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a b s t r a c t

The stopping force of ions in matter is a basic physical concept that provides insight into the nature of
ion-beam matter interactions. In applied research such as in nuclear analytical spectrometry the accuracy
of stopping force data is crucial to the accuracy of analyses performed. The availability of ab initio calcu-
lations that can provide stopping force data with reasonable accuracy is a desirable development not only
for ion beam analysis work and other applications that exploit the passage of energetic ions through mat-
ter, but also for fundamental ion-beam matter interaction studies. In this work stopping force measure-
ments of 12C, 28Si and 63Cu ions through SiO2 and HfO2 dielectric films were carried out by time of flight
spectrometry and the results are compared with semi-empirical calculations by Ziegler’s Stopping and
Range of Ions in Matter (SRIM) code, and ab initio calculations by Grande and Schiewietz’s Convolution
approximation for swift Particles (CasP) code. Indications are that in the 0.1–1.0 MeV/u projectile energy
range, while SRIM performs quite well for lighter ions, in the case of intermediate to heavy projectiles
CasP is on par with, and promises to describe stopping more accurately than SRIM, possibly due to the
former’s incorporation of charge exchange effects into total stopping.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Silicon dioxide (SiO2) is a uniquely critical material within the
semiconductor industry, in that it is a major component for
Metal-Oxide-Semiconductor (MOS) and Metal-Insulator-Semicon-
ductor (MIS) devices. As device dimensions decrease to the nano-
metre and sub nanometre scales the ever thinning layers of SiO2

tend to leak a lot of current due to quantum tunnelling, resulting
in energy waste and a build-up of heat [1], which compromises
device quality and reproducibility. As a result, high k dielectric
materials without the attendant size related problems are being
investigated to replace SiO2. Hafnium Dioxide (HfO2), with a
dielectric constant of 25 (vs 3.9 for SiO2) has been touted as one
of possible dielectrics that can be used in place of SiO2, and
research work has been undertaken to optimise its properties for
applications in gate oxides [1,2]. The aforementioned notwith-
standing, SiO2 still finds a crucial role in the development of nano-
electronic devices and sensors, as typified by work in Ref. [3], and
research work described in Ref. [4].

The use of ion beams in micro/nano electronics research and
development, dating back from the 1970s [5] is now an established
technology. Precise control of implantation depths for example re-
lies heavily on accurate knowledge of fundamental ion beam data
such as stopping force and range of ions in matter. Applications
like ion beam machining require knowledge and quantification of
basic ion beam–matter interactions including sputtering and ion
mixing [6]. Ion beam nuclear analytical techniques also play a cru-
cial role in thin film materials characterisation as they can readily
offer quantitative and standard-free analysis with high resolution
depth profiling not easily attainable by other means [7,8].

The accuracy of thin film characterisation using heavy ion
beams is, among other factors, strongly dependent on the accuracy
of basic ion beam data used in data analysis, particularly stopping
force. While the prime source of stopping force data, the semi-
empirical code SRIM [9] has (as of 2010) a global average of 4.3%
accuracy for all ions in all matter, its predictive accuracy can wor-
sen by up to 20% for heavy ions in compound targets, especially in
the region of the stopping force maximum, the Bragg peak. For
light ions, H and He, SRIM predictions are accurate to within 4%.
Theoretical models based on first principles generally fare worse
than SRIM. Typical projectile energies in the two most common
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http://dx.doi.org/10.1016/j.nimb.2014.01.003

⇑ Corresponding author. Tel.: +27 11 351 7026.
E-mail address: mandla@tlabs.ac.za (M. Msimanga).

