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We explore the potential of Time-Of-Flight Medium Energy Ion Scattering (TOF-MEIS) for thin film anal-
ysis and analyze possible difficulties in evaluation of experimental spectra. As a model system high-k
material stacks made from ultra-thin films of HfO2 grown on a p-type Si (100) substrate with a
0.5 nm SiO2 interface layer have been investigated. By comparison of experimental spectra and computer
simulations TOF-MEIS was employed to establish a depth profile of the films and thus obtaining informa-
tion on stoichiometry and film quality. Nominal film thicknesses were in the range from 1.8 to 12.2 nm. A
comparison of the results with those from other MEIS approaches is made. Issues regarding different
combinations of composition and stopping power as well as the influence of channeling are discussed.
As a supporting method Rutherford-Backscattering spectrometry (RBS) was employed to obtain the areal
density of Hf atoms in the films.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Due to the ongoing miniaturization in electronics and sensor
technology, conventional elastic scattering techniques using solid
state detectors and employing MeV ions have approached their
limits when it comes to establishing depth profiles of elements
in materials. To refine analysis, approaches to use different detec-
tors and reduce the ion energy, and thus the relative energy loss
per unit path length have been made. Medium-Energy Ion Scatter-
ing (MEIS) or High-Resolution Rutherford Backscattering Spec-
trometry (HR-RBS) making use of magnetic and electrostatic
spectrometers (ESAs) (see e.g. [1,2]) as well as modified solid state
detectors [3] have emerged from these efforts. Some of these spec-
trometers have proven to achieve monolayer resolution [4]. This
progress made MEIS in combination with high-resolution spec-
trometers a tool which is particularly applied for studies of stacks
of ultrathin layers of e.g. high k-materials as used in semiconductor
industry (see e.g. [5–8]).

Time-of-Flight Medium-Energy Ion Scattering (TOF-MEIS) is a
novel elastic scattering technique with the major focus on
near-surface crystallography, if performed with a large position
sensitive detector. This permits experiments with extremely low
primary currents. The TOF-technique furthermore enables to re-
cord simultaneously particles with any final energy, which permits
large scattering angles even when particles scattered from atoms
with lower atomic numbers are detected. This is different from
many magnetic or electrostatic spectrometers compensating to
some extend for the somewhat lower energy resolution obtainable
in TOF-MEIS. The difference in scattering geometry permits thus
the investigation of a wider range of different depth without the
spectra suffering extensively from multiple scattering effects.
However, the potential of TOF-MEIS for characterization of thin
films and especially the quality of sub-surface interfaces is still lar-
gely unexplored.

In the present investigation we want to investigate which film
properties can be readily deduced from TOF-MEIS experiments
and for which a more detailed analysis is demanded. In order to
achieve this, we study well-defined high quality stacks of HfO2

with a thin interface layer of SiO2 on a Si�substrate.
2. Sample preparation, experiment and simulations

Samples were prepared the following way: The SiO2 was grown
via O3 oxidization and the HfO2 by atomic layer deposition (ALD). A
first thickness estimation for the samples was obtained by ellips-
ometry measurements. The calibration experiments using RBS
were performed employing a 5 MV pelletron tandem-accelerator
at the Ångström laboratory at Uppsala University. Spectra were
t Med-
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Fig. 2. Energy converted experimental TOF-MEIS spectrum (open symbols)
recorded for 45 keV primary 4He+ ions scattered from the same film as shown in
Fig. 1. The detection angle of scattered particles was 60 degrees. Also shown are
TRBS simulations for different roughness in the film (solid lines) as well as a non-
appropriate stopping power for HfO2 (dashed lines). For details see text.
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obtained at standard RBS conditions employing 2 MeV 4He+-ions as
primary projectiles and detecting backscattered particles under a
scattering angle of 170� by a solid state detector.

