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We demonstrate the application of high-energy elastic electron backscattering to the analysis of
thin (2–20 nm) HfO2 overlayers on oxidized Si substrates. The film composition and thickness are
determined directly from elastic scattering peaks characteristic of each element. The stoichiometry
of the films is determined with an accuracy of 5%–10%. The experimental results are corroborated
by medium energy ions scattering and Rutherford backscattering spectrometry measurements, and
clearly demonstrate the applicability of the technique for thin-film analysis. Significantly, the
presented technique opens new possibilities for nm depth profiling with high spatial resolution in
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818637]
scanning electron microscopes. V
Determining the composition of thin films as a function
of depth is essential for many technological applications.
HfO2 is a technologically important metal oxide due to its
use as high-k gate oxide in Metal Oxide Semiconductor
(MOS) technology1 and also in emerging resistive switching
devices.2 Many experimental techniques have been developed to characterize such layers using incident photons, electrons, or ions, each having their specific advantages and
limitations. X-ray photoemission spectroscopy (XPS) is most
widely used for extremely thin layers (up to few nm) and
Medium Energy Ions Scattering (MEIS) and Rutherford
Backscattering Spectrometry (RBS) for thicker layers.3
Nowadays, photoemission based on hard x-rays has been
developed to probe deeper below the surface, but such
experiments can only be done at a few specialized synchrotron beam lines. Here, we demonstrate an alternative route,
based on high-energy electron scattering, for depth profiling
of very thin to relatively thick layers and for obtaining information on the electronic structure of the layer.
In XPS, the spectra are determined by the photoemission
cross-section, core-level binding energies and the inelastic
electron mean free path (IMFP). In ion scattering techniques,
the elements are resolved due to the mass-dependence of the
energy transferred in a collision, and the area and shape of
the spectra are determined by the elastic scattering cross section and stopping power (energy loss per unit trajectory
length), respectively. Here, we demonstrate that electron
scattering at high energies (here 40 keV) can be used for
depth profiling of thin HfO2 films deposited on SiO2 substrates. This technique is based on the IMFP (as for XPS)
and elastic scattering cross sections (as for RBS) and we
refer to it as ERBS (electron RBS).4 In ERBS, separation of
the elements is accomplished as in RBS by calculating the
energy transfer from the electron to a nucleus assuming a
collision between free particles. The fact that this is possible
is somewhat surprising as the transferred energy (recoil
0003-6951/2013/103(7)/071911/4/$30.00

energy) is of the order of the atomic binding energy but this
approach is corroborated by experimental outcomes. Here,
ERBS resembles neutron Compton scattering5 where neutrons with kinetic energy of the order of 10 eV transfer similar amounts of recoil energy to target atoms. Since the
incident particle loses energy according to well-known twobody kinematics,4 it can be used to identify the mass of the
scattering atom as long as the contributions of different elements can be resolved. Therefore, high-energy electrons as
well as high-energy resolution (DE/E of the order of 105)
are required. As in RBS, the intensity of the elastic peaks is
proportional to the elastic scattering cross-section of each
atomic species and their concentration. In contrast to RBS,
only the trajectories without any inelastic events (i.e., electronic excitations) are used for the compositional analysis.
This is because the typical electronic excitation energy is
larger than the recoil energy, whereas in RBS and MEIS, this
is not the case. Longer electron trajectories contribute less to
the elastic peak as the likelihood of electronic excitations
occurring increases with path length. Therefore, the intensity
of an elastic peak depends also on the IMFP, making depth
profiling possible in a similar way as in XPS. Thus, the main
features of the ERBS are the use of elastic cross-sections and
kinematic factors as in the ion scattering and the electron
IMFP as in photoemission. The technique is more suitable
when the elastic peaks are well separated and free from a significant background due to inelastic excitations.
As is the case for neutron Compton scattering,5 the width
of the ERBS elastic peaks is not just determined by the experimental resolution but also by Doppler broadening due to the
momentum distribution (thermal vibration) of the scattering
atom. The Doppler broadening is given by r ¼ (4/3 Erec Ekin)1/2
with Ekin being the mean kinetic energy of the scattering
atom and Erec being the position of the elastic peak (see
Table I for typical values for Erec and Ekin). Doppler broadening has been identified as a contributing factor in the ultimate
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TABLE I. Parameters used to simulate the ERBS spectrum from Eqs. (1)–(3) for 40 keV electrons. Peak position was taken from the relativistic kinematical
factor.4 The peak width (FWHM) is taken from the mean kinetic energy according to Ref. 4. IMFP values of 33 m and 55 nm for HfO2 and SiO2, respectively,
were used.

