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Rutherford backscattering spectroscopy (RBS) is a widely used technique for the atomic-scale analysis of sample
composition, lattice displacement and impurity profiling. RBS is based on the elastic scattering of incident charged
particles by target nuclei and the subsequent detection of scattered particles. The interpretation of RBS spectra,
however, poses challenges due to overlapping peaks, corresponding to scattering from different atomic species, and
uncertainties from energy loss, scattering geometry and detector response. To address this, an open source simula-
tion model based on the versatile GEANT4 simulation toolkit has been developed. The flexibility of the open source
enables users to tailor the model to its specific requirements, such as the use of specific particle stopping powers,
cross-sections, and physics processes. This work presents the results of the comparison between the experimental
and simulated backscattering spectra in crystalline silicon, silicon carbide and silicon dioxide samples by 1-2.5 MeV
energy protons, obtained in random orientation conditions. The results demonstrate the capability of the model to
accurately simulate backscattering spectra in both amorphous materials and single crystals. The overall agreement
between the simulated and experimental results is highly promising for future development and use in the interpre-

tation and simulation of RBS spectra.
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1. Introduction

Elastic backscattering spectroscopy (also known
as Rutherford backscattering spectroscopy, RBS)
is a widely used technique for the analysis of sam-
ple composition [[lf], lattice displacement [], im-
purity profiling [B] and other studies at the atomic
scale. As long as the particle flux and fluence are
not inducing a significant displacement damage,
the method offers a non-destructive and highly
sensitive approach to the study of solid surfaces.
The RBS technique is based on the phenomenon
of the elastic scattering of incident charged par-
ticles by target nuclei and the subsequent detec-
tion of scattered particles outside the sample. By
measuring the energy and yield of backscattered
particles, the information about the sample com-
position, profile, layer structure, etc. can be re-
trieved. However, the interpretation of the spectra

is a complex task due to several challenges that are
inherent to this method. Firstly, in multi-layered
and/or multi-elemental samples multiple over-
lapping peaks can occur from different scattering
events of specific atomic species. Additionally,
the intensity and shape of these peaks are signifi-
cantly influenced by incident particle energy, scat-
tering geometry, target compositions, etc. Finally,
uncertainties of the spectra may be introduced
by energy loss straggling [H], multiple scatter-
ing [E] and detector response [f]] factors. Thus,
the attribution of peaks to specific atom species
and the determination of an elemental composi-
tion as well as the thickness of layers or profiles is
a complex task that is challenging without the use
of specialized spectra simulation or fitting tools.
There are several simulation tools developed for
this precise task, such as RBX [ﬁ], CORTEO [],
DEPTH [B]}, SIMNRA [[L(]], IBA DataFurnace [[L1]
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and others. However, these tools are either an out-
dated or a closed source, which limits versatility
of these tools in specific cases where specific par-
ticle stopping powers or cross-sections are needed
to use. An alternative open source backscattering
spectra simulation model [] has been recently
developed which allows these drawbacks to be
avoided. The model is based on a versatile open
source simulation toolkit GEANT4 [] that is
constantly being developed with the addition of
new physics processes, reaction cross-sections,
stopping power libraries and others. The work
presented here shows the comparison of the ex-
perimental and simulated backscattering spectra
of protons in silicon, silicon carbide and silicon
dioxide samples in the energy range 1-2.5 MeV.

2. Methodology

The simulation of particle trajectory in GEANT4
consists of steps, and the simulation of backscat-
tering spectra involves evaluating the differential
cross-section, yield, and final energy distribution at
each such step position. The differential Rutherford
scattering cross-section in the centre of mass (CM)
reference frame is obtained from Ref. []:

(d_U] () ()
dQ )y \1678,E,, ) sin*(“/,)’

Here ¢ is the vacaum permittivity, Q2 is the solid
angle, Z and Z, are the charge numbers of the pro-
jectile and the target atom, respectively, and E_,,
is the particle kinetic energy in the CM reference
frame. The pure Rutherford cross-section often de-
viates from the experimental one [] and modi-
fications need to be taken into account. The low
energy corrections of the cross-section are based
on the Andersen shielding factor []. The dif-
ferential cross-section is then modified by high
energy corrections based on the ratio of the non-
Rutherford to Rutherford cross-sections (RTR) fac-
tors in the resonant shapes of the cross-sections.
The RTR values were obtained by using a Sigma-
Calc2.0 calculator []. The intensity or yield of
backscattering is obtained by multiplying the dif-
ferential cross-section by the detector solid angle
and the atom density of the material (or element for
multi-elemental targets) at the current step position.
After calculating the yield of backscattering, the fi-

