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The present work reports the experimental evidence of anomalous energy loss, 

energy straggling, and the corresponding ion-induced electron emission yields of 

channeled protons in silicon. Transmission energy loss measurements were obtained 

as a function of the incident angle and the emergent angle. Results are presented for 

1-, 1.5- and 2-MeV protons axially channeled along the < 100 > axis of a silicon foil 

of 3.75 nm thickness. 

The transmitted energy spectra show a random peak (low energy) and a 

channeled peak (high energy). The random peak has a fixed energy away from the 

channel and starts to increase in energy within the critical angle due to accidental 

channeling. The channeled peak starts at the critical angle with a discrete stopping 

power and increases in energy smoothly with the target crystal's approach to the 

perfect channeling condition. This result supports the notion that the channeled ions 

lose energy only to the outer-shell electrons in contrast to the case of random ions 

which interact with inner-shell electrons and the nuclei of the target. As the result of 

this two-peak phenomenon, the angular width of the energy loss dip corresponding to 

the channeling condition is wider than the critical angle of the Rutherford 



backscattering spectroscopy. The energy straggling of the channeled particles depends 

on the local electron density they experience and reaches a minimum in the perfect 

channeling condition. 

The ion-induced electron emission (IIEE) yields are principally governed by 

the electronic stopping power S„. This work presents the experimental observations of 

the angular dependence of the energy loss and the corresponding IIEE yields of 

channeled protons near the < 100 > direction in silicon foils. The Rutherford 

backscattering spectrometry yield drops to a minimum in the channeled condition as 

do the transmitted energy loss and the IIEE yields (forward, backward and target 

yields). With 1 MeV protons, the effective IIEE yields in the channeling condition 

are reduced in the same proportion as the electronic stopping power. The present data 

support a modification of Schou's theory of IIEE. 
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CHAPTER I 

INTRODUCTION 

The stopping of energetic ions in matter has been a subject of considerable 

research interest since the first experiment on the passage of alpha particles through 

thin foils by E. Rutherford in 1906 [Ru06]. Energetic ions lose energy in solids by 

the Coulomb interactions with target atoms. Consequently, ions change directions, 

capture or lose electrons, are excited and/or excite target atoms. Niels Bohr, a post-

doctoral scientist at Rutherford's Manchester Laboratory, concluded in his early 

papers [Bol3, 15] that the energy loss of ions passing through matter could be divided 

into two components: nuclear stopping and electronic stopping. The two stopping 

processes are defined as energy loss to the positive atomic cores and to the electrons 

of the medium, respectively. It is of basic interest in physics that the interaction of 

projectiles and a target medium be well understood, e.g., contributions from nuclear 

stopping and electronic stopping. 

Stopping Power in the Ion Channeling Condition 

For an amorphous and isotropic target, the cross sections of the above 

processes are independent of target orientation due to the statistical nature of multiple 

scattering. The Rutherford-backscattering (RBS) yield is found to be very strongly 



dependent on the relative orientations of the ion beam and target when the target is a 

crystal, (see Figure 1) The so-called ion channeling effect occurs when a well 

collimated ion beam is aligned with a major index of a crystal. In fact, not only the 

RBS, but almost all the related physical processes, such as energy loss, ion-induced 

electron emission and ion-induced X-ray emission, are affected during channeling. As 

opposed to the case of amorphous targets, ions will travel between the atomic rows or 

planes so that the ions only suffer small angle scattering and the frequency of close-

encounter collisions is drastically reduced because nuclei of the medium are screened 

by their electron-cloud. The limiting angle for channeling to occur, Yc, between the 

ion beam direction and an axis or a plane of the crystal can be defined as:[Li65] 

« , (Ll) 
e E 

where E is the energy of projectile, r ^ is the distance between an ion and the closest 

atom column and U is the interatomic potential. 

