Zr, Al, Hf, Ti, Nb and Ta
[10-13], which are thus unsuitable if SO, is the gate dielectric. However, little is known about the
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thermal stability of alloy metal gate electrodes in contact with SiO,, or even elemental metals in contact
with novel high-k gate dielectrics such as ZrO, and HfO,. The objective of this study is to investigate the
stability of gate electrode stacks using Ru, Ru-Ta aloys, Ta and TaN gate electrodes. To this purpose
we have calculated the relevant ternary and quaternary phase diagrams that can be used to predict the
thermodynamic stability or interface reactions at these interfaces. Experimental studies of Ru/SIO,,
Ru/TalSIO,, Ru-Ta/lSIO,, Ru/TalZrO,/SIO, and TaN/SIO, interfaces after therma anneals are aso
presented.

2 Thermodynamics

Although thin films are not necessarily in equilibrium, ternary or quaternary phase diagrams are an
important tool to predict possible reactions between electrodes and dielectric oxides. For an elemental
metal electrode, such as Ta or Ru, in contact with a binary gate oxide, such as SIO, or ZrO,, the relevant
phase diagram is a ternary system, whereas in case of a compound gate electrode, such as TaN and
RuTa, a quaternary system must be employed. BEYERS et al. [11,14] and BHANSALI €t al. [15,16] have
developed approaches to construct simplified ternary and quaternary phase diagrams at arbitrary,
constant temperature and pressure and have shown that they can be applied to predict thin film reactions
or stability. We briefly summarize their method.

In ternary phase diagrams, two phases are thermodynamically stable in contact with each other when a
gtable tie line exists between them. Stable tie lines can be determined by calculating the Gibbs free
energy of reactions involving two reactants and two products that make up the competing tie lines (tie
lines cannot cross because at the intersection four phases would be in equilibrium, which is forbidden by
the Gibbs phase rule for aternary system at constant, arbitrary temperature and pressure). |If the Gibbs
free energy is negative, then the tie line representing the products is stable. For example, in the Ta-Si-O
phase diagram (Fig. 1(a)), a possible tie line between Ta,O, and Ta,Si is determined by calculating the
Gibbs free energy change of reactions involving possible competing tie lines, for example:

14Ta+5S0, —» 2Ta,05 +5Ta,Si

For each of these reactions, AGgyy.c is the change in Gibbs free energy for the reaction at 900 'C, with

each of the reactants and products in their standard state. AGgy. Of reaction (1) is ~-214 kJmol. The

negative value indicates that the reaction proceeds in the direction indicated, i.e., Ta has driving force to
react with SO, to form Ta,0, and Ta,Si, i.e. thereis no tie line between SiO, and Ta

A quaternary system can be represented by a tetrahedron with its faces representing the four ternary
systems that make up the quaternary. Tie lines can be external (connecting phases in the ternary phase
diagrams) or internal, i.e., inside the tetrahedron, joining phases on opposite sides of the tetrahedron. In
addition, tie planes (bound by three tie lines) represent a three-phase equilibrium. They divide the
quaternary phase diagram into non-intersecting tie-tetrahedra. To determine stable tie lines and tie
planes in quaternary systems, BHANSALI et al. make use of the rule that tie lines and tie planes cannot
cross, as this would violate Gibbs phase rule for a four component systems at constant, arbitrary
temperature and pressure [16]. The existence or absence of an interna tie line can be determined by
calculating the Gibbs free energy changes of reactions involving al possible triangles that intersect the
tie line in question. Homogeneity ranges are not shown in such simplified phase diagrams, but do not
compromise the validity of conclusions about the stability of the phasesin contact with each other [11].
Most systems under consideration have a strong tendency to form compounds as opposed to solid
solutions.