Nuclear Instruments and Methods in Physics Research B 322 (2014) 54–58

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /n imb



Author's personal copy

ion beam analysis techniques (RBS and ERDA) are within the
0.1–1.0 MeV/u energy range, where the Bragg peak lies [7,8]. As
such, accurate heavy ion stopping force data is needed, not only
for precision work in ion beam analysis where the dimensions of
sample materials continue to shrink, but also for validation and
improvement of basic theoretical models. The work described here
presents new stopping force data of 12C, 28Si and 63Cu ions in HfO2,
as well as additional experimental data of 12C and 28Si ions stop-
ping in SiO2. The new HfO2 stopping force data is particularly
important for ion beam analysis work on development of high-k
dielectric electronic materials.

2. Experimental details

2.1. Target foils characterisation

The energy-loss target foils were prepared by electron beam
deposition of the appropriate film onto nominally 100 nm Si3N4

backing foils from Silson Limited�. Deposition was carried out at
a base pressure of less than 10�6 mbar. The topography of the foils
was mapped using an Atomic Force Microscope (AFM), scanning
over areas of up to 20 � 20 lm2 at a time. Several regions on each
foil were scanned. Fig. 1 shows a typical AFM image from one scan
of 9 lm2 of the surface of the SiO2/Si3N4 foil. The roughness of the
deposited film over the scanned area was measured to be 0.68 nm
(or 0.6% of the film thickness). A similar measurement of the HfO2/
Si3N4 foil gave a roughness value of 0.95 nm (0.4%) over a 25 lm2

scan area.
The thickness of each foil was measured by Rutherford Back-

scattering Spectrometry (RBS) at the University of Pretoria’s 2
MV Van de Graff accelerator using 1.6 MeV He+ ions. A plain car-
bon-graphite sample was inserted behind each foil to prevent sig-
nal interference due to heavy element constituents of the bronze
target holder. RBS measurements were performed at normal beam
incidence and no evidence of channelling was observed, which
rules out any preferred crystalline orientation (if at all present)
at that angle of incidence. Fig. 2 shows the RBS spectrum of the
SiO2/Si3N4 foil, showing the experimental and the simulated
spectra.

The simulation was done using the SIMNRA code [10]. The
thickness of the oxide layer, obtained from the latter spectrum,
was found to be (839 � 1015 at�cm�2), and that of the nitride back-
ing 712 � 1015 at�cm�2. From the simulation both the backing and
the deposited film were found to be roughly stoichiometric, with
the following atomic ratios: Si (0.44) N (0.56) and Si (0.32) O
(0.68), respectively. Analysis of the HfO2/Si3N4 spectrum yielded
the following thickness ratio 1821 � 1015at�cm�2/688 � 1015-

at�cm�2. Again the elemental ratios of each film were found to be
stoichiometric, with the following proportions: Hf (0.33) O (0.67)
and Si (0.44) N (0.56).

The thickness of target foils in stopping force measurements is
known to be a major source of error; hence it is imperative that a
thorough uncertainty budget of the thickness is undertaken. Our
earlier work done under the auspices of the IAEA Coordinated
Research Project F11013 [11] details the uncertainty calculation
procedure based on the Guide to the Expression of Uncertainty in
Measurement (GUM) [12]. In the current measurements, as in pre-
vious ones, variables contributing to the thickness uncertainty in-
clude foil surface roughness, foil thickness non-uniformity, beam
energy spread, counting statistics, analysis code uncertainty, Ruth-
erford cross-section, detector resolution and 4He stopping force
uncertainty. By far the main contributor is the uncertainty in the
4He stopping force at 3.5% [9], with all the other terms adding up
to just less than 2%. From these considerations, one gets a conser-
vative estimate of 4.0% in the absolute uncertainty of the measured
foil thicknesses.

2.2. Stopping force measurement

Stopping force measurements were carried out at the iThemba
LABS 6 MV tandem accelerator, using a 26 MeV Cu7+ beam for pro-
jectile ions. The basic arrangement, sketched in Fig. 3, consists of a
time of flight spectrometer, built from two carbon foil based Micro-
channel Plate (MCP) timing detectors mounted 0.60 m apart, and a
Si PIPS� (energy) detector at the end of the flight path, 0.66 m from
the first timing detector. The spectrometer is mounted 30� to the
incident beam direction.