The possibility that ion channeling might exist was pointed out by Stark 

[Stl2a, b] 80 years ago, although it was 1960 when Rol et al [Rol60] discovered the 

phenomenon experimentally. Their data showed that sputtering yields of a single 

crystal depend markedly on its orientation. In the same year Davis and colleagues 

[Da60a, b] found that heavy ions have anomalously long ranges in poly-crystalline 

aluminum and tungsten. The likelihood and significance of the orientation 

dependence of ion penetration in crystals prompted Robinson and Oen [Ro63a, b] to 



Figure 1 The angular distribution of RBS measurements of 1 MeV protons on a 

1 nm < 100 > Si foil. The RBS data was taken with a silicon surface 

barrier detector at 160.4°. The region of interest for the RBS data 

acquisition was set below the surface peak and covers the entire 

spectrum of the thin foil. 
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perform simulations of the motion of 1-10 keV Cu atoms in various crystals. They 

found abnormally long penetrations for those ions with initial velocities in a direction 

close to principal axes. These computations showed that the long ranges observed by 

Davis and co-workers were attributable to ion channeling in the polycrystalline 

targets. This was soon confirmed by further experiments with single crystalline 

targets [Pie63, 64, Lu63]. 

These observations marked the beginning of a new era of channeling in which 

many experimental and theoretical studies were initiated. In the last thirty years, 

channeling and the related effects have been studied with particle beams ranging from 

leptons to heavy ions and with energies ranging from a few eVs to GeVs with a vast 

variety of combinations of projectiles and target materials. New phenomena have 

been discovered, e.g., feeding-in and blocking, resonant coherent excitation [Mo79, 

82], the charge freezing effect [Da72] and the charge state dependence of energy loss 

[An87, 89, Be76, Coh87, Es78, Go81, 82, Po90], angular variation of energy loss, 

high-order energy loss [An69, Da77, Mi90], Z, and Z2 oscillations of channeling 

phenomena, and so on. In addition to the intrinsic interest in the physics of the 

channeling process itself, several important applications have been found. These 

areas include the allocation of impurity atoms in semiconductors, the study of the 

exponential tail in semiconductor implantation [De90, In87, Sp87, Wo87], studies of 

surfaces and epitaxial layers, production of polarized beams, and the measurement of 

short nuclear lifetimes. 



One feature of channeling is the greatly reduced electronic stopping power and 

the essentially eliminated nuclear stopping power compared to the value produced by 

randomly traveling particles. Although there have been many works on channeling 

and energy loss measurements, it is not clear how the ions transit from random 

motion to channeled motion. It is reported [Zh93a, b] that the channeled ions have a 

discrete stopping power that is considerably smaller than that of the random ions. 

Direct measurement of transmitted-energy-loss (TEL) of channeled ions provides a 

unique way to study the electronic stopping of the element in this energy range 

because of the absence of nuclear stopping. 

Ion Induced Electron Emission (IIEE) 

Electrons are emitted when energetic ions impinge on matter [Sch31]. Like 

ion channeling, it is also a subject that requires basic physical understanding of the 

processes of interaction between ion and target electrons. The yield of IIEE, y, is 

defined as the total number of electrons emitted per incident ion. There are two kinds 

of electron emissions: the kinetic electron emission (KEE) for ions with velocities 

> 2x l0 7 cm/s [Ba78], and the potential electron emission (PEE) [Ha54] for low-

velocity ions (< 2x l0 7 cm/s). In the KEE process, the collision processes cause the 

kinetic energy to be transferred to the target electrons, thus causing the production, 

transport and emission of electrons from the target surfaces. In the PEE process, an 

electron acquires its kinetic energy from the potential energy released upon the 



neutralization process of an incident ion. 

There are two major sources in generating IIEE in matter: the simultaneous 

processes and the secondary processes. Simultaneous processes may include the 

direct collision processes between projectile and target atoms: a) excitation of 

conduction (or valence) electrons into free states above the Fermi-level; b) ionization 

of inner shells of target atoms; c) ionization of outer and inner shells of the projectile; 

and d) loss of electrons from the projectile. Secondary processes may include: a) 

cascade multiplication of diffusing secondary electrons; b) excitation of target 

electrons by energetic recoil atoms (recoil ionization) and by backscattered projectiles; 

c) one-electron-decay of volume and surface plasmons generated either by energetic 

primary ions or by secondary electrons; and d) phonons produced in projectile-target 

collisions. Only excitation and ionization of target electrons from the conduction 

band (for metals) or valence band (for semiconductors) and from inner shells, 

plasmon decay and recoil ionization are accounted for in theoretical treatments. A 

typical secondary-electron (SE) spectrum can show the characteristic lines of Auger 

electrons, Coster-Kronig transitions, auto-ionization emission, plasmon losses and the 

elastic peak [Je71]. It is believed that the majority of secondary electrons come from 

the target atoms and the IIEE yields depend on the electronic stopping powers [St57, 

Sch80, Rot92]. For the case of protons over a wide range of projectile energies, this 

proportionality has been claimed to hold within a factor of two [Rot92]. It has been 

observed that the IIEE yields show an oscillation feature just like the stopping power 
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does [Ai93b]. With the development of ultra-high vacuum technology, it is possible 

to do the IffiE experiments in 10"® torr vacuum. This vacuum may prevent the 

discharge of the residual gas in the experimental chamber so that the accuracy of the 

yield measurements is much improved [Ar93a]. 

