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A study of titanium nitride diffusion
barriers between aluminium and silicon
by X-ray absorption spectroscopy: the Si,
Ti and N results
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depth information of a multi-layer material. (2) By studying
XANES at different edges of different elements containing in a
multi-layer material, it provides chemical composition
information. (3) It is a non-destructive technique so there is little
sample modification during the measurement, which is a common
problem for the other conventional tools, such as AES. A review
of this technique can be found elsewhere (Shetngl, 2000).

We have recently reported the XANES studies of these samples
from the Al perspective (Zowet al, 1999), we will focus on the

Si, Ti, and N results in the present work.
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2. Experimental

All the samples were prepared at the Chartered Semiconductor
Manufacturing of Singapore. A Si(100) wafer was used as the
substrate. Two sets of samples were studied. In the temperature
series, a 300A TiNfilm was deposited onto the clean Si(100)
substrate by sputtering a Ti target under nitrogen atmosphere.
This TiN, layer was then capped by a 400A Al film in an UHV
chamber (using a Al target containing 5% Cu). Samples were
then annealed for one hour under nitrogen atmosphere to a

We report a multi-element, multi-edge and multi-detection modéiesired temperature (400 °C, 450 °C, 500 °C, 560 °C and 600
X-ray photoabsorption study of a series of Al/FiSI(100) thin C). In th(nT thickness series, all the samples were prepared in the
films as a function of the TiNfilm thickness (100A-500A) and Same routine except that the thickness of the, Tilh varied

of the annealing temperature (400-600 °C). The Si K- and L- TOM 100A, 200A, 300A, 400A to 500A and all the samples were
edge results show that Si does not diffuse to the surface for all tR@nealed to 560 °C for one hour. .
films. The high resolution Ti L-edge and N K-edge spectra show XANES measurements were performed at the Canadian
that the TiN layer undergoes a dramatic chemical reaction wittpyYnchrotron Radiation Facility (CSRF) at the Synchrotron
the gradual increase in the annealing temperature. This chemicifdiation Center (SRC), University of Wisconsin-Madison. Si

reaction stabilizes at 560 °C at which the Tfm is known to  <-édge results were obtained using the Double Crystal
fail to act as an effective diffusion barrier between Al and Si. ~ Monochromator beamline, Si L-edge results were obtained using
the grasshopper beamline, and the Ti L-edge and N K-edge

results were obtained using the Canadian Spherical Grating
Monochromator beamline. The photon energy was calibrated
using a standard Tirutile), clean Si/Si@samples and Ngas.
XANES spectra were recorded in both the total electron yield
(TEY) and the fluorescence yield (FY) modes. The TEY mode
was measured by directly monitoring the sample current, it is
Titanium nitride (TiN) thin films have long been used as ansurface and near surface sensitive with an estimated sampling
effective diffusion barrier between Al and Si in semiconductordepth of eg, 50A at the Si L-edge (Kaswtial, 1996). The FY
technology because of theirs high thermal and chemical stabilifjjode was measured using a detector comprised of two channel
and low electrical resistivity (Wittmer, 1980). These propertiesPlates, it is generally sensitive to the bulk with an estimated
allow TiN, to withstand the repeated thermal cycles in multi-steggampling depth of eg, a few thousand angstrom at the Si K-edge
processes of integrated circuit devices. It is generally known théKasrai,et al, 1996). All measurements were normalized to the
TiN barrier thin fiilms are vulnerable to breakdown whenincident flux. All reported spectra were recorded at the normal
annealed to temperatures above 550 °C due to the Al and Si intéicidence angle.

diffusion.

Many techniques, such as X-ray photoelectron
spectroscopy (XPS) (Prieto & Kirby, 1995), Auger electron
spectroscopy (AES) (Tompkins, 1991; Kottlet al, 1991),
electron energy-loss spectroscopy (EELS) (Watkeal, 1997), 3.1 Sjresults.
transmission electron microscopy (TEM) and electron dispersive

spectroscopy (EDS) (Leet al, 1999), and X-ray absorption It has been known that Si has some solid solubility in Al (Hanson
spectroscopy (XAS) (Sorianet al, 1993), have been used to & Anderko, 1958), and the Si content has been determined in the

study the thermal properties of TiIms and to understand the Al layer when annealed to high temperatures (Ting & Wittmer,
failure mechanism of the TiNoarrier. In this work, we study a 1983). Our Al results showed that_ while the AI_ film oxidizes in
series of Al/TIN/Si(100) thin films as a function of the TjXilm  the ambient, about 80% of the Al in the Al/TIRi(100) system
thickness (100A-500A) and of the annealing temperature (40ffmMains metallic after high temperature annealing, and there was
°C-600 °C), using multi-element, multi-edge and multi-detectior?® Si contribution (eg, formation of the Al silicide) observed in
mode X-ray photoabsorption spectroscopy. Major advantages e AlK and .L-edge XANES spectra (Z‘Rl" al., 1999'). Fig. 1

this technique for studying these sandwich samples are thr890WS the Si K-edge XANES for a series of Al/Ji8I(100)
folds: (1) By measuring XANES (X-ray Absorption Near Edgesamples, with the thickness of the Tifiim varied from 100A to