Element
Hf
Si
O

Crosssection
rx (cm2 /sr)

Relative to
Rutherford

Concentration Cx
(1022 atoms/cm3)

1.23  1020
2.18  1022
6.87  1023

1.92
0.92
0.89

2.77
2.33
5.53 (HfO2)
4.66 (SiO2)

energy resolution of nuclear-reaction profiling6 and MEIS,7
but often totally dominates the peak width observed in
ERBS. In this case, improvements in energy resolution will
not reduce the measured peak widths. The peak separation
increases linearly with electron energy E0 but the peak width
only with the square root of energy, hence peak resolution
improves only slowly with E0. Nevertheless, for most metal
oxides on Si, the elemental peaks are well separated and in
the case of large band gap oxides (such as HfO2 and SiO2)
the peaks are free of background since the energy loss range
of interest is less than the band gap. Details of the ERBS
technique may be found elsewhere4 and the experimental
setup is thoroughly described in Ref. 8. In short, an electron
beam with a small thermal spread is obtained using an electron gun with a BaO cathode. Slit lenses are used to focus
and decelerate the electron beam from the scattering energy
to the pass energy of (nominal) 200 eV. A 0.2 mm wide conical slit aperture, placed 130 mm away from the sample, determines which electron enter the analyzer. This means that the
scattering angle is well determined (within 0.1 ) and thus it is
possible to explore geometries where the outgoing trajectory
is extremely glancing with the surface. The energy resolution
of the system is close to 0.3 eV full-width half maximum
(FWHM). In case of insulator samples, charging may change
effectively the value of the incoming energy but its influence
is marginal. For example, charging by 200 eV will affect the
elastic peaks separation by only 0.5% at 40 keV.
HfO2 films were fabricated on thermally oxidized
(300 nm SiO2) silicon wafers (100 mm p-type, (100) oriented) using an atomic-layer deposition (ALD) system.
Films of 2–40 nm thickness range were deposited using a
Cambridge NanoTech Savannah ALD system. Substrates
were held at 200  C during deposition, and the HfO2 layer
was grown using alternating pulses of pure tetrakis(dimethylamido)-hafnium (Hf(NMe2)4) and H2O vapor,
with an N2 purge of the reaction chamber between pulses.
After deposition, the wafers were diced into 1  1 cm square
samples. These were then loaded in the spectrometer without further processing. In addition to ERBS measurements,
the samples were characterized “in house” by RBS and
Atomic Force Microscopy (AFM) and by MEIS at the
Institute of Physics of the Federal University of Rio Grande
do Sul (Brazil).
In Fig. 1, we show ERBS spectra for thick films of HfO2
and SiO2 for E0 ¼ 40 keV taken at normal incidence and a
scattering angle of 135.5 . The corresponding recoil energies
for scattering from free Hf, Si, and O atoms are reproduced

Peak
position
(eV)

Peak
FWHM
(eV)

Mean kinetic
energy (meV)