In the following section, we develop such phase diagrams to predict the stability of Ru, Ta, TaN and
RuTain contact with SiO, and ZrO,, respectively. ZrO, isone of the candidate dielectrics currently
investigated to replace SiIO,. We use free energies at 900 °C, but predictions are expected to be valid
within afew 100 K, as free energy differences do not change much over thisrange. Thermodynamic
data were obtained from ref. [17], unless stated otherwise. The datain ref. [17] is often reported with a
large number of significant digits. However, there is great uncertainty in some of the data and we report
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all dataonly to three significant digits. In cases when estimates were used, as described below, the
uncertainty may be greater than 10%.

For thin layers, gaseous species may diffuse through the gate electrode, leading to interfacial reactions
not predicted by the thermodynamic stability analysis described above. For example, oxygen diffusing
through a thin layer may cause the formation SIO, by oxidation of the Si surface. We discuss such
reactionsin sections 3 and 4.

2.1 TheRu-TaSi-O system

The phase diagram for the quaternary Ru-Ta-Si-O system is necessary to evaluate the stability of RuTa
compounds on SIO,. The four isothermal (900 °C) ternary systems, Ta-Si-O, Ru-Si-O, Ta-Si-Ru, and
TaRu-O, make up the Ru-Ta-Si-O diagram. The Ta-Si-O and Ru-Si-O phase diagrams predict the
thermodynamic stability of Ta and Ru, respectively, on SiO,. They have been published previously
[11,13,18,19]. The calculated Ta-Si-O phase diagram at 900 °C is shown in Fig. 1(a) is identical to that
shown in ref. [11]. The Gibbs free energies of phasesin the Ru-Si-O system at 900°C are given in Table
2. They were obtained from ref. [17], with the exception of the ruthenium silicides, which were
calculated using the optimized thermodynamic parameters given in ref. [20]. The calculated Ru-Si-O
phase diagram at 900 °C is shown in Fig. 1(b). It includes Ru,Si, which was not included by GASSER
[18]. The phase diagram predicts that Ru is stable in contact with SiO, since there is atie line between
them.

Ru-Ta-Si and Ru-Ta-O

The Gibbs free energies of the compounds between Ru and Si and between Taand Si are shown in
Tables 1 and 2.

Tablel Standard Gibbsfree energies of the different compounds and elementsin the Ta-Si-O system
at 900 °C [17].

Phase Gibbs free energy (kJJmol)
Ta -67.9

Si -39

Ta,S -304

TaS, -808

TaSi, -239

0, -263

TaO, -2330

SO, -1000

Table 2: Standard Gibbs free energies of the compounds and elements in the Ru-Si-O system at 900 °C
[17,20].

Phase Gibbs free energy (kJJmol)
Ru -52

Ru,Si, -505

RuSi -207

Ru,Si, -698

Ru,S -263

RuO, -427

The Ru-Ta binary phase diagram contains several compounds around the eguiatomic RugTa,,
composition that are believed to be distorted CsCl type structures [21,22]. No experimental Gibbs free
energy values exist in literature for these compounds. Several authors have estimated the formation
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enthalpy of RuTa [23-25]. Estimations by KAUFMAN et al. were optimized using experimental phase

diagrams [25] and are used here. The enthalpy of RuTa at a given temperature can be estimated as
follows [25]:

Heura [T1= (1- %) HR,[T1+ XH7, [T]+ AH L, [298K] 2

where X corresponds to atom percent of Tain RuTa, Hg,[T] and Hy,[T] are the enthalpy of formation

of Ru and Ta, respectively, at temperature T. AH Ffma [298K] isthe formation enthalpy of RuTa at 298
K, as estimated by KAUFMAN [25]. The entropy of RuTais given by [25]:

SamalT1= (1- ) Sy, [T] + xS, [T] 3

where S3,[T] and Sp,[T] are the entropy of Ru and Ta, respectively, at temperature T. Using egs. (2)

and (3), the Gibbs free energy of RuTa, AG,;JTa at 900 °C is estimated to be about -235 kJ/mol. Only
stoichiometric RuTais considered here, although this compound has extensive solubility for both Ru and
Ta[22]. The calculated Ru-Ta-Si phase diagram at 900 °C is shown in Fig. 1(c).