Structures) in both the surface sensitive total electron yield an _OA' Also shovyn_ in Fig. 1 are reference spectra of a clean
the interface and bulk sensitive fluorescence yield, it provides!(100) and of a Tigisample. FY spectra of all these samples

Keywords: XANES, diffusion barrier, titanium nitride,
oxidation reaction
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mode of these samples and as a result, there is no significant
spectral difference when the total thickness of the layer on top of
Si is 500A or 900A. Second, there is a noticeable difference
between Al/TIN/Si(100) XANES and that of the Si(100) in the
silicon oxide region (around 1850 eV). We attribute this
difference to the formation of interface states (Si@her than
SiO,) when Al/TiN,/Si(100) samples were annealed to 8360

3.2 Til-edge results

Fig. 2 presents the Ti L-edge TEY and FY spectra of three 400A
Al/300A TiN,/Si(100) samples (as deposited and annealed to 450
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Figure 1

Si K-edge XANES of a series of Al/Ti8i(100) samples, as a function
of the thickness of TiNlayer. The thickness of the Al layer was 400A
for all the samples and all the samples were annealed t6G6& one
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hour. Spectra of a clean Si(100) wafer and a,Eif& also shown.

°C and 560°C, respectively) and of TiO(rutile) and of a
standard Tiljl sample. For the as-deposited sample, both TEY
and FY spectra show two peaks (around 458.5 and 464 eV photon
energies) corresponding to transitions from the Ej»,2md 2p,»

initial states to vacant d orbitals. In previous XAS studies of
TiN, films, only TEY mode was used and the oxide contribution
at the surface was always present (see the TEY spectrum of the
TiNy in Fig. 2, and see eg., Soriarb al, 1993, Esakaet al,
1997). This is the first time that a clean JiNpectrum is
reported in both TEY and FY modes. This also confirms that the
TiNy layer in our as-deposited sample was protected by the Al
layer from oxidation before annealing.

shown on the left side of Fig. 1 are all characteristic of a clean
Si(100) substrate (Kasragt al, 1996). This is not surprising
since the K shell fluorescence photons have a much larger escag
depth than electrons (Henke al, 1982) and the sampling depth
of the Si K-edge in the FY mode is expected to be much larger
than the thickness of the sample. Therefore, the contribution
from the bulk Si, i.e., the Si(100) wafer, dominates in the FY
mode at the Si K-edge of all the samples.

On the other hand, the TEY mode at the Si K-edge was
reported to have an estimated sampling depth of 700A in a
SiG,/Si(100) system (Kasraiet al, 1996). The TEY mode
allows us to probe the surface and interface Si content in thes
sandwich samples. TEY spectra of these AIfSN100)
samples shown on the right side of Fig. 1 are all similar to that of
the spectrum of a clean Si(100) but certainly different from that
of the TiSp. The resonance at ~1840 eV photon energy of the
Si(100) wafer is due to the transition from the Si and the signal at
~1846 eV is originated from transitions from the surface,SiO
Thus, these results indicate that there are interface states betwet
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Si and metal layer and these interface states are most likely S
oxides, but not of silicide origin.