nal energy of the outgoing particle is determined.
To accomplish this, the distance between the back-
scattering depth and the surface of the sample is
divided into 20 equally sized blocks. Within each
block, the energy loss and energy loss straggling
(both nuclear and electronic, refer to Ref. [ for
details) are integrated, utilizing the stopping pow-
ers specific to the amorphous material. The width
of final energy distribution is determined by taking
the square root of the sum of squared detector ener-
gy resolution and total energy loss straggling. A total
of 200 energy points are generated, spanning from
-20% to +20% of the final particle energy, based on
the probability density function of Gaussian distri-
bution. Each point is assigned a weight correspond-
ing to the sum of probabilities for its energy value,
and then incorporated into a histogram. The cumu-
lative sum of all Gaussian distributions constitutes
the final backscattering spectra.

The backscattering spectra obtained from the ex-
periments were converted into a digital format by uti-
lizing the WebPlotDigitizer 4.6 free application [@],
based on Refs. []. The experimental amor-
phous spectra were obtained from crystal samples by
setting the incident beam further from the channel-
ling axis and then rotating the sample or beam while
measuring, thus always measuring in a random (or
rather a constantly changing) orientation. Although
the materials are not amorphous, the random orien-
tation technique is often used to obtain the spectra
that are close to amorphous sample spectra. A sum-
mary of the materials and experimental conditions
employed in this study can be found in Table 1. In
the cases where the experimental curves were origi-
nally presented with channel numbers as the hori-
zontal axis, a conversion from the channel number
to energy was carried out. That conversion was ac-
complished using the SIMNRA toolkit []. During
the simulations, the beam was configured to be mo-
noenergetic and circular in shape. The experimental
and simulated spectra were normalized to the total
integrals of the corresponding curves.

The theoretical backscattering cross-sections for
the atoms investigated in this study within an en-
ergy range of 0.25-3 MeV are illustrated in Fig. E]
These cross-sections encompass all the necessary
corrections, including both high and low energy ef-
fects. Within the simulated energy range, the O-16
cross-section exhibits a relatively smooth behaviour
with only a single dip at approximately 2.66 MeV.
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Table 1. Experimental conditions.

Material Detectl(zn Detectqr energy | poom energy, MeV Materla'l density 1r31 Reference
angle, resolution, keV simulations, g/cm
Silicon 160 16 1.95-2.50 2.33 [19]
170 8 1.50-2.15 [20]
160 18 2.20-2.35 [21]
SiC 170 1.50-1.70 3.16 [22]
SiO, 170 1.60-1.80 2.32 (23]
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Fig. 1. The simulated differential backscattering cross-sections at 160°
backscattering angle for natural composition silicon, O-16 and C-12 at-
oms, obtained by the GEANT4 RBS model.

In contrast, the backscattering cross-sections
for C-12 and silicon atoms display resonant peaks:
(a) at 0.48 and 1.73 MeV for C-12; (b) at 1.66 and
2.09 MeV for silicon atoms.

3. Results
3.1. RBS from Si sample

The comparison of the theoretical and experimen-
tal spectra for silicon was made using three sepa-
rate experimental setups, with details described in
Refs. [[19-21]]. The comparison of experimental and
simulated spectra, obtained in the energy range
1.9-2.5 MeV at a backscattering angle of 160° shows
agood agreement of the energy positions of the peaks
(see Fig. @). The overall shape of the simulated spec-

tra is in good agreement with the experimental ones
and the surface region (high energy side) is simulat-
ed correctly. In most cases, the simulated lower en-
ergy plateau regions match the experimental curves.
However, the experimentally observed resonant
peaks have less intensity compared to the simulated
ones. One of the main reasons for this is the limita-
tion of the accuracy of the theoretical cross-section.
That limitation was previously observed and evalu-
ated with the current RBS model []. Moreover,
multiple and plural particle scattering processes are
known to induce higher intensity in the low-energy
region [E]. Another factor that might contribute to
additional energy spread is the sample rotation. Due
to the sample rotation around the beam axis, the dis-
tance between the backscattering depth and the sur-
face of the detector fluctuates, resulting in additional
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Fig. 2. Experimental and simulated backscattering spectra induced by 1.95 MeV (a), 2.25 MeV (b) and 2.5 MeV
(c) protons incident on the crystalline Si sample under random orientation conditions. Experimental data

digitized from Ref. [19].

energy spread. The combined effect of these factors
can cause a mismatch between the experimental and
simulated spectra.

