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Abstract

The determination of the composition of thin (1.5-3 nm) high-k layers ZrO,/Al,O; becomes more and more im-
portant in microelectronics. High resolution Rutherford backscattering spectrometry and high resolution elastic recoil
detection can achieve depth resolutions down to 1 nm while Rutherford backscattering spectrometry and nuclear re-
action analysis are perfectly suited to quantify the zirconium, the oxygen and the aluminum content. The goal of this
paper is to investigate the use of nuclear techniques for the characterization of thin high-k materials. © 2002 Elsevier

Science B.V. All rights reserved.

PACS: 68.35.Ct
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1. Introduction

With the downscaling of the electronic de-
vices and the development of new gate materials to
replace the thermal SiO,, the determination of
the composition of thin high-k£ layers (1.5-3 nm)
becomes more and more important in microelec-

* Corresponding author. Tel.: +32-16-281-306; fax: +32-16-
281-507.
E-mail address: brijs@imec.be (B. Brijs).

tronics. In this paper, a study on the character-
ization of ultra thin high-£ films based on nuclear
techniques is presented. As the detection limit for
the different elements in the high-k layer is never
less than 0.1 at.%, conventional Rutherford back-
scattering (RBS), nuclear reaction analysis (NRA)
and elastic recoil detection (ERD) are the perfect
tools to quantify the matrix elements in the film.
In this paper we focus on high resolution RBS
(HRBS) and high resolution elastic recoil detection
(HERD) for the true depth profile.

0168-583X/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Sample preparation

The metal oxide layers were prepared by means
of atomic layer chemical vapor deposition (AL-
CVD). As metal precursors, we use trimethyl alu-
minum (TMA) and ZrCly, and H,O as O source.
The sample of interest was made with 20 cycles of
Al,O5 and 40 cycles of ZrO,.

2.1. Quantification

The high-k sample under study consists of a 2
nm ZrO, film on top of a 1 nm Al,O; film on a Si
substrate.

2.1.1. Nuclear reaction analysis

2.1.1.1. Oxygen. Nuclear reaction analyses for
oxygen were performed at the 2.5 MV Van de
Graaff facility at the University of Western
Ontario using incident deuterons with 0.85 MeV
energy to induce the '%O(d,p)"’O reaction. The
silicon charged particle detector was positioned
at 140° [1]. The oxygen concentration was quan-
tified by comparison to the yield measured for a
70.7 nm Ta,Os anodic oxide standard, for which
the oxygen areal density was known to be 3.90
(£0.08) x 107 atoms/cm?. The total oxygen con-
tent in this ultra thin ZrO,/A1,0/Si was 1.9 x 10'°
atoms/cm?.

2.1.1.2. Aluminum. The total amount of aluminum
in the high-k material (ZrO,/Al,05/Si) was mea-
sured using 2’Al(a, p,)*Si (i = 0,2) nuclear reac-
tions. o-particles were produced with ALTAIS
(Accélérateur Linéaire Tandetron pour 1’Analyse
et 'Implantation des Solides), the 2 MV tandetron
accelerator in Namur. The angle between incident
beam and the normal of the sample was 60°. The

Table 1

NRA detector (mylar absorber foil of 36.6 pm,
5.41 msr) was installed at 90° relative to the inci-
dent beam. In Table 1, we have reported the en-
ergies of the Al peaks, as well the Q-values and the
cross-sections of 2’Al(a, p,)®Si (i = 0,2) nuclear
reactions as well the Al content.

2.1.2. Rutherford backscattering spectrometry

In order to demonstrate the use of RBS for the
characterization of thin ZrO,/Al,O; films, back-
scattering as well as forward scattering geometries
are used. Conventional RBS with a beam energy
of 2 MeV and a scatter angle of 161° was used to
determine the content of Zr and Cl in the ZrO,/
AlO; film. In order to improve the sensitivity
of oxygen, a forward scattering mode with a scatter
angle of 51° with an exit angle of 6° was used
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Fig. 1. A forward scattering spectrum of a ZrO2/Al,0;/Si (2
nm/1 nm/cc) layer obtained with a 2 MeV He" beam. Sample
normal is tilted by 45° and the exit angle is 6°. The accumulated
He* dose was 100 pC.