For measurements, the SiO2/Si3N4 and HfO2/Si3N4 energy-loss
target foils were inserted between the second timing detector
and the Si PIPS detector at normal incidence to the recoil/scattered

Fig. 1. An AFM image of a 3 � 3 lm scan of the SiO2/Si3N4 foil.

Fig. 2. Experimental and simulated RBS spectra used to determine the thickness
and stoichiometry of the SiO2/Si3N4 energy-loss target foil.

M. Msimanga et al. / Nuclear Instruments and Methods in Physics Research B 322 (2014) 54–58 55
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beam direction. Silicon and carbon ions were obtained as recoils
from plain Si and carbon graphite recoil beam target samples,
respectively. Copper ions incident on the energy-loss target foil
were obtained by using a thick Au/Si beam scattering target to for-
ward scatter the initial projectile beam into the spectrometer. The
energy E1 of the recoil/scattered species before passing through the
energy-loss target foil is determined from the measured ToF
between the timing detectors T1 and T2. The exit energy E2 is tagged
by the PIPS detector, and is then determined from a coincident ToF
obtained in a second run without the energy-loss foil. The second
run is, in essence a one-to-one energy calibration of the PIPS detector
for each energy channel for each ion species. The effective stopping
force Seff at an average energy (E1 + E2)/2 is then given by

Seff ¼
E1 � E2

Dx
ð1Þ

where Dx is the total foil thickness. For the measurements reported
here the quantity E1 � E2 represents the total energy loss through
the energy-loss foil and the Si3N4 backing. A reference measure-
ment was then done to determine the stopping force SN of Si3N4

for each of C, Si, and Cu ions to account for energy loss through
the backing foil.

To effect this correction Eq. (1) changes to

Seff ¼
E1 � ðSN � DxN þ E2Þ

DxO
ð2Þ

where DxN is the thickness of the Si3N4 backing and DxO is that of
the target oxide foil.

2.2.1. Propagation of uncertainties
The incident and exit energies are calculated from the measured

time of flight (ToF) as already stated above;

Ei ¼
m
2

L
ToF

� �2

i ¼ 1;2 ð3Þ

where m is the mass of the ion passing through the energy-loss tar-
get foil and L is the flight length.

The theoretical time of flight ti used for the time calibration
is calculated from the recoil (or scattered) ion energy, given by
(Kmcos2U)Eo, and the flight length L;

ti ¼
mi

2
1

ðKm cos2 UÞEo � DET1½ �

� �1=2

ð4Þ

where Km is the kinematic factor, U is the recoil (or scattering) an-
gle, Eo is the projectile beam energy and DET1 is the energy loss
through the ToF carbon foil of the first timing detector.

The uncertainty in the energy of the recoil/scattered ions is lar-
gely determined by the ±0.5� uncertainty in the angle of recoil/scat-
tering, which translates to a 2.3% error in the cos2U term. The

energy spread DEo in the incident beam is only of the order of
10�3. The uncertainty in the flight path length DL, at 0.1%, is of min-
imal contribution to the error in ti. Nonetheless, these three error
terms combine to give an uncertainty of 1.2% in the calculated cal-
ibration time ti. The statistical errors in the ToF calibration parame-
ters (slope and intercept) were found to be 0.2% on average, which
still leads to 1.2% uncertainty in the measured ToF. The end result is
that the energy loss, E1 � E2 in Eq. (1), which is calculated from two
different ToF values, has an average uncertainty of 3.4%. The mea-
surement uncertainty in the stopping force of different ions in
Si3N4, as determined using Eq. (1), then works out to be 5.2% when
the 4.0% uncertainty in the foil thickness is taken into account. This
uncertainty is propagated onto the measurement of the stopping
force in the target oxide films deposited on the Si3N4 backing foil.

