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Abstract. Compositional characterization of sputtered and implanted titanium nitride (TiN) layers for
microelectronics application is performed based on Auger Electron Spectroscopy (AES) and X-ray
induced Photoelectron Spectroscopy (XPS) data. AES shows a strong overlapping of the most intensive
peaks of Ti and N. A simple empirical method using intensity relations of Auger spectra is developed for
quick estimation of layer composition in small areas. Defined modification of the TiN layers was real-
ized by means of carbon and oxygen implantation to study their influence on quantitative analysis. In
difference to standard AES analysis the results of quantification using the method proposed are found to
be in good agreement with XPS profiles and with results from Principal Component Analysis (PCA),
where peak overlapping is excluded. The influence of oxygen was found to be crucial for standard AES
analysis but it could be taken into account in the proposed method. High carbon concentrations show no
significant influence on the Ti and N peak shapes.
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1. Introduction lap is so severe that the peaks are completely superimposed.

Secondly the line shape depends on chemical bonding in
the Ti compounds, giving rise to additional errors in quanti-
tative analysis. The Target Factor Analysis (TFA) [7] and
the method used at Charles Evans Association [§8] are so-
phisticated examples for quantitative analysis. The applica-
tion of these methods requires the specifically equipment
and software, which is not always accessible.

In the given work we present AES and XPS characteri-
zation of sputtered TiN films and annealed TiN layers formed
and modified by means of high dose ion implantation. A
simple empirical method, based on intensity relations of the
AES peaks is developed and proposed for a quick estima-
tion of layer composition. Into some of these layers carbon
and oxygen (the impurity which usually are found with the
analysis) were additionally implanted to study their influ-
ence on quantitative analysis. The results of AES quantifi-
cation are compared with XPS profiles and results from Prin-
cipal Component Analysis (PCA).

Titanium nitride films are perspective in a wide area of ap-
plications, ranging from hard and corrosion resistant coat-
ings [1] to diffusion barrier layers for advanced electronic
devices [2-4]. Different formation techniques such as physi-
cal or chemical vapor deposition, and magnetron sputtering
have been applied. During the last few years the use of ion
implantation for the formation of TiN attracts attention [5].
The modification of composition, microstructure and strain
in these layers is under investigation to optimize their prop-
erties. Therefore, a strong need for laterally resolved quan-
titative characterization arises.

For large structures in the 10> mm? range X-ray induced
Photoelectron Spectroscopy (XPS) with its high energy reso-
lution allows to separate the peaks of the elements in the
spectra and to perform compositional and chemical quanti-
fication. However, for analyzing sub-micron areas and small
defects in semiconductor metallization structures only Auger
Electron Spectroscopy (AES) seems to satisfy the resolution
requirements of the SEMATECH Metrology Roadmap [6].

Two main factors hinder the Auger qualitative and quan-
titative analysis of TiN layers. Firstly, the Tij yp peak over-
laps the Ni 1. peak at approximately 387 eV kinetic energy To investigate the formation of annealed TiN layers we im-
which is the predominant transition of nitrogen. This over-  Planted N™ ions at room temperature and at 500°C into me-
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chanically polished Ti samples and sputter deposited Ti lay-
ers on Si substrates. An implantation energy £ = 100 keV
and a dose in the range of 3.80'° cm™ to 6.500!7 cm™
were chosen. Thin TiN films (30 nm - 100 nm) deposited on
Si by means of magnetron sputtering in N,-atmosphere, and
TiN/TiSi /Si structures were also used for comparison. AES
and XPS depth profiles were measured to determine the layer
composition.

The basic Auger analyses were carried out using a
10 keV, 10 nA electron beam with a beam diameter of about
50 nm on the «PHI 670» installation. For definition of uni-
versality of offered method some part of measurements were
carried out on installation 09-M1OC-005 with difffering tech-
nical parameters using a 3keV, 1mA electron beam with a
beam diameter of about 10 pm.

(not shown) and the Ti-LMM peak at 451 eV which are not
influenced by the N-KLL (385 eV) peak.