There are two other points worth noting about the TEY
XANES of these samples. First, there is no ObYIOUS _dlfference I$i L-edge XANES of a series of Al/TiNSi(100) samples, as a function
the TEY spectra of these samples as the,Tilh thickness ot the annealing temperature. The thickness of the Al and thelaar
increases. This implies that there would be Si diffusion to the 4004 and 300 A, respectively. Reference spectra of {fidile) and a
surface if the TEY sampling depth at Si K-edge were assumed N, sample are also shown. Please note that the fluorescence yield
be ~700A (Kasraigt al, 1996). However, we could not detect spectrum of Ti@single crystal is distorted due to self-absorption.
any Si signal in the more surface sensitive Si L-edge XANES of
these samples in both TEY and FY modes (spectra not shown), Upon annealing, the TiNayer in the Al/TiN/Si(100)
and there is no indication of the formation of the titanium silicidesample is slowly oxidized. The TEY spectrum of the 480
at the interface between the TiMyer and the Si substrate. This annealed sample is almost identical to that of the ambient TiN
titanium silicidation was commonly observed when the, /SN  sample. At 560°C annealing, Ti@ feature dominates the TEY
system was annealed to high temperature (Ko#tk@l, 1991).  spectrum, showing the spin-orbit and crystal field resolved fine
Furthermore, we did not observe the formation of Al and Sktructures, just like that of a true Ti®pectrum (Fig.2 and van
alloys in the surface and the bulk of these samples from the Aler Lann, 1990). In contrast to spectra measured in the TEY
perspective (Zowt al, 1999). We think the effective sampling mode, FY spectra of Al/TiN/Si(100) samples exhibit no ;TiO
depth in the TEY mode at Si K-edge for these samples (with Aeature, even when the sample was annealed t6G&@8pectrum
and TiN, on top of the Si) is probably greater than 700Anot shown). It is concluded that, based on the Ti L-edge results,

(estimated for a Sig6i system). Therefore, only the substrate Sithe surface Tilis oxidized to produce TiQduring the annealing
(with less or no bulk Si contribution) was detected in the TEYprocess, but the bulk TiNayer remains intact.

igure 2
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3.3 N K-edge results structural information for surface, interface and bulk of

. . ) omplicated films. For the AI/TiMSI(100) films, our results
Z'I/g?;o?’og\lusTtiﬁZSi(;%%)N EaadpﬁlgsTiz agd fE:cfti))iCtroaf ogmi;?noféhowed that there is no inter-diffusion for Al and Si, even with

temperatures. FY spectra of all the samples are dominated E?JE tetrr:\persaélérce:z t?lnn_?a"r;g' \_Nher: annealc:fd :.O t%r_?fpe_ratures
features due to the unreacted bulk Ji(Rfluger,et al, 1982), gher than , the TiN layer is not an as effective diffusion

with the gradual increase in the relative intensity of the 401 e\yarrler due to oxidation reactions.

peak with the increase of the annealing temperature. This .

indicates that the bulk TiNn these samples remains intact, from We thank staff at CSRF and SRC, especially Dr. K.H. Tan , for
the N perspective, in agreement with findings based on the Ti (their technical assistance. Research performed at CSRF and

edge results. The increase in the relative intensity of 401 eV peyVO is supported by NSERC (Canada). SRC is supported by
is due to the oxidation reaction of the Tilyer after the high the US National Science Foundation Grant No. DMR-9531009.

temperature annealing (see below). We also note that FY spectra
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Figure 3 . - Walker, C.G.H., Anderson, C.A., McKinley, A., Brown, N.M.D. & Joyce,
N K-edge XANES of a series of 400A Al/300A Ti$i(100) samples, as AM. (1997)Surf. Sci383, 248-260.
a function of the annealing temperatures. Wittmer, M. (1980)Appl. Phys. Lett37, 540-542.

Wittmer, M., Noser, J. & Melchior, H. (1981). Appl. Lett.52, 6659-
When the 400A AI/300A TiNSi(100) sample was  6664.
annealed to high temperatures, there is a more dramatic spectfal, Z., Hu, Y.F., Sham, T.K,, Huang, H.H., Xu, G.Q., Seet, C.S. &
change in the TEY spectra of this series of samples. There is aChan, L. (1999). Synchrotron Rad, 524-525.
gradual decrease of the Tifkkature as the temperature increases.
Oxidation of TiN, at 560°C and 600°C causes the TiNfeature
to disappear almost completely from the TEY spectra. These
spectra are dominated by a sharp peak at 401 eV photon energy
which has been observed previously in JilNms after similar
thermal treatment (Sorianet al, 1993, Prieto & Kirby, 1995,
Esakaet al, 1997). This peak can be assigned to the contribution
from the molecular ) as a result of the TiNoxidation. This
oxidation reaction (2TiM-20,-2TiO,+xN,) is thermo-
dynamically favorable (Wittmewt al, 1981). The BN molecule
generated by this reaction was then trapped in thg [ageér by
physical and/or chemical absorption. The vibrational fine
structure due to the interstitiabfolecules, similar to that due to
the N, gas, has recently been resolved in the high resolution XAS
spectrum of the thermally oxidized TiAIN film (Esaket al,
1998).

4. Conclusion

We demonstrated that the multi-element, multi-edge and multi-
detection mode X-ray photoabsorption spectroscopy is a
powerful, non-destructive technique in providing chemical and
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