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 ABSTRACT

The reaction mechanisms and related microstructures in the Si/TaC/Cu

metallization system have been studied experimentally and theoretically by utilizing ternary

Si-Ta-C, Ta-C-Cu and Ta-C-O phase diagrams as well as calculated activity diagrams.

With the help of sheet resistance measurements, Rutherford backscattering spectrometry, x-

ray diffraction, scanning electron microscopy, and transmission electron microscopy, the

metallization structure with the 70 nm thick TaC barrier layer was observed to fail

completely at temperatures above 725 °C because of the formation of large Cu3Si

protrusions. However, the formation of amorphous Ta layer containing significant amounts

of carbon and oxygen was already observed at the TaC/Cu interface at 600 °C. This layer

also constituted an additional barrier layer for Cu diffusion, which occurred only after the

crystallization of the amorphous layer. The formation of Ta2O5 was observed at 725 °C

with x-ray diffraction, indicating that the oxygen rich amorphous layer had started to

crystallize. The formation of SiC and TaSi2 occurred almost simultaneously at 800 °C. The

observed reaction structure was consistent with the thermodynamics of the ternary systems.

The metallization structures with 7 nm and 35 nm TaC barrier layers failed above 550 °C

and 650 °C, respectively, similarly because of the formation of Cu3Si. The high formation

temperature of TaSi2 and SiC implies high stability of Si/TaC interface, thus making TaC

layer a potential candidate to be used as a diffusion barrier for Cu metallization.

tsonkkil
This report is composed of two manuscripts: "TaC as a Diffusion Barrier Between Si and Cu" (submitted to Journal of Applied Physics) and "Amorphous Layer Formation at the TaC/Cu Interface in the Si/TaC/Cu Metallization System" (submitted to Applied Physics Letters). Copyright 2001, authors and American Institute of Physics.
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I. INTRODUCTION

As dimensions of solid state devices are scaled down, the continuing demand for

improvement in the performance of interconnects has led to the need to replace currently

used aluminum based conductors with materials that have better electrical properties.

Moreover, the reliability of aluminum based conductors is limited by the relatively poor

electromigration resistance of the material. Copper has attracted increasing attention as a

"state-of-the-art" metallization material because of its better electrical properties as well as

better electromigration resistance in comparison to aluminium.1,2 Unfortunately, the

interaction between Si and Cu is strong and detrimental to the electrical performance of Si

even at temperatures below 200 °C.3-6 Therefore, it is necessary to implement a barrier

layer between Si and Cu. Ta and Ta-based diffusion barriers have been the subject of

numerous investigations.7-17 They fulfill rather well the overall requirements for diffusion

barriers as summarized by Nicolet.18 Among the most promising candidates to be used for

this purpose are the binary tantalum nitrides and carbides. Whereas Ta-nitrides have been

investigated widely, only few known reports have been published about TaC- based

diffusion barriers.16,17 Hence, there is a clear need for further investigation of these

diffusion barrier layers, since they seem to offer a viable solution to the barrier layer

problem associated with Cu metallization.

There exist two stable carbides in the Ta-C system, Ta2C and TaC, with melting

points of 3330 °C and 3985 °C, respectively.19 Since both carbides are interstitial

compounds and thermally very stable20, the stability of Si/TaC interface, as compared for

example to Si/Ta interface, is expected to increase because of the elevated formation

temperature of tantalum silicides. Further, because no stable carbides exist in the Cu-C

system, the interface between TaC and Cu should be stable. Moreover, based on the

evaluated Ta-C-Cu ternary phase diagram, Cu is in thermodynamic equilibrium with both

carbides.21 However, Cu is eventually expected to penetrate through the barrier layer owing

to its high affinity towards Si. Thus, the failure mechanism is most likely a combination of

tantalum silicide formation at Si/TaC interface and diffusion of Cu through the barrier layer

with accompanied Cu3Si formation at the same Si/TaC interface.
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In the present study, the reactions in the Si/TaC/Cu metallization system are

investigated experimentally and theoretically by utilizing a combined thermodynamic-

kinetic approach. Although the complete thermodynamic equilibria are hardly ever

encountered in thin film systems, the local equilibrium is, however, generally attained at

interfaces. Therefore, the phase diagrams provide us with an efficient method for designing

diffusion barrier layers between various metallizations, especially when they can be

combined with kinetic information. The phase relations in the system are examined by

combining the assessed binary data into ternary thermodynamic descriptions. By employing

the same thermodynamic data activity diagrams will also be calculated. The information

extracted from these diagrams are used together with the experimental results obtained to

discover the underlying mechanism(s) for the failure. It is expected that by employing this

approach better understanding of the equilibria and reactions in the system is achieved.