The peak-to-peak heights (PPH) of the intense peaks
Ti(1) and Ti(2), obtained from samples with different
composition can be used as a relative and approximate
measure of the depth distribution of the elements in the layer.
Fig.1b shows a depth profile through a JiNiSi, struc-
ture, which is oxidized in the near-surface region. Starting
from the Si substrate a plateau region is indicated by the Si
and Ti intensities. This region is related to the [Ji&yer
formed by solid-state reaction of Ti and Si. The next layer
contains no Si and is characterized by an approximately
constant peak intensity of Ti(2) but increasing the Ti(1) one,
which indicats a layer with the nitrogen content increasing
towards the surface. The surface layer is oxidized as can be

The XPS data were obtained using monochromatic Alkeoncluded from the oxygen profile and the peak shape
(1486.6 eV) X-rays. For sputter depth profiling we used analysis (not shown) and is related to a JJpghase. Al-

4 keV Art beam rastered over 1.51x5 mnt (PHI670),
2,5 keV Ar beam rastered over 2 x 3.5 fi{19-OC-005)

though, the ratio of the peak intensities Ti(1) (which is
strongly influenced by N-KLL) and Ti(2jan be used for a

for AES and over 4x4 mfnfor XPS. Laterally resolved rough characterization of different Ti compounds, a simple
AES measurements were performed to characterize sapplication of elemental sensitivity factors as in standard
micron TiN metallization defects. XPS quantification hasgjuantification techniques yields in incorrect concentrations
been performed using sensitivity factors calibrated by meaofsuch samples. Suitable data processing are required for a

of stoichiometric TiN layers.
3. Results and discussion

Fig.1a shows the results of AES peak shape measurements
on reference samples of the main Auger transitions of Ti in
Ti, TiO,, TiN,, TiSi.. The most intense peaks are the LMM
and LMYV transitions near 387 eV and 420 eV intensities of
that are designated as Ti(1) and Ti(2), respectively. With the
emission of valence electrons the LMV line is sensitive to
chemical bonding, which results in splitting of the oxide and
nitride lines. Changes in peak shape occur also for the LMM
line. The indicated spectra can serve as fingerprints for in-
formation about composition and phase. Additional infor-
mation can be extracted from the Ti-LVV peak at 27 eV
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more accurate and a quantitative analysis of, Tayers,
especially of those containing oxygen.

To fabricate samples with different compositions of
TiN, a high dose N implantation into Ti was performed. A
typical depth profile using the peak-to-peak heights (in
arbitrary units) for an implantation doses of B3’ cnr?
is shown in Fig.2a. Fig.2b shows the result of a TRIM 98
calculation. As it is seen from comparison of Figs 2a, 2b,
with increasing N concentration the Ti(1) intensity increases
whereas the Ti(2) intensity remains almost unchanged. We
determined the ratio of the PPH intensities Ti(2)/Ti(1)
for pure Ti and in our experimental conditions. The inten-
sity relation Ti(2)/Ti(1) varies from 1.5 for pure Ti to 0.5
for TiN. Analyzing the dependence of the intensity relation
Ti(2)/Ti(1) on nitrogen concentration, the following ex-
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Fig.1. (a): Auger line shapes of the Ti-LMM peak for different Ti compounds; (b): Auger depth profile of a TiN/TiSi/Si structure using the peak-to-peak
heights of the Si-LVV, Ti-LMM, (overlapping with N-KLL), Ti-LMV, and 0-KLL transitions.
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Fig.2. (a): Auger depth profile of a N implanted polished Ti sample (E = 100 keV, D = 6-10'7cm-2) using the peak-to-peak heights of the Ti-LMM,
(overlapping with N-KLL), Ti-LMV, and 0-KLL transitions; (b): N concentration in the implanted sample calculated by means of Equ.(1) in comparison
to a TRIM 98 calculation.