Q-values, calculated energies of protons emitted at 90° and cross-sections for the %7 Al(a, pi)‘mSi reactions

Reaction Q-value (MeV) E, (MeV) o at 4.958 MeV (mb/sr) N (atoms/cm?)
77 Al(at, py ) Si 2.3722 6.148 0.46 4.5 x 103
7 Al(a, p, ) °Si 0.1367 3.862 0.97 4.8 x 103
77 Al(at, p,)*°Si —1.1260 2.497 0.55 4.0 x 1013

The energy of the incident particle is 4.958 MeV and the energies of the emitted protons are calculated after the 36.6 pm mylar absorber
foil. The last column is the number of Al atoms in the high-k material.
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(Fig. 1). The sample was tilted over 45° (normal to
beam direction). The oxygen concentration was
quantified by comparison to the yield measured
for a 10.0 nm SiO, oxide standard as well with the
corrected cross-section. Both revealed 1.9 and
2.0 x 10'° atoms/cm?.

2.2. Depth profiling

Achieving a very high depth resolution with
RBS/ERD based methods is already a widely in-
vestigated topic and the main conclusion from this
study reveals that only with a dedicated detector
set-up (magnetic sector and position sensitive de-
tector) and optimized beam parameters, a depth
resolution of 1 nm can be achieved [2,3].

2.2.1. High resolution rutherford backscattering

High resolution RBS measurements were per-
formed at the Kyoto University using a system de-
scribed elsewhere [2]. The beam energy was 500
keV, the incident angle was 45° and the exit angle
was 5.74°. A typical dose for one HRBS measure-
ment was 10 uC. The energy window of the spec-
trometer was 25% of the central energy.

Fig. 2 shows an example of the observed HRBS
spectrum for ZrO,/Al,O0;/Si(001). The arrows
show the energies of the He ions elastically scat-
tered by Zr, Si, Al and O atoms. The thickness of
the Al,O; layer was estimated through simulations
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T T T T T

T T T T T
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Fig. 2. Experimental and simulated data obtained with HRBS
of a ZrO,/Al,05/Si (2 nm/1 nm/oco) layer.

of HRBS spectra. In the simulation, the stopping
power given by Ziegler [4] and the semi-empirical
formula for energy loss straggling given by Lind-
hard et al. [5] were employed, and the reduction of
the cross-section due to screening effects was in-
cluded. Comparing the observed HRBS spectrum
with the simulation in detail, the trailing edge of
the Zr peak and the leading edge of the Al(Si)
signal are broader than those of the simulated
spectrum. This is attributed to the non-full cover-
age of the AlL,O; layer. The observed oxygen
trailing edge agrees with the simulated result very
well, indicating that the thickness of the oxide
layer is rather uniform. It should be noted that
there is a small peak at 451 keV, which corre-
sponds to surface Si. This indicates that Si atoms
also diffuse into the ZrO, layer through the Al,O;
layer.

The best-fit simulation result is shown by a solid
curve in Fig. 2. The contents of the elements de-
rived by integrating the profiles are 6.5 x 10'°, 4.3 x
10" and 1.9 x 10'°cm™2 for Zr, Al and O, respec-
tively, and in good agreement with the sample es-
timation discussed above.

2.2.2. High resolution elastic recoil analysis

High resolution ERD analysis was performed
at the Munich tandem accelerator and its Q3D
magnetic spectrograph [5,6]. With the present
scattering conditions, i.e. 40 MeV 7 Au for oxygen
analysis 170 MeV 1 for Al analysis, a scattering
angle of 15° and a large solid angle of detection
(7.5 msr), sensitivity of around 10'* atoms/cm? for
oxygen and can be expected. The 5+ (6+) charge
state of the oxygen recoil ions, being the most
prominent charge state of the recoil ions, were
analyzed.