The isothermal Ru-Ta-O phase diagram at 900 °C is shown in Fig. 1 (d). Note that RuTais predicted to
react with O, asthere is no tie line between them.
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Fig.1 Cadlculated tielinesin the ternary phase diagrams of the (a) Ta-Si-O, (b) Ru-Si-O, (¢) Ru-TaSi, and (d) Ru-
Ta-O systems at 900 °C.

Ru-Ta-Si-O
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Possible tie triangles in the quaternary Ru-Ta-Si-O phase diagram that can be constructed from the
externa tie lines are Ta,O,-RuTa-Ta S, Ta0.-SO,-Ru, Ta,0,-SiO,-RuO,, SIO,-Ta.S,-Ru,Si,, SO,-
TaSi,-Ru,Si,. Possible internal tie lines are Ta,O,-Ru,Si, Ta,O,-Ru,Si,, Ta,0.-RuSi, Ta,0,, Ru,Si,, RuO,-
TaSi, RuO,-Ta S, RuO,-TaSi, and SIO,-RuTa

The existence of the RuTa-SiO, tie line can be determined by calculating the Gibbs free energy changes
of reactions involving all possible triangles that intersect with RuTa-SiO, [16]. The reactions and free
energy changes that establish RuTa-SiO, as an internal tie line are listed in the Appendix. All other
possible internal tie lines could be eliminated by calculation of Gibbs free energy changes of the
reactions involving intersecting tie triangles (see Appendix), which aso confirmed the tie triangles
shown in Fig. 2, which represents the complete Ru-Ta-Si-O quaternary phase diagram. The bold dashed
line indicates the internal RuTa-SiO, tie line in the quaternary system, which indicates that RuTa gate
electrodes may be stable in contact with SIO,. More accurate predications could be made if the free
energy of formation of the different phases in the Ru-Ta phase diagram were determined experimentally.
Due to the uncertainty in the free energy of RuTa, experimental results are shown in section 3.

Mu-Ei
B RER
R
R I
i g
Y
' S
; -
e kY
2 =23 Tur i TuaSi; S

Fig. 2: Caculated quaternary phase diagrams of the Ru-Ta-Si-O system at 900 °C. The solid or dashed lines
represent the tie lines on the faces of the tetrahedron, and the bold dashed line is the interior SiO,-RuTatieline. The
phase diagram is not drawn in correct perspective.

2.2 TheTaSi-N-O system

The quaternary Ta-Si-N-O system is needed to determine the thermodynamic stability of TaN in contact
with SiO,. The four ternary phase diagrams that make up the quaternary system are Ta-Si-N, Si-N-O,
TaSi-O, and Ta-N-O. The free energies are listed in Tables 3 and 4 and the free energy changes are
listed in the Appendix. The Ta-N system is very complex, because in addition to the two equilibrium
nitrides that are considered here, TaN and TaN, a number of metastable phases are known to exist.
There is a lack of thermochemical information for these phases, and they were not included in the
calculations presented below. Their presence may potentially alter conclusions regarding stability in this
system, aswill be discussed in section 3.

Table 3: Standard Gibbs free energies of elements and compounds in the Ta-Si, Ta-N, and Si-N systems
at 900 °C [17,33]. Given in parenthesis are calculated values from ref. [52], but were not used here.
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Phase Gibbs free energy (kJ¥mol)
N, -247

TaN -349 (-328)

TaN -428 (-395)

Si;N, -1000

Table 4: Gibbs free energies of elements and compoundsin the Si-N-O system at 900 °C [17,33].

Phase Gibbs free energy (kJ¥mol)
SO, -1000
Si,N,O -1050

TaSi-N

LEE et al. [26] have calculated the Ta-Si-N ternary phase diagram using BEYERS method and Gibbs free
energy data from BARIN [17] (Fig. 3()). LEE et al. showed that there was no change in the stable tie
lines between 300 and 1700 K. Note that Si and TaN will react, as the following reaction has a negative
free energy change (see Appendix):

11Si + 4TaN — Si;N, + 4TaSi, 4

Tais not asuitable gate electrode if Si,N, were used as the gate dielectric as no tie line exists between the
two phases. It should be noted that an experimental Ta-Si-N phase diagram published in literature shows
atie line between Ta,N and Si,N, at 1000 °C [27]. Furthermore, Ta,Si [28] and Ta,Si [29] have been
reported but were not included in the calculations here, due to lack of thermodynamic data. However,
these compounds likely do not significantly change the phase diagram shown [27].