Besides the fundamental interest in IIEE, it has found a wide range of 

applications in such areas as time of flight spectroscopy, atomic number identification, 

electron microscopy, surface physics and semiconductor physics. The IIEE yields 

also show a strong orientation dependence if the target is single crystalline [Ma63, 69, 

Ku91, Be91, Ha91]. Even though IIEE is a surface phenomenon and TEL is a 

cumulative process, they are both governed by the electronic stopping power. This 

concept links the energy loss and the IIEE. It is reported that the IIEE yields drop to 

minima when the stopping power is reduced to its minimum value due to channeling 

[Zh93a]. The present study also explores the correlation of the two phenomena by 

directly measuring the TEL and the corresponding IIEE yields. Theoretical 

predictions are verified and compared with the experimental measurements. 



CHAPTER n 

THEORETICAL CONSIDERATIONS OF STOPPING PROCESSES 

All physical processes that happen when an ion beam interacts with a target 

material are rooted in the corresponding stopping powers. Theoretical treatments of the 

stopping power have been carried out in a variety of ways by many investigators [Bol3, 

15, Fi58, 59, Li54, 61, 63, 64, 65, 69, Zi80, 85, Si65, Mi87, 92, Lo92, Mu92a, 92b, 

92c]. The challenge is to account accurately for the effective projectile charge inside the 

target medium and to incorporate the shell structure of the target atoms. The fact that 

the trajectories of MeV particles can be strongly influenced by potentials of the order of 

a few electron-volts (eV) is a consequence of the collective nature of the channeling 

process. There are two basic theoretical models to treat the electronic stopping: the 

Lindhard model and the Firsov model. From these two models, numerous theoretical 

calculations have been derived. 

Denoting the energy loss by dE/dx and the stopping power by S, the two 

quantities are related by 

A = NZ.S (II-1) 
dx 

where N and Z2 are the atom number density and the atomic number of the target media, 

respectively. As Bohr [Bol3, 15] pointed out, the process can be divided into the 
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nuclear stopping power Sn and the electronic stopping power Se. The total stopping 

power S can be written as S = Sn + Se. It is a common practice to use the term stopping 

power to represent the energy loss. It is a convention in this work that the subscript 1 

and 2 are used to represent the projectile and the target parameters. 

Nuclear Stopping Power 

The energy lost to target nuclei is due to the screened Coulomb collisions between 

two colliding atoms. The screened Coulomb potential can be estimated by the Thomas-

Fermi model: 

Z.Z-e2 r /it /•>% 
y(r) = ( — ) , ai.2) 

r an 

where Z,e is the nuclear charge of the projectile, r is the separation between the ion and 

the target atom, <f> is a dimensionless interatomic potential, and a12 is a "screening length" 

denoting the Thomas-Fermi radius, which can be expressed either as [Bo48]: 

«,2 = ("— " 2 ) " 3 « J ( z f +ZT)"1B • (n-3) 

or as [Fi58a, b]: 

" a ' • < I L 4 ) 

where aB = >i2/m«e2 = 0.529 A is the Bohr radius. As an example, the Moliere potential 
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[Mo47] is listed below: 

<j)(ar) = 035y + 0 . 5 5 / + O.lOy20 , (H.5) 

where 

-0.3 — 
y = e-0-3* = e *12 (n.6) 

I 

and a12 is the Thomas-Fermi radius given by Eq.(II.4). 

