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ABSTRACT 

Energy loss of medium energy heavy ions (i.e. Cl, Br, I, and Au) in thin compound 

foils containing light elements (i.e. silicon carbide and silicon dioxide) is directly 

measured using a time-of-flight elastic recoil detection analysis (ToF-ERDA) technique. 

An improved data analysis procedure is proposed to provide the experimentally 

determined electronic stopping powers. This analysis procedure requires reliable 

predictions of nuclear stopping. Thus, the nuclear stopping predicted by the Stopping and 

Range of Ions in Matter (SRIM) code is validated by measuring the angular distribution 

of 1 MeV Au ions after penetrating a thin silicon nitride foil, using a secondary ion mass 

spectrometry (SIMS). In order to validate our derived electronic stopping power values, 

Rutherford backscattering spectrometry (RBS) and SIMS are utilized as complementary 

techniques to measure the depth profiles of implanted Au ions in SiC. Moreover, the 

original version of the SRIM code, TRIM-85, is modified to adopt our derived electronic 

stopping powers to predict ion distributions. The comparison studies show that the ion 

distributions predicted based on our derived electronic stopping powers agree well with 

the experimental results, but exhibit considerable discrepancies with the SRIM 

predictions.  

The large deviation from SRIM predictions is further observed in other materials. 

The distributions of implanted Au ions with various energies from 1 to 15 MeV are 

measured in Si and MgO. The electronic stopping powers for Au ions in Si are estimated 

based on the measured ion profiles. For Au ion irradiation in MgO, significant channeling 

effects on the ion and damage profiles are observed for the irradiations along both axial 

and planar channels.  

Furthermore, the effect of electronic energy deposition from medium energy heavy 

ions (i.e. 21 MeV Ni) on the damage evolution in MgO, in which the initial defects are 

induced using 1 MeV Au, is studied. The evolution in damage level and damage structure 

under the irradiations is characterized using RBS/ion channeling technique combined 

with transmission electron microscopy (TEM).  
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INTRODUCTION  
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The energy deposition for energetic ions travelling in matter is generally described by 

two mechanisms, nuclear energy loss and electronic energy loss. Nuclear energy loss is 

attributed to the elastic collisions with target nuclei, results in the displacement of atoms 

and dominates in the low energy regime. Electronic energy loss is attributed to the 

inelastic collisions with target electrons, results in the excitation and ionization of the 

target electrons, and dominates in the high energy regime. Stopping power (sometimes 

termed as stopping force) is defined as the energy loss per unit path length. 

/S dE dx            (1.1) 

1.1 Quantification of stopping power 

As summarized by Sigmund,
1
 quantitative knowledge of stopping power is of critical 

importance not only in fundamental research in physics and materials science, but also in 

broad applications such as ion beam modification, ion beam analysis, semiconductor 

fabrication, nuclear engineering, radiation therapy, space exploration, etc. Thus, 

quantification of stopping power has been a subject of long-standing experimental and 

theoretical interest since the early twenty century.  

 1.1.1 Nuclear stopping power 

ZBL universal potential and SRIM 

Nuclear stopping can be theoretically treated as the elastic two-body scattering 

between screened particles. According to the conservation of energy and momentum of 

the system, the elastic energy transfer T can be described as
2
: 

*1 2

2

1 2

2
(1 cos )

( )
i

M M
T E

M M
 


,       (1.2) 

where M1 and M2 are the masses of the projectile and target atoms, respectively, Ei is the 

incident energy of the projectile, and θ
*
 is the scattering angle in the center-of-mass 

frame.  

In order to obtain the cross-section of the energy transfer, or the nuclear stopping 

power, the probability for each final scattering angle must be known. The key issue thus 
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becomes the calculation of the interatomic potentials concerning different screening 

functions.
3
 Four important pioneering models: the Sommerfeld approximation of the 

Thomas-Fermi potential
4
, the Moliere approximation,

5
 the Lenz-Jensen,

6,7
 and the Bohr 

potential
8
 have been compared to the one of the most widely used potentials at present, 

the Ziegler-Biersack-Littmark (ZBL) universal screening potential.
3
 The later one shows 

the highest overall accuracy.
3
 The ZBL universal screening function, as shown in Fig. 1.1, 

is based on the calculation of solid-state interatomic potentials of 522 randomly chosen 

pairs of atoms over the range 1-82 for Z1 and Z2, expressed as: 

3.2 .9423 .4028 .2016.1818 .5099 .2802 .02817x x x x

U e e e e             (1.3) 

where Uarx / is the normalized radius, r is the radius, and 0.23 0.23

0 1 20.8854 / ( )Ua a Z Z   is 

the screening length.  

Connor et al.
9
 compared the universal potential with more than a hundred 

experimental data, and on overall discrepancy within 5% is estimated. The ZBL universal 

potential is used in the code named The Stopping and Range of Ions in Matter (SRIM) by 

Ziegler et al
3
 to provide the nuclear stopping power values and to simulate the scattering 

process when ions penetrating a target. SRIM has been the most widely used since late 

1980s, contributing to more than 700 publications per year as estimated in 2010.
10

  

Remaining issues on nuclear stopping power 

Due to the relative theoretical simplicity and existing experimental evidence (e.g. 

Ref.9 ), the validity and accuracy of SRIM nuclear stopping have been generally accepted. 

However, at least two issues remain. Firstly, the nuclear stopping calculation assumes 

neutral ions and target atom in its normal crystalline state; these assumptions make for 

errors, and may make the nuclear stopping power too large for low energies.
11

 Secondly, 

the previous experimental validations have limitations. For example, the experimental 

data used in Connor’s comparison study
9
 are mostly limited to alkali metals and rare gas 

targets. Few direct transmission measurements on angular distribution of very heavy ions 

(e.g. Au) through solid films existed, except the ones by Geissel et al.
12

 This is possibly 

due to two difficulties. The first one is the difficulty in fabricating strong and uniformly 
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thin enough foils to bear the slow heavy ion irradiation. The second one is the difficulty 

in detecting very heavy ions using semiconductor detectors, compared to light and 

medium heavy ions such as helium and carbon ions.
13-16

 Geissel’s experiments utilized a 

continuously rotatable ToF spectrometer that is, unfortunately, not a standard instrument 

in most ion beam laboratories.  

1.1.2 Electronic stopping power 

Early theoretical efforts 

The theoretical description of electronic stopping is far more complex than nuclear 

stopping, since both ions and targets continuously change during the ions’ passage
3
: 1) 

the charge states are continuously changing with ion energy and electron density of the 

target, and this process is almost impossible to be directly measured; 2) the target 

electrons polarize in front of and around the ion, changing the local electron density, and 

the ion charge density also polarizes and change its shape; 3) the electrons of ions 

penetrating the target electron cloud are subjected to Pauli promotion since its fully 

occupied electron shells merge with the shells of fully occupied target atom shells; and 4) 

for semiconductors, the band gaps reduce the available excitation levels that are open for 

the electrons, reducing the absorption of energy from the ions.  

The effort of theoretically quantifying stopping power has been carried out for more 

than a century. It is dated back to Bohr
17

 in 1913 who developed a theory in which the 

stopping power and ion range were predicted using classical mechanics. Pioneers have 

established a profound system of theories to treat electronic stopping power from 

classical to quantum mechanics, from light ions to heavy ions, and from slow ions to 

swift ions. As the most influential examples, Bethe, Bloch, and Muller
18-22

 established the 

quantum mechanics treatments of electronic stopping and derived the Bethe-Bloch 

formula to describe the electronic stopping power of swift ions; Fermi formed the idea of 

the treatment of target electrons as plasma;
23

 Lindhard derived the famous Lindhard-

Scharff (LS) formula
24,25

 that is substantially applied for slow heavy ions:  

1/2( ) 'eS E k E ,         (1.4) 
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where 

7/6

1 2

1/2 2/3 2/3 3/2

1 1 2

' 3.83
( )

Z Z
k

M Z Z



       (1.5) 

Se (E) is given in units of 10
−15

 eVcm
2
/atom and E is in keV

2
. Besides, Lindhard 

developed a generalized treatment of interaction between swift light ions
26-28

 and electron 

gas (Lindhard gas). Those theories, especially the Lindhard’s theories have been 

thoroughly and comprehensively reviewed by Ziegler,
3
 and Sigmund.

1,29
  

In the recent years, first principle calculations, such as the time-dependent density 

functional theory method (TD-DFT), have been developed to acquire accurate electronic 

stopping power, but they are strongly limited to the simplest cases, such as low energy 

light ions due to the extreme computational expense.
30-32

 Because an accurate theoretical 

description of inelastic process for ions in materials is extremely complex, especially for 

semiconductors, empirical or semi-empirical descriptions based on the experimental 

results are still the most common approaches up-to-date. 

SRIM’s integration 

The Lindhard’s free electron gas theory combing the local density approximation
33

 is 

the key of calculating the electronic stopping power of proton in SRIM, which is the 

foundation of the calculation for all other ion-solid combinations. SRIM uses “scaling” 

method to simplify the calculation of heavy ion electronic stopping power.
3
 In this 

method, heavy ion stopping power is calculated from the light ion stopping power at the 

same velocity in the same medium. For helium ions, the equivalent H stopping is 

multiplied by the He effective charge at the same velocity 

2( )He H He HeS S Z  ,         (1.6) 

where  is the fractional effective charge.  

5
2

0

1 exp[ ( ) ]i

He ia Ln E            (1.7) 

where ai are fitting parameters. For E<1 keV/u, Se is proportional to the velocity of ions. 
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It is important to note that strictly speaking keV/u is not a unit of either energy or 

velocity, and “specific energy” is probably a more accurate term. However, the terms in 

the literature have not been consistent. In this dissertation, the “specific energy” is 

abbreviated as energy for convenience.  

For ions heavier than He, the scaling approach is different in three energy regimes. 1) 

for low velocity ions (<25 keV/u, except when Z1<19 in band gap target with very low 

energy), the Lindhard treatment is employed that Se is generally proportional to the 

velocity of ions. However the numeric input (e.g. constant of proportionality) could be 

significantly different by fitting the experimental data;
1
 2) for high velocity ions (>200 

keV/u), the Thomas-Fermi scaling rules are used to generalize the heavy ions stopping 

power; and 3) for medium velocity ions (25 keV/u<E<200 keV/u), the theory proposed 

by Brandt and Kitagawa
34

 is adopted to scale heavy ion stopping power to proton 

stopping power. In any cases, the final values given by SRIM, as well as other empirical 

codes (e.g. MSTAR
35,36

), are based on fitting and extrapolating experimental data.
37

 

SRIM’s accuracy for light ions 

It can be naturally expected from the descriptions above that the accuracy of electronic 

stopping power given by SRIM strongly depends on the amount and quality of 

experimental values, and this is one of the reasons why the electronic stopping power in 

SRIM updates regularly.
1
 

The most abundant and consistent experimental data exist for helium ions (much more 

than any others, including proton).
3
 This is mainly attributed to the development of 

Rutherford backscattering spectrometry (RBS) technique since 1970s,
38,39

 in which the 

helium ions from a few hundred keV to a few MeV is the predominantly used particle. 

Since there have been hundreds of experimental measurements available on the stopping 

power for light and medium heavy (e.g. from Li to Ar) ions and new stopping data are 

becoming rapidly available, it is hard to comprehensively review them in a single work. 

Fortunately, since 1990s, Paul
40

 and his colleagues have built and are continuously 

updating a web-database (“https://www-nds.iaea.org/stopping/” available at present), in 

which the experimental results, as well as the theoretical models (SRIM is one of the 

https://www-nds.iaea.org/stopping/
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major models) are collected, commented, compared, and plotted. In addition, the 

accuracy of existed models (or, programs) is statistically tested. It is shown
40,41

 that the 

accuracy of the SRIM predicted electronic stopping power for He ions is high, as 

expected due to the large amount of available data. The mean normalized differences 

exp exp100 ( ) /tableS S S    between the SRIM values and over 2000 experimental data 

points for He ions in 16 elemental solids and ~150 condensed compounds are (1.77.3)% 

and (-0.45.3)%, respectively. For medium heavy ion stopping, there are also more than a 

thousand experimental data points in total, and, as expected, the SRIM predictions hold a 

similar accuracy comparing to light ions.  

Difficulties in stopping measurements for heavier ions 

While electronic stopping powers for light ions have been extensively measured and 

validated, the measurement for very heavy ions (e.g. Au) in the low and medium energy 

regime has been a long-standing challenge. The direct measurement of electronic 

stopping power can be generally done with two geometries: backscattering
42

 and 

transmission
43

, while in each geometry there are numerous specific ways of producing 

the ions, locating the target, and detecting the ions.
44

 Backscattering geometry is mainly 

used for light ions in heavy targets due to the kinematic restriction. For heavy ions in 

light target, transmission geometry is usually needed. In transmission geometry, due to 

the difficulties of manufacturing high-quality (high purity and high uniformity) thin 

stopping foils, previous measurements mainly focused on high energies. For example, in 

Jokinen’s stopping work
45

 on Au ions in C, a ~1000 nm C foil was used and the stopping 

power could only be measured down to 11 MeV. On the other hand, the determination of 

the density and the thickness of stopping foils are essential to the measured stopping 

power values and, for a very thin foil, the error in thickness becomes increasingly 

critical.
43,46

  

There are two additional issues that make the difficulties of measurements 

significantly increase with increasing mass of ions, leading to very limited available 

experimental data. Firstly, the energy determination of semiconductor detectors becomes 
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more problematic for heavier ions and the calibration becomes challenging.
13-16

 For 

example, the pulse height defect (PHD)
47

, as shown in Fig. 1.2, is normally defined as the 

difference between the true energy of the heavy ion and its apparent energy in Si detector, 

such that heavier ions have lower pulse height than light ions with the same energy. In 

addition, small deviations from linear behavior for heavy ions also exist and make the 

conventional method of calibrating a Si detector challenging.
14,15

 Secondly, as stated 

above, nuclear stopping dominates in the low energy regime and electronic stopping 

dominates in the high energy regime. In the medium energy regime, the situation 

becomes complex: although electronic energy loss is the dominating process, the nuclear 

energy loss cannot be neglected when ions penetrate stopping foils. The ratio of nuclear 

stopping power to electronic stopping power, given by SRIM, for Cl, Br, I and Au ions in 

SiC is shown in Fig. 1.3 in the energy regime of a few MeV. The ratio of nuclear 

stopping power to electronic stopping power in SiC is less than 2% for ions lighter than 

Cl and with energies higher than 3 MeV. The nuclear energy loss is, therefore, negligible 

for lighter ions in the total energy loss measurement. For heavier ions, the ratio at 3 MeV 

is 0.23, 0.65 and 0.89 for Br, I and Au ions, respectively. As a result, a correction of 

contributing nuclear energy loss is necessary when measuring electronic stopping powers 

for these ions in this energy regime. As was reported by Paul,
11

 a few previous 

measurements neglected the nuclear stopping contribution and concluded that the 

measured electronic stopping power is similar or larger than the SRIM prediction. 