Si-O-N

The Si-N-O system contains a ternary compound, Si,N,O [30-32]. The free energies of Si,N,O and Si;N,
were obtained from ref. [33]:

AG 0 =—966832+ 731008 T ~111.7238-T - InT — 0.005872- T 2 — 2185000/ T (5)

Gg,n, = -936806+1066.040-T -158.4527T -InT - 0.008226-T 2 +10886000/T - 773000000/T 2 (6)

The calculated Si-N-O phase diagram is shown in Fig. 3(b).

TaN-O

Ternary compounds have been reported in this system [34]. However, no thermodynamic or structural
data are available for these compounds. Therefore, the Ta-N-O phase diagram at 900 °C was calculated
without considering these compounds and is shown in Fig. 3(c).
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Fig. 3: Caculated tie lines in the ternary phase diagrams of the (a) Ta-Si-N, (b) Si-N-O, and (c) Ta-N-O systems at
900°C.

TaSi-N-O

The possible tie triangles that can be constructed from the external tie lines for the quaternary Ta-Si-N-O
phase diagram are Ta,0,-TaN-Ta,Si, Ta,O,-TaN-Ta,Si and Ta,0,-SiO,-N,. TaN-SiO, and TaSi,-Si,N,O
were established as interna tie lines by the evaluation of Gibbs free energy changes for all possible
reactions involving crossing tie lines and tie planes. The calculated Ta-Si-N-O quaternary phase diagram
is shown in Fig. 4. The bold dashed lines indicate the internal tie lines; al other lines indicate tie
triangles. Note that the existence of Ta,0,-Si,N, and Ta,0,-Si,N,O tie lines was ruled out based on
reaction involving N, as a product. Such reactions are unlikely if solid-solid interfaces are considered,
unless N, gas can escape, for example by diffusion through athin layer. Therefore, athick Ta,0, filmis
likely stable in contact with a thick Si,;N, or Si,N,O layer. The Ta-Si-N-O quaternary phase diagram
shows that stoichiometric TaN will be stable in contact with SiO,, while TaN, which has been
considered as a gate electrode [35], will react with SIO,,.
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Fig. 4: Calculated quaternary phase diagram of the Ta-Si-N-O system at 900 °C. The solid or dashed lines represent
thetie lines on the faces of the tetrahedron. Theinternal tie lines are shown as bold dashed lines. Aninterna tieline
exits between TaN and SiO, but no tie line exists between Ta,N and SiO,. The externa tie lines between TaN, SiO,
andTaSi, do not form an internal tie triangle. The phase diagram is not drawn in correct perspective.

2.3 The Ru-Ta-Zr-O system

The Ru-Ta-Zr-O phase diagram is important to determine whether RuTa is stable at 900 °C in contact
with ZrO,, which is currently considered as an dternative gate dielectric. The Gibbs free energies of
RuZr and Ru,Zr were estimated from the values given by MAHDOUK et al. [36] using the following
equations

AGpyz[1173.15K] = 2(0.5G R, [1173.15K] + 0.5G, [1173.15K] + AH  ~1173.15AS ) ©)

AGr[1173.15K] = 3(0.6667G, [1173.15K] + 0.3333G,, [1173.15K] + AH  ~1173.15AS )  (8)

where Gg, and G, are the free energy values listed in the tablesand AH; and AS; were obtained from

MAHDOUK et al. (-55.8 k¥mol and 8.9 JKmol, respectively for RuZr and —32.08 kJ/mol and 9.5 JKmol,
respectively for Ru,Zr). These estimated values were used to calculate the Ru-Zr-Ta and Ru-Zr-O
ternary phase diagrams shown in Figs. 5(a-b). The ternary Ta-O-Zr phase diagram is shown in Fig. 5 (c).
There are no compounds in the binary Ta-Zr system [37]. In contrast to SiO,, Tais predicted to be stable
in contact with ZrO,. Thus Ta may be a suitable gate electrode for alternative gate dielectrics. The
quaternary phase diagram Ru-Ta-Zr-O, shown in Fig. 6, exhibits an interna tie line between RuTa and
Zr0O,, which implies that RuTais stable in contact with ZrO,.