MARLOWE: The Codes and the Calculation Model 

MARLOWE is a comprehensive software package that simulates atomic-dis-

placement cascades in solids, crystalline or amorphous, using the binary-collision 

approximation [Ro74, 84, 89]. There are primarily two ways for calculating ion 

ranges in solids. One is to use the Monte Carlo methods to simulate the trajectories 

of ions and calculate each collision separately. The other is to set up a series of 

transport equations and try to solve them mathematically. In both cases, the major 

simplification is to replace the scattering integral with some analytic or numerical 

equivalent form. [Zi85]. MARLOWE uses the Monte Carlo method. It generates 

atomic displacement cascades in solids and analyzes their properties. The starting 

points of trajectories are selected randomly over the target surface. Random numbers 

may also be used to simulate the divergence of the beam and the mosaic spread of the 

target [Ba71], To account for nuclear stopping, a proper treatment dictates the use of 
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a screened Coulomb potential <f> in Eq.(II.2), which can be one of the following: 

Moliere potential [Mo47], Born-Mayer (exponential repulsive) potential [Si65], 

screened Coulomb potential [Zi83] or any user-supplied interatomic potential. All the 

potentials are assumed to be conservative and central. Particle trajectories are 

constructed as a series of isolated classical binary collisions. An approximation of 

nearly simultaneous collisions is provided. 

Firsov [Fi59] assumed that momentum is transferred by electron exchange, 

where atom excitation energy is averaged over the whole shell. Small impact 

parameter collisions are possible. The collision time is regarded as sufficiently long 

that the electrons of the two colliding systems are completely mixed and the inelastic 

energy loss is calculated from the momentum transfer in this mixing process. This 

criteria limits its validity to projectiles of energy < 25 keV/u. MARLOWE uses a 

modified Firsov model to account for the electronic stopping. The origin of the 

inelastic energy loss is found in the momentum possessed by the electrons of the ion 

because of its motion in the laboratory system. The nuclear motion is described by 

the impulse approximation and an approximate Thomas-Fermi description of the two 

atoms is used. A modification is made by using the apses of the collision instead of 

the impact parameter. The inelastic loss in a single collision is: 

<?(*,£„) - HI * , (H-7) 

where Eo is the energy of the ion, $(s, Eo) is the apses of the collision replacing the 

impact parameter of the original Firsov model, 
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ov 0 1/2 Q 1/3 
€ = 0.61 ( - I - * 2 ) (Zj + Z2)

5/3 . (II.8) 
naB mx 128 

Here m, is the mass of the projectile and 

% = ( ^ p K - ^ ) ' V i «• Z2)w . (II.9) 

In MARLOWE, the target crystal may be unbounded, have one specified plane 

surface, or two parallel plane surfaces at a specified separation. Provision is made 

for users to define surfaces of a more complex character. The target may be perfect 

or may contain vacant lattice sites, interstitial atoms, or substitutional impurities at 

specified locations. The crystal may have several structures including simple cubic 

(SC), body-centered cubic (BCC), face-centered cubic (FCC), or diamond. It may 

contain several kinds of atoms. The lattice sites may be occupied statistically by 

different kinds of atoms or by vacancies. Models based on rotational disorder are 

provided for the simulation of polycrystalline and amorphous materials. The target 

may consist of several layers, each with its own independent structure. 

Due to the limitation that the Firsov model can only deal with ions of < 25 

keV/u, the program was not used to simulate MeV protons channeled in silicon. 

However, since it is widely accepted as an accurate simulation, it is used in this work 

to simulate the range distributions of heavy ions in silicon targets. The purpose is to 

see the effect of boron doping in the silicon targets. Ions of carbon and arsenic are 

used because data is available on the range distributions of these ions into silicon 
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crystals. The results will be discussed in chapter III. 

Electronic Stopping Power: Amorphous Targets 

The program TRIM is developed on a large data base and is believed to be 

accurate for a wide projectile energy range with light ions [Zi85]. Table I gives the 

calculated output of the TRIM [Zi90] program for the stopping powers and the 

projected ranges of protons in silicon. One may easily see that, for protons with 

MeV energies, Sn is about three orders of magnitude smaller than Se. It is practical 

then to treat the electronic stopping power as the primary source of the measured 

energy loss in the medium. Since this work only involves MeV protons under 

channeling conditions, we will concentrate on the electronic stopping power. 

A full treatment of the electronic stopping power due to a quantized electron 

plasma was presented by Lindhard in which he assumed that ions move through a 

string of atoms, thus in a transverse continuum potential field [Li65]. The approach 

was incorporated into the unified theory of ion penetration of solids (LSS) [Li61, 63]. 

The stopping powers of an ion beam in a material are schematically illustrated in Fig. 