0.44
2.78
4.88

0.4
1.2–1.3
1.5–1.6

38
68–78
60–68

in Table I. Indeed, as seen in Fig. 1, each ERBS spectrum
consists of two peaks with a peak separation as predicted by
Table I. The huge elastic cross-section difference between
Hf and O is reflected in their peak height. The SiO2 and
HfO2 spectra were normalized such that the area of the oxygen peaks is the same. Also evident in the spectrum from
HfO2 is an increase in scattering for energy losses greater
than 6.1 eV. This is due to electrons that scatter elastically
from Hf and also create an electronic excitation. The minimum energy loss for electron excitation in HfO2 is set by the
band gap for which values are reported around 5.7 eV.9 The
6.1 eV onset thus corresponds to an energy loss of 0.4 eV due
to elastic scattering from Hf and an additional 5.7 eV due to
band-to-band electronic transitions in HfO2. The inset of
Fig. 1 shows similar data for E0 ¼ 5 keV. Now the elastic
peaks are not resolved and the onset of electronic excitations
at the band gap energy of HfO2 and SiO2 is seen more
clearly. The ability to measure inelastic processes, such as
plasmon resonances and band gaps, in addition to the ERBS
peaks is very attractive. In this case, the energy spectrum
resembles the one from Electron Energy Loss Spectroscopy
(EELS) shifted by recoil energies.10 From the ratio of the
elastic peak areas, we confirm the stoichiometry 1:2 within
5% for both oxides using NIST electron elastic-scattering

FIG. 1. Measurements of 40 keV electrons with normal incidence backscattered at 135.5 from Hafnia (closed squares) and Silica (open squares) bulk
samples. For Hafnia, the intensity of the Hf elastic peak was divided by 100
for a better visualization. The inset shows the same but for 5 keV electrons.
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FIG. 2. Energy loss spectra taken with
40 keV electrons on different HfO2
overlayers on SiO2 for normal (a),
tilted (b), and (c) incidences according
to sketches displayed in the figure. The
Hf peaks were normalized to the same
area and the solid lines correspond to
the best fit of the data according to
Eqs. (1)–(3).

cross-section database,11 which is based on the relativistic
Dirac partial wave analysis by Salvat and coworkers as
described in Ref. 12 (see Table I). It is worthwhile to point
out that the stoichiometry analysis does not depend on the
IMFP since this cancels out when taking the ratio of intensities for homogeneous materials. However, for the analysis
of HfO2 films on SiO2, knowledge of the IMFP in both
media turns out to be important, as discussed later.
Fig. 2 shows electron energy loss spectra taken at
40 keV for HfO2 films of different thicknesses on SiO2, and
different geometries while keeping the scattering angle at
135.5 . The Hf elastic peaks were normalized to the same
area. In addition to spectra taken at perpendicular incidence,
(Fig. 2(a)), we also show spectra for two other geometries,
chosen to maximize bulk-sensitivity (Fig. 2(b)) and surfacesensitivity (Fig. 2(c)). Each ERBS spectrum in Fig. 2 can be
described as a linear combination of the spectra of HfO2 and
SiO2 depicted in Fig. 1. Assuming an exponential attenuation
for the elastic peak due to inelastic excitation along the
incoming and outgoing paths, the intensities IHf, ISi, and IO
for a HfO2 layer on SiO2 are given by
IHf ¼ a CHf rHf kHfO2 t=teff ð1  expðteff =kHfO2 ÞÞ;

(1)

ISi ¼ a CSi rSi kSiO2 t=teff expðteff =kHfO2 Þ;

(2)

IO ¼ a rO t=teff ðCHfO2
kHfO2 ð1  expðteff =kHfO2 Þ
O
kSiO2 expðteff =kHfO2 ÞÞ;
þ CSiO2
O

(3)

respectively, where rx and Cx are the elastic cross-section
and concentration for the element x. Note that there are two
, CSiO2
concentrations (CHfO2
O
O ) for O atoms. The IMFPs in
SiO2 and HfO2 are denoted by kHfO2 and kSiO2, respectively,
and teff ¼ t (1/cos(H1) þ 1/cos(H2)) is the maximum trajectory length through an overlayer of thickness t. H1 and H2
are the angles of incidence and detection relative to the surface normal, and a is a common constant that depends on
time, current, spectrometer solid angle and detector
efficiency.
The solid curves shown in Fig. 2 are the best fit to the
experimental data. They correspond to a sum of Gaussian
functions for each element with area given by Eqs. (1)–(3)