Table 5: Gibbs free energies of elements and compoundsin Zr-O and Ru-Zr systems at 900°C [17,36].

Phase Gibbs free energy (kJ/moal)
Zr -65.4

ZrQ, -1210

RuZr -250

Ru,Zr -299
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3. Experimental Results

To experimentally evaluate metal gate electrode/dielectric interface stability, Ru, Ru/Ta bilayers and Ru-
Ta aloy thin films were deposited on thermally grown SO, and physicaly vapor deposited ZrQO,,
respectively, by sputtering. The details of sputtering process are described elsewhere [9]. The
composition of the Ru-Ta alloy was approximately 40 at% Ta. After deposition, the electrodes were
patterned using lift-off and annealed at 400 °C for 30 min in forming gas (10%H,/N,), followed by a
rapid thermal anneal at 900 °Cin N, for 30 s. TaN films were deposited by reactive sputtering from a Ta
target using a 1:5 N/Ar sputter gas mixture. Samples for transmission electron microscopy (TEM) were
prepared by standard cross-section techniques with Ar ion milling as the final step. The film
microstructure were investigated using a 200 kV transmission electron microscope (JEOL JEM 2010F)
equipped with afield-emissiongun.

Figure 7 shows high-resolution TEM (HRTEM) micrographs of Ru/SIO, (Fig. 7 a), Ta/lSIO, (Fig. 7 b),
TalZrO, (Fig. 7 ¢), and RuTa/SIO, (Fig. 7 d) interfaces recorded along <110>, after annealing at 900 °C.
The Ta/SiO, interface shows a thick (~ 3nm), amorphous reaction layer, consistent with the predictions
of thermodynamic instability of this interface. The initial SiO, thickness underneath this stack was ~
3nm. SO, was consumed by the interfacial reaction, so that only ~ 1.5 nm SiO, layer is left after
annealing. The possible reaction products (Fig. 1(a)) are Ta,Si and Ta,0, because an imaginary tie line
between Taand SiO, would intersect the tie line connecting these two phases. Since the reaction product
is amorphous, it is experimentally the very difficult to distinguish between the different phases that may
be present. The instability of this interface is consistent with observations [13] and predictions [10] by
others.

No obvious reaction layers can be detected at Ru/SiO,, Ta/ZrO,, and RuTa/SIO, interfaces, consistent
with the predictions of thermodynamic stability as well as previous observations [38]. The thickness of
the SIO, layer underneath the Ru electrode is about 3.8 nm, compared with an as-deposited thickness of
about 3 nm. An increase in SIO, thickness during annesling process is likely due to oxygen diffusion
through the metal and oxidation of silicon substrate. Oxygen partial pressures during annealing in N, are
sufficient to cause oxidation of the Si interface [39,40], and SiO, growth is controlled by the oxygen
diffusivity through the gate electrode. Oxygen diffusion through the grain boundaries of electrodes has
been observed for several gate electrodes, including Ru [41]. The Ru electrode has a columnar grain
structure, which may facilitate oxygen transport to the interface. Low magnification TEM micrographs
showed an increase in thickness of the SiO, film in the vicinity of grain boundaries (seeinset in Fig 7(a)).
RuTa electrodes had smaller grain sizes than Ru electrodes and Ta has a higher affinity with O than Ru.
Both may contribute to the oxygen diffusivity through this electrode.