II. EXPERIMENT

The copper and tantalum carbide films were sputtered onto cleaned and oxide-

stripped (100) n-type Si substrates in a dc/rf-magnetron sputtering system. The deposition

of TaC was obtained from the TaC-target (hot-pressed, 6.2 wt-% of C, main impurity Nb ~

0.3 wt-%) in argon atmosphere. The pressure before the deposition runs was approximately

10-5 Pa. The thickness of the tantalum carbide layers was 70 nm. The copper films with

thickness of 400 nm were subsequently sputter-deposited without breaking the vacuum.  In

order to investigate the effect of the barrier thickness on the stability of the metallization

structure, another set of samples with thinner tantalum carbide (7 nm and 35 nm) and

copper layers (100 nm) were fabricated. The samples were annealed under the vacuum of

10-4 Pa at temperatures ranging from 500 °C to 800 °C for 30 minutes.

The sheet resistance measurements at room temperature by using a four-point probe

were used to detect possible interfacial reactions after the each annealing step. The reaction

products in the Si/TaC/Cu metallization schemes were characterized by x-ray diffraction

(XRD), Rutherford backscattering spectrometry (RBS) and the transmission electron

microscopy (TEM). Surfaces of the samples were also examined with an optical

microscope and scanning electron microscope (SEM). XRD analyses were conducted with

a Bruker axs D8 Advance diffractometer. Both fixed 1deg. incoming angle and theta-2theta



4

measurements were carried out with a measurement range of 20-60 ° (2θ). The RBS

measurements were performed with a 2 MeV He+ ion beam normal to the surface, with a

scattering angle of 170 °. The TEM investigations were conducted with JEOL 2000FX

analytical TEM/STEM operated at 200 kV. A few micrographs were taken also at 400 kV

acceleration voltage (JEM-4010). SEM  investigations were performed with a JEOL JSM-

6335F field emission scanning electron microscope operated at 15 kV. The results of the

experimental investigations were compared with the assessed phase diagrams. Ternary Si-

Ta-C, Ta-C-Cu and Ta-C-O phase diagrams as well as the corresponding activity diagrams

were evaluated from the assessed binary thermodynamic data.

III. RESULTS

The sheet resistance of the layered metallization structure as a function of

temperature is displayed in Fig. 1.
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Fig. 1. Sheet resistance vs. temperature curve of the Si/TaC/Cu metallization structures

with different TaC layer thickness annealed for 30 min at different temperatures.

At 775 °C there is an abrupt rise in the curve of the sample with the 70 nm thick

TaC film, showing that some reaction has occurred in the metallization system. Above 775

°C, the sheet resistance starts to decrease. Thus, the structure behaves like an intrinsic

semiconductor. This suggests that reaction products with high resistivity have been formed,

since the underlying silicon is now carrying almost the entire probe current. The thin 7 nm

Cu3Si
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and 35 nm TaC layers are stable up to 550 °C and 650 °C, respectively, as determined by

the sheet resistance measurements (Fig. 1). It must be realized, however, that the sheet

resistance measurements monitor chiefly the state of the Cu overlayer, since it carries

almost the entire probe current. Thus, interaction between other layers, e.g. TaC and Si,

may not be immediately detected with this technique.