However, these results
45,48,49

 are not supported by ion distribution and damage profile 

measurements, which will be discussed in detail in the following chapters. Previous 

studies
50

 have attempted to correct the nuclear stopping power using Monte-Carlo 

simulation with a Moliere interaction, but the potential choice and thus the corrected 

results have been questioned.
51

  

Besides direct measurements, deduction from range measurements is another way of 

determining electronic stopping powers. For example, Zhai et al.
52

 deduced electronic 

stopping power for Au ions in Si by fitting their measured ion range to LSS theory. 

However, their result indicates that the electronic stopping power is constant with the 

increase of energy from ~1-3 MeV, which seems questionable. It is important to note that 
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this questionable result does not necessarily question the LSS model or the removal of 

nuclear stopping power, because RBS was the only utilized technique, and this makes the 

range values less validated. 

Problems in SRIM predicted electronic stopping power for heavy ions 

Due to the lack of experimental support, lower accuracy is expected in the prediction 

of electronic stopping power by SRIM for very heavy ions. Actually, both theoretical and 

experimental evidences have indicated considerable error in SRIM predictions. 

Theoretically, Sigmund
37

 introduced a reciprocity criteria to compare electronic stopping 

power with the roles of projectile and target interchanged. The reciprocity theory states 

that, in the low energy region (<25 keV/u), where the projectiles are neutral and the 

probability for electron loss is small, electronic stopping cross-section (in the unit of 10
-15 

eVcm
2
) remains invariant when interchanging projectile and target atom (at the same 

velocity, or the same energy in keV/u). This theory can be utilized as a criterion for 

examining stopping values from both models and experiments. An example is shown in 

Fig. 1.4
37

 (top), where the Si/C combination agrees with the reciprocity theory very well. 

However, dramatic deviation is observed when combination between very heavy ions 

(e.g. Au) and light elements (e.g. Al) is examined (Fig. 1.4 bottom), indicating electronic 

stopping power by SRIM is probably too large. It needs to be noted that, in the case of Au 

in Al, no experimental data are available. On the other hand, the MSTAR code only 

provides ions no heavier than Ar, limiting further judgment on SRIM.  

Experimentally, considerable discrepancies have been observed in SRIM-predicted ion 

ranges and disorder profiles in comparison with experimental values for very heavy ions 

in light targets.
53-59

 For example, in the case of 2 MeV Au irradiation in GaN, as shown in 

Fig. 1.5,
59

 both damage range measured by TEM and implanted Au range measured by 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) are considerably deeper than 

the prediction by SRIM. The underestimate of ion range indicates an overestimate of 

stopping power, i.e. electronic stopping power, if the nuclear stopping power is 

considered accurate. In a direct measurement, using a monoenergy beam, the electronic 

stopping power of Au in C with energy of ~4 MeV was found to be 6.07 keVμg
-1

cm
2
,
50
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much smaller than the SRIM value of 14.8 keVμg
-1

cm
2
. Although this is a single data 

point and the nuclear stopping correction may bear criticism,
51

 the error shown in SRIM 

prediction is far beyond the experimental uncertainty.  

In general, despite the long history of extensive study, understanding and description 

on electronic stopping power, especially for heavy ions in compounds containing light 

elements are far not adequate. “There is less to read and more to do for those engaging in 

heavy-ion stopping”, as pointed out by Sigmund.
1
  

1.2 Ion irradiation induced damage evolution in ceramics 

1.2.1 Effects of nuclear energy deposition 

The effect of energy deposition on defect production and evolution is one of the major 

subjects in studying materials applied in an irradiation environment. Due to high damage 

rates, irradiation with heavy ion in the low and medium energy regimes has been 

commonly used to simulate the damage evolution induced in extreme nuclear radiation 

environments.
60,61

  

The ion channeling technique based on RBS is one of the most commonly applied 

methods to study irradiation damage in ceramics. The damage range induced by slow 

heavy ions is usually a few tens to hundreds of nanometers from surface, and build-up of 

point defect concentration is the first damage stage for most of materials responding to 

nuclear energy deposition. Several references are listed here as examples for such studies 

since 2000 on GaN,
62

 SiC,
63

 ZnO,
64

 Al2O3,
65

 SrTiO3,
66

 ZrO2, 
67

 and Gd2Ti2O7.
68

 Despite 

the fact that sometimes the damage evolution appears confusing after point defects 

achieve a certain concentration in some ionic ceramics,
64,67

 understanding on the 

materials response to nuclear stopping has been relatively well established. In brief, 

elastic energy transfer to target atoms can result in displacements of atoms from their 

original sites, creating atomic-scale defects in the structure. An example is shown in Fig. 

1.6, demonstrating the amorphization process in SrTiO3 under 900 keV Au ion 

irradiations. 
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1.2.2 Effects of electronic energy deposition 

In contrast to nuclear energy deposition, much less understanding has been achieved 

on the defect response to electronic energy deposition in ceramics, especially from ions in 

the medium energy regime (a few tens of MeV). The complexity is mainly attributed to 

the fact that electronic energy deposition plays conflicting roles in the damage dynamics 

of heavy ion irradiated ceramics.
69

 On one hand, damage induced by inelastic collision 

may be created near the ion track. On the other hand, electronic energy deposition can 

enhance mobility of point defects and thus promote recovery of displacement damage. As 

a result, understanding the response of a pre-damaged material to electronic stopping 

power is highly desired.  

In some materials, e.g. ZrO2,
70,71

 and SiO2,
72

 the damage production from electronic 

energy loss and nuclear energy loss are primarily simple additive and little synergetic 

effect is observed. In contrast, the electronic energy loss induced annealing, or 

recrystallization, has been observed in SiC from two kinds of study strategy: 1) dual 

beam irradiation, including a nuclear stopping dominant beam (e.g. 900 keV I) and a 

electronic stopping dominant beam (e.g. 36 MeV W)
70,71

 and 2) using a nuclear stopping 

dominant beam to create initial damage, and then using a electronic stopping dominant 

beam at the same location to “anneal” the pre-damage.
73

 The advantage of the first 

strategy could be the better simulation of the real irradiation environment, while the 

advantage of second could be the convenience of separating, and elucidating the effect of 

each kind of energy deposition. Fig. 1.7 shows the annealing effect of 21 MeV Si ions on 

the pre-damaged SiC single crystal.
73

 The diamonds indicate the damage profile after 900 

keV Si ion (nuclear stopping dominant) irradiation, the up-triangles indicate the damage 

profile at the same spot after subsequent 21 MeV Si ion irradiation (electronic stopping 

dominant). The damage level is clearly decreased due to the electronic energy deposition. 

1.2.3 Puzzles in MgO 

Comparing to the cases mentioned above, damage evolution in MgO is confusing 

under either nuclear or electronic energy deposition. Under irradiation from nuclear 
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stopping dominant beam (e.g. 3 MeV Au and 100 keV Ar), a few previous experiments
74-

77
 have observed that after defect concentration reaches a certain level, further irradiation 

may reduce the damage level (from the perspective of ion channeling) and the damage 

profile could be unexpectedly deeper than the implanted ion profile. There have been 

several conjectures on the possible cause of these phenomena. At least two papers
74,75

 

attribute this observation to the annealing effect due to the electronic stopping from the 

incident ions. However, this explanation is doubtable because the electronic stopping 

power of both 3 MeV Au and 100 keV Ar are low; let alone at the depth close to damage 

peak, the energy of ions is further lower and the electronic stopping power is negligible. 

Other explanations
74,78,79

 include the migration of oxygen interstitial, the strain release, 

the formation of dislocation or cluster, etc. However, there has been insufficient evidence 

to conclusively demonstrate any one of those proposed mechanisms. 

Under dual beam irradiation,
70,71

 a similar phenomenon compared to SiC has been 

observed in MgO that the damage level is lower under the simultaneous irradiation of two 

beams together than under the low energy beam alone. However, the mechanisms can be 

expected to be significantly different between SiC and MgO. In SiC, nuclear energy 

deposition leads to the accumulation of defects (either point defects or clusters) till fully 

amorphization. The reduction in damage level induced by electronic energy deposition, 

especially in the two-step irradiation experiment (see Fig. 1.7),
73

 could be attributed to 

the healing, or recombination of the pre-existed defects. In MgO, nuclear energy 

deposition could not lead to amorphization. Clusters or dislocation loops could be formed 

under nuclear energy deposition, which could also reduce the damage levels from the 

perspective of ion channeling.
74-77

  As a result, RBS analysis itself on only one dual beam 

experiment is difficult to elucidate the mechanism of these findings. 
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Appendix 1.1 

 
 

 
 
Fig. 1.1. Comparison between the Universal Screening function and previous models. 

[Ziegler et al, The stopping and range of ions in solids, 1985] 
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Fig. 1.2. Si detector response to different ion irradiations: energy of various ions versus 

the corresponding pulse height from the detector (channel number). [Jin et al, Electronic 

stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 1.3. Ratio of nuclear stopping power to electronic stopping power for ions in SiC 

given by SRIM. [Jin et al, Electronic stopping powers for heavy ions in SiC and SiO2, J. 

Appl. Phys., 2014] 
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Fig. 1.4. Stopping cross sections for the C/Si combination (top), and the Al/Au 

combination (bottom). [Sigmund, Reciprocity in the electronic stopping of slow ions in 

matter, Euro. Phys. J. D, 2008] 

 

  



20 

 

 

Fig. 1.5. The damage profile (yellow, solid line) is overlaid on top of the TEM image for 

2 MeV Au ion irradiation in GaN. The corresponding Au ion distributions predicted by 

SRIM (dash line) and measured by SIMS (triangles) are also plotted for comparison. 

[Zhang et al, Damage and microstructure evolution in GaN under Au ion irradiation, J. 

Phys. D: Appl. Phys., 2010] 
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Fig. 1.6. (a) RBS/channeling spectra of SrTiO3 irradiated with 900 keV Au
+
 to different 

ion fluences. (b) Relative disorder as a function of local dose at the damage peak in 

SrTiO3. [Zhang et al, New ion beam materials laboratory for materials modification and 

irradiation effects research, Nucl. Instr. Meth. Phys. Res., Sect. B, 2014] 
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Fig. 1.7. Annealing effect of 21 MeV Si ions on the 4H-SiC single crystal pre-damaged 

by 900 keV Si ions. [Zhang et al, Competing effects of electronic and nuclear energy loss 

on microstructural evolution in ionic-covalent materials, Nucl. Instrum. Methods Phys. 

Res. B, 2014] 
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2.1 ToF-ERDA measurement 

In this study, energy loss measurements are performed using a time-of-flight elastic 

recoil detection analysis (ToF-ERDA) system, shown in Fig. 2.1. The setup consists of a 

ToF spectrometer followed by a Si detector.
1
  

Monoenergetic ions are produced using a tandem accelerator and scattered by a Au 

target into the ToF spectrometer with a continuous range of energies. The energy of each 

ion is determined by the ToF spectrometer following a linear calibration relationship: 

1 0( ) ( )T ns a T ch a           (2.1) 

where T(ns) is the measured time in the unit of nanosecond, T(ch) is the measured time in 

channel number, and a1 and a0 are the slope and offset in the linear calibration, 

respectively.  

In order to obtain accurate time calibration, two complementary methods are used. 

First, a time calibration module (ORTEC module 462) is used to generate pulse signals 

with equal time intervals. Multiple series of measurements could give an accurate value 

on the time slope a1. Second, the largest energy of the detected ions can be determined by  
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, for the projectiles,    (2.3) 

where φ is the scattering angle, Ei is the incident energy, M1, and M2 are the masses of 

projectile and target, respectively. In this study, the projectile is used for analysis. The 

high-energy edges of different elements scattered from the sample surface are used to 

calibrate the time offset a0.  

Stopping foils are mounted on a push-rod that can be reproducibly moved into and out 

of the ion path between the ToF spectrometer and the Si detector. With the stopping foil 

out of the ion path, the Si detector directly measures the energy (ESi1) of the ions leaving 

from the ToF spectrometer (ET1); each channel of the Si detector is, therefore, calibrated 
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using the corresponding ToF energy.
1
 In this way, the calibration difficulties for a Si 

detector in response to heavy ions are eliminated. Since the ions lose energy when 

passing through the Cout film (Fig. 2.1) before leaving the ToF, a correction for the small 

energy loss (EC1) is included:  

'

1 1 1 1Si T T CE E E E   .                     (2.4) 

With a stopping foil in the ion path, each ion exiting from the ToF and detected in the Si 

detector has energy: 

'

2 2 2 2 ( / )Si T T CE E E E E E x x       
       (2.5) 

where, x is the thickness of the stopping foil and E is the energy loss in the stopping 

foil. Using Eqs. (2.4) and (2.5) and considering the two ToF energies that yield the same 

energy in the Si detector (i.e., ESi1 = ESi2), the stopping power (with small x) is given by: 

' '

2 1/ ( ) /T TdE dx E E x  
          (2.6) 

at the corresponding energy of (ET2
′ + ET1

′ )/2. 