Figure 8 shows HRTEM micrographs of interfaces between N-rich TaN, films and SiO,, recorded aong
<110> Si. One sample (Fig. 8(a)) was annealed at 400°C for 30 min in forming gas (10%H,/N,). The
other sample was annealed at 1000 °C for 15s in Ar, followed by the same forming gas anneal (Fig.
8(b)). The SO, thickness in both stacks is about 2.7-3.0 nm. There are no apparent reaction layers,
confirming the thermal stability of this interface. However, further studies are needed to investigate the
degree of N-diffusion from the gate electrode into the dielectric.
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Ta

Reaction layer

Fig. 72 HRTEM micrographs of interfaces of (a) Ru/SIO /S, b) Ru-Ta/SIO IS, (c) TalzrO/SiOysi, and (d)
TalSiO,/gi annealed at 900 °C for 30s. The inset in (a) shows alow magnification micrograph of the Ru film. The

arrow indicates a grain boundary and increased SiO, thickness in the vicinity of the grain boundary. Note the
amorphous reaction layer for the Tafilm on SiO, (the Tafilm isonly visible at the top-right corner of the image) and
the abrupt, crystalline Tainterface on ZrO,.
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Fig. 8: HRTEM micrographs of aN-rich TaN, film on SiOz/Si heat treated at (a) 400°C (30 min) and (b) 1000 °C/15
S.

4 Discussion

Both HRTEM and thermodynamic estimates in this study indicate that TaN and RuTa are thermally
stable at 900 °C in contact with SO, and a high-k dielectric, ZrO,. In contrast, TaN is predicted not to
be stable in contact with SiO,, consistent with recent experimental observations [42]. TaN has been
shown to be thermally stable on HfO, up to 900 °C [43]. Data from electrical measurements indicate a
limited stability range of TaN metal electrodes [35,44]. Capacitance-voltage (CV) measurements of
Si/SIO,/TaN, structures using N-deficient TaN, films show areduced capacitance density after annealing
whereas N-rich films showed no changes [45]. The fact that Ta,N is not stable in contact with SiO, may
explain some of the observations. N diffusion into the SO, or HfO, was also observed at high
temperatures [8,43]. Furthermore, while the Ta-N equilibrium phase diagram shows only the nitrides that
were included in the calculations for Fig. 4, a great number of metastable phases are known to exist in
this system. The phase composition of vapor deposited films is determined by the growth conditions
[46]. For example, the Ta,N, phase is often observed in vapor deposited films [35,47,48]. These
metastable phases may have different stabilitiesin contact with SIO,. Changes in the electrical properties
of the gate stack may aso be due to changes in the concentration of Ta vacancies, which likely depend
on the annealing conditions and which influence the electrica properties of TaN, electrodes [49].