The case of 1.95 MeV shows a moderate agree-
ment between the experimental and simulated
curves. The energy positions of the resonant peaks
are simulated accurately; however, there is a clear
mismatch in the intensity between the experimen-
tal and simulated data. The simulated curve exhibits
a higher intensity in the high-energy region (1.0-
1.7 MeV), while a significantly reduced intensity
is observed after the resonant peak (0.1-0.9 MeV)
compared to the experimental curve. For the case
of 2.25 MeV, the experimental and simulated spec-
tra agree very well within an energy interval of
0.6-2.0 MeV. However, significant differences are
observed in the higher simulated intensity and
sharpness of the resonant peak (~1.61 MeV) as well

as the low-energy region (<0.6 MeV), where the in-
tensity of the experimental spectra linearly decreas-
es. In this latter case, the shape of the experimental
spectrum does not follow the shape of the resonance
cross-section at 1.67 MeV (see Fig. ). On the other
hand, the simulated curve shows an increase and
a sharp decrease in intensity. Similarly, the 2.5 MeV
case shows agreement between the experimental
and simulated spectra, similar to the 2.25 MeV case.
The simulated resonant peak (~1.27 MeV) has more
intensity and sharpness when compared to the ex-
perimental spectrum.

Another comparison between the experimen-
tal and simulated backscattering spectra was made
for 1.5 and 2.15 MeV protons, backscattered at an
angle of 170° from the pure silicon crystal, with
experimental data from Ref. [@]. In both cases,
the match is almost perfect (see Fig. H). The former
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Fig. 3. Experimental and simulated backscattering spectra induced by using 1.5 MeV (a) and 2.15 MeV (b) pro-
tons incident on the crystalline Si sample under random orientation conditions. Experimental data digitized

from Ref. [20].

shows a perfect agreement with the experimental
spectrum as no resonant peaks are present. In
the latter case, the intensity of the simulated spec-
trum of both resonant curves at 1.75 and 0.78 MeV
shows a higher intensity when compared to that
of the experimental spectrum; however, the shape
of the curve is a close match to the experimental
curve. In this case, the simulated low energy reso-
nant peak is a closer match to the experimental
peak when compared to the 2.25 MeV spectrum
(see Fig. @).

The final comparison of proton backscatter-
ing spectra from the pure silicon crystal was
performed for 2.2-2.35 MeV protons at an angle
of 160°, with experimental data digitized from
Ref. [@]. When 2.2 MeV protons are simulated,
the intensity of both resonant curves (at 1.7 and
0.65 MeV) is higher in the simulated case when
compared to the experimental spectrum (see
Fig. @(a)). The major difference appears in the low
energy region (0.2-0.8 MeV), where the simulat-
ed curve has more intensity than the experimental
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Fig. 4. Experimental and simulated backscattering spectra induced by 2.2 MeV (a) and 2.35 MeV (b) protons
incident on the crystalline Si sample under random orientation conditions. Experimental results digitized from

Ref. [21].
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one. The 2.35 MeV case also shows a similar lev-
el of agreement between the experimental and
the simulated spectra - the main resonant peak
(at 1.5 MeV) and the low energy region (0.2-
0.5 MeV) have a higher intensity in the simulated
case when compared to the experimental spec-
trum (see Fig. {(b)). One additional difference
observed in this energy case for the experimen-
tal spectrum is the lack of cross-section dip after
the resonant peak (at 1.4 MeV), which is clearly
observed in the simulated spectrum. This might
be due to the digitization error.

For 2.15-2.25 MeV proton induced backscat-
tering spectra of several silicon samples, a distinct
difference can be observed in the lower energy
resonant peaks when agreement between the ex-
perimental and simulated spectra is considered. In
the case of 2.15 MeV (see Fig. H(b)) and 2.2 MeV
(see Fig. @(a)), the experimental curves contain
pronounced resonant peaks and a sharp decrease
of intensity after the resonant peak, which close-
ly follows the cross-section. On the other hand,
the 2.25 MeV spectrum shows a gradual decrease
of the intensity (see Fig. (b)). There might be sev-
eral reasons to this. Firstly, this might indicate that
particle channelling occurred deeper in the sam-
ple and the peak was shifted to the lower ener-
gy side. Additionally, this effect might be due to
a digitization error; however, such disagreements
with the experimental curves would be observed
in other spectra digitized from the same reference
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and they are not observed. Finally, the low energy
resonant peak might shift to lower energies due
to the higher than described detector energy reso-
lution or the influence of the detector dead layer,
which was not taken into account during the sim-
ulations.