and displaced by the kinematical energy loss (see values in
Table I). All parameters used for the fitting are displayed in
Table I. The peak widths for Hf and O in HfO2 and Si and O
in SiO2 were determined separately from a spectrum of thick
SiO2 with 40 nm HfO2 and without HfO2 layers. In fitting the
measured spectra, the only free parameters were the thickness of the HfO2 layer and the overall normalization constant
a. The resulting thicknesses for the HfO2 layers are shown in
Table II together with results obtained by other techniques.
Within the accuracy of the measurement, it was possible to
fit the 3 spectra of Figs. 2(a)–2(c) with the same film thickness. This is consistent with the assumption of a layer-bylayer growth mode during atomic layer deposition. For other
growth modes, such as islanding, the Si signal would be attenuated much less than predicted by Eq. (2) especially for the
samples with thicker HfO2 layers. The roughness of the films
as measured by AFM is shown in Table II, and is typically
about 5% of the film thickness.
We used the stoichiometry 1:2 for fitting spectra from
both oxides and estimate an error of about 5%–10%. Table II
also shows good agreement between the nominal and measured film thicknesses, with deviations of the order of 5%
related to either the film preparation or to uncertainties from
the ERBS analysis related to the use of Gaussian peak shapes
and background effects associated with spectrometer aberrations and/or inelastic excitations. Some systematic errors
may also arise from the values used for IMFPs. Here we
used IMFPs calculated from the Tanuma, Powell, Penn formula (TPP2M),13 but for the present energy this approach is
an extrapolation (theory-guided) of experimental data
measured at much lower energies. A careful analysis of
TABLE II. Results for the thicknesses of HfO2 films on SiO2 according to
ERBS, RBS, and MEIS techniques.
Nominal (nm)
2
5
10
15
20

ERBS (nm)

RBS (nm)

MEIS (nm)

AFM r (nm)

2.1
5.6
10.2
14.6
19.0

1.8
4.7
9.0
13.7
19.2

1.9
—
10.5
—
20.5

0.18
0.16
0.27
0.31
0.30
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database11 are accurate enough to allow reliable depth profiling. It should be noted that pure Rutherford cross-sections
could not be used for depth profiling of heavy elements. As
shown in Table I, the estimate of the scattering cross section
from the Rutherford formula is approximately correct for O
and Si but deviates significantly for Hf (by a factor of about
two). The use of Rutherford cross sections would therefore
lead to major differences between the thickness (and stoichiometry) determined by ERBS and the RBS and MEIS
results.
In summary, we have demonstrated the application of
the ERBS technique to the characterization of thin HfO2
layers, showing that the techniques is capable of quantitative
composition and thickness determination for films of thickness up to 20 nm, a thickness that is determined by the IMFP
at the incoming energy. The technique is based on relatively
simple equipment and has the potential to be integrated in a
scanning electron microscope (SEM) where the use of a
focused electron beam would enable laterally resolved
analysis.

FIG. 3. Typical MEIS spectra for 100 keV Hþ on the 2 nm HfO2 sample.
The incoming beam is along the surface normal. On the right, the 2D map of
scattering intensities as a function of detected energy at scattering angle. On
the left, the corresponding intensities are plotted as a function of energy for
three scattering angles.

Eqs. (1)–(3) shows that for very thin films the results depend
mainly on kSiO2, while for thicker HfO2 films they depend on
both kHfO2 and kSiO2. We estimate the uncertainty in kSiO2
and kHfO2 to be of the order of 10% at the high electron energies used here.
For comparison, selected samples were also analyzed by
standard RBS and MEIS. For RBS, the energy loss in the
thin HfO2 layer is not resolved and the thickness of the layer
is determined from the Hf peak area relative to height of the
Si contribution in SiO2. In MEIS, the energy loss in the HfO2
layer is resolved and the film thickness can be obtained
directly from the width of the Hf peak.
Fig. 3 shows the MEIS results for 100 keV Hþ on the
2 nm HfO2 sample for three different scattering angles. A
straightforward analysis based on simulations using the
PowerMeis software14 is shown as a line in Fig. 3, which
shows good agreement with the measured data assuming a
homogeneous film of uniform thickness and with an abrupt
SiO2/HfO2 interface. The same holds true for the other measured samples. The MEIS and RBS results are also summarized in Table II. For both analyses, we use the stopping
power from SRIM15 and in the MEIS case straggling values
close to the Yang-O’Connor-Wang formula.16 The results
confirm the ERBS analysis which highlights that the input
parameters used for the ERBS analysis, namely, the IMFPs
from TPP2M formula13 and elastic cross-sections from NIST
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