5 Conclusions

In summary, we have used ternary and quaternary phase diagrams to evaluate the thermodynamic
stability of several Ta- and Ru-based metal gate electrodes in contact with SiO, and ZrQO,, respectively.
The method can be applied to other candidate electrodes and dielectrics, if thermodynamic data are
available. Tais predicted to be not stable in contact with SIO, during thermal processing at ~ 900 °C, but
is stable in contact with ZrO,. Ru, stoichiometric RuTa and stoichiometric TaN are predicted to be stable
in contact with both gate dielectrics. Experimental investigations of the interface structure are consistent
with the predictions, although electrical measurements have implied stability problems for some of the
gate electrodes. Oxygen diffusion through the gate electrode and subsequent oxidation of the S
interface may be an issue for several candidate metals, as are metastable and ternary phases that were not
included in the calculations of the simplified phase diagrams presented here.
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Appendix
Reactions and their Gibbs free energy changes for the ternary and quaternary systems depicted in Figs. 1-
6 at 900 °C.
Reaction AG (kJ/mol)
TaS-0
2Ta,0; +250, > 70, + 2Ta,S 4210
10Ta,05 +12S10, — 370, + 4TasSi, 22300
2Ta,05; + 850, — 130, + 4TaSi, 8300
550, +2Ta,S — 2Ta,05; + 7S 692
2Ta,05 +5Ta,Si — 14Ta + 550, 214
37Ta,S +5Si0, - 2Ta,05 +14TasSi, 310
13Ta,S +15S0, —» 6Ta,05 +14TaSi, 1690
Ru-Si-O
RuO, +S0, - RuS + 20, 696
2Ru0, +3Si0, - Ru,Si; +50, 2040
4RuU0O, +3S0, > Ru,Si; +70, 2180
RuO, +2Si0, —» Ru,Si +30, 1380
Ru+SiO, »> RuO, +Si 588
2Ru+ S0, —» RuO, + RuSi 472
7Ru+3S0, — 3RuO, + Ru,Si, 1390
5Ru + 3Si0O, — 3RUO, + Ru,Si, 1480
3Ru+2Si0, —» 2RuUO, + RU,Si 1040
Ru-Ta-S
4RuTa+3Ta,Si — 10Ta+ Ru,Si; 474
RuTa+ Ta,Si — 3Ta+ RuSi 128
2RuTa+ 3Ta,S — 8Ta+ Ru,Si, 334
2RuTa + Ta,Si — 4Ta+ Ru,Si 238
RuTa+5RuS — TaSi, + 3Ru,S 243
5RuTa +11RuSi — TasSi; + 8Ru,Si 539
2RuTa+ 4RuS — Ta,S +3Ru,S 204
6RuTa + 5Ru,Si; — 3Ta,Si + 4Ru,Si; 226
10RuTa +9Ru,Si; — 2TasSi; + 7 Ru,Si; 386
6RuTa +11 Ru,Si; —» 6TaSi, + 7Ru,Si; 641
2RuTa + 3Ru,Si; > Ta,Si +8RuUS 20.8
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5RuTa + 8Ru,Si; — TasSi; + 21RuS 50.3
RuTa+3Ru,Si; —» TaSi, + 7RuSi 59.3
6RuTa+ Ru,Si; —» 3Ta,Si +8Ru 583
5RuTa+ Ru,Si; > TazSi; +7Ru 506
RuTa+2Ru,Si — TaSi, +5Ru 263
2RuTa+8Tas;Si; - 21Ta,S + Ru,Si 34.6
TasSi; + Ru,Si; > 2RuTa +3Tas, 127
Ta-Ru-O

5RuTa +2Ta,0; — 9Ta + 5Ru0, 3080
4Ru + 2Ta,05 — 4RuTa + 50, 2610
9Ru + 2Ta,05 — 4RuTa + 2Ru0O, 3330
Ru-Ta-Si-O

4RuTa+5S0, - 2Ta,05 + 2RuSi + Ru,Si; 375
7RuTa+ 750, —» 7RuO, + TasSi; + 2TaSi, 4380
9SO, +2Ta,05 +14RuTa — 14Ru0, + 9Ta,Si -8240
7RUO, +2Ta,S — 250, + 2Ta,0; + 7TRu -3430
RuO, + TasSi; —» RuTa+ SO, +2Ta,S -611
37RuUO, +9Ta;Si; —» 37RuTa + 2750, + 4Ta,05 -22000
37RuO, + 4TasSi; — 10Ta,05 +12S0, + 37Ru -18200
3TaSi, + 5RuO, — 5Si0, + 3RuTa + Ru,Si -3130
25TaSi, +14RuO, — 14510, + 5TagSi; + 7RU,Si, -9660
5TaSi, + 7TRuUO, —» 7SiO, + 5RuTa + Ru,Si, -4510
2TaSi, + 3RuO, —» 350, + 2RuTa + RuSi -1930
7TaSi, +11RuO, — 11Si0, + 7RuTa + Ru,Si, -7000
TaSi, + 2Ru0, — 2Si0, + RuTa + Ru -1200
4TaSi, + 13RuO, — 8Si0, + 2Ta,05 + 13Ru -6840
6Ta,0;5 +5Ru,Si; —» 1550, +12RuTa +8Ru -810
2Ta,05 +3Ru,Si; > 550, + 4RuTa + 4Ru,Si -253
2Ta,05 + 5RuSi — 550, + 4RuTa + Ru -310
2Ta,0; + 6RuUS — 550, + 4RuTa + Ru,Si -314
2Ta,05 + 8RuS — 550, + 4RuTa + Ru,Si,4 -335
8Ta,O5 + 7Ru,Si; — 20Si0, + 14RuTa + Ta,Si -1480
42Ta,0; + 37Ru,Si; — 10550, + 2Ta;Si; + 74RuTa -7780
2Ta,05 + 5Ru,Si — 5510, + 6Ru+ 4RuTa -290
Ta-Si-N