2. The peak in energy loss occurs a little above the Thomas-Fermi velocity VbZIm, 

where v„ = e2/h = 2.2x10s cm/s is the Bohr velocity, equivalent to 25 keV/u. The 

interaction between the projectile and the target can be divided into regions I, II and 

III corresponding to high, medium and low energies of the projectile ions. In the 

high energy range, the stopping power is dominated by electronic stopping. Shell 

corrections gradually become important as the energy of the ion becomes lower. This 
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Table I The (dE/dx)n, (dE/dx)e, the projected range, D^ , and the longitudinal 
straggling, n ^ , of protons in amorphous silicon. 

E (dE/dx)e (dE/dx)n Dproj ^long 

(MeV) keV//tm keV/^m [im fim 

0.8 47.14 3.72 xlO'2 11.16 0.55 
0.9 43.90 3.37 xlO"2 13.34 0.65 
1.0 41.16 3.08 xlO"2 15.67 0.86 
1.5 31.83 2.18X10"2 29.53 1.29 
2.0 26.31 1.70 xlO'2 46.79 2.00 
2.5 22.63 1.40 xlO"2 67.30 2.89 
3.0 19.92 1.20 xlO2 90.72 3.76 
3.6 17.51 1.02 XlO*2 122.74 5.18 
4.0 16.24 9.30 xlO"3 146.34 6.34 
4.5 14.92 8.39 xlO"3 178.31 8.00 
5.0 13.82 7.65 xlO"3 212.96 9.61 
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Figure 2 Schematic illustration of the stopping powers at high (I), medium (II) 

and low (III) projectile energies. The insert in the figure shows details 

of the low energy region. 
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extends to the second region where the electronic stopping reaches its peak. Nuclear 

stopping is most important in the third region where electronic stopping is 

approximately proportional to the velocity of the ions. The electronic stopping 

powers of the Lindhard model and its modified formula for higher order losses in 

different energy regions are: 

Region I [Li54, 64b]: 

/ / 4 j c Z i 6 /r* i rv\ 
= NZ7 —L , (11.10) 

dx 2 my ' 
where me is the electron mass, Le = ln(2mev

2/I) is the electronic stopping number and 

I = 10Z2 eV is the mean excitation energy of the target atoms. 

Region II [Da77]: 

~ N Z ^ ^ - ( L , * Z , i , + Zf i , ) , (H-11) 
mev 

where Z,* is the effective charge of the projectile, L, and Lj are higher order 

electronic stopping numbers where the theoretical formula are still ambiguous. 

Region III [Li54, 61, 63, 69]: 

-(—) = C«87i Ne\ ^ — , (11.12) 
' B ( Z f + z f ) V B 

where Ce ~ 
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For MeV ions, region II is usually the region of interest. In this region, the 

electronic stopping number, as seen in Eq. (II. 11), can be presented as L = Le + 

Z,L, + Z,2!^. The most difficult challenge is to include the shell structure of the 

target electrons so that the higher order effects can be accurately accounted for. 

There have been many efforts in this area, both experimental [An82, Da77] and 

theoretical [Lo92, Mu92, 93a, b]. 

Lindhard's Model for the Angular Dependence in the Channeling Condition 

The atoms in a crystal may be aligned so that the interatomic potential shows 

an orientation dependent feature. Accounting for the local electron density (LED) in 

the channel, Lindhard proposed a form for the electronic energy loss in the 

channeling condition based on the atom-string model and the equipartition rule [Li65]: 

dE, 
$) = Se[(l-a)NZ2 + a -p$) ] , (H.13) 

dR 

where p(R) is the electron density at position R, and R is the position measured 

perpendicular to the atom string. Here, one should notice that R is the radius from 

the atom string instead of the radius of the channel. In that paper, Lindhard 

introduced the so called standard potential: 

U(R) = l n K - ^ Z + l], (11.14) 
d R 
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where d is the distance between atoms in the string, C2 = 3 is a constant, al2 is the 

Thomas-Fermi radius given by Eq.(II.3), and R is the position from the nucleon of a 

target atom. Using Eq.(II.12), Lindhard obtained a simple expression for electronic 

stopping power as a function of incidence angle 0, which is defined as the angle 

between the projectile direction and the crystal axis: 

5,(0) = SR [1 - a e x p ( ( 1 1 . 1 5 ) 
t ? 