The uncertainty in the stopping force of the oxide films deter-
mined using Eq. (2) is, in both instances, a convolution of mainly
the 3.4% uncertainty in E1 � E2, the 4% uncertainty in the thickness
of the film, and the uncertainty in the energy loss correction term
SNDxN. The energy loss correction through the Si3N4 foil backing,
for Si recoils through HfO2 for example, was on average found to
be 18% of the total energy loss. In absolute terms, this is about
0.21–0.36 MeV over a recoil energy range of 3.8–14.3 MeV, respec-
tively. The uncertainty in this energy loss correction, calculated
from the 5.2% error in SN and 4.0% error in DxN, is 6.6%. In absolute
terms this is 13.8–23.8 keV. As a fraction of the total energy loss,
the uncertainty in the energy loss correction works out to be
1.2% (i.e. 0.066 � 0.18). The three error terms combine to give an
effective uncertainty of 5.4% in the stopping force of Si ions in
HfO2. Similar evaluations of uncertainties in the other ion-target
combinations yield the following results: Si–SiO2 (6.0%), C–SiO2

(6.1%), C–HfO2 (5.4%), and Cu–HfO2 (5.4%).

3. Results and discussion

Fig. 4 shows the measured stopping force of 12C ions in SiO2. In-
cluded in the figure is a fit by Zhang et al. [13] to their experimental
data set of the 12C–SiO2 ion-target combination. The figure also
shows SRIM prediction of the stopping force of carbon in SiO2 as well
as calculation results of the Convolution approximation for swift
Particles (CasP) code [14], version 5.2beta. The CasP ab initio calcula-
tion shows contributions to stopping due to different charge states
(CasP_q scan) involving target excitation plus ionisation and due
to charge exchange (CasP_ch.ex) as ions lose and capture electrons
through the target [15]. Our data deviates from SRIM and Zhang
et al.’s data by more than 6%, at the Bragg peak. The CasP calculation
lies below both experimental data sets and SRIM, underestimating
our result by up to 20%. Beyond the Bragg peak there is near total
agreement between the two experimental data sets and SRIM pre-
diction and the CasP-experiment gap also decreases significantly.

Fig. 3. Basic set up of the Time of Flight (ToF) ERDA spectrometer for stopping force measurements.
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Fig. 5 shows results of similar measurements for the HfO2 target
foil. In this case, SRIM generally agrees with experimental data
over the energy range concerned and the disagreement between
CasP and data is a lot less than in the case of SiO2. At present, there
are no other experimental results available in the literature for
comparison. Fig. 6 compares our stopping force measurements of
28Si ions in SiO2 with data from Zhang et al. [13], Arstila (At)
[16], SRIM and CasP predictions. Observation is that experimental
data from all three sources is, within experimental error, in good
agreement. SRIM prediction slightly overestimates experimental
data at low energies (below 5 MeV) and tends to underestimate
stopping as the projectile energy increases towards the Bragg peak,
with the deviation increasing with energy. CasP performs slightly
better than SRIM and agrees with data at low energies but is in
sync with SRIM above 5 MeV.

Fig. 7 shows a comparison of the stopping force data of 28Si in
HfO2 with SRIM and CasP predictions. Both SRIM and CasP largely
underestimate experiment by more than 5.4% (the experimental
uncertainty). Again the level of disagreement between experiment
and calculation tends to increase as the projectile energy increases
towards the Bragg peak. It is interesting to note though in both
HfO2 and SiO2, the near total agreement between SRIM and CasP
as energy increases given that CasP is a purely theoretical calcula-
tion and SRIM is semi-empirical.

Results of stopping force measurements of 63Cu ions through
HfO2 are shown in Fig. 8, together with SRIM and CasP predictions.
Here, whereas CasP initially underestimates but gradually agrees
with experiment as energy increases, the underestimation by SRIM
ranges from 11% upwards. The experimental uncertainty is 5.4%.