6TaN +SizN, — 3Ta,S +5N, 951
10TaN +2Si3N, — 2TasSi; + 9N, 1660
6TaN +4Si;N, — 6TaSi, + 11N, 1960
TaN +3Ta,Si — Ta,N + TagSi 26
7TaN +2TagSi; —» 7Ta,N + 3TaSi, 344
4TaN + TagSi; > SizsN, +9Ta 590
12TaN +10TaSi, — 11Ta,S +3Si;N, 220
28TaN +27TaSi, - 11TazSi; + 7Si3N, 315
Si;N, +4TaSi, > 11S +4TaN 131
Si;N, +8TaSi, - 19Si + 4Ta,N 456
3Ta,Si +14TaN — 10Ta,N + SigN, 316
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Si-N-O

2N, +4S0, — 2Si,N,0+ 30, 1620
2N, +3S0, —» SizN, +30, 1710
Ta-N-O

2Ta,05 + 2N, — 4TaN + 50, 2440
2Ta,05 + N, — 2Ta,N + 50, 2730
Ta-Si-N-O

52TaN + 5550, —» 22Ta,05 +13Si;N, + 8TaSi, 7130
14TaN +16Si0, — 5Ta,05 + 7 Si,N,O +2Ta,Si 1360
74TaN +86Si0, — 27Ta,05 + 37Si,N,0 +4TasSi, 7280
26TaN + 34Si0, — 11Ta,05 +13Si,N,0 +4TaSi, 3010
14TaN +10Si0, — 3Ta,05 + 5Si,N,0+ 4Ta,N 987
14Ta,N + 550, — 5Ta,S + 2Ta,05 +14TaN -54.2
3Ta,O5 +5Si,N,0— 10SIO 2+6TaN + 2N, -402
32Ta+5Si,N,0— Ta,Oz +10TaN +10Ta,Si -1460
6Ta,05 +5Si3N, — 1550, +12TaN + 4N, -1230
3Ta,O5 +10Si;N, — 15S,N,0+6TaN + 2N, -1260
26TaN +55Si,N,0— 11Ta,05 + 34Si;N, + 4TaSi, 5920
10Tay,N + 2Si,N,O— 14TaN + SO, + 3Ta,S -428
9Ta,N + 2S,N,0— 13TaN + SO, + TagSi, -401
11Ta,N + 4Si,N,0—19TaN +2S 0, + 3TaS, -459
32Ta,N + 5Si,N,0— 42TaN + Ta,05 +10Ta,Si -1100
27Ta,Si +2Si,N,O0— 4TaN + SiO, +10TagSi, -168
11TasSi; +14Si,N,0— 28TaN + 750, + 27TaSi, 285
Ta-Ru-Zr

RuTa+ RuZr — Ru,Zr + Ta 117
Ta+RuZr —» Zr + RuTa 17.9
Ru-Zr-O

Ru+ ZrO, - RuO, + Zr 765
3Ru+ ZrO, - RuO, + Ru,Zr 635
2Ru + ZrO, - RuO, + RuZr 632
2RuUO, + ZrO, — Ru,Zr + 30, 971
RuO, + ZrO, — RuZr + 20, 856
Ta-Zr-0

4Ta +5Z2r0, — 2Ta,05 +57r 1310
Ru-Ta-Zr-O

2Ta,05 + 5RuZr — 5Zr0, + 4RuTa + Ru -1110
2Ta,05 + 6RUZr — 5Zr0O, + 4RuTa + Ru,Zr -1110
2Ta,0;5 + 5Ru,Zr — 5Zr0O, + 4RuTa + 6Ru -1120
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