3.2. RBS from SiC sample

The proton induced backscattering spectra, ob-
tained in the random orientation of SiC, were
collected for proton energies of 1.5 and 1.7 MeV.
The simulated and experimental spectra agree very
well (see Fig. H). In the case of 1.5 MeV, the experi-
mental and simulated spectra match almost per-
fectly with the exception of a bump of intensity of
the experimental curve at the 0.9-1.0 MeV energy
and a slightly higher intensity at the 1.05-1.2 MeV
region. The spectrum does not contain any reso-
nance peaks and accommodates two clearly dis-
tinguishable bands that correspond to backscat-
tering from Si (higher energy peaks) and C atoms.
In the case of 1.7 MeV, the simulated and experi-
mental spectra agree well, however, the intensity of
the carbon resonant peak (at ~1.2 MeV) and silicon
resonant peak (at ~1.4 MeV) is higher for the ex-
perimental spectrum, when compared to the simu-
lated one. On the other hand, the energy positions
and widths of the peaks, as well as the combined
plateau region (0.4-1.1 MeV), are simulated well
and a good match of the spectra is obtained.
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Fig. 5. Experimental and simulated backscattering spectra induced by 1.5 MeV (a) and 1.7 MeV (b) protons
incident on the crystalline SiC sample under random orientation conditions. Experimental data digitized from

Ref. [22].
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3.3. RBS from SiO,sample

The comparison of the simulated and experimen-
tal backscattering spectra from a SiO, sample was
performed for 1.6-1.8 MeV protons at a backscat-
tering angle of 170°. The simulated spectra match
the experimental spectra, obtained in the random
orientation, almost perfectly (see Fig. E). The ener-
gy positions of silicon (higher energy side) and ox-
ygen bands are simulated correctly and the inten-
sity of the simulated spectra agrees well with that
of the experimental spectra. One key difference ob-
served for 1.8 MeV protons is the higher intensity
of the 1.2-1.4 MeV peak, which contains backscat-
tering from both silicon and oxygen atoms.

For this particular sample a comparison was
made between the experimental and simulated
backscattering spectra, obtained in channelling
conditions. The GEANT4 particle channelling
model was previously modified, validated against
the experimental data and proved to correctly eval-
uate the energy loss of channelled particles [@].
The model of the simulation of channelled parti-
cle backscattering spectra is still in a testing stage
and will be described in the upcoming publication.
This work only shows a preview of the capabilities
of the model under development.

The proton particle beam was incident along
the (0001) or optical axis (c axis) of crystalline
SiO,, while the simulated beam divergence was
kept at 0.05-0.06° and proton energy in a range of
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1.6-1.8 MeV. The match between the experimental
and the simulated spectra is very good, especially in
the case of 1.6 MeV (see Fig. H(a)). One thing con-
trary to the amorphous case is that the bands cor-
responding to the backscattering from silicon and
oxygen atoms are difficult to distinguish, specifical-
ly in the case of 1.6 MeV protons. For the spectra
obtained in channelling conditions the maximum
intensity of the spectra is shifted to lower energies.
This is due to the backscattering occurring in deep-
er layers of the sample and the outgoing particle
having to travel a larger distance when compared
to an amorphous sample. The simulated 1.8 MeV
proton induced backscattering spectrum is also in
good agreement with the experimental spectrum,
except for the energy region after the resonant peak
(1.0-1.25 MeV). There are several reasons for this.
First of all, virgin perfect single crystals were simu-
lated, whereas the experimental crystals most likely
contain a certain level of defects. Secondly, the sim-
ulated random orientation spectrum of 1.8 MeV
protons shows a higher intensity of the resonant
peak when compared to the experimental peak,
thus the higher channelling geometry intensity
may also be expected. This might occur due to the
deviations of resonant peak cross-sections between
the experimental and the theoretical values, or due
to the slightly different conditions of the experi-
ment (uncertainty of energy, angle, detector dead
layer, etc.). Finally, the channelling model is still
in development and might need some tweaking.
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Fig. 6. Experimental and simulated backscattering spectra induced 1.6 MeV (a) and 1.8 MeV (b) protons in-
cident on the crystalline SiO, sample under random orientation conditions. Experimental data digitized from

Ref. [23].
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Fig. 7. Experimental and simulated backscattering spectra induced by 1.6 MeV (a) and 1.8 MeV (b) protons
incident on the crystalline SiO, sample under particle channelling conditions. Experimental data digitized

from Ref. [23].