An example of He ion stopping is shown in Fig. 2.2. In Fig. 2.2 (a), two 

correspondence curves are shown between the Si detector and the ToF with and without 

the stopping foil. Fig. 2.2 (b) shows the ToF time responses for He ions at the pulse 

height channel of 2000 from the Si detector. The difference in energy determined by ToF 

is considered as the energy loss in the stopping foil. 

In this measurement, two self-supported stopping foils are used. The SiO2 foil 

(36 μg cm−2) was produced by physical vapor deposition (Luxel Corporation, WA 98250, 

USA), and the SiC foil (82 μg cm−2) was prepared by high-temperature, low-pressure 

chemical vapor deposition (FLX Micro, Cleveland, OH, USA). The thickness of the foils 

was determined by measuring the electronic energy loss of He ions in these foils as 

demonstrated in previous studies.
2-4

 The value of the thickness is adjusted so that the 

determined stopping power agreed with SRIM. The experimentally determined values 

and the SRIM results for electronic stopping power for He ions in both SiC and SiO2 are 
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shown in Figs. 2.3 (a) and (b), respectively. The foundation of this method is the fact, 

stated in chapter 1, that the SRIM prediction of electronic stopping power of He ions has 

been extensively validated by numerous experiments and is considered accurate. In this 

way, the error in measuring the foil thickness, including the density uncertainty and the 

roughness, is minimized. 

2.2 Correction of effective nuclear energy loss  

As discussed in chapter 1, the contribution of nuclear energy loss in the measurements 

has to be corrected to derive realistic electronic stopping power values. However, the 

tabulated nuclear stopping power cannot be directly subtracted from the measured results. 

In the measured energy loss, the contribution from electronic energy loss is assumed to 

have a negligible dependence on collision scattering angle, but the nuclear energy loss is 

strongly dependent on the collision scattering geometry. With the stopping foil in place, 

ions that encounter large-angle scattering will not be detected within the small solid angle 

constrained by the collimator, as shown in Fig. 2.1. Thus, only ions with smaller 

scattering angles, corresponding to the ions with smaller nuclear energy loss in the foil, 

can be detected by the Si detector. For example, based on SRIM simulations, only ~47% 

and 75% of the Au ions with incident energies of 6 and 10 MeV on SiC, respectively, can 

be detected by the Si detector. The remaining ions, which encountered larger angle 

scattering, will be stopped by the collimator. Another example for I ions penetrating an 

Al foil was discussed by Paul,
5
 and a similar result was observed. In this work, the 

effective nuclear energy loss is defined as the average nuclear energy loss for the ions 

that can be detected for a specific geometry determined by the experimental setup, and 

the total nuclear energy loss is referred to the average of all ions that is given by SRIM 

(in the Stopping / Range Tables). 

The correction of the effective nuclear energy loss is determined by the following 

steps: 1) apply SRIM simulations to determine the exit angle and position for an ion 

penetrating through the stopping foil; 2) determine the position when the ion reaches the 

Si detector based on the present experimental configuration (relative location of the 

stopping foils and the Si detector) and compare the radius with the diameter of the 
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collimator located in front of the Si detector to determine whether the ion is within the 

collimator and will be detected; 3) perform such simulations for a large number of ions 

with different incident energies (~50,000 per energy); and 4) for each incident energy, 

calculate the mean energy loss of those detectable ions for the corresponding ion energy 

(average of the energy before and after penetrating the stopping foil), and obtain a 

continuous curve fit of mean energy loss (Se+Eff Sn) as a function of ion energy, shown 

by solid curves in Fig. 2.4(a). The effective nuclear energy loss is the difference between 

these curves and those of electronic energy loss. The final step is: 5) subtract the effective 

nuclear energy loss from the measured values.  

This correction method is based on the assumption that SRIM provides a reasonable 

prediction of nuclear stopping powers and has little correlation with SRIM predicted 

electronic stopping powers. In this correction method, 1) the error on electronic stopping 

power for each energy is cancelled out in step (5) based on the independence of 

electronic stopping power with the scattering angle, as well as the small difference in the 

ion path-length in the thin foils; and 2) this correction is not based on “incident energy” 

but on an “average energy” that is shown as the smooth curve obtained in step (4). In 

other words, for ions with the same average energy, their nuclear stopping power and 

thus their scattering behavior are the same regardless of the incident or exit energy. The 

error on electronic stopping power that mainly affects the slowing down process, 

therefore, has minimal effects on this correction.  

As shown in Fig. 2.4(a), the effective nuclear energy loss is a significant contribution 

to the total energy loss for Au ions, and becomes less significant but not negligible for Br 

ions. The results in Fig. 2.4(b) show the electronic stopping powers with and without the 

effective nuclear stopping correction, as well as with total nuclear stopping subtraction. 

The SRIM predicted results are also included for comparison. It is evident that the 

correction is crucial to the final results. The key issue of the reliability of this correction 

is whether the SRIM predicted angular distribution of ions penetrating a thin foil is 

correct. As discussed in chapter 1, the nuclear stopping power predicted by SRIM has 

been generally accepted but the direct experimental validations of such angular 



28 

 

distributions are still limited by the requirement of unique equipments. In this study, a 

newly designed experiment is performed for this validation (see section 2.3 and chapter 

4). The result shows that the SRIM predictions on angular distribution are reasonable, 

and thus our effective nuclear stopping correction is reliable. 

2.3 Measurement of angular distribution of Au ions penetrating a Si3N4 

thin foil. 

The angular distribution measurements mainly consist of two parts, ion irradiation and 

ToF-SIMS measurement. The setup of ion irradiation is shown in Fig. 2.5. Low stress 

LPCVD (Low Pressure Chemical Vapor Deposition) Si3N4 foils are deposited on a Si 

substrate by Norcada Inc (Edmonton, AB, Canada). The foils range from 95 to 103 nm in 

thickness, and the actual thickness of each foil was measured independently by ToF-

SIMS, scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM). The density of the foils is provided by the manufacturer as 3.1 g cm
-3

, which has 

been confirmed by areal density measurement with RBS in combination with SEM and 

TEM results. The Si3N4 foils are grown on a Si substrate (5 mm × 5 mm, 200 μm thick) 

that is thick enough to block the incoming beam. A window in the central area of the 

silicon substrate, 0.25 mm × 0.25 mm, is created by etching
6
 and is taken as the beam 

spot size. The Si3N4/Si window is mounted on the front of a metal frame with a thickness 

of 14.2 mm, and a Si wafer is mounted at the back of this frame. The 1 MeV Au ion 

irradiations are performed using a tandem accelerator. The Au beam covers the whole 

0.25 mm window region, and the transmitted ions are collected by the Si wafer. 

The Si wafers implanted with Au ions are subsequently analyzed by ToF-SIMS. As 

shown in Fig. 2.6, depth profiling is performed across the Si wafer with steps of 0.5 mm. 

The size of each crater is 0.3 mm × 0.3 mm. At each position, the Au depth profile is 

integrated to calculate the implanted fluence and is normalized to the 
30

Si
-
 signal in order 

to minimize the effects from current fluctuations. In order to locate the center of the Au 

beam, three line scans are performed on each sample: the first scan is performed from a 

rough center of the wafer; the second scan starts from the Au peak position of the first 
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scan along a direction perpendicular to the first scan; and the third scan starts from the Au 

peak position of the second scan along a direction perpendicular to the second scan 

(parallel to the first scan). Following such approach, the distributions from the second 

and the third scan are ensured along the diameters of the Au distribution. 

In order to evaluate the thickness change of the foils under ion irradiation, ToF-SIMS 

depth profiling is performed on both the window (the suspended foil without the Si 

substrate: irradiated area) and the supported region (the film supported by the Si substrate: 

virgin area) of each sample under different irradiation fluences. The sputtering rate is 

determined by the crater depth measured by a Dektak 150 profilometer.  

Both SEM and TEM methods are applied to measure the thickness of the foils. The 

SEM measurements are carried out with FEI Helios 600 Nanolab FIB/SEM. Thin layers 

of sputtered Au are introduced on both sides of the wafer to enhance the clarity of the 

Si3N4 surfaces. Images are taken under immersion mode at a tilt angle of 52º. TEM 

measurements are carried out at 200 keV with a Zeiss Libra 200MC TEM/STEM. The 

detector is equipped with 2K  2K CCD-camera. The cross-sectional TEM samples are 

prepared by mechanical polishing following by ion milling. The energy resolution is 

~0.15 eV. 

2.4 Measurement of the depth profile of implanted ions 

In this study, two techniques are used to measure the depth profile of implanted ions: 

RBS and ToF-SIMS. 

RBS is one of the major ion beam analysis techniques used in surface and near surface 

analysis in solids. A target is bombarded with ions in the energy regime from a few 

hundreds of keV to a few MeV. The projectiles that are backscattered by the atoms in the 

solids, from either surface or bulk, are recorded by an energy sensitive detector. In this 

study, Si detector and He ions are used. 

In order to achieve a reliable ion profile from RBS measurements, energy calibration 

is of critical importance. The energy calibration is usually performed by measuring the 

maximum energy of the backscattered ions from known elements at a certain scattering 
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angle, corresponding to the backscattering by the atoms at surface.
7
 These maximum 

energies are determined by Eq. (2.3). Using different calibration samples with known 

composition and using different ion energies are two commonly used methods for 

practical energy calibration. Usually, the energy and channel have a linear relationship. 

Sometimes, a second order polynomial function is needed. An example this is shown in 

Fig. 2.7. In this case, a few elements and four energies of He ions are used, and all the 

data points follow well a linear energy-channel relationship. It has been introduced in 

chapter 1 (see. Fig. 1.2) that energy calibration is different for different types of incident 

ions, and the linearity may be compromised for heavy ions.  

For the signals from a certain element, different exit energies of He ions indicate 

different depth where the collision occurred. The energy-depth conversion is based on the 

electronic stopping power of He ions in the samples, and the values predicted by SRIM 

are widely used. Since the stopping power is energy dependent, accurate analysis usually 

requires a numerical method combined with a slabs model.
7
 In this model, the total depth, 

x shown in Fig. 2.8, is divided into many small slabs with equal depth x. Thus, it can be 

reasonably assumed that in each slab the stopping power is uniform, and the energies 

only change at the boundaries between two slabs: 

( 1)

1,2

( )
cos

n n nE

dE x
E E

dx 



            (2.7) 

where, nE and (dE/dx)|nE are the energy and stopping power of He ions in the n
th

 slab, 

respectively, the θ1,2 are the angles between the surface normal direction and the incident 

or outgoing directions of He beam, respectively. The minus sign is used for the incident 

beam, and the plus sign is used for the outgoing beam. Note that there is an abrupt change 

in energy when a collision happens, as described by Eq. (2.3). Following this approach, 

the exit energy of the He ions can be calculated by adjusting the depth x. In other words, 

the depth can be derived from the known exit energy. 

ToF-SIMS
8
 is a powerful technique in depth profiling trace elements in materials. In 

brief, the sample of interest is sputtered with a beam of primary ions; the secondary ions 
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formed during the sputtering process are extracted and analyzed using a ToF 

spectrometry. In this study, the dual beam mode is used to measure depth profile of 

implanted ions. A 2.0 keV Cs
+
 sputter beam with ~130 nA is used to remove materials 

from sample surfaces at a reasonable rate, while a 25 keV Bi
+
 beam with ~1 pA is used 

for data collection.  

The data analysis of ToF-SIMS depth profile is more straightforward comparing to 

RBS. With stable current of the sputtering beam, the sputter rate is considered either 

constant or linearly changed. The values are determined by measuring the depth of the 

crater after the complete sputtering process with a known sputtering time, using ZYGO 

NewView 200 and Dektak 6 M profilometers. 

Compared to RBS, advantages of ToF-SIMS include excellent detection limit (~ppm 

level) and ultra high depth resolution (a few angstroms). However, SIMS is a destructive 

measurement (due to the sputtering). Besides, SIMS measures the absolute depth (e.g. 

unit in nm), while the RBS measure the area density (e.g. unit in 10
15

 atoms/cm
2
). In 

theoretical predictions, the areal density can be directly calculated from the stopping 

cross-section but the density of the sample is needed to calculate the absolute depth. In 

practice, volume swelling (i.e. the density decrease) can be induced by large fluence 

heavy ion irradiation. In SiC, such volume swelling can be as large as 15%
9
, which has to 

be corrected when comparing experimental and theoretical results or comparing RBS and 

SIMS results.  

2.5 Ion channeling measurement of damage profile in single crystals 

In this study, an ion channeling technique is used to study damage of MgO under ion 

irradiation. Channeling
10

 is referred to the influence of crystal lattice on the trajectories of 

energetic particles (usually 1-4 MeV He ions). When incident beam is well aligned with 

crystal lattice axes or planes (so-called in channeling direction), the close-encounter 

probability between ions and target atoms will be dramatically reduced. As a result, the 

backscattering yield from channeling ions is very low (~5%) comparing with that from 

the ions in “random” direction or ions in an amorphous material. 
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The imperfections (defects, distortion, etc.) can compromise the low backscattering 

yield. Normally, point defects (interstitials) have two effects
10

 on the incident beam in 

channeling directions, as shown in Fig 2.9 (top). First, the ions can be directly 

backscattered, since the interstitials do not sit on the lattice sites. Second, ions can be 

dechanneled, that is, some channeled ions are scattered into non-channeled directions, 

behaving the same as a random beam afterwards. As a result, the incident beam can be 

divided into two fractions, the channeled fraction and the random fraction, as shown in 

Fig. 2.9 (middle). Similarly, as shown in Fig. 2.9 (bottom), the RBS yield of a damaged 

sample, χD, can also be divided into two fractions. The yield from the channeled beam is a 

result from direct backscattering by the defects, as shown in the shaded area. The 

dechanneling yield, shown as χR, is a result from dechanneled (random) fraction of the 

beam. It is important to note that the effect of direct backscattering is restricted within the 

damage region, but the effect of dechanneling is extended to larger depths. This is why a 

peak is formed in the channeling spectrum, but yield cannot decrease to the virgin level 

even though no defect exists in the material at larger depth beyond the damage region. 