Fig. 1 shows a typical RBS spectrum recorded for a HfO2 film
with a thickness subsequently determined to be 12.2 nm (open
symbols). The experimental data is fitted by the SIMNRA simula-
tion package [9] (full lines). Since the backscattered yield from Hf
appears as a peak due to limited system resolution, care has to
be taken to avoid channelling in the Si�substrate. Channelling
would lead to erroneous results, due to wrong calibration of the so-
lid angle and beam current. Only a successful fitting of the RBS
spectrum in a wide energy range, without deviations towards high-
er or lower values, especially at the high energy onset of Si can
guarantee the absence of channelling. From these experiments it
is possible to deduce the total amount of Hf in the film in
atoms/cm2 by a fit to the correspondent peak, and consequently
the thickness of the films assuming a density and a stoichiometry
of the oxide.

The main features of the employed TOF-MEIS set-up will only be
briefly summarized, for details see [10]. The set-up is capable to pro-
duce atomic and molecular beams of many different ion species in an
energy range from approximately 20–180 keV. A moveable large so-
lid-angle (diameter of the active area 120 mm) microchannelplate
(MCP) detector permits to record position sensitive time-spectra
for different scattering angles in backscattering geometry. Due to
the large area of the detector the particle flux can be kept extremely
low (on the order of 10 nC per spectrum). This permits to use also
heavier ions than hydrogen at low ion energies without any signifi-
cant sample damage due to e.g. sputtering. To deduce information
on the thin-film properties, as well as the energy resolution of the
experiment, the backscattered yield for a certain narrow scattering
angle interval is simulated by Monte-Carlo trajectory calculations
by the TRBS-code (Trim for BackScattering) [11]. In the simulations,
a correction factor for electronic stopping and different interatomic
potentials with tuneable screening (ZBL, TFM [12,13]) are available.
For the present simulations the ‘‘universal’’ ZBL�potential without
screening correction was employed.

Fig. 2 presents a typical energy converted experimental spec-
trum (open symbols) obtained by TOF-MEIS for 45 keV He+ ions
backscattered under an angle of 120 degrees after normal inci-
dence from the film with a nominal thickness (assuming HfO2

and a bulk density of 9.68 g/cm3) of 12.2 nm as deduced from
RBS (same film as in Fig. 1). The figure also holds different simula-
tions by TRBS (full lines) – details will be explained in the next
section.
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Fig. 1. RBS spectrum obtained for 2 MeV 4He+ scattered from a HfO2 film on Si with
an SiO2 interface layer. The thickness of the film is found to be 12.2 nm when
stoichiometric HfO2 composition and bulk density is assumed. A small contribution
from Zr (�0.35% atomic per cent assuming the film to be from Hf, O and Zr) can be
resolved.
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3. Results, spectra analysis and discussion

The experimental spectrum, converted from TOF to energy,
shown in Fig. 2 displays several characteristic features: At the
highest energies it still resembles an RBS spectrum, with a charac-
teristic high energy onset followed by a plateau. At lower energies,
however, an extended contribution from multiple scattering blurs
the onset of the spectrum and leads to a strong background contri-
bution for energies below the low energy edge of the single scatter-
ing distribution. Only at much lower energies, this background
contains a contribution from scattering from the Si in the substrate,
contributing about 2/3 to the observed signal at 20 keV.

Also shown are different simulated spectra obtained by TRBS.
From these, the energy resolution dE of the present experimental
spectrum can be deduced to be 1 keV. This results in a relative res-
olution dE/E of about 0.022 which is not competitive with MEIS
using electrostatic spectrometers where a resolution of 9 10�4

has been reported by Kido et al. [4]. However, a comparison of
the resolution dE with the energy loss in the present film DEMEIS

�8.5 keV shows that for the present spectrum TOF-MEIS (dE/
DEMEIS = 0.12) exceeds by far the achievable depth resolution of
conventional RBS (dE/DERBS = 1 – compare Fig. 1 and 3) .