The surfaces of the thick (70nm) samples maintain a shiny copper-like appearance

up to 750 °C and the 7 nm and 35 nm samples up to 550 °C and 650 °C, respectively. The

SEM micrograph of the surface structure of the sample with 70 nm thick TaC barrier

annealed at 800 °C is shown in Fig. 2. As can be seen, large "squares" (approximately 20-

30 µm in diagonal) have formed on the surface. These defects seem to be composed totally

out of one phase. There is also comparable phase distributed around the central "square" in

Fig. 2, as pointed out by the similar contrast (represented by an arrow in Fig. 2). These

"squares" are surrounded by a "flowery" patterned structure, which seems to be a two phase

structure where one phase is embedded into the other. Some of this "flowery" pattern can

also be seen inside the large "squares". The structures seen on the surface of the samples

are similar to those observed earlier to be associated with the failure of the Ta barrier layers

and the formation of Cu3Si and TaSi2.22

Fig. 2. SEM micrograph from the surface of the Si/TaC(70nm)/Cu(400nm) sample

annealed at 800 °C for  30 min. The arrow shows the phase around the "squares" which

seems to be the same as the bulk of the individual "squares".
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Fig. 3. RBS spectra (2.0 MeV 4 He+, θ = 170 °) from the Si/TaC(70nm)/Cu(400nm)

samples a) no annealing and b) annealed at different temperatures for 30 min. Vertical

arrows represent surface scattering energies.

The RBS analyses of the as-deposited samples show sharp edges of the elements in the

spectra, thus showing no intermixing between the layers before the annealings (Fig. 3 a).

Fitting the measured RBS data to GISA 3.99 simulations23,24 reveals that the TaC layer

thicknesses are 7 nm, 35 nm and 70 nm for the three types of sample, respectively. The

thicknesses were obtained by using the bulk atomic densities. The composition of the Ta-C

layers is slightly rich with respect to carbon, Ta48C52. Even when taking into account errors

in the measurements and in the simulations,24 this deviation can not be attributed solely to

experimental error. Shifts in stoichiometry in TaC have been observed to take place only

towards the Ta-rich side (i.e. C defiant carbides)20, and therefore the slight excess of carbon

implies that graphite precipitation may occur during the annealings. RBS measurements of

the annealed samples showed clearly discrete layers with no intermixing up to 550 °C.

However, at 600 °C the RBS spectrum suggests that interdiffusion of Ta and Cu takes place

(Fig. 3 (b)). As can be seen, some tantalum moves to the surface. In addition the trailing

edge of the Cu and leading edge of the Si signals are smoothened, suggesting some
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intermixing. The temperature where the degradation of the layers starts according to the

RBS is unexpectedly low. However, if the slight excess of carbon in the TaC films results

in segregation to the grain boundaries as expected, this may open short circuit diffusion

paths for Cu and Si atoms via the most likely amorphous graphite media located in the

grain boundaries. Similar failure mechanism in carbon rich TaC films was also suggested

by Imahori et.al.16 Moreover, the TaC films are expected to contain pinholes and other

defects, which may enable interdiffusion locally at considerably low temperatures.

Therefore, despite the overall stability of the TaC layers, it seems that the layers have weak

spots where the mixing occurs already at low temperatures. From the backscattering spectra

taken at higher temperatures, for example at 725 °C, it is very difficult to obtain more

information about the reactions taking place, since the spectra become quite complex.

Nevertheless, as can be seen from Fig. 3, more Ta moves to the surface and the Cu and Si

interfaces degrade further, showing more severe intermixing.

In order to obtain more information about the phase formation during the

annealings, XRD analyses were carried out. Both fixed 1 deg. incoming angle and theta-

2theta configurations were used. The results shown are a combination of both types of

measurements. The analyses show that up to 725 °C only TaC and Cu are present in the

samples with the 70 nm TaC barrier layer (see Fig. 4). Further, no reaction products are

detected at 600 °C with XRD. At 725 °C there are some diffractions from Ta2O5, denoting

the presence of oxygen in the annealing environment and in the films themselves. At 750

°C, the formation of copper silicide, Cu3Si, takes place according to the XRD. However,

the analyses show that the structure of the Cu3Si is not equilibrated, since the peaks are not

"stable", i.e. they change their position slightly with changing temperature. This can be

explained by the fact that Cu3Si has at least three crystal structures stable in different

temperature ranges19,25,26, and the given phase may still be in tranformation. Moreover, it

has been observed earlier that the peak positions change slightly if the samples are kept at

room temperature for a prolonged time.25 No other silicides are detected at this temperature

with XRD. At 800 °C, the TaC, Cu, and Ta2O5 peaks disappear, and only Cu3Si and TaSi2

peaks are present. The samples with the 7 nm TaC barrier layer show only Cu peaks up to