where SR is the electronic stopping power in a random direction, ijr, is the critical 

angle of channeling defined as 

= ( l £ i V ) t o (11.16) 
Ed 

where E is the energy of the projectiles and d is the separation of atoms in an atom-

string. The fitting parameter a is the effective electronic stopping in the channeling 

condition, a = 0.5 if the equipartition rule holds [Li65]. The equipartition rule 

states that the plasma resonance excitation and close collisions with target electrons 

contribute equally to the stopping power if one takes the target electrons as free 

electrons [Li64]. Eq.(II.15) indicates that Se is a continuous function of incident 

angle. Jin and Gibson did the first direct measurement of the energy loss as a 

function of incident angle for 2 MeV He+ in < 100> silicon in 1986 [Ji86]. Their 

results agreed well with the Lindhard theory, with some modifications on the model. 
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Zhao et al. [Zh93b, c] pointed out that the transition from random to channeled 

motion is not continuous. The channeled ions have a discrete stopping power, which 

means that a continuum potential approximation can not describe the transition 

correctly. This leads to the necessity of modeling the channeled motion in a 

discontinuous manner. 

Erginsoy's Model for Channeling 

In the case of channeling, if we neglect the higher order corrections, Le can be 

written in the following form [Er67]: 

2m v v 
L, ~ Z^Mv/v,) • Z k W - f ^ ) l . (11.17) 

Here vF is the Fermi velocity of the free-electron gas describing the valence electrons, 

fcS>p the plasmon energy (16.6 eV in silicon), and Zloc = nloc/N, where nloc is the local 

density of valence electrons in the channel. This equation is the sum of two extreme 

yet complementary models. The first is the free electron gas model applied to the 

conduction or valence electrons. It gives the first term on the right-hand side of 

Eq.(II.17), which corresponds to the contribution of collective plasmon excitations 

involving the total density of valence electrons (Z^ = 4 in silicon). The second is 

the impact-parameter model describing the core electrons since the excitation of the 

core electrons must show an impact parameter dependence. This gives the second 

term, which is the contribution of the local density of valence electrons in the 
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channels to single-particle excitation. Under perfect channeling condition, it has been 

shown that Zloc = Zval = 4 [Ap67], 

Energy Straggling in the Channeling Condition 

Energy loss is accompanied by energy straggling because of the statistical 

fluctuation in the process. This topic has been studied by many groups [Bo48, Li53, 

Bo71, Ch76, Ho76]. Bohr first estimated the energy straggling of high energy ions in 

amorphous targets [Bo48]: 

Q2
B = 4nZtz2e*NAx , ( I U 8 ) 

where Ax is the thickness of the target and nB is the standard deviation of emergent 

energy. Some assumptions are made in deriving this equation: i) The ions are fully 

stripped; ii) the target atoms are randomly distributed; iii) the velocity of the ion is 

high compared to the orbital velocities of the target electrons; iv) the energy of the 

projectile is changed slightly during penetration. 

To bring the medium and low energy regions into consideration, Lindhard and 

Scharff improved Bohr formula by dividing the target electrons into "outer" and 

"inner" electrons. The outer electrons have a local Fermi velocity lower than the 

velocity of the projectile. They derived the following equation for an amorphous 

target: 

2 = 2 , mUx) for x < 3 (11.19) 
B 1 for % ;> 3 
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where L(%) = 1.36%1/2 - 0.016%3/2 and % = vV^Zj ) s v2/(e4/VZ2). The condition x 

* 3 can be translated to protons with energy larger than 1 MeV. 

In the channeling condition, replacing NZj in Eq.(II.18) by p(R), Lindhard 

proposed that the energy straggling can be written in the following form [Li65]: 

(J(A£)2) = 4 n Z 2 e 4 . p ^ (H.20) 
dx 

This equation holds for ion velocity v > vB2^1/z, which is satisfied for protons with 

energy > 0.5 MeV. Eqs.(H.13) and (11.20) show that the energy straggling depends 

more on the electron density than the electronic stopping does. If Eq.(II. 19) holds, 

the energy width of the channeled peak should be smaller than the random peak since 

the electron density in the channel is smaller than the average electron density that 

random ions experience. This effect has been observed in this work. The detailed 

information will be given in chapter V. 