Opverall, both the channelling and random orienta-
tion spectra for silicon based samples are simulated
with good agreement to the experimental spectra,
and the GEANT4 RBS model is a great tool for the
simulation and interpretation of proton backscat-
tering spectra.

4. Summary and conclusions

This work presents the results of proton induced
backscattering spectra simulations and com-
parisons with the experimental spectra in virgin
silicon, silicon dioxide and silicon carbide sin-
gle crystals, obtained in the random orientation
conditions. The simulations were performed with
a previously developed and described GEANT4
RBS model for amorphous materials. The compar-
ison with the experimental spectra has shown that
the model is able to accurately simulate the proton
backscattering spectra in the energy interval 1.0-
2.3 MeV for the random orientation conditions.
The major mismatches between the simulated and
experimental spectra occur for the resonant peaks,
while the regions corresponding to backscattering
from the sample surface are simulated very well.
The mismatch in the resonant regions might be
attributed to the limit of RTR cross-section accu-
racy or a slight mismatch of the incident energy,
which would significantly influence the shape of
the resonant curve as the resonant cross-sections
are very energy-dependent. Overall, the match

between the experimental and simulated spectra
obtained in the random orientation conditions is
within the expectations while the development of
the model for better agreement is underway.

The work presented here also includes a pre-
view of the simulations of backscattering spectra
in the particle channelling conditions. The com-
parison between the experimental and simulated
spectra, induced by the 1.6-1.8 MeV protons in-
cident along the (1000) axis of a SiO, virgin sin-
gle crystal, shows a good agreement with the mis-
match of the spectra associated to the limits of
the resonant cross-section database as well as the
particle channelling process. Details of the simu-
lation as well as the description of the newly de-
veloped model will be presented in the upcoming
publications.
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PROTONU ATGALINES SKLAIDOS SPEKTRU SKAITINIS MODELIAVIMAS
GEANT4 PROGRAMINIU PAKETU

D. Lingis, M. Gasparitinas, V. Kovalevskij, A. Plukis, V. Remeikis

Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Rezerfordo atgalinés sklaidos spektroskopija (angl.
Rutherford Backscattering Spectroscopy, RBS) yra meto-
dika, placiai naudojama bandiniy sudéties, kristaliniy
gardeliy pazaidy ir priemaisy profiliavimo analizése. Me-
todika paremta j bandinj krintanciy jony elastine sklaida
ir atgal i§sklaidyty daleliy energinio spektro registravimu
detektoriumi. Taciau atgalinés sklaidos spektry inter-
pretavimas sukelia sunkumy dél persiklojanciy smailiy,
atitinkanciy sklaida nuo skirtingy atomy, ir sklaidos geo-
metrijos, energijos nuostoliy bei detektoriaus atsako ne-
apibréz¢iy. Siekiant palengvinti spektry interpretavimo
procesa, buvo sukurtas atviro kodo skaitinio modeliavi-
mo pavyzdys, paremtas universaliu GEANT4 skaitinio
modeliavimo programiniu paketu. Atviro kodo modelio
lankstumas leidZia naudotojams pritaikyti modelj savo

tikslams - nuo galimybés naudoti jvairias daleliy stab-
domuyjy geby ir reakcijy skerspjaviy bibliotekas bei mo-
difikuoti fizikinius procesus iki galimybés sekti daleliy
parametrus. Sio darbo metu pristatyti eksperimentiniy ir
skaiti$kai modeliuoty atgalinés sklaidos spektry palygini-
mo rezultatai, gauti naudojant 1-2,5 MeV energijos pro-
tony pluostelj kristalinio silicio, silicio karbido ir silicio
dioksido bandiniuose atsitiktinés orientacijos geomet-
rijoje, kuri praktiskai atitinka amorfiniy medziagy atvejj.
Pateikti rezultatai rodo, kad modelis geba tiksliai skaitis-
kai atkartoti atgalinés sklaidos spektrus nuo amorfiniy
ir kristaliniy medziagy. Nors ideali atitiktis eksperimen-
tiniams spektrams nebuvo gauta visais atvejais, bendras
spektry atitikimas rodo, kad modelj galima toliau tobu-
linti ir naudoti RBS metodikoje.
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