pression was found empirically for the concentratiorstudied by means of a high dose oxygen implantation into
ratio of Nand Ti : TIN, layers. Fig.3a shows a corresponding AES depth pro-
_ . . . file. As seen, the ratio of the PPH intensities Ti(2)/Ti(1) is
Cn/Cri = {[aTi(1) - TIR)2Ti(2)} @) influenced by the oxygen content. This influence is mainly
wherea = Ti(2)/Ti(1) for pure Ti and is equal to 1.5 for related to changes in the Ti(1) peak shape (Ti-LMM). Fig.3b
«PHI 670» installation. shows the influence of oxygen implantation on the spectra.
Eqg. (1) gives a simple relationship for the determinaFor increasing oxygen concentration by a factor of about 3,
tion of N in a TiN, matrix. Fig. 2b shows the N concentrationfrom 6 at.% to about 20 at.%, no significant changes in the
calculated from the depth profile in Fig.2a using Eq.(1)PPH of the Ti(2) peak can be detected. Therefore, the Ti(2)
additionally to the TRIM calculation. A good correlation ispeak can roughly be used for calculation of the oxygen
obtained for the decreasing part of the profile over a wideontent in TiN layers. With the knowledge of the oxygen
area of concentration ranging from about 45 at.% down fafluence Eq.(1) can be used for 10, characterization.
1 at.%. However, significant differences occur at the in- Fig.4a presents the results of XPS depth profile of the
creasing part of the profile near the surface. These diffdiayer formed by N implantation into a Ti layer containing
ences seem to be mainly related to large amounts of oxgbout 10 to 15 at.% of oxygen in the bulk of the layer. Solid
gen which influence the ratio of Ti(1) and Ti(2). line represents the N concentration calculated using Eqg. (1)
The influence of oxygen on quantitative analysis waswith the account of the oxygen influence. Starting from this
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Fig.3. Oxygen implantation into a TiN layer on Si (E = 70 keV, D = 6-10'° cm2): (a): PPH - Auger depth profile; (b): line shapes of the Ti-LMM peak
for oxygen concentrations of 6 and 20 at.%. The arrow indicates the R, position for the implanted oxygen.
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Fig.4. N* implantation at 500°C into a Ti layer on Si (E = 100 keV, D = 6-10'%cm2): (a): XPS depth profile and calculated ( from AES) nitrogen
concentration by means of Eqn. (1), (b): TFA analysis using the PHI-Matlab method.
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profile, firstly the oxygen concentration was calculated ug§
ing the Ti-LMV and 0-KLL peaks. Subsequently, the N#
concentration was obtained using Eqg. (1). Now a much b
ter correlation is obtained between the data for N in Fig. ¢
in comparison to that achieved in Fig.2b. The use of Aug®s
spectrometers of another tipe ([@@C-005) have given the |
same results within the deviation no more than 2 at.%. =4
The application of the PHI-Matlab-software on TIN lay- s =
ers is an other possibility to take into account chemical ii s
fluences on Auger spectra, which has been demonstraf
by Watson et al. [7]. The method involves first applyings
target factor analysis (TFA) to separate the Auger spec|
of N in Ti and TiN. Isolation of the spectra of N and Ti a:
TiN begins with Auger spectra recorded from Jidam-
ples with different composition. To compare our simpli
approach with other existing methods of N quantificatio 't
we used the TFA analysis, too. The principal component
analysis of the Ti spectral data shows that the system N@W.5. Failure analysis of sub-micron defects in TiN diffusion barriers:
cannot be described by two eigenvectors, a third has to A line scans using Ti-LMM, 0-KLL transitions.
taken into account. From XPS results this component can
be related to a Tigphase. These three largest eigenvectors
were retai-ned to construct the PCA solution while the r&ummary
maining eigenvectors (representing spectral noise) were dis-
carded. The result is shown in Fig.4b, a good correlation fosimple empirical method based on Auger peak intensity
Fig.4a is found. Therefore, our proposed simple approactiations is developed for a quick estimation of TiN, layer
can be successfully applied for compositional characterizeemposition in semiconductor structures. The results of
tion of TiN, layers containing oxygen. An interesting techguantification are found to be in good agreement with XPS
nological result, which can be concluded from the deptbrofiles and results from Principal Component Analysis
profile in Fig.4, is the evidence of oxygen out-diffusion from{(PCA). For defined compositional modification of TiN the
the region where TiN is formed towards the surface and tlayers were implanted using carbon and oxygen ions to study
bulk of the Ti layer. their influence on quantitative analysis. The influence of
Fig.5 shows a typical example of a uB defect oxygen was found to be crucial for usual AES analysis but
analysis by means of AES in sub-micron TiN structures. Amuld be taken into account in the proposed method. High
it is seen from the superimposed line-scans, the defectcarbon concentration shows no significant influence on the
related to a TiQinclusion into the TiN layer. The quantifi- Ti and N peak shapes.
cation procedure of Eq.(1) can easily be used to characterize
lateral inhomogenous TiN layer formation in advanced mi-
croelectronic structures.
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