550 °C (Fig. 5). The reason for this is most likely that the very thin (7 nm) TaC layer is in

nanocrystalline (i.e. nearly amorphous) state.
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Fig.4. XRD spectra from the Si/TaC(70nm)/Cu(400nm) samples annealed for 30 min at

different temperatures.
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Fig.5. XRD spectra from the Si/TaC(7nm)/Cu(100nm) samples annealed for 30 min at

different temperatures.
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Fig.6. XRD spectra from the Si/TaC(35nm)/Cu(100nm) samples annealed for 30 min at

different temperatures.
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Similar results indicating the amorphous nature of sputter-deposited TaC films have

similarly been reported by Tsai et al.17 The formation of Cu3Si occurs at 600 °C in these

samples as displayed in Fig. 5. The samples with the 35 nm TaC barrier layer show both

TaC and Cu peaks up to 650 °C (Fig. 6). The formation of Cu3Si takes place at 675 °C. At

the temperature of formation of Cu3Si, there is still some TaC left in the 35 nm sample. No

trace of TaSi2 is found in the thin 7 nm and 35 nm samples annealed up to 700 °C and 725

°C, respectively. Despite the different thicknesses of the films, the failure seems to be

induced by Cu penetration through the TaC layer and the formation of Cu3Si, at least

according to the XRD analyses. The Si/TaC interface is relatively stable, since no reaction

is observed below 800 °C.

To clarify the puzzling RBS results from the samples annealed at 600 °C a cross-

sectional TEM analysis was performed. The view from the 70 nm thick sample annealed at

600 °C for 30 minutes is presented in Fig. 7, which shows unambiguously the presence of

an amorphous layer between TaC and Cu. The amorphous structure of the interlayer can be

seen more clearly from the high resolution micrograph presented in Fig. 8.

TaC
50 nm

a-Ta[O,C]x

Cu

Fig.7. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 600 °C for 30 min.
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TaC

a-Ta[O,C]x

Fig.8. HREM micrograph from the amorphous Ta[C,O]x phase from the sample annealed at

600 °C for 30 min.

The amorphous nature of the layer was further confirmed with electron diffraction

patterns (not shown here). The composition of the layer was analyzed from the very thin

foil (tens of nanometers thick) with the energy dispersive spectroscopy (EDS) in the

analytical TEM to be Ta with noticeable amounts of oxygen and carbon. As high amounts

of oxygen and carbon were present only within the amorphous layer. The layer is most

probably Ta[O,C]x (i.e. metastable oxide) containing some carbon released from the partly

dissociated TaC layer. The amorphous layer also explains why the XRD was unable to

detect reaction product formation at 600 °C and gives some indication why the RBS

spectrum had already degraded at 600 °C.
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Fig.9. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 750 °C for 30 min.

The XTEM micrograph of the sample with a 70 nm TaC barrier layer annealed at

750 °C for 30 minutes is shown in Fig. 9. Here, one can clearly see the formation of large

triangular grain, which was identified with the combination of the EDS and the electron

diffraction analyses as slightly Si defiant Cu3Si phase. The size of the protrusion is

considerably smaller than observed from the sample annealed at 800 °C (see Figs. 2 and

11), indicating that the reaction continues to advance and the defect is expected to grow. It

is evident from the micrograph that the phase has a cellular appearance, but the origin of

this is not yet clear. The cellular structure may be a result of the fact that Cu3Si is still under

microstructural evolution, as mentioned above. The hemispherical grain above the

triangular grain was identified as Si deficient Cu3Si, again with the similar cellular

appearance. These two defects will most probably "combine" at higher temperatures (~ 800

°C) by conventional Ostwald ripening to form the observed larger defects. Between these

two grains, there is a region composed of Si-O, Cu-Si, and Ta-rich phases. The Ta-rich film

shown in Fig. 9 is actually a 2-phase structure with TaC at the bottom of the film and

crystalline TaOx phase (expected to be Ta2O5 as detected also with the XRD) at the upper

part of the film. There are also some remains from the Cu film between the two Cu3Si
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grains, as suggested by the XRD analysis taken at the same temperature (see Fig.4). No

continuous TaC film is seen in this micrograph, which suggests that the rupture of the

barrier layer has taken place. However, as can be seen from the micrograph taken at the

same temperature from a different location (Fig. 10), the TaC/TaOx bilayer is still present at

other sites. The formation of the Cu3Si protrusion seen in the micrograph occurs because of

the diffusion of Cu through the barrier most probably via the grain boundaries of the TaC

layer. The crystalline nature of the bilayered structure is also clearly seen in this

micrograph.