Schou's Theory for IIEE Yields 

As discussed in chapter I, IIEE is also related to the electronic stopping 

power. Fig. 3 demonstrates the IIEE processes for an ion beam impinging on a thin 

foil. Based on sputtering theory and a generalized power law cross section, Schou 

[Sch80] has solved a system of Boltzmann transport equations for backward IIEE 

yield from thick target and obtained an approximate expression for electron- and ion-

induced yields. The yield is basically determined by the surface value D(0, E, cos0) 
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Figure 3 Demonstration of the ion-induced electron emission (IIEE) processes 

for an ion beam impinging on a thin foil. 
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of the deposited energy. D(0, E, cos6) consists of both the energy deposited by 

direct interaction and by recoil ionization. From this model, the total IIEE yield is 

given as 

Y = D(0,£,cos6)A , ( n - 2 1 ) 

where 0 is the angle of incidence and A is the material parameter. Experimentally, A 

is determined as the ratio of the total IIEE yield and the electronic stopping power. If 

the recoiling target atoms do not play a major role, then D(0, E, cos0) is given by 

D(O^,cos0) = p ( ^ ) , , (H.22) 
dx 

where 0 is a very slowly varying function of the energy, the type and the incidence 

angle of ions. This model was later modified to treat thin-foil targets [Rot92]. In 

this case, the target IIEE yield is the sum of the backward and the forward yields. 

The total yield of a bulk material is only the backward yield of thin foil targets. 

Based on this transport theory, the electron yields per proton are given by 

Y, = A | ) ( f ( H - 2 3 ) 

Y„ - A ( l - P ) ( ^ ) , . r (11.24) 
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Y r = A ( f (11-25) 

where yB denotes the backward IIEE yield from the back surface, Yf the forward 

IIEE yield from the forward surface, and Yt the target IIEE yield. To compensate 

for the energy loss in the foil, the stopping power of the incident beam and the exit 

beam are used respectively to obtain the IIEE yields at the back- and the forward-

surface of the target foil. The IIEE yields are related to the Meckbach factor [Me75], 

n, which is defined as the ratio of the forward and backward TIFF, yields: 

n = VF = ( H i ) ( I I 26) 
Yb P 

If y is proportional to Se, one would expect the relationship to hold for both 

amorphous and channeling conditions. The experimental results will be discussed in 

later chapters. 
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SAMPLE PREPARATION 

Crystalline silicon foils were required to accurately determine the energy loss 

of ions in channeling. These foils needed to be ultra-clean, ultra-thin, uniformly 

thick, self-supported, and monocrystalline. This was achieved by doping boron into 

silicon wafers followed by a procedure of chemical etching [Ch80] of the wafers. 

Two doping methods were used: molecular-beam-epitaxial (MBE) growth and spin-

on-doping (SOD) technique. The MBE samples were made at the central research 

laboratory of Texas Instruments, Incorporated and the SOD was done at the Electrical 

Engineering Department of University of Texas at Arlington. 

A procedure of chemical etching was used to produce a thin foil of the order of 

1 jum. In order to stop the etching, heavily boron doped (~ 7 x 10'7cm3) silicon films 

were used. The process involved a two-step etching: pre-etching and selective-etching. 

The silicon wafers were first cleaved into 1.2 x 1.2 cm squares. A quartz disc 

of 5.0 cm in diameter is used for the silicon squares to be mounted for etching. The 

process of mounting had to be performed very carefully: an annulus of parafilm was 

pressed down to form a paraffin dam near the perimeter of the disc; the silicon square 

with the polished side down next; then another annulus parafilm piece was added with 

the two holes aligned. The parafilms were then pressed together to make a firm seal. 

28 



29 

The disc was heated up to 70 °C first and the process was finished quickly before the 

quartz became cold. The purpose was to protect the boron doped layer so that the 

selective etch could be stoped by the heavy boron doping. 

Pre-Etching 

A mixture of hydrofluoric acid (48%), nitric acid (70.4%) and glacial acetic 

acid (100%) in the volumetric ratio of 2:5:2 was used to remove a major portion of 

silicon. This planar etching has a speed of about 25 /itm/min at room temperature. 

The etching speed can be adjusted by changing the ratio of HF and HN03 [Wo86]. 

Acetic acid can be used as a buffering agent, since it causes less dissociation of 

HN03, and yields a higher concentration of the un-dissociated species. During the 

etching, nitric acid oxidizes silicon to form a silicon dioxide layer. Hydrofluoric acid 

then dissolves the silicon dioxide away. 