The principle of deducing the damage level from the RBS spectra is described as 

following.
10

 The damage yield is expressed as: 

( )
( ) ( ) [1 ( )] D

D R R

fn z
z z z

n
     ,                     (2.8) 

where, nD is the defect density, n is the atomic density of sample, f is called the defect 

scattering factor. Conventionally, f = 0 for pure dechanneling defects, e.g. dislocations; f 

= 1 for randomly displaced atoms (interstitials). As stated above, χR is the dechanneling 

fraction which cannot be directly measured. Omitting the derivation process, χR can be 

expressed as: 

0
( ) ( ) [1 ( )][1 exp( ( ') ')]

z

R v v D Dz z z n z dz        ,                  (2.9) 

where D is the dechanneling factor and χv is the yield for the virgin sample. 

Combining Eq. (2.8) and (2.9), the defect density nD can be derived using an iteration 

method from χD and χv, if D is known. However, the dechanneling factor is not a pre-
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known value, and its determination is based on many assumptions that are not well 

understood. As a result, a commonly accepted treatment is making the D a tuning 

factor.
11

 By tuning D, the χR curve is correspondingly changed. The suitable D value is 

determined when the χR curve overlaps with χD at the depth after which the defect density 

is considered zero. 

2.6 Ion irradiation and fluence calibration 

The ion irradiation and implantation are performed using the 3 MV tandem 

accelerators at both University of Tennessee (UT)
12

 and the Pacific Northwest National 

Laboratory (PNNL). The details of the UT ion beam materials laboratory are introduced 

in Ref. 
12

. The key of successful ion irradiation in damage accumulation and evolution 

studies is precise control of the fluences. Several fluence calibrations have been 

performed. Au ions are selected in the calibrations due to the achievable high beam 

current and high backscattering cross section of He on Au. One example of fluence 

calibration is illustrated in Fig. 2.10, where a Si sample is implanted with 2.25 MeV Au
2+

 

ions. After the Au ion implantation to the fluence of 6.1×10
15

 cm
-2

, RBS is performed 

using 2.0 MeV He
 
ions. As shown in Fig. 2.10, the concentration of Au shown in the 

RBS spectrum is determined by fitting the data to a simulated profile obtained using 

SIMNRA software
13

. The diamonds are the data from the RBS measurement, and the 

dashed line is the fit from SIMNRA. In this example, while the intended fluence is 

6.1×10
15

 cm
-2

, the fluence determined by SIMNRA simulation is 6.3×10
15

 cm
-2

. Such 

fluence calibration has been performed several times using Au ion with different energies 

in different targets, and the uncertainty of our irradiation fluence is within 10%. 
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Appendix 2.1 

 
 

 

Fig. 2.1. Schematic illustration of the experimental configuration of a ToF-ERDA system 

for energy loss measurements. [Jin et al, Electronic stopping powers for heavy ions in 

SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 2.2. (a) Contour map of the ToF-Si detector correspondence for He ions, with and 

without the stopping foil. (b) Time diagram at channel 2000 from the Si detector. [Jin et 

al, Electronic stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 2.3 Comparisons of electronic stopping powers for He ions in (a) SiC and (b) SiO2 

between the measured results and the SRIM predictions. [Jin et al, Electronic stopping 

powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 2.4. Ions in SiC: (a) SRIM prediction of the mean energy loss (solid line) of the ions 

detected by the Si detector, with the nuclear stopping power (dash dot), electronic 

stopping power (dash), and total stopping power (dot) of Au, I, and Br ions in SiC. (b) 

Comparison between uncorrected (Exp), effective nuclear stopping corrected (Exp-Eff Sn) 

and total nuclear stopping corrected (Exp-Tot Sn) data of measured electronic stopping 

power for Au ions in SiC; along with the SRIM predictions. [Jin et al, Electronic stopping 

powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 2.5. (a) Schematic illustration and (b) a photo of the setup to collect scattered Au 

ions penetrating a Si3N4 thin foil. The penetrated Au ions are collected in a Si wafer 

located at the rear of the metal frame. The suspended Si3N4 foil (0.25 mm × 0.25 mm) at 

the center of the Si wafer is defined as the “window region” and the rest of Si3N4 thin 

film is defined as “supported region”. [Jin et al, Angular distribution and recoil effect for 

1 MeV Au
+
 ions through a Si3N4 thin foil, Nucl. Instr. Meth. Phys. Res., Sect. B, 2014] 
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Fig. 2.6. A photo of a Si wafer after lateral scan by ToF-SIMS depth profiling to 

determine the Au ion concentration as a function of radius. [Jin et al, Angular distribution 

and recoil effect for 1 MeV Au
+
 ions through a Si3N4 thin foil, Nucl. Instr. Meth. Phys. 

Res., Sect. B, 2014] 
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Fig. 2.7. An example of the energy calibration of the Si detector in response to He ions. 
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Fig. 2.8. Illustration of the principle of the RBS depth profiling. 
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Fig. 2.9. Illustration of the dechanneling mechanism by point defects. [Feldman, 

Materials Analysis by Ion Channeling, 1982] 
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Fig. 2.10. RBS spectrum of Si implanted with 2.25 MeV Au
2+

 ions to an intended fluence 

of 6.1×10
15

 cm
-2

. The measured spectrum is fit using SIMNRA, indicating 6.3×10
15 

cm
-2

 

as the actual implanted fluence. [Zhang et al, New ion beam materials laboratory for 

materials modification and irradiation effects research, Nucl. Instr. Meth. Phys. Res., Sect. 

B, 2014] 
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CHAPTER 3 

ELECTRONIC STOPPING POWERS FOR HEAVY IONS IN SIC 

AND SIO2 
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Abstract 

In this chapter, ToF-ERDA technique is utilized to measure the energy loss of heavy 

ions (i.e. Cl, Br, I, and Au) in SiC and SiO2 thin foils, and the electronic stopping powers 

are derived over the energy regime from 0 to 15 MeV. Compared with the experimental 

results, significant deviations from the SRIM predictions are observed, especially for I 

and Au ions. For experimental validation, the implanted Au ion distributions with 

energies from 700 keV to 15 MeV in SiC are measured using RBS and SIMS. The 

measured results agree well with the predictions based on our derived electronic stopping 

power values, and confirm overestimation of electronic stopping power from the SRIM 

predictions. 

3.1 Introduction 

Accurate information on energy transfer from energetic ions to materials is essential 

for fundamental research, electronic and optical device fabrication, and prediction of the 

performance of materials subject to high irradiation environments.
1-13

  

As important materials used in electronic devices, SiO2 and SiC are often subjected to 

ion implantation, which is a key technique to selectively introduce dopants to modify 

electronic properties.
5-7

 Accurate information of electronic stopping power is 

fundamental to precise control of dopant concentrations over well-defined depth 

distributions. MeV heavy ions have recently been applied to produce ion tracks in SiO2/Si 

systems that can be etched to form nanostructures in thin films for microelectronic 

devices or waveguide applications, and the electronic stopping power is an important 

input in the inelastic thermal spike model
3,14

 to predict the track radii. 

Reliable performance under energetic ion bombardments is also critical for advanced 

electronic devices used in space exploration, where a large variety of energetic particles, 

from protons to very heavy ions, may interact with the electronic components. Single ion 

events induced by the electronic energy deposition from heavy ions can be a hazard for 

information storage in microprocessors and memory elements, and may lead to 

destructive burnout and rupture of gate dielectrics in power devices. Accurate knowledge 
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on electronic stopping power and a correct model of materials response to energetic 

charged particles are the scientific foundation to evaluate the survival of advanced 

electronics to single ion events.
11-13

  

In addition, due to the excellent chemical, physical and mechanical properties, SiC is 

widely considered for use in advanced nuclear energy systems. For example, SiC is 

proposed as a structural layer in the tri-structural isotropic coated fuel (TRISO) to retain 

the fission products;
15,16

 While not a nuclear material, SiO2 is the major component of 

borosilicate glasses proposed for the immobilization of nuclear waste from advanced 

nuclear fuel cycles.
8,9

 In such nuclear applications, these materials are exposed to extreme 

radiation environments.
8-10

 Due to high damage rates, very heavy ions, such as Au, are 

commonly used to simulate damage evolution induced by radiation in extreme nuclear 

radiation environments.
17,18

 Models of nuclear materials performance rely highly on 

accurate electronic stopping power data.  

As discussed in detail in chapter 1, despite intense studies on the stopping of ions in 

matter over the past century, electronic stopping power, especially for slow heavy ions in 

targets with light elements, has not been adequately understood and described. Current 

theories and models provide significantly inconsistent predictions, and experimental 

results have shown large error in prediction of ion range and damage profile based on the 

SRIM predicted electronic stopping power. Due to the long-standing challenge in direct 

stopping measurement for very heavy ions in low energy regime, reliable data with 

experimental validation of electronic stopping power for slow heavy ions in light 

compounds are lacking. 

In this chapter, electronic stopping powers for Cl, Br, I, and Au ions are 

experimentally determined in SiC and SiO2, based on the single ion technique. An 

effective nuclear stopping power correction to the data analysis is discussed and validated. 

For experimental validation, RBS and SIMS are utilized to measure the depth profiles of 

implanted Au ions in SiC for energies from 700 keV to 15 MeV. In addition, an early 

version of the TRIM code is modified to incorporate our suggested electronic stopping 
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power values, and this M-TRIM code is used to predict ion profiles. The measured results 

and the predictions from the modified code are compared.  

3.2 Experimental 

The energy loss of the ions penetrating the stopping foils are measured using the ToF-

ERDA system, as described in Sec. 2.1. Data analysis procedures are mostly introduced 

in Sec. 2.1, while the correction of effective nuclear energy loss is described separately in 

Sec. 2.2. The ion distributions are measured using RBS and ToF-SIMS, as described in 

Sec. 2.4. 

3.3 Electronic stopping power values 

Mean electronic stopping powers for heavy ions, after the correction for the effective 

nuclear energy loss, in SiC and SiO2 are summarized in Fig. 3.1. The trend lines can be 

well described over a wide range by the following expression: 

𝑑𝐸

𝑑𝑥
=

𝑎0+𝑎1×𝐸+𝑎2×𝐸2+𝑎3×𝐸3

𝑎4×𝐸+𝑎5×𝐸2+𝑎6×𝐸3
                                                                            (3.1) 

Due to the lack of reliable experimental data currently available and the large 

disagreements between the existing theoretical predictions, the fitting parameters and the 

corresponding energy regions are listed in Table 1 for convenient implementation in other 

applications. The coefficients for He are also included. 

For Cl ions, SRIM prediction underestimates electronic stopping power at energies 

higher than 200 keV/u for both materials. Below this energy, the measured data agree 

well with or are slightly lower than the SRIM prediction. This result follows the trend for 

lighter ions observed previously: it has been found
19

 that for O, F, and Si ions in SiO2, 

SRIM prediction provides reasonable estimates or slight overestimates at lower energies, 

while noticeably underestimating at higher energies. This trend appears more obvious for 

heavier ions. For example, Si ions have a similar trend as that of Cl ions. For Br ions, 

underestimation of the SRIM prediction is more significant.  
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For I ions, especially in SiO2, the deviation from the SRIM prediction is unexpectedly 

large. The results from LSS theory and a prediction based on the reciprocity theory
20

 are 

included in Fig. 3.2 for comparison. Even though the LSS formula is normally treated as 

a crude estimation of electronic stopping power in the low energy regime,
20,21

 it is clear 

from Fig. 3.2 that both LSS and reciprocity predictions agree to each other up to 40 

keV/u, and they are smoothly extended to the measured data at ~40 keV/u. In the low 

energy regime, SRIM also agrees with the other two theoretical predictions. The 

unexpected curvature shown at ~20 keV/u may be attributed to improper fitting 

parameters. 

For Au ions, SRIM prediction overestimates electronic stopping power in the low 

energy regime in both targets, and slightly underestimates at higher energy region in SiO2. 

Detailed discussion on Au stopping power is provided in Sec 3.4. The stopping data for 

heavier ions have higher statistical variation, which is clearly observable in Fig. 3.1. Raw 

data of the Time-Energy correspondence of He, Cl and Au ions are shown as contour 

maps in Fig. 3.3. As expected, the broadening with increasing ion mass is significant. 

Besides the lower counting statistics to avoid heavy-ion damage in the Si detector, one 

important contribution is the intrinsic energy loss straggling of heavier ions, in both the 

Si detector and the stopping foil. The energy loss straggling is qualitatively described by 

Bohr’s equation
22

: 

2 2 4

1 24B Z e Z N 
,                                                                         (3.2) 

where Z1 and Z2 are the projectile and target atomic numbers, respectively, e is the 

electronic charge and N is the target atomic density. According to Eq. 3.2, the straggling 

increases significantly with increasing ion masses. 

3.4 Ion range and ion distribution 

Quick calculation of the projected ion range Rp for heavy ions in the energy range of 

this study is based on the method developed by Lindhard and coworkers
23

 that:  
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 2 1

,
1 ( / 3 )

p

R
R

M M



                                                                            (3.3) 

where M1 and M2 are the masses of the projectile and target atoms, respectively, and R is 

the total ion path: 

1

0 0

1
.

[ ( ) ( )]

R E

n e

dE
R dx

N S E S E
 

 
                                                                   (3.4) 

In order to calculate R, the nuclear stopping power Sn is obtained from the SRIM code. 