0.2 mµ

Cu

Cu3Si TaC
TaOx

Fig.10. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 750 °C for 30 min.

In Fig. 11, an "overall" view of the TEM cross-section of the sample annealed at

800 °C through one of the  "squares" and the "flowery" pattern (see Fig. 2) is presented.

The cross-section is inverted (vertically), thus the original top surface seen in Fig. 2 is at the

bottom in this micrograph.
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2 µm

Fig. 11. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 800 °C for 30 min.

TaSi2 "flower"

a-SiOx

SiC

Cu-Si

300 nm

Fig.12. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 800 °C for 30 min corresponding to � in Fig.11.

A more detailed, magnified view of the area marked as � in Fig. 11 can be seen in Fig. 12.

It shows that the "flowery" pattern seen from the top in Fig. 2 is in fact TaSi2, as determined

by a combination of elemental analyses with the EDS and diffraction pattern analysis.

However, the overall structure of the reaction product layers is somewhat complex. On the
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top surface, there is a very thin amorphous SiOx layer. Below this top layer are the TaSi2

grains. Between the two TaSi2 grains seen in the micrograph, there is a Cu-rich region that

contains some Si. This was expected to be Cu3Si, but it was not possible to confirm it

unambiguously owing to the very small amount of the phase present. This is the phase that

can be seen from the top in Fig. 2 around the central "square" (the arrow in Fig. 2) and is

considered to be the same phase as the "squares" themselves. Below the TaSi2 grains, there

is again the same Cu-rich layer that was observed between the TaSi2 grains. Beneath this

layer, there is another layer composed of Si and C with some Cu. This seems to be a

mixture of Cu-rich phase and SiC. The presence of SiC is expected based on a combination

of kinetic and thermodynamic considerations (see the discussion below). The region

marked as � in Fig. 11 is shown in more detail in Fig. 13. As shown in the micrograph, the

"bulk" of the very large "square" is Cu3Si. The composition of the phase was verified with

EDS to be ~ 25 at-% of Si. However, the structure of the phase is somewhat peculiar.

According to the CBED (convergent beam electron diffraction) pattern taken along the

[0001] zone axis, the phase is hexagonal and not orthorhombic as suggested by Solberg.26

However, as the hexagonal structure can be viewed as a sublattice of an orthorhombic unit

cell, the entire structure can be viewed as a two-dimensional long-period superlattice

composed of several domains.26 The structure is probably best depicted as a 3x1

superlattice.27 This observation of the somewhat unusual structure of the Cu3Si helps one

understand the XRD analyses, where it was difficult to find a good fit for the Cu3Si peaks.

The layered structure around the large "square" shows again the thin amorphous SiOx layer

on the surface. Some amorphous SiOx is also present as spikes inside the large Cu3Si

"precipitate". No Ta2O5 is detected at this temperature and it is anticipated that it has been

dissociated because of the formation of a-SiOx and TaSi2. Beneath the top layer, there is

another layer composed of SiC grains and Cu-rich layer, which acts as a "cement" between

the SiC grains. This is the same type of Cu-rich layer that was seen in Fig. 12 between the

TaSi2 grains and is again most likely Cu3Si. Below this mixed layer, there is again a layer

of SiC. The "flowery" pattern inside the large Cu3Si "squares" (see Fig. 2) was also

identified as TaSi2.
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SiC

Cu-Si
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Fig.13. Bright field TEM micrograph from the Si/TaC(70nm)/Cu(400nm) sample annealed

at 800 °C for 30 min corresponding to � in Fig. 11.