Thus, the simulations of the energy converted TOF-MEIS spectra
can be employed to extract information on the quality of the thin
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Fig. 3. Energy converted experimental TOF-MEIS spectrum (open symbols) for the
same film as in Figs. 1 and 2. Also shown are TRBS simulations for pure Hf and
different composition of the film HfOx with x between 0.66 and 3 (solid lines) for
which electronic stopping has been modified in order to match the experiment.
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Fig. 4. Energy converted experimental TOF-MEIS spectrum recorded for scattering
of 80 keV 4He+ and a detection angle of 105 degrees. The width of the thin film can
still be resolved in the spectrum as indicated by the presence of a plateau in the
scattered yield. Clear evidence for channelling in the substrate is found in the
energy dependence of the scattered yield from Si (surface peak). Also shown is a
simulation by TRBS which is found to excellently reproduce the experiment.
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film. The blue line depicts a simulation obtained for a HfO2 film
containing the appropriate number of Hf atoms as deduced from
RBS embedded in a perfectly homogenous film of HfO2. Obviously,
the simulation excellently matches the plateau between the high-
and low-energy edge. The shape of the plateau is determined by
the energy scaling of stopping power and scattering cross sections
in the sample as well as a possible concentration gradient of the
scattering species within the compound film. Thus the agreement
between simulation and experiment indicate a high degree of
homogeneity, i.e. a constant stoichiometry within the film.

At the low energy edge, some deviation between the simulation
and the experiment is observed. In contrast to the perfect layer
used in the simulation represented by the blue (in print: dark grey)
line the simulations shown by black and light grey lines represent
simulation employing a sample composition which also exhibits
the right Hf content, but instead a mixed layer of Hf, Si and O with
a thickness of 1.2 and 2.4 nm corresponding to 10 and 20% of the
film thickness respectively. This can also be interpreted as a film
roughness. A comparison of the simulations with the experimental
dataset clearly indicates that the simulation for 10% roughness
clearly fits the experimental spectrum best, whereas the 0 and
20% result in clearly worse fits of the low energy edge. Obviously,
the achievable energy resolution sets a outermost limit to the pre-
cision with which the interface analysis can be performed. How-
ever, large scattering angles can be employed, which yields both,
high mass separation as well as short trajectories in the solid. In
comparison in MEIS using e.g. an ESA with superior energy resolu-
tion, the typically smaller scattering angle (see e.g. [4]) and the
longer path in the samples gives an enhanced energy spread due
to increased electronic straggling contributions as well as multiple
scattering. Thus, whereas TOF-MEIS cannot achieve similar energy
resolutions near to the surface, it is a powerful tool for analysis of
interfaces that are found at depth scales of 10 nm or more.

Whereas parameters regarding the film quality, like homogene-
ity and roughness can be directly quantified from the TOF-MEIS
spectrum obtained from the thin film and subsequent simulations,
the absolute film stoichiometry is more difficult to assess. The rea-
son is found in the interdependence of stoichiometry and the stop-
ping power in the films. For stoichiometric HfO2 and known Hf
content as an input in the simulations there is no space for a var-
iation of the electronic stopping power. The employed electronic
stopping cross section e(28.65 eV/1015 atoms cm2), which results
in the best fit, is only slightly (about 10%) exceeding electronic
stopping extrapolated from the data by Behar et al. [14] in a trans-
mission experiment. To illustrate the effect of a variation in stop-
ping, Fig. 2 also holds two simulations with electronic stopping
modified by +/� 10% (dotted lines). However, by use of a different
combination of stoichiometry and stopping power in the com-
pound within certain limits agreement with the experimental
spectrum can be obtained. Fig. 3 illustrates several possibilities:
the figure holds the same experimental dataset as in Fig. 2, but
additional simulations, for different stoichiometry, partially with
optimized electronic stopping. As an extreme case the light grey
line depicts the spectrum one would obtain for a thin film of Hf
with a thickness (in atoms/cm2) according to the RBS results and
employing electronic stopping as expected for 45 keV He in Hf.
Obviously there is no space for matching this simulation to the
experiment, without a tremendous increase of electronic stopping
by about a factor of 3. The other simulations represent different
examples of changed stoichiometry HfOx in the range from x = 3
to 0.66, for all of which electronic stopping was modified to match
the experimental spectrum. Note that all simulations result in a
reasonably well fitted signal from the Si substrate, thus it is not
possible to decide on this basis alone whether a certain composi-
tion is unreasonable. However, although the fits are of equal qual-
ity, the physical model behind becomes unreasonable already
Please cite this article in press as: D. Primetzhofer et al., Ultra-thin film and inte
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before x becomes smaller than 1.5 for which the value of the com-
pound stopping cross section (in eV/1015 atoms cm2) exceeds the
value for bulk Hf. Since the stopping of O is found to be much lower
than for Hf, the compound stopping is expected to be lower, even if
Braggs additivity rule [15] cannot be fully applied at these low ion
energies [16]. Reference stopping data thus sets a limit for too
strong variation of the composition, an uncertainty in x on the or-
der of 10% however cannot be directly excluded from a single spec-
trum as the one presented.