For electronic stopping power Se, we derive new values shown in Fig. 3.4. Our measured 

data are used for the high energy range (≥ 30 keV/u). The reciprocity theory prediction, 

which has been regarded as working well in the low energy region, is used in the low 

energy regime (≤ 5 keV/u). An extrapolation (dash line) from 5 to 30 keV/u is made to 

smoothly connect the measured data and the reciprocity theory prediction. The abnormal 

curvature change (> 5 keV/u range) in the reciprocity curve is abandoned. The prediction 

from LSS theory is also shown in Fig. 3.4. The large disagreement between different 

predictions further indicates the necessity of careful stopping measurements and 

experimental validations. 

Experimentally measured and theoretically predicted ion ranges for Au ions in SiC 

with different energies are shown in Fig. 3.5. Experimentally, the depth profiles of the 

implanted Au ions are measured by both RBS and SIMS. The ion ranges are calculated 

from the fitted curves as 

Rp =  Rini/N,                                                                                                            (3.5) 

where ni is the number of ions with the range of Ri, and N is the total number of ions. It 

should be mentioned that the density issue needs to be considered before making a 

quantitative comparison of ion ranges between different techniques and the theoretical 

predictions. For convenient comparison, theoretical density of virgin SiC (3.21 g/cm
3
) is 

applied in both the RBS data analysis and the SRIM simulations in this study. As a result, 

the SIMS profiles need to be corrected for the volume swelling
24,25

 due to the 

amorphization after the high-fluence (up to ~5 × 10
15/cm2) heavy ion irradiation. 15% 
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volume swelling is observed in this study, which agrees with the previous studies.
24,25

 

Theoretically, the ion ranges are calculated based on nuclear stopping power predicted by 

SRIM and electronic stopping powers derived in this study. 

Our predicted results agree well with the experimental results, while SRIM clearly 

underestimates the ion ranges. The largest errors (~23%) for the SRIM calculations 

appear between 2 and 5 MeV (see inset of Fig. 3.5), because the nuclear stopping power 

dominates at lower energies and the error of electronic stopping power reduces at higher 

energies. 

A more intuitive and accurate method to validate the electronic stopping power, 

especially for the extrapolation region, is to directly compare the ion distribution profiles 

between experimental results and simulated results using our derived electronic stopping 

powers. The current SRIM code is not an open-source program, and it doesn’t allow users 

to input their own electronic stopping power values. The original version TRIM-85
26

 is, 

however, an open source code. We have modified the source code of TRIM-85 to include 

our derived stopping power values. This M-TRIM code is used to predict the profiles of 

implanted ion distribution. Based on the Monte-Carlo process in the TRIM code, the 

electronic stopping power is a direct input and can be modified independently, while the 

nuclear stopping power is indirectly determined by the binary collision processes 

between each free-flight-path using the Universal Potential. Comparing TRIM-85 and the 

current version of SRIM, the electronic stopping power has been replaced and the nuclear 

stopping power has been modified by changing the parameters in the empirical formulas. 

However, the core concept of TRIM has remained unchanged and considered to be 

reliable over the years. 

In order to compare the ion range with different electronic stopping powers, the 

electronic stopping power used in TRIM-85 is replaced by either the values from the 

current SRIM code or the values derived in this study (Fig. 3.4, trend line). By using the 

current SRIM electronic stopping power, the nuclear stopping parameters in the M-TRIM 

code are adjusted such that the ion-distribution profiles overlap with current SRIM 

predictions. Since this nuclear stopping power provides results equivalent to the current 
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SRIM code, it is used in M-TRIM and named “equivalent” SRIM nuclear stopping power. 

This equivalent nuclear stopping power is then kept unchanged, and the electronic 

stopping powers derived by this study are used in the M-TRIM code to predict ion 

distributions for comparison with the experimental results. For Au energies of 1, 7 and 12 

MeV, comparisons between SRIM predictions, RBS results, density corrected SIMS 

results, and new M-TRIM predictions using both SRIM stopping powers and our derived 

stopping powers are shown in Fig. 3.6. With the equivalent SRIM nuclear stopping power 

and the SRIM electronic stopping power, the M-TRIM predicted ion distributions overlap 

with the SRIM predictions. However, with equivalent SRIM nuclear stopping power and 

our derived electronic stopping power, the M-TRIM predicted ion distributions agree 

well with the experimental results. The 1 MeV results indicate the reliable prediction by 

the reciprocity theory for energies below 5 keV/u. The 7 MeV results indicate that the 

extrapolation proposed in the present study is reasonable, and the 12 MeV results validate 

the stopping power measurements.  

The use of reciprocity theory relies on the accurate stopping data for light ions (given 

by SRIM, in this work). Although, as stated in chapter 1, SRIM usually provides 

reasonable predictions of the electronic stopping power for light ions, some previous 

evidence (both theoretical and experimental) indicates an underestimate of the electronic 

stopping power for C ions in Au (see the stopping data plot for C on Au in Paul’s 

database)
27

 for ion energies larger than 5 keV/u. This may explain why the reciprocity 

prediction deviates from our derived values over 5 keV/u.  

Since nuclear stopping power dominates in the low energy region, even a small 

difference in ion range corresponds to a large error in electronic stopping power. Using 1 

MeV Au
 
 in SiC as an example, the SRIM prediction on ion range is only 20% lower than 

the experimental result, but its prediction of electronic stopping powers are 2.5 times 

larger than the our derived values. As a comparison, the range error for energies larger 

than 10 MeV Au is mainly from the accumulation of electronic stopping power error in 

lower energy range, while the SRIM prediction on stopping power for the higher energy 

region seems reasonable.  
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The Au-SiC system is one of the extreme cases among the ion-target combinations 

investigated in this work, because Au is the heaviest ion used. In this case, the direct 

measurement of electronic stopping power and the theoretical prediction are linked 

together, and the new stopping power values have been successfully crosschecked with 

depth profiles. The same approach and strategy demonstrated in this work can be used to 

develop new stopping power curves for other ion-target combinations. 
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Appendix 3.1 

 
TABLE 3.1. Fitting coefficients [Eq. 3.1] to the stopping data (keV/(μg/cm

2
)) for the 

corresponding validating energy (keV/u) region. [Jin et al, Electronic stopping powers for 

heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 

 
(a) Ions in SiC 

Ions Au I Br Cl He** 

Emin (keV/u) 30* 40 40 80 120 

Emax (keV/u) 70 120 250 500 500 

a0 -3.676×10
1
 1.464×10

2
 4.672×10

1
 -1.707×10

6
 -8.479×10

2
 

a1 1.512×10
3
 -1.783×10

3
 -4.239×10

2
 4.696×10

4
 8.808×10

2
 

a2 7.681×10
2
 2.773×10

3
 6.424×10

2
 -1.444×10

3
 1.326×10

2
 

a3 1.486×10
1
 2.520×10

2
 1.071×10

2
 2.495×10

1
 2.373×10

-2
 

a4 2.453×10
3
 -5.985×10

2
 -2.520×10

2
 -7.466×10

3
 2.961×10

3
 

a5 8.979 1.153×10
3
 5.386×10

2
 1.123×10

2
 4.649×10

1
 

a6 1.191 4.778 1.754 9.061×10
-1

 1.547×10
-1

 

 

(b) Ions in SiO2 

Ions Au I Br Cl He** 

Emin (keV/u) 30* 40 40 80 120 

Emax (keV/u) 70 120 250 500 500 

a0 -6.253 1.091×10
2
 1.019×10

2
 -1.707×10

6
 -7.238×10

1
 

a1 4.786×10
1
 6.833×10

1
 -6.689×10

2
 4.696×10

4
 7.042×10

1
 

a2 2.550×10
1
 1.840×10

2
 4.967×10

2
 -1.444×10

3
 9.492 

a3 -2.224×10
-1

 5.359 6.961×10
1
 2.495×10

1
 -4.260×10

-4
 

a4 7.468×10
1
 2.206×10

2
 -3.976×10

2
 -7.466×10

3
 2.699×10

2
 

a5 -9.011×10
-2

 3.517×10
1
 3.961×10

2
 1.123×10

2
 3.316 

a6 -2.827×10
-3

 3.464×10
-2

 9.580×10
-1

 9.061×10
-1

 8.539×10
-3

 

* For Au ions, the extrapolation allows the Emin down to 1keV/u. 

**The validating energy ranges listed are based on the measurement; Eq. (3.1) with these 

coefficients fits the SRIM value well for energies from 0 to over 800 keV/u. 
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Fig. 3.1. Measured mean electronic stopping power of Cl, Br, I and Au ions in SiC (left) 

and SiO2 (right) with the trend lines (Eq. 3.1) and the SRIM predictions. [Jin et al, 

Electronic stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 3.2. Comparison of the electronic stopping power for I ions in SiO2 between the 

measured data and the predictions by LSS theory, reciprocity theory and SRIM. [Jin et al, 

Electronic stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 3.3. Contour map of the Time-Energy correspondence for (a) He, (b) Cl, and (c) Au 

ions penetrating through the SiC stopping foils. ToF (channel) represents the energy 

before penetration; Si detector (channel) represents the energy after the penetration. The 

point density is represented in logarithmic scale. The insets are the time (corresponding to 

energy) distribution profiles for each selected Si detector channel (shown as vertical 

lines). It is clear that lighter ions have much better time (energy) resolution. [Jin et al, 

Electronic stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 3.4. Comparison between the measured data and the SRIM, LSS theory and 

reciprocity theory predicted electronic stopping powers for the Au ions in SiC. The red 

line is our derived trend line (Eq. 3.1). The solid line parts are the measured data (> 30 

keV/u) or reciprocity predicted (<5 keV/u). The dash line is the extrapolation for 

connection between 5-30 keV/u. [Jin et al, Electronic stopping powers for heavy ions in 

SiC and SiO2, J. Appl. Phys., 2014] 
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Fig. 3.5. Ranges of Au ions with different energies in SiC measured by SIMS (triangle) 

and RBS (star) as well as ion ranges predicted by SRIM (dash line) and this study (solid 

line). The SIMS results are the density corrected values assuming the 15% volume 

swelling. The inset shows the relative deviation between SRIM predictions and 

experimental results. [Jin et al, Electronic stopping powers for heavy ions in SiC and 

SiO2, J. Appl. Phys., 2014] 
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Fig. 3.6. Comparisons of ion distribution profiles for (a) 1, (b) 7, and (c) 12 MeV Au in 

SiC with measurements (RBS and SIMS), SRIM and M-TRIM predictions. [Jin et al, 

Electronic stopping powers for heavy ions in SiC and SiO2, J. Appl. Phys., 2014] 
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CHAPTER 4 

ANGULAR DISTRIBUTION AND RECOIL EFFECT FOR 1 MEV 

AU IONS THROUGH A SI3N4 THIN FOIL 
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Abstract 

In this chapter, ToF-SIMS is utilized to determine the angular distribution of 1 MeV Au 

ions after penetrating a Si3N4 foil with a thickness of ~100 nm. The exiting Au ions are 

collected by a Si wafer located ~14 mm behind the Si3N4 foil, and the resulting 2-

dimensional distribution of Au ions on the Si wafer is measured using ToF-SIMS. The 

SRIM-predicted angular distribution of Au ions through the Si3N4 thin foil is compared 

with the measured results, indicating that SRIM predicts reasonably the nuclear stopping 

power within 10% uncertainty. In addition, thickness reduction is observed in the 

suspended Si3N4 foils induced by 1 MeV Au ion irradiation. 

4.1 Introduction 

Transmission setups have been developed to directly measure electronic stopping 

power.
1-3

 The energy of ions before and after penetrating a thin foil is measured to 

determine the energy loss. Electronic stopping power can be determined directly by this 

method for light ions (H, He) and medium heavy ions (C, Si and etc.). For very heavy 

ions,
3
 however, nuclear energy loss is not negligible, and must be subtracted from the 

measured values in order to determine the electronic stopping power. Due to the 

restriction of the collimator placed in front of the Si detector (as shown in Fig. 2.1), only 

part of the ions within a certain scattering angle can be detected. In order to accurately 

determine electronic stopping power, reliable predictions of scattering angle and nuclear 

stopping power are critically important. Furthermore, due to difficulties to make very thin 

stopping foils (such as below 100 nm), in the lower energy regime (e.g., < 5 MeV), where 

the electronic stopping powers predicted by SRIM have been shown to have larger errors, 

the current transmission setup is not able to directly measure the stopping power. As an 

alternative approach, by measuring ion profiles at different ions energies, total stopping 

power (nuclear plus electronic stopping power) can be derived. With accurate 

information of nuclear stopping power, the electronic stopping power can be reasonably 

estimated.
3
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The SRIM code has been widely used to predict the scattering process and the nuclear 

stopping power for decades.
4,5

 However, the predicted nuclear stopping powers of slow 

heavy ions may be overestimated due to the assumption of neutral atoms.
6
 Direct 

experimental validation of SRIM predicted nuclear stopping power and scattering angles, 

especially for very heavy ions in low energy regime, is insufficient. Recently, the 

reliability of SRIM predicted nuclear stopping power for slow heavy ions has been 

questioned,
6
 which makes direct measurement of angular scattering distributions 

critically important.  

Historically, position-sensitive detectors were used to measure the angular distribution 

of light ions and medium heavy ions.
7
 However, conventional detectors (i.e. Si detector) 

are problematic for measuring very heavy ions.
8-10

 A time-of-flight spectrometer that 

could be continuously rotated was used to measure the angular distribution of Bi ions 

with 0.8 Bohr velocity though a C foil.
11

 Unfortunately, this is not a standard instrument 

for most ion beam laboratories.  

In this chapter, a new method is developed to measure the angular distribution of 1 

MeV Au ions through a Si3N4 thin foil using ToF-SIMS. In addition, thickness of the 

suspended Si3N4 foils under ion irradiation is measured as a function of ion fluence by 

ToF-SIMS, SEM and TEM. 

4.2 Experimental 

The experimental design and procedure are described in Sec. 2.3. 

4.3 Irradiation induced thinning of Si3N4 foils 

The lateral distributions of scattered Au ions implanted into a Si wafer with different 

fluences are shown in Fig. 4.1. Gaussian distributions are applied to fit the curves. 