IV. DISCUSSION

The "overall" stability of the TaC layers seems to be good. The Si/TaC interface in

particular displays remarkable stability, since phase formation occurs only after annealing

at 800 °C. However, at the TaC/Cu interface, formation of an amorphous layer takes place

at a lower temperature (600 °C) than expected. The reaction is also quite abrupt, since up to

550 °C nothing else than clearly discrete layers are seen by RBS. Hence, the factors leading

to the formation of the amorphous layer must be properly determined. It is argued that it is

oxygen that enables the formation of the amorphous interlayer at the expense of the TaC

layer at the TaC/Cu interface, which then provides an additional barrier layer against Cu

diffusion. The formation of the amorphous layer is most likely caused by the presence of

oxygen in the films and the diffusion of extra oxygen to the films from the annealing

environment. The structure of the Cu overlayer is strongly columnar, thus providing

suitable short-circuit paths for oxygen diffusion from the atmosphere during the annealings.

The overall oxygen content of the as-deposited films is expected to be 1-2 at-%.28 This is

owing to the sputtering system, which is equipped with turbodrag pumps to guarantee oil
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free deposition and therefore the pumping of water vapor from the chamber is not very

efficient, although system has load-lock. The major part of the incorporated oxygen is most

likely present at the grain boundaries of the as-deposited TaC layer, since no extensive

solubility of Ta2O5 into TaC is expected. During the annealings oxygen dissolves into the

TaC matrix from the grain boundaries.

In principle, to investigate the reactions in the present system, the thermodynamic

description of the five-component Si-Ta-C-O-Cu system should be carried out. This implies

the carefully assessed data on ten binary systems, ten ternary systems, and five quaternary

systems. Unfortunately, there are no adequately reliable data on all the multicomponent

systems required. Therefore, the reactions at the Si/TaC and TaC/Cu interfaces are

examined with the help of the assessed Si-Ta-C, Ta-C-Cu and Ta-C-O ternary phase

diagrams together with the calculated activity diagram for Si (Figs. 14-17), since they alone

provide a considerable amount of useful information about the reactions.

The isothermal section of the metastable Ta-C-O phase diagram at 600 °C is

displayed in Fig.14. The oxygen partial pressure used in the calculations was 0.2×10-4 Pa.

Since no thermodynamic data for the metastable Ta-oxides are available, the data for stable

Ta2O5 phase is used.29-33  It is evident that the metastable amorphous Ta[O,C]x will

eventually transform into the stable phases (i.e. Ta2O5 and graphite). In fact, according to

the XRD-results, the formation of Ta2O5 took place at 725 °C (Fig. 4). When the formation

of Ta2O5 takes place TaC and graphite must also be present, since they form a three phase

field in the diagram (Fig. 14).
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Fig. 14. Isothermal section from the evaluated metastable ternary Ta-C-O phase diagram at

600 °C under the external oxygen pressure of about 0.2×10-4 Pa. The tie-lines in the TaC-

Ta2O5 two phase region are shown in the diagram. The contact-line (C.L.) between the TaC

film and oxygen indicating the initial unstable equilibrium as well as the approximate

composition of the TaC[O]gb are also shown.

TaC phase is expected to come into local equilibrium with metastable Ta[O,C]x

before the formation of stable Ta2C is possible. Therefore, the formation of Ta2C has been

suppressed in the calculations to obtain the conditions of the actual metallization structure.

The initial state of the system, where the TaC is in equilibrium with the entrapped oxygen,

is marked with the contact line (C.L.) in the isothermal section, showing that the situation is

highly unstable. The initial composition is located on the contact line and inside the three

phase field (TaC + Ta2O5 + graphite) in the isothermal section. Since the overall oxygen

content is relatively low (~ 1-2 at-%) the composition lies close to the Ta-C binary system

(the anticipated composition being depicted in Fig. 14). When the TaC[O]gb films are

annealed at elevated temperatures, oxygen dissolves into the TaC matrix, resulting

ultimately in the formation of the stable Ta2O5 and graphite. However, owing to the kinetic

constraints, the direct formation of the stable tantalum oxide is not possible and the

formation of the amorphous Ta[O,C]x layer takes place. Considering the thickness of the

amorphous layer at 600 °C, it is evident that some oxygen has to be incorporated into the

films also from the annealing atmosphere. Only after the temperature raises above 700 °C
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the relaxation of the kinetic constraints enable the formation of the stable three phase

structure (TaC + Ta2O5 + graphite).

The diffusion of copper can proceed only after the amorphous layer has crystallized.