Different approaches are typically employed to address this
issue in case of a substrate like Si: By choosing the right scattering
conditions regarding projectile ion and geometry, the signal for
scattering from oxygen can result in a distinct feature in the spec-
trum allowing for a direct quantification. This approach favours
light ions (H, D), for which scattering from oxygen results in a suf-
ficiently high kinematic factor, which permits to separate the signal
sufficiently well from the background. This additionally requires a
long path length in the sample, either by rather grazing trajectories,
or by sufficiently thick samples. As an alternative for sufficiently
thin films one can make use of channelling in the substrate in order
to reduce the contribution from Si, resulting in a more pronounced
O signal [5]. Additionally, an investigation by different projectiles
and/or at different ion energies helps to avoid artefacts from this
interdependence of stopping powers and compositions. Also inves-
tigating different film thicknesses produced in the same way can
indicate inaccuracies in the modelling.

Whereas Fig. 2 represents a sample thickness which can be
excellently characterized by TOF-MEIS we would in the following
like to discuss analysis of thin films close to the limits in depth res-
olution. When using TOF-MEIS for an investigation of films which
are only a few nm thick, channelling in a crystalline substrate can
become apparent, as it is shown in Fig. 4. As can be seen, the exper-
imental spectrum exhibits a peak structure at the high energy edge
of the contribution which origins from scattering from Si. When
making use of the large solid angle of the detector and the thus
low primary particle fluence, averaging of the angular dependent
substrate signal can complicate a straightforward composition
analysis in TOF-MEIS. In turn, when the signal is limited to areas
without significant influence of channeling, the advantage of low
primary beam fluences has to be partially abandoned.

The experimental data in Fig. 4, however, also illustrates the
high energy resolution that can be achieved by TOF-MEIS. In the
present case the relative energy resolution dE/E is found to be better
rface analysis of high-k dielectric materials employing Time-Of-Flight Med-
i.org/10.1016/j.nimb.2014.02.063
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than 0.01. Again, the part of the spectrum originating from Hf indi-
cates very high quality of the employed film, for which the nominal
thickness was determined to be 1.8 nm by RBS. When using an elec-
tronic stopping power in accordance with the values used for
80 keV He to fit the thicker film (not shown), the width of the spec-
trum is excellently reproduced. This agreement, in turn, implicates
equivalent film composition for the 12.2 and the 1.8 nm films. For
even thinner films, the spectrum would start to resemble an RBS
spectrum for thin films, i.e. the experimental resolution completely
dominates the shape of the signal.

4. Summary and conclusions

The present investigation analyses the potential of TOF-MEIS for
non-destructive characterization of nm-films. The high energy res-
olution of the technique, together with the ability of recording all
energies simultaneously permits to use TOF-MEIS for characteriza-
tion in a wide range of film thicknesses (about 2–20 nm). Properties
of the thin film, like roughness and homogeneity in composition
can be deduced accurately in this thickness regime. Whereas for
even lower thickness MEIS using electrostatic or magnetic spec-
trometers provides superior depth resolution, TOF-MEIS represents
an excellent alternative for depth profiling in the above mentioned
thickness range, also due to the larger scattering angles employed.
The large solid angle makes the method sensitive for channeling in
substrate and thin films. This can on the one hand complicate com-
position analysis but on the other hand yield additional information
on properties of the analysed system.

As in any MEIS approach significant uncertainties in composition
can result when film stoichiometry is derived in an investigation
Please cite this article in press as: D. Primetzhofer et al., Ultra-thin film and inte
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at a single energy by He ions. This is linked to uncertainties in
compound stopping powers and the dependence of the stopping
power on the actual composition. By a set of experiments at differ-
ent energies and for different film thicknesses or, alternatively if
possible, a direct measurement of the yield scattered from oxygen
the quality of the information that can be deduced can be improved.
Since primary currents are found extremely low, no altering of
sample composition has to be expected in such an approach.
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