Apparently, the distributions become narrower with increasing ion fluence. This trend is 

due to the thickness reduction of the suspended Si3N4 foils under ion irradiation.  

ToF-SIMS is used to measure the thickness of both window and supported regions of 

each foil upon irradiation to different ion fluences. The measured thickness of a 
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suspended foil by ToF-SIMS is always slightly smaller than the actual value, as the foil 

will break under sputtering when it is thinner than a certain value. In order to minimize 

this error, a virgin window is tested and the results are shown in Fig. 4.2 (a). The 

measured thickness of window region is ~3 nm less than that of the supported region, 

which indicates that the foil is broken under the sputtering condition when it is thinner 

than 3 nm. Figs. 4.2 (b) and (c) show the thickness differences between the window 

region and the supported region of the foils under 1 MeV Au irradiation with 110
15

 and 

210
15

 cm
-2

. After 110
15

 cm
-2

 irradiation, the window region is 15 nm thinner than the 

virgin film (supported region). Considering the ~3 nm critical thickness, the film was 

thinned by ~12 nm during the irradiation (from 101 nm to ~89 nm). The window region 

after 210
15

 cm
-2 

irradiation is 27 nm thinner than the virgin region, which means the foil 

was thinned by ~24 nm during the irradiation (from 99 nm to ~75 nm). The decrease in 

thickness is proportional to ion fluences and the loss rate under this irradiation condition 

is ~112 atom/ion. The foil was completely destroyed after 110
16

 cm
-2

 irradiation, which 

also supports this trend. 

Although ToF-SIMS depth profiling measurements are simple and the above results 

seem straightforward, the uncertainty of the “critical foil thickness to break” in ToF-

SIMS is a potential problem. To confirm the results from the ToF-SIMS measurements, 

SEM and TEM are used to investigate this thinning effect. Another virgin sample and a 

set of samples irradiated with 110
15

 and 210
15

 cm
-2

 Au ions were prepared for the 

microscopy measurement. SEM is employed to measure the thickness of the window 

region of each sample, and the results are shown in Fig. 4.3 (a-c). TEM is employed to 

measure the thickness of the corresponding supported film of each sample, and the results 

are shown in Fig. 4.3 (d-f). For the virgin sample, the TEM measured thickness of the 

virgin region is 102.8 nm; the SEM measured window thickness of the region is 102 nm. 

For the sample under the 110
15

 cm
-2

 irradiation, the virgin region is 95.2 nm thick, while 

the window region is 84 nm. For the sample under the 210
15

 cm
-2

 irradiation, the virgin 

region is 100.8 nm thick, while the window region is 78 nm. The results clearly show that 

the thickness of the suspended Si3N4 foil is decreased by 11.2 nm under the 110
15

 cm
-2
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irradiation, and by 22.8 nm under the 210
15

 cm
-2

 irradiation. The measured change in 

thickness is also proportional to the ion fluence, and the loss rate is ~102 atom/ion. This 

value is only slightly smaller (9%) than the ToF-SIMS results, which is within 

uncertainty range of all the measurements. 

Further measurements by ToF-SIMS show that the thickness change of the supported 

film under the same irradiation conditions is negligible compared to the window region 

(less than 1.5 nm under 110
15

 cm
-2

 irradiation). This result reveals that the sputtering 

effect on the front surface (the surface facing the incoming beam) is negligible for 1 MeV 

Au ion perpendicular irradiation; the change in thickness is predominately due to the 

forward recoils from the back surface of thin foils, similar to the electron beam drilling 

reported by previous work.
12

  

4.4 Angular distribution of scattered ions 

Comparisons between the measured angular distribution of scattered ions and the 

SRIM simulated results are shown in Fig. 4.4 for the fluence of 110
15

 and 210
15

 cm
-2

. 

The deflection angles are determined by the radius in the Si wafer and the distance 

between the Si wafer and the Si3N4 foil (14.2 mm). Considering the thickness change of 

the foils, the average thicknesses before and after the irradiations (95 nm for 110
15

 cm
2
 

and 87 nm for 210
15

 cm
-2

) are used in the SRIM simulation. The distribution for the 

irradiation fluence of 110
16

 cm
-2 

is not compared with SRIM, because the foil is totally 

destroyed and thus the average thickness cannot be identified. The error bars in Fig. 4.4 

are mainly attributed to the background signal and the uncertainty in mass window 

selection during the SIMS measurement.  

For both comparisons, SRIM reasonably predicts the angular distribution; however, 

the SRIM predicted distribution seems slightly wider than the measured distribution, 

indicating that SRIM may slightly overestimates the nuclear stopping power for 1 MeV 

Au in Si3N4. Previous experimental studies
11,13

 with a different measurement method 

showed a similar result: for Bi ions at 0.8 Bohr velocity (~4.2 MeV) penetrating through 

a 13.7 μg cm
-2

 C foil, the SRIM predicted angular distribution is slightly wider than the 
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measured result. In the comparisons with lighter Ne and Ar ions at the same velocity, 

these same authors found that the SRIM prediction is in better agreement.
14

  

One factor that may lead to this overestimation is that the electronic stopping power 

for Au ions in compounds containing light elements is significantly overestimated by 

SRIM.
3
 Although the electronic stopping power contributes little to the angular scattering 

process, the average energy of ions penetrating the foils is underestimated by SRIM, 

which may cause the overestimation in scattering angles. Another important factor is that, 

as stated in Ref. 
6
, in SRIM code: “In all cases of nuclear stopping, it is assumed that the 

ion is neutral and the target atom is in its normal crystalline state. All these assumptions 

make for errors, and make the nuclear stopping too large for low energies”. The 

observations in present study provide experimental evidence that supports this statement. 

Considering the error in electronic stopping power stated above, SRIM predicted nuclear 

stopping powers may be slightly larger (<10%) than the actual values, which is within the 

claimed error range by SRIM (18% for all ion-target combinations).
5,6

 Further theoretical 

work is needed to provide more accurate nuclear stopping powers for slow heavy ions. 

It should be mentioned that, compared with the previous technique of angular 

distribution measurements,
11

 the method demonstrated in this work can be performed in 

most accelerator and ToF-SIMS laboratories with no special facility requirement, which 

can contribute to the development of the stopping database.  
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Appendix 4.1 

 
 

 

Fig. 4.1. Lateral distributions of the scattered Au ions implanted into the Si wafer with 

different irradiation fluences: (a) 110
16

 cm
-2

, (b) 210
15

 cm
-2

 and (c) 110
15

 cm
-2

. Two 

types of spots indicate the two perpendicular scans along diameters. [Jin et al, Angular 

distribution and recoil effect for 1 MeV Au
+
 ions through a Si3N4 thin foil, Nucl. Instr. 

Meth. Phys. Res., Sect. B, 2014] 
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Fig. 4.2. The thickness measured by ToF-SIMS for both window regions (irradiated) and 

supported regions (virgin) of each sample with different fluences: (a) virgin sample, (b) 

110
15 

cm
-2

, and (c) 210
15

 cm
-2

. [Jin et al, Angular distribution and recoil effect for 1 

MeV Au
+
 ions through a Si3N4 thin foil, Nucl. Instr. Meth. Phys. Res., Sect. B, 2014] 
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Fig. 4.3. SEM measurements on the thickness of window regions for (a) virgin sample 

and the samples after (b) 110
15

 cm
-2

 and (c) 210
15

 cm
-2

 irradiations. TEM 

measurements on the thickness of the supported regions of these three samples (d-f). In 

(d), the upper (left) and lower (right) boundaries are determined by adjusting the contrast. 

[Jin et al, Angular distribution and recoil effect for 1 MeV Au
+
 ions through a Si3N4 thin 

foil, Nucl. Instr. Meth. Phys. Res., Sect. B, 2014] 
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Fig. 4.4. Comparisons between the measurements and the SRIM predictions for the 

deflection angle of the transmitted ions with fluences of (a) 210
15

 cm
-2

 and (b) 110
15

 

cm
-2

. [Jin et al, Angular distribution and recoil effect for 1 MeV Au
+
 ions through a Si3N4 

thin foil, Nucl. Instr. Meth. Phys. Res., Sect. B, 2014] 
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CHAPTER 5 

DEPTH PROFILE OF AU ION IRRADIATION IN SI AND MGO 
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Abstract 

In this chapter, implanted Au ion distributions in Si with energy from 1 to 15 MeV are 

measured using RBS and SIMS. The electronic stopping powers for Au ions in Si in the 

corresponding energy regimes are derived based on the measured ion distributions. The 

results show that SRIM significantly overestimates the electronic stopping power for Au 

ions in Si in the low energy regime. Such deviation is also observed in the case of Au ion 

irradiation in MgO. Moreover, significant channeling effects are observed on the ion 

distributions and damage profiles for Au ion irradiation in MgO along both axial and 

planar channels.  

5.1 Introduction 

Experimental determination of electronic stopping power for heavy ions in ceramics 

containing light elements is highly desired.
1,2

 However, due to the experimental 

difficulties such as the challenge of fabricating uniform, thin and strong foils and the easy 

oxidation of certain materials, direct measurements of electronic stopping power for slow 

heavy ions is sometimes challenging. In such cases, alternative approaches providing 

experimental electronic stopping power values are needed. As discussed in chapter 3, 

implanted ion profile is directly correlated to the total (electronic + nuclear) stopping 

power. On the other hand, nuclear stopping power provided by SRIM has been generally 

considered reasonable
3,4

 and it has also been experimentally validated in chapter 4 for 1 

MeV Au ions penetrating a Si3N4 thin foil. As a result, electronic stopping power can be 

derived from the ion distributions at different energies.
5
 

It has been reported
6-9

 that the depth profile of both implanted ions and defects may 

shift to deeper region if ions are irradiated along low-index axial channels. This 

channeling effect is often not a concern in the materials that are readily amorphized under 

ion irradiation (e.g. Si
10

 and SiC
11). This is because measurements of ion distributions 

usually require relatively high fluences to achieve good statistics, and thus most of the 

ions travel in amorphous targets. However, in materials that are hardly amorphized under 
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ion irradiation at room temperature, e.g. MgO,
12-14

 such channeling effects must be 

carefully considered when analyzing the measured ion and damage profiles.  

Although the channeling effects of low-energy (tens to hundreds of keV) ion 

irradiation along axial channels have been extensively studied,
6,7,9

 the effects of MeV-ion 

irradiation along planar channels, especially the effects on damage profile have not drawn 

adequate attention. This channeling issue cannot be ignored in MgO due to its open rock-

salt structure. For example, significantly increased skewness is observed in the implanted 

ion profiles in MgO in previous studies,
14-16

 which is not commonly observed in most 

other materials of interest (e.g. in Ref. 15, see the comparison between the Fig.1 for MgO 

and Figs. 2 and 3 for SrTiO3 and LiNbO3, respectively). Previous experimental results
15,17

 

have demonstrated that the distributions of implanted Au and Ag ions are not changed 

after 1 hour thermal annealing at 600 °C and 900 °C, respectively, indicating that the 

asymmetric ion profile is not attributed to the thermal migration of the implanted ions. 

Instead, it can be reasonably expected that the channeling effect may be the major 

contribution.  

In this chapter, RBS and ToF-SIMS are utilized to measure the implanted Au ion 

distribution in Si from 1 to 15 MeV. Electronic stopping powers for Au ions in Si are 

estimated based on the measured ion profiles. In addition, the ion and damage profiles are 

measured for Au ions irradiated in MgO single crystals along various directions. The 

channeling effects are studied for the irradiations along axial and planar channels.  

5.2 Experimental 

The depth profile measurements by both RBS and ToF-SIMS are described in Sec. 2.4. 

The ion channeling technique is described in Sec. 2.5. The ion irradiation is described in 

Sec. 2.6. 

Specifically in this chapter, Si wafers are implanted with Au ions with energies of 1, 2, 

4, 6, 10 and 15 MeV, at the fluence of 510
15

 cm
-2

. He ion with energy of 3.5 MeV is 

used for RBS measurements. The (100)-oriented (CrysTec, Berlin, Germany) and (110)-

oriented (MTI Corporation, Richmond, CA, USA) MgO are implanted with 1 and 4 MeV 
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Au ions. The fluences are chosen at 510
15

 and 110
14 

cm
-2

. The high fluence is used to 

achieve good statistics of the RBS yield scattered from Au atoms, and the low fluence is 

used to keep the sample at relatively low damage level to avoid the shift of defect 

distribution
18,19

 (see details in chapter 6). Various irradiation directions are chosen for 

comparison and will be discussed in detail in Sec. 5.4. In RBS measurements in MgO, 2.0 

MeV He ion is used to determine the Au ion distribution, and 3.0 MeV He ion is used to 

determine the damage profile. 

5.3 Electronic stopping power derived from the Au ion profiles in Si 

Au ion distributions in Si 

Fig. 5.1 shows the SIMS and RBS measured Au ion distributions in Si with energies 

of 1 and 6 MeV. The SRIM predictions are also shown for comparison. Comparing RBS 

and SIMS results, a ~3% difference in peak positions is observed. As discussed in chapter 

3, this difference is mainly attributed to volume swelling induced by high fluence ion 

irradiations, which agrees with the previous studies on Si irradiated with Si ions.
20

 

Considering this volume swelling, the RBS and SIMS measurements agree well with 

each other, but the SRIM predicted ion distributions for both energies are considerably 

shallower than the measured results. 

The peak positions of the Au ion distributions from 1 to 15 MeV measured by SIMS 

are shown in Fig. 5.2. The SRIM calculated peak positions and the ion ranges are also 

plotted for comparison. Theoretical density of pre-irradiated Si, 2.321 g/cm
3
, is used in 

the SRIM calculations for convenient comparison with literatures. Thus, SIMS results are 

correspondingly corrected by 3% volume swelling for consistency. Due to the slight 

asymmetry of the ion profiles, peak positions of ion profiles are slightly different from 

the ion ranges, as shown in Fig. 5.2, but this does not affect the comparisons in this study. 