The crystallization of the layer occurs around 750 °C, as can be seen from Fig. 10. From

the micrograph it is additionally evident that the upper part of the TaC/Ta[O,C]x bilayer is

crystalline at this temperature (probably Ta2O5 as indicated by the XRD results in Fig. 4)

and the diffusion of Cu through the barrier and the formation of Cu3Si has taken place.

Without the amorphous interlayer, the diffusion of Cu towards Si is expected to set in at

much lower temperatures, since the microstructure of the TaC layer is highly columnar.

Hence, the effect of oxygen is somewhat beneficial. However, the TEM micrographs

displayed in Figs. 9 and 10 show clearly that approximately half of the original barrier layer

is consumed by the amorphous layer before the crystallization. Hence, with thin barrier

layers the amorphous layer may consume the TaC layer completely. Even though the

thermal stability (i.e. the crystallization temperature) of the amorphous layer is expected to

be quite high, it will change the electrical and microstructural properties of the original

Si/TaC/Cu structure and can not therefore be considered beneficial. The reason for the

existence of the Ta[O,C]x layer in amorphous form at relatively high temperatures, is not

known. It is known, however, that metalloids, such as B, C, N, Si and P, can stabilize

amorphous structure in transition metals.34 Therefore, it is expected that carbon stabilizes

the amorphous structure in this system. Carbon inhibits the crystallization of the amorphous

Ta[O,C]x up to 725 °C, where the formation of Ta2O5 is observed (Fig. 10). No graphite

could be detected at 725 °C. The reason for the absence of graphite is most probably the

very difficult nucleation of the phase, as observed elsewhere.35

The ternary Si-Ta-C and Ta-C-Cu phase diagrams were evaluated from the assessed

binary thermodynamic data36-38, and are presented in Figs. 15 and 16. The question of

carbon solubility in Ta5Si3, which is expected to be substantial based on the other Me5Si3

silicides (e.g. Ti5Si3 ~10 at-%)39, must  be carefully considered in the Si-Ta-C system. The

question of solubility is currently a controversial topic and has not been unambiguously

solved. Therefore, ternary carbon solubility into Ta5Si3 has not been introduced into the

ternary diagram at this stage. Schuster et al.40 stated that based on the investigations of
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lattice parameter changes in the Ta-Si-C system, there should be no noticeable solubility of

carbon into Ta5Si3. Instead, they propose the existence of a ternary compound Ta5Si3C1-x.
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Fig.15. Isothermal section from the evaluated ternary Ta-C-Cu phase diagram at 800 °C.

The status of this compound is nevertheless still uncertain, since it is not clear if it is a real

ternary compound or simply the binary Ta5Si3 with ternary carbon solubility. Accordingly,

possible ternary compounds have similarly been excluded from the diagrams owing to the

lack of reliable data. The absence of ternary phases is consistent with the general situation

in the thin film systems, where ternary phases frequently have difficulties in nucleating.

Nevertheless, the possible solubility of carbon into Ta5Si3 or the existence of ternary

compounds must be experimentally verified with bulk samples, in order to establish the

solubility limits and to provide a reliable basis for the understanding of these metallization

systems.

It can be seen from the isothermal section of the assessed ternary Ta-C-Cu phase

diagram at 800 °C (Fig. 15) that Cu is in equilibrium with both tantalum carbides TaC and

Ta2C. Thus, the TaC/Cu interface is stable, since there is no driving force for reaction

between the materials. However, owing to the high affinity of Cu towards Si, it is evident

that Cu will in time penetrate through the TaC layer to react with Si. Moreover, as been

discussed above, oxygen incorporated into the films de-stabilizes the TaC/Cu interface and
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the formation of the amorphous layer takes place. On the other hand, since the Si/TaC

interface is not in equilibrium, driving force for reaction between the substrate and the TaC

layer exists (Fig. 16). Assuming that the local equilibrium is achieved at the interfaces of

the thin film system, it is possible to use phase diagrams coupled with certain kinetic rules

to predict possible or at least to rule out impossible reaction sequences. First, the mass-

balance requires that the diffusion path, which is a line in the ternary isotherm, representing

the locus of the average compositions parallel to the original interface through the diffusion

zone41, crosses the straight line connecting the end members of the diffusion couple at least

once. Secondly, no element can diffuse intrinsically against its own activity gradient42 (i.e.

from a low chemical potential area to a high chemical potential area).
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Fig.16. Isothermal section from the evaluated ternary Si-Ta-C phase diagram at 800 °C.