Table 1 lists the measured stopping force for C, Si and Cu ions in
HfO2 for ease of comparison with any other data sets that may be-
come available in future. A trend that emerges when looking at the
stopping force predictive accuracy of the two codes used here is
that within the 0.1–1.0 MeV/u energy range SRIM tends to be rel-
atively more accurate as the projectile ion mass decreases, and
the converse is true for CasP; the heavier the projectile the better
the stopping force prediction accuracy.

Ions in this energy range are not completely stripped of their
electrons, they are partially dressed. Charge exchange occurs as
the dressed ions traverse the dielectric foils and a dynamic equilib-
rium is quickly established after the first few nanometres into the
foil. In its interpolation scheme, SRIM uses the concept of effective
charge to calculate an effective stopping force by scaling the proton
stopping force at a given energy [17]. This works reasonably well
for light ions and heavy ions at high velocity when they are com-
pletely stripped of their orbital electrons. CasP on the other hand
facilitates use of a calculated charge state distribution at a given
energy and computes the stopping force for each charge state
and gives a weighted summation of the stopping force.

Fig. 4. Experimental and calculated stopping force of 12C ions through SiO2.

Fig. 5. Experimental and calculated stopping force of 12C ions through HfO2.

Fig. 6. Experimental and calculated stopping force of 28Si ions through SiO2.

Fig. 7. Experimental and calculated stopping force of 28Si ions through HfO2.
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An additional option in CasP which becomes particularly perti-
nent for dressed ions is the calculation of the contribution of the
projectile excitation and electron loss and capture processes to
the total stopping force. Fig. 9 shows the contribution of charge
exchange to total ion stopping in HfO2 for example, for the three

projectile ions studied here. It is observed that for a given velocity
the charge exchange contribution to energy loss per unit depth in-
creases with projectile ion atomic number. There is no explicit
treatment of the effect of charge exchange in ion stopping in SRIM.
It is perhaps this more detailed treatment of charge states and their
evolution that gives CasP an edge over SRIM’s effective charge con-
cept in the estimation of heavy ion stopping force.

4. Conclusion

Stopping force measurements were carried out for 12C, 28Si and
63Cu ion species through dielectric foils of SiO2 and HfO2.
Experimental data were compared to predictions from the semi-
empirical code SRIM and to ab initio calculations done by the CasP
code. Results suggest that in the 0.1–1.0 MeV/u projectile energy
range, while SRIM performs quite well for light ions, CasP promises
to be more accurate in the case of intermediate to heavy projectiles
due to its more detailed treatment of ion charge states and inclu-
sion of charge exchange effects. This warrants paying more atten-
tion to CasP, since as demonstrated here, it shows potential to
become one of the first ab initio codes to be on par with, and in
cases supersede the semi-empirical SRIM in terms of accuracy.
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Fig. 8. Experimental and calculated stopping force of 63Cu ions through HfO2.

Table 1
Measured stopping force values S for 12C, 28Si and 63Cu ions through HfO2 at different
energies Eav.

12C 28Si 63Cu

Eav

(MeV)
S (MeV/
mg cm�2)

Eav

(MeV)
S (MeV/
mg cm�2)

Eav

(MeV)
S (MeV/
mg cm�2)

2.83 2.57 3.82 4.47 5.2 5.12
3.52 2.61 4.66 5.19 6.38 5.82
4.19 2.56 5.55 5.69 7.22 6.68
4.83 2.48 6.56 6.21 8.4 7.44
5.55 2.39 7.61 6.43 9.73 7.91
6.27 2.56 8.77 6.74 10.75 9.38
6.79 2.67 9.79 7.23 11.78 9.06
7.42 2.33 10.97 7.14 13.55 9.58
7.96 2.68 12.1 7.52 15.02 10.39
8.55 2.63 13.29 8.15 16.25 10.53
9.11 2.33 14.28 7.78 17.82 11.38
9.51 2.54 19.23 11.66

20.41 11.95

Fig. 9. CasP calculated dE/dx due to charge exchange in HfO2.
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