It is clearly shown that SRIM underestimates the ranges of implanted Au ions. This result 

agrees with the study of Au ions in SiC, as demonstrated in chapter 3.  
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Electronic stopping power for Au ions in Si 

The relationship between electronic stopping power and ion ranges is described by Eq. 

(3.3) and (3.4). According to these equations, the difference in ion ranges (or in the peak 

positions of ion distributions) between two energies is proportional to the reciprocal of 

the “average” total stopping power within this energy interval. This relationship has been 

experimentally demonstrated for Au ions in SiC,
5
 in which the ratios of SRIM predicted 

to measured peak position difference between two energies agree well with the ratios of 

the measured to SRIM predicted average total stopping power within the corresponding 

energy intervals. Using this relationship, the “average” electronic stopping power 

between two adjacent energies can be derived by comparing the measured peak positions 

of these two energies with the SRIM predictions. Although this is a crude estimate 

method, it can provide a general trend of the electronic stopping power curve as a 

function of energy for the ion-solid combinations, in which direct measurement is not 

available.  

Fig. 5.3 shows the electronic stopping powers calculated from the data shown in Fig. 

5.2. Nuclear stopping values used in this calculation are SRIM predictions. A smooth 

curve is made to show the trend. Electronic stopping power curves from the predictions 

of SRIM and reciprocity theory
21

 are also shown for comparison. The results show that 

SRIM significantly overestimates electronic stopping power in the low energy regime, 

while SRIM prediction and our derived curve match well at Au energies of ~10 MeV. On 

the other hand, our derived electronic stopping power curve follows the trend of 

reciprocity in the low energy regime. The unusual curvature in the reciprocity curve is 

believed to be an error from SRIM predicted electronic stopping power for Si ions in Au, 

as discussed in chapter 3.  

Comparing our derived curve to SRIM as well as the reciprocity theory predictions, 

this result agrees well with the case of Au ions in SiC, as shown in Fig. 3.4. This good 

agreement demonstrates that direct measurement of energy loss and indirect derivation 

from ion profiles can be used as complementary methods to determine electronic 
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stopping power. This is beneficial to expand experimental database of electronic stopping 

power for heavy ions in light targets. 

5.4 Channeling effects on Au ion distributions in MgO 

Sample stages in ion beam analysis laboratories usually allow rotations along three 

orthogonal axes, as shown in Fig. 5.4 (a). Figs. 5.4 (b) and (c) show the 2-D angular 

scans of <100> and <110>-oriented MgO samples mounted on a sample holder with their 

edges parallel or perpendicular to the rotation axes. Low-index axial and planar channels 

can be clearly seen in the Figs. 5.4(b) and (c) with the rotations of θ and φ.  

Fig. 5.5 (a) shows the depth profiles of 1 MeV Au ions implanted into MgO (100) at a 

fluence of 510
15

 cm
-2

 along different directions, as measured by RBS. The two angle 

values associated with each ion profile indicate the rotations of samples along θ and φ 

during implantation (see Fig. 5.4 (a)). The ion profiles are clearly divided into three 

groups: (0°, 0°), (7°, 0°)/ (7°, 2°), and (7°, 5°)/ (15°, 5°)/ (15°, 7°). These three groups 

correspond to irradiations along the axial channel, planar channel, and “off-channel” 

directions, respectively. This result clearly demonstrates that the range and skewness of 

implanted ion distributions increase in both axial and planar channeling irradiations. 

Note that the (7°, 2°) spectrum overlaps with the (7°, 0°) spectrum rather than the (7°, 

5°) spectrum. In fact, the width of planar channel is generally proportional to (Z/E)
1/2

, 

where Z and E are the atomic number and the energy of incident ions, respectively.
22

 The 

critical angle of the (100) planar channel in MgO for 2.0 MeV He ions is 0.245°.
22

 Thus, 

it can be expected that the half angle for 1 MeV Au ions is ~2.4°, making the (7°, 2°) 

irradiation fall into the planar channel.  

Fig. 5.5 (b) shows the depth profile measured by ToF-SIMS for 4 MeV Au ions 

irradiated in MgO (100) with the rotation of (7°, 2°). Although the ion range is much 

deeper than the SRIM prediction (will be discussed in detail in Sec. 5.6), no apparent 

channeling effect is observed. The difference in the ion distributions along the same 

direction between ion energies of 1 and 4 MeV can be explained by the fact that the 
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critical angle for 4 MeV Au ions is about a half of that for 1 MeV Au ions, i.e. ~1.2°. 

Consequently, the rotation of (7°, 2°) can avoid the (100) planar channels.  

MgO samples are usually cut with edges parallel to the main crystalline axes. While 

the main axial channel may be avoided by solely rotating either θ or φ, the wide planar 

channels may not be completely avoided, as shown in both Figs. 5.4(b) and (c). As a 

result, although “a few degrees (usually 7°) off axial channel” is a regular method to 

minimize the channeling effect in previous studies,
23,24

 rotating both θ and φ 

simultaneously is necessary to sufficiently avoid both axial and planar channels. 

It is necessary to mention that, for 1 MeV Au, an observable “tail” exists even in the 

irradiations along (7°, 5°), (15°, 5°) and (15°, 7°), so-called “off channel” angles. This 

could be attributed to two contributions. First, when rotating large φ in order to fully 

avoid the (100) planar channel, the ions could fall into other higher index planar channels 

(which may not be obviously seen in Fig. 5.4) due to the large critical angles. Second, 

due to the open structure of MgO, some off-channel ions may fall into a channel after 

several collision or scattering events (post-collision channeling). Despite multiple 

attempts in this study on rotating the samples, channeling effects could not be fully 

eliminated for 1 MeV Au. As a result, if the purpose of a research effort requires strict 

“random” irradiation condition, either higher energy or lighter ions needs to be used. 

5.5 Channeling effects on damage profile of MgO under Au ion 

irradiation 

Channeling irradiations in MgO along axial and planar channels not only affect the ion 

distribution but also affect damage level and damage range. Fig. 5.6 (a) shows the RBS 

channeling spectra for 1 MeV Au ion irradiated MgO (110) to a fluence of 110
14

 cm
-2

 

along different irradiation directions. The disorder levels derived from these spectra are 

shown in Fig. 5.6 (b). It is clearly observed that irradiations along both axial and planar 

channels significantly lead to lower peak damage level. Compared with the off-channel 

irradiation, peak damage level is decreased by ~30% for the irradiation along planar 

channel and by ~60% along the axial channel. In addition, the damage range for different 
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channeling irradiations is larger than that along the off channel irradiation. The 

corresponding implanted ion profiles, as measured by SIMS, are shown in Fig. 5.6 (c). 

The decrease of peak damage level indicates a decrease of nuclear energy deposition 

or nuclear stopping power, which also accounts for the deeper penetration depth. 

Previous studies have shown that electronic stopping power is smaller in channeling 

irradiations for light ions (e.g. He
25

), but experimental validation is needed for the heavy 

ions in MgO.  

It is also important to note that channeling irradiation effect on ion implantation 

profiles in MgO appears similar to the effects of thermal migration or irradiation-

enhanced migration. Comparing with previous results, e.g. Fig. 1 in Ref. 24, two features 

are observed in both channeling effects and migration effects: (1) the damage level is 

decreased and (2) the damage is extended to deeper region. Thus, misinterpretation may 

happen if channeling irradiation (especially along planar channels) is not avoided, or its 

effect is not taken into account.  

5.6 Electronic stopping power for Au ions in MgO 

As stated in Sec. 5.4, a large discrepancy is observed between SRIM predicted and 

measured ion distributions for 4 MeV Au in MgO (Fig. 5.5 (b)), although the channeling 

effect is not observed. The projected ion range predicted by SRIM is 578 nm. The value 

determined by the SIMS measurement is ~773 nm (Rini/Ni, where ni is the number of 

ions with the range of Ri, and N is the total number of ions), which is slightly smaller 

(<3%) than the peak position of 795 nm. Taking the potential irradiation-induced volume 

swelling (up to ~3%
26

) into consideration, the underestimation by SRIM is still ~23-25%, 

which is far beyond the experimental uncertainties. For the case of 1 MeV Au ions, only 

the peak position rather than the ion range from the measured results should be used for 

evaluation because of the residual channeling effect (i.e. the existence of the “tail”). Fig. 

5.5 (a) shows that the peak position of 1 MeV Au ions in MgO (100) is ~167 nm as 

determined by RBS (corrected for the tilted angles during implantation). The SIMS 

determined value for 1 MeV Au ions in MgO (110) is 172 nm (Fig. 5.6 (c)). Considering 
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the possible volume swelling and the experimental uncertainties, the SIMS result is 

consistent with the RBS result. In contrast, SRIM predicted peak position for 1 MeV Au 

in MgO is ~158 nm (the ion range is 154 nm), which is ~7% less than the measured 

values.  

Although no data from direct measurement of electronic stopping power for Au ions in 

MgO in this energy regime is available, some theoretical models can be used for 

comparison. Fig. 5.7 shows the electronic stopping power for Au ions in MgO predicted 

by SRIM
27

, LS model
28

 and the reciprocity theory
21

. Apparently, these three commonly 

used theories provide significantly inconsistent predictions. Note that the use of 

reciprocity theory relies on reliable stopping power data for light ions. SRIM usually 

provides reasonable predictions on electronic stopping powers for light ions. However, it 

has been found that SRIM predicted electronic stopping power for Mg ions in Au is 

significantly smaller than the experimental results
29

 in the energy region below 70 keV/u. 

This may be the reason why the predicted values from reciprocity theory appear too low.  

According to Eq. (3.3) and (3.4), the calculated ion ranges of 1 and 4 MeV Au in MgO 

are 173 and 668 nm based on the electronic stopping power values from the LS model. 

For 1 MeV Au, the calculated value agrees with the measured values, indicating the 

electronic stopping power in the LS model may be reasonable with energies lower than 1 

MeV. For 4 MeV Au, the calculated value is still smaller than the measured values but 

much closer to the experiments than the SRIM predictions, indicating that the electronic 

stopping power given by the LS model may be slightly larger than the actual value but is 

more reasonable than SRIM predictions. This result qualitatively agrees with the study 

for Au ions in SiC,
1 demonstrated in chapter 3. 
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Appendix 5.1 

 
 

 

 
 

Fig. 5.1. SIMS and RBS measured depth profiles of implanted Au ions with (a) 1 MeV 

and (b) 6 MeV. SRIM predicted results are also shown for comparison. 
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Fig. 5.2. Peak positions of the depth profiles of Au ions with different energies in Si, 

measured by SIMS (blue triangles) and predicted by SRIM (red squares). The ion ranges 

predicted by SRIM are shown as the solid line. The SIMS results are corrected for 3% 

volume swelling.  
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Fig. 5.3. Electronic stopping powers calculated based on the data in Fig. 5.2 (Red 

triangles). The predictions from SRIM (black line) and the reciprocity theory (green line) 

are also shown for comparison. 
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Fig. 5.4. (a) Geometric configuration of the rotations of a MgO sample. (b), (c) Contour 

maps of a 2-D angular scan (θ as horizontal and φ as vertical axes) of MgO (100) and 

(110), respectively. The scanning range is 1.44° and the step length is 0.072°. 
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Fig. 5.5. (a) Depth profiles of 1 MeV Au irradiated in MgO (100) along various 

directions, as measured by RBS. (b) Depth profile of 4 MeV Au irradiated MgO (100) 

along (θ, φ) = (7°, 2°), measured using ToF-SIMS. The SRIM prediction is presented for 

comparison. Solid lines are fit to data. 
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Fig. 5.6. (a) RBS channeling spectra, (b) derived disorder profile from (a), and (c) SIMS 

measured depth profiles of 1 MeV Au ions irradiated in MgO (110) along the directions 

of axial channel, planar channel, and off channel. The irradiation fluence is 110
14

 cm
-2

. 

Solid lines are fit to data.  
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Fig. 5.7. Electronic stopping powers for Au ions in MgO predicted by SRIM, LS model 

and reciprocity theory. 
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CHAPTER 6 

EFFECTS OF NUCLEAR AND ELECTRONIC ENERGY 

DEPOSITION ON DEFECT EVOLUTION IN MGO 
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Abstract 

In this chapter, RBS channeling technique is applied to study defect evolution in MgO 

under 1 MeV Au ion irradiation. For fluences lower than 2.510
14 

cm
-2

, damage 

accumulation is observed. With further irradiations, the damage level is observed 

decreased at the original damage peak, and the depth corresponding to the maximum 

measured damage increases. According to cross-sectional TEM analysis, the observations 

from RBS channeling may be attributed to clustering of point defects. Furthermore, 21 

MeV Ni ions are irradiated in the MgO samples, in which initial damage is induced by 1 

MeV Au ions. The observations from both RBS channeling and TEM show that the pre-

induced damage level is decreased under the Ni ion irradiation, probably due to the 

formation of dislocation loops promoted by ionizing energy deposition. 

6.1 Introduction 

Irradiation effects in MgO have been extensively studied for decades (e.g. Ref.1-13) 

for its promising applications in nuclear engineering. For example, MgO is proposed as a 

candidate material used in inert matrix fuel due to its high melting temperature, high 

thermal conductivity, and high irradiation tolerance.
14,15

 MgO is also a typical model 

ionic ceramic for studies of ion-solid interaction, due to its simple chemical and 

crystalline structure. 

However, as discussed in chapter 1, understanding defect evolution in MgO is a long-

standing challenge. Heavy ion irradiation induces complex damage process involving 

point defects, dislocations, and randomly disordered region.
10,16

 Significantly deeper than 

expected damage range has been reported under high fluence irradiations with different 

ions at different energies.
1,5,13,17

 Agreement has not been achieved on interpreting these 

results.  

In contrast to extensive studies on the damage evolution induced by nuclear energy 

deposition, effects of electronic energy deposition on defect evolution in MgO have not 

been well understood. Competitive effects between nuclear and electronic energy 
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deposition have recently been observed under dual beam irradiations,
18,19

 but the 

underlying mechanism is not clear.  