Contact-line between Si and TaC is marked as C.L. The diffusion path is also superimposed

into the isothermal section.

Although there exists a TaC + TaSi2 two phase region in the phase diagram (Fig.

16), SiC must be formed to incorporate the carbon released after the formation of TaSi2 in

the reaction between Si and TaC, because of the mass balance requirement. The formation

of SiC and TaSi2 was confirmed with TEM investigations and therefore gives support to the

assessed phase diagram. As shown in Fig. 12 the reacted structure consists of layers of SiC

and TaSi2 on top of the silicon substrate. The original TaC is used completely during the
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reaction, since no traces of it can be found at 800 °C. The reaction sequence seems to be

Si/SiC/TaSi2/TaC, in which the TaC is used completely to yield the final structure

Si/SiC/TaSi2. Silicon is expected to be the first species moving at this interface because it

has been found to be the mobile species during the formation of TaSi2 that occurs around

650 °C in the binary Ta-Si system.43  Further, the chemical bonding between Ta and C in

the TaC compound at this essentially oxygen free interface is expected to be strong20, and

therefore Si is considered to be the only diffusing species at the Si/TaC interface around

800 °C. Whether the above presented phase formation sequence is possible, can be

investigated with the help of Fig. 17. As can be seen from the calculated activity diagram,

Si can move along its lowering activity gradient in the reaction sequence and the diffusion

of Si is allowed on thermodynamic grounds. The reaction proceeds most likely by Si

indiffusion into TaC (most probably via grain boundaries) and the following formation of

TaSi2, which then leads to the dissociation of TaC. The released carbon is then available for

the formation of SiC in the reaction with Si. This mechanism will finally yield the

experimentally observed structure Si/SiC/TaSi2. Thus, carbon and tantalum would not have

to move and undergo only local rearrangement. Almost identical behavior has been

observed in a very similar NbC/Si diffusion couple.44

TaSi2 + SiC

TaSi2 + TaC

Ta5Si3 + Ta2C

Ta2Si + Ta2C

Ta3Si + Ta2C

Ta + Ta2C

Ta2C TaC

TaC + C

TaC + SiC

Fig.17. Potential diagram (log10aSi vs. xC/xTa+xC) for Si-Ta-C system at 800 °C with the

superimposed diffusion path.
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V. CONCLUSIONS

Interfacial reactions in the Si/TaC/Cu metallization system were investigated. The

failure of the metallization structures was caused by the penetration of Cu through the TaC

layer and followed by Cu3Si formation in the case of both the thin (7-35 nm) and the thick

(70 nm) TaC barrier layers. The formation of Cu3Si was detected with XRD at 750 °C, 650

°C, and 600 °C for the 70 nm, 35 nm and 7 nm thick films, respectively. The formation of

TaSi2 and SiC took place at considerably higher temperatures (~ 800 °C) in the thick films

giving rise to the highly complex microstructure. However, the formation of an amorphous

Ta layer at the interface between TaC and Cu with noticeable amounts of carbon and

oxygen was observed to take place already at 600 °C. The partial decomposition of the TaC

layer due to the entrapped oxygen incorporated during the sputtering led to the formation of

amorphous Ta[O,C]x layer. This emphasizes the role of oxygen in the reactions. The

amorphous interlayer constitutes an additional barrier for the diffusion of Cu. The ternary

Si-Ta-C, Ta-C-Cu and Ta-C-O phase diagrams were evaluated by using the assessed binary

thermodynamic data. The phase relationships were found to be consistent with the

experimental results. It is to be noted that in order to have more complete description of

ternary systems, more experimental information on ternary solubilities is needed,

particularly that of carbon in Ta5Si3 compound. With the help of the ternary phase diagrams

and the calculated activity diagrams, the reactions taking place at the Si/barrier interface

were analyzed and the sequence leading to the experimentally observed structure was

explained. The Si/TaC interface was found to be stable because of the high temperatures of

formation of the  tantalum disilicide and silicon carbide. Based on thermodynamic

considerations and experimental investigations the TaC layer seems to be a very feasible

diffusion barrier, although utmost care must be excercised in processing the films.
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