Quantification was done using a low resolution
AE — E or TOF-E measurement [7] at a scattering
angle of 38°, which was simultaneously performed
beside the magnetic analysis. Total integrated
values for the different elements were as follows,
oxygen (1.98 4+ 0.04 x 10'® atoms/cm?), zirconium
(6.1 +£0.2 x 10" atoms/cm?), aluminum (3.5+
0.02 x 10 atoms/cm?) and some hydrogen (5.4 +
0.1 x 10" atoms/cm?). In Fig. 3 we notice that the
Al profile is situated inside the oxygen distribution.
Both, the slope of the oxygen profile at the surface
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Fig. 3. HERD spectra of a ZrO,/Al,0;/Si (2 nm/l nm/oo)
layer. Only the aluminum and oxygen are drawn.

and that at the interface are significantly wider
than the experimental resolution. The interfacial
width may be influenced by island grow of the Al.

3. Discussion

An ultra thin high-k layer ZrO,/Al,O; has been
quantified with a variety of nuclear techniques
(NRA, RBS and ERD). Basically NRA can pro-
vide essentially background-free detection of light
elements (O and Al) while RBS can provide
background-free detection of heavy elements (Cl
and Zr). Moreover, high energy/heavy ion ERD is
the only technique which can provide background-
free detection of light and heavy elements. Since
the NRA cross-section as well as the RBS cross-
section are a varying function of energy and an-
gular distribution, it is still a good practice to
verify the obtained results with reference samples
(Si0,, Ta,0;). Table 2 summarizes the obtained
results. HERD, and to some extent HRBS are the
only techniques which can quantify the layer
completely, but a combination of RBS/NRA leads
to the same results. With respect to depth profil-
ing, only HRBS and HERD have shown an in-
trinsically high depth resolution around or below
the nm-level. Due to the high cross-sections in the
used geometry, HRBS can profile the ZrO, layer
very well. Moreover, HRBS can locate some in-

Table 2
Arial densities of Zr, Cl, Al, O and H obtained with RBS, ERD
and NRA

RBS HRBS HERD NRA
Zr 6 x 10" 6.5 x 10%° 6.1 x 10"
Cl 2.5 x 104
Al 4.3 x 101 3.5 x 101 4 x 105
o 2 x 106 1.9 x 10'¢ 1.98 x 10" 1.9 x 10'¢

H 5.4 x 101

terdiffusion of Si at the surface of the ZrO, layer.
The interface is very broad and is composed of
aluminum, zirconium and oxygen. The latter is not
unexpected since the Al,O; layer is mainly com-
posed of 50% islands filled up with ZrO,. The
aluminum profile obtained with HERD peaks at
the interface. This spectrum is basically free from
deconvolution and simulation problems and very
reliable [8]. Both profiles are in rather good
agreement, but taken into account that the cov-
erage of the Al,O3 layer is in the order of 50% for
the first 20 cycles, there seems to be a small over-
estimation with HRBS and a small underestima-
tion with HERD, but both techniques point less
than 40%. The latter is also suggested by the oxy-
gen profile obtained with HERD. For a perfect
Al,O; layer, the oxygen yield should be 6% less
than for the ZrO, layer, the HERD oxygen profile
reveals a slightly increase of oxygen.

With respect to the interface structure between
ZrO, and Al,Os, both techniques indicate at the
interface a mixture of a ZrO,/Al,O;.

4. Conclusions

The characterization of ultra thin high-k mate-
rials is a challenging task. For a rapid, quantitative
measurement of Zr, O, Cl and Al, RBS in com-
bination with NRA is the obvious choice. Depth
profiling is only possible with RBS/ERD. The
recent developments of magnetic spectrometers
(HRBS) demonstrate that they deliver accurate
depth profiles and can be applied in a routine
manner for process development. HERD com-
bines both a good quantification and an absolute
profile of all elements. Despite the fact that HERD
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is more time consuming, it provides an excellent
support for the validation of HRBS profiles.
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