In this chapter, defect evolution under nuclear and electronic energy deposition is 

studied using RBS channeling technique. Cross-sectional TEM is utilized as a 

complementary technique to interpret the ion channeling results.  

6.2 Experimental 

Defect evolution under heavy ion irradiation is studied under two circumstances: 

nuclear energy loss dominant and electronic energy loss dominant. 1.0 MeV Au ion is 

selected for the first case, and 21 MeV Ni ion is used for the second one. According to 

SRIM, the nuclear and electronic stopping powers of 1 MeV Au ion in MgO are 4.7 and 

2.4 keV/nm, respectively. However, according to the result in chapter 5, this electronic 

stopping power value is not reliable. Instead, the LS value, 1.3 keV/nm, is more realistic. 

For 21 MeV Ni ion, the SRIM predicted values of nuclear and electronic stopping power 

are 0.08 and 9.4 keV/nm. In this case, most (>99%) of the energy deposition is to 

electronic subsystem. 

In order to study defect accumulation and evolution under nuclear energy deposition, 

irradiation with 1 MeV Au ions are performed to the fluences ranging from 210
13

 to 

510
15 

cm
-2

. In order to study the ionization effects resulting from electronic energy 

deposition on existing defects in MgO, irradiations of MgO with 1 MeV Au ions are 

carried out at the fluence of 110
14 

cm
-2

 to induce an initial damage state. The initial 

damage is induced at both room temperature (~300 K) and low temperature (~193 K). 

The damaged samples are further irradiated with 21 MeV Ni ions at room temperature to 

fluences up to 6.510
15 

cm
-2

. 

The technical details of irradiation conditions are described in Sec. 2.6. Ion channeling 

studies are described in Sec. 2.5. TEM observations are carried out at 200 keV with a 

Zeiss Libra 200MC TEM/STEM. 
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6.3 Defect evolution in MgO under nuclear energy deposition 

Fig. 6.1 shows the RBS/channeling spectra of MgO irradiated with 1 MeV Au ions at 

different fluences at room temperature. There appear two stages in the damage evolution 

within this fluence range. The first stage ranges from 210
13

 to ~2.510
14 

cm
-2

, 

corresponding to a peak dose from 0.08 to 1 dpa. In this stage, damage accumulation is 

observed. Since the damage peak exists in the channeling spectra, the defect type can be 

expected to include point defects or local amorphous regions, which agrees with previous 

experimental results.
1
 With further irradiations beyond 2.510

14 
cm

-2
, two phenomenon 

are observed. First, damage level is decreased at the original damage peak and near the 

sample surface. Second, the measured damage peak appears to shift to deeper region. For 

example, at fluence of 2.510
15 

cm
-2

, the damage peak is shifted to ~340 nm, which is 

much deeper than that for low fluences (~140 nm).  

Ion channeling technique is good at quantifying point defects and providing depth 

information. However, it provides limited information on the detailed structural 

information of higher dimensional defects, especially when different types of defects are 

mixed together. As a result, cross-sectional TEM is employed to further investigate the 

nature of defect structures. Fig. 6.2 shows the high resolution (HR) TEM images and the 

corresponding diffraction patterns from Fast-Fourier-Transform (FFT) of the MgO 

irradiated with 1 MeV Au ions to a fluence of 2.510
15 

cm
-2

. The images are taken at the 

depth of ~120-160 nm, corresponding to the displacement peak region (~10 dpa), where 

decrease in damage level is observed by RBS channeling technique. Typical Moiré 

patterns are clearly observed in Figs. 6.2 (a) and (c). More Moiré patterns are observed in 

different locations at the same depth in several parallel samples, while they are not 

observed in pristine samples or in the samples irradiated at low fluences. Moiré patterns 

show the interfering of the two sets of lattice that have nearly common periodicities.
20

 In 

other words, it results from slight lattice mismatch, translation, or rotation in lattice 

orientations.
21

 Figs. 6.2 (b) and (d) indicate two situations corresponding to the cases of 

lattice translation or lattice rotation.  
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In molecular-dynamic simulations,
22

 interstitial clusters with rock-salt structure are 

observed to aggregate from randomly distributed Frankel pairs in MgO. These “structural” 

defect clusters can be expected in experiments to have a slight mismatch in orientations, 

or displacement compared to their parent lattice. Such mismatch may result in the 

observation of Moiré patterns from TEM. Besides, this can also explain the decrease in 

damage level observed in the RBS channeling study, because the organized defects 

contribute less to the direct backscattering yield of incident He ions compared to the 

randomly distributed interstitials.
23

 

As discussed in chapter 1, significantly deeper-than-expected damage range (or 

damage peak) in MgO has been reported in studies using different heavy ions since 

1990s.
5,13,17

 One of the proposed explanations is diffusion or migration of defects,
17,24,25

  

which can explain why defects appear at the depth beyond the irradiation range. Although 

defect migration may contribute to such observations, there is another factor that cannot 

be ignored. As discussed in chapter 5, channeling irradiation effects cannot be fully 

avoided despite the attempts of rotating the samples. In the case of 1 MeV Au ion 

irradiation in MgO, based on the SIMS measurement, as shown in Fig. 6.3, considerable 

number of implanted Au ions (>10% comparing to the peak concentration) stop at depths 

over 300 nm. On the other hand, Fig. 6.4 shows the disorder level (based on the ion 

channeling result shown in Fig. 6.1) as a function of ion fluence. The damage level 

decreases after a critical dose due to the clustering of interstitials. As a result, it is 

reasonable to expect that under high irradiation fluences, the damage level at the dose 

peak drops, while the deep region may reach the doses corresponding to the maximum 

damage level. Consequently, the damage peak appears to move into the deep region.  

It is necessary to emphasize that this contribution may be easily overlooked if the 

measured depth profile is only compared with the SRIM predictions because SRIM 

assumes amorphous materials, and such channeling irradiation induced “tail” will not be 

observed. As a result, using SRIM to predict or describe damage and ion profile requires 

more caution in the materials in which channeling effect is significant. In such cases, it 

may be necessary to measure ion distributions to interpret the observed damage profile.  
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6.4 Defect evolution in MgO under electronic energy deposition 

Fig. 6.5 shows the ion channeling spectra of the MgO irradiated initially with 1 MeV 

Au ions at low temperature (~193 K) and with subsequent 21 MeV Ni ions at room 

temperature. With only Au ion irradiation, a damage peak is observed with a relative 

disorder of ~0.25. No significant change is observed after subsequent Ni ion irradiation 

until a fluence of 110
14 

cm
-2

. With further Ni ion irradiation, the damage level around 

the original damage peak decreases. In addition to the decease of damage level, the shape 

of the channeling spectra is changed. The “damage peak” disappears after high fluence 

(larger than 110
15 

cm
-2

) Ni ion irradiations. The measurement of Ni ion irradiated MgO 

after the initial Au irradiation at room temperature shows a similar result in the damage 

evolution as this case. 

It has been introduced in chapter 2 that RBS channeling yield of a material containing 

defects includes two parts: dechanneling part and direct backscattering part. Generally 

speaking,
23

 contributions of point defects from both direct backscattering and 

dechanneling are significant. As a result, a “peak” in RBS channeling profile is usually 

observed. Typical examples of this feature include Si,
26

 SiC,
27

 SrTiO3,
28

 etc. In contrast, 

for some other defects, e.g. dislocations, the contribution from direct backscattering is 

negligible comparing with that from dechanneling. In such cases, such “peak” is not seen 

or not significant. This is usually observed in ion irradiated metals.
29

 It has also been 

observed in some ceramics in which dislocations are the dominant type of defects, e.g. 

ZrO2.
30

  

Electronic energy deposition has conflicting effects on defect evolution, as discussed 

in detail in chapter 1. It has been studied in SiC where a significant annealing effect is 

observed: the pre-induced damage level is decreased after the electronic energy 

deposition from high energy ion beam irradiations (See Fig. 1.7).
31

 The behavior in SiC 

appears similar in MgO, except that an overall decrease of damage profile in SiC is 

observed. In other words, the shape of “damage peak” remains during the ion annealing 

process in SiC while the disorder level decreases as a result of defect annealing and 

recrystallization of amorphization domains. This difference suggests that the mechanism 
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of ion annealing process between SiC and MgO is different. Change of defect types can 

be reasonably expected in MgO under 21 MeV Ni ion irradiation. 

TEM is utilized to study defect structure of Ni ion annealed MgO. Fig. 6.6 shows a 

cross-sectional TEM image of MgO irradiated with 1 MeV Au ions to 110
14 

cm
-2

 at 193 

K, followed by the 21 MeV Ni ion irradiation to the fluence of 6.510
15 

cm
-2

 at room 

temperature. The image is taken at the depth close to the damage peak of the Au ion 

irradiation. Different from the high dose 1 MeV Au ion irradiation, Moiré patterns are not 

observed. Instead, dislocation loops with the size of a few nm are observed.  

This TEM observation supports the findings from RBS channeling that dislocation 

loops contribute little to direct backscattering yield but introduce a large dechanneling 

yield.
23

 Dislocations have been observed in MgO by TEM in neutron irradiation at 

elevated temperature (430 K).
32

 It can be reasonably expected that the local elevated 

temperature induced by electronic energy deposition through electron-phonon coupling 

enhances mobility of point defects and thus promotes formation of such dislocation loops. 

The findings in this work also agree well with the competitive effects observed between 

the nuclear and electronic energy deposition from the dual beam irradiation 

experiments.
18,19
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Appendix 6.1 

 
 

 

Fig. 6.1. RBS channeling spectra of MgO (110) single crystal irradiated with 1 MeV Au 

ions at room temperature. The Au fluence ranges from 210
13

 to 510
15 

cm
-2

. 
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Fig. 6.2. HRTEM images and the corresponding diffraction patterns from FFT of the 

MgO (110) irradiated with 1 MeV Au ions at the fluence of 2.510
15 

cm
-2

. The images 

are taken at the depth of ~120-160 nm, corresponding to the displacement peak region 

(10 dpa), where the decrease in damage level is observed by RBS/channeling technique. 
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Fig. 6.3. SRIM predicted and SIMS measured 1 MeV Au ion distributions in MgO. 

  



104 

 

 

Fig. 6.4. Disorder level as a function of ion fluence for MgO irradiated with 1 MeV Au 

ions. The disorder levels are taken at the displacement peak.  
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Fig. 6.5. RBS channeling spectra of MgO (110) single crystal irradiated with 1 MeV Au 

ions at low temperature only (green squares), 21 MeV Ni ions at room temperature only 

(red opposite triangles), and the 21 MeV Ni ions at different fluences after the pre-

damage induced by the Au irradiation. 
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Fig. 6.6.Cross-sectional TEM image of MgO irradiated with 1 MeV Au ions to fluence of 

110
14 

cm
-2

 at low temperature, followed by 21 MeV Ni ion irradiation to fluence of 

6.510
15 

cm
-2

. 
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CHAPTER 7 

CONCLUSION 
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In this dissertation, electronic stopping powers for heavy ions (i.e. Cl, Br, I and Au) in 

SiC and SiO2 are determined over a continuous energy regime. Considerable error is 

observed in SRIM predictions, especially for Au ions. By combining the reciprocity 

theory with experimental results, new electronic stopping power curves are derived, and a 

modified TRIM code has been developed to utilize our derived electronic stopping power 

values. RBS and ToF-SIMS have been applied to measure the Au ion distribution in SiC. 

The measured ion range-energy relationship and the ion distributions agree well with the 

predictions from our modified TRIM code, validating our derived electronic stopping 

power values. [K. Jin, Y. Zhang, Z. Zhu, D. A. Grove, H. Xue, J. Xue, and W. J. Weber, 

“Electronic stopping powers for heavy ions in SiC and SiO2” J. Appl. Phys. 115 (2014) 

044903] 

In order to experimentally examine nuclear stopping predicted in SRIM that is 

important to the stopping measurement, an approach that can be performed using regular 

instruments commonly existed in ion beam laboratories has been demonstrated to 

measure angular distributions of MeV ions penetrating thin foils. The angular distribution 

of 1 MeV Au ions after penetrating a Si3N4 thin foil has been measured. The 

experimental results agree with the SRIM predictions within a 10% uncertainty. Thinning 

effects in the suspended thin foils due to forward recoils induced by heavy ion irradiation 

has been observed and accounted for. [K. Jin, Z. Zhu, S. Manandhar, J. Liu, C. Chen, V. 

Shutthanandan, S. Thevuthasan, W. J. Weber and Y. Zhang, “Angular distribution and 

recoil effect for 1 MeV Au
+
 ions through a Si3N4 thin foil” Nucl. Instr. Meth. Phys. Res., 

Sect. B 332 (2014) 346] 

In addition to direct measurements of electronic stopping power for Au ions in SiC 

and SiO2, Au stopping in Si has also been derived from measurement of ion distributions 

at different energies ranging from 1 to 15 MeV. The derived electronic stopping powers 

in the low energy regime are significantly lower than the predictions from SRIM, which 

agrees with the results of Au ions in SiC and SiO2 that SRIM overestimates the electronic 

stopping power for heavy ions in light targets. [Chapter 5] 
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Significant channeling effects have been observed for Au ion irradiation in MgO. 

Irradiations along both axial and planar channels lead to deeper ion and damage 

distribution, as well as a lower peak damage level. The channeling effect cannot be fully 

avoided for 1 MeV Au ion irradiation, despite the attempts of sample rotation. [Chapter 5] 

Along with the clustering of point defects, this could contribute to the observations of the 

unusual deeper damage in MgO after high fluence ion irradiations. [Chapter 6] 

The defect evolution in pre-damaged MgO under 21 MeV Ni ion irradiations has been 

studied using RBS/channeling technique combined with TEM observation. It has been 

observed that the damage level in MgO is decreased after the Ni ion irradiations, which is 

probably due to the formation of dislocation loops promoted by the electronic energy 

deposition. [Chapter 6] 
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