The quartz disc with the mounted sample was immersed in a 250 ml 

polypropylene beaker containing 45 ml of the pre-etch solution. The beaker was 

rotated at 12 revolution-per-minute (RPM) and inclined about 30° to the horizontal 

direction. A nitrogen gas jet was introduced into the solution to prevent nonuniform 

etch pits along the parafilm edge and to agitate the etching solution. This was done 

via a polypropylene pipette lowered to about 0.5 cm above the silicon wafer. The 

rotating plus bubbling motion usually gave uniform etching over a relatively large 

area. When the silicon window was thinned to about 30 nm, the thinned region 

appeared reddish with light transmitted through the quartz disc. At this moment, the 
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pre-etch had to be stopped immediately, even if there was only a little spot 

transparent. The sample was taken out and rinsed thoroughly in distilled water. 

Selective Etching -• 

An ethylenediamine-pyrocatechol-water mixture (EDP) was used for the 

second thinning process [Fi67, Gr69, Bo71]. The mixture consists of pyrocatechol 

(CeHXOH)^, ethylenediamine (NH^CH^NHj) and water in the ratio of 3 g : 17 ml : 

8 ml. The etching rates for (111), (110) and (100) silicon surfaces are 3, 30 and 50 

jum/h at 110'C, respectively. 

The silicon sample thinned from pre-etching was put into the EDP etch by 

leaning it against a glass slide. The solution does not attack silicon if the boron 

doping level exceeds 7 x 10"/cm3. The bath temperature was maintained at 110'C 

with a hot plate. The glass beaker was covered by a small petri dish to prevent 

excessive loss of water and ethylenediamine through evaporation. The etching time 

for completion varied from two to four hours. Higher temperature led to faster 

etching but generated excessive bubbles on the back side that could possibly break the 

thin silicon foil, especially when the foil was less than 1 nm thick. Lower 

temperature usually delivered slower etching rates but did not give a uniform foil. 

The non-uniform foils were quite fragile and easy to break in later steps. It was 

suspected that the etching of the Si-B layer was not affected by temperature as much 

as the un-doped portion since the boron layer was not a perfect stop. 

The chemical reactions involved in this process have not been thoroughly 
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understood, nor the mechnism of boron stop in the reaction. One of the theories is to 

divide the process into three steps: ionization, oxidation-reduction and chelation 

[Fi67]. During the ionization step, hydroxyl and aminium (protonated amine) ions 

are formed. The hydroxyl ions, together with water, oxidize the silicon to form 

hydrous silica with the evolution of hydrogen. The hydrous silica is converted to the 

complex pyrocatecholate which is soluble in the amine solution. All the reactions are 

listed below. 

Ionization 

NH2(CH2)2NH2 + H20 - NH2(CH2)2NHj' + (OH)' . (IIL2) 

Oxidation-Reduction 

Si + 2(OH)" + 4H 2 0 - Si(OH)'6 + 2H2 . (ni-3) 

Chelation 

Si(OH)"6 + 3 C6H4(OH)2
 amine 

. o v (m.4) 
[Si(IV) ( ^ I C6H4 )3 ]• + 6H20 . 

Over-all Reaction 

2NH2(CH^H2 + Si + 3 C6HA(OH)2 -

2NH2(CH2)JJH; + [Si(C6HA02)3Y + 2 H2 

(III. 5) 
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Water is necessary since in the absence of water no oxidation can take place. It does 

not appear in the over-all equation because of the regeneration of water in the 

chelation step. Consequently, the reaction is not limited by water depletion, and the 

etching rate should remain constant over a long period of time in the presence of 

sufficient amine and complexing agent. 

After the EDP etch, the residual chemicals left on the sample were removed 

by dipping the sample into a 110'C solution of pure ethanol. The silicon foils were 

stored in a container with a stand only touching the silicon frame. The finished 

silicon foils were on the order of 1 nm thick and self supported by the wafer. 

Sample Analyses 

Silicon foils of < 100>, < 110> and < 111 > directions were studied in this 

work. As mentioned before, the crystal quality of the thin silicon foils is critical to 

this work. Initially it was attempted to add germanium during the MBE growth of 

(100) silicon wafers in order to compensate for heavy boron doping. With 5% Ge 

added, random wrinkles were found in the foils while others without Ge delivered flat 

surfaces. It was then understood that tension was necessary to have a flat thin foil. It 

could be concluded that the lattice mis-match and surface tension in the (100) B-Si 

layer is over relaxed by 5% Ge. The optimal mixture is unknown at this stage since 

5% doping is the lower limit of the MBE machine. Boron atoms botain one electron 

from silicon atoms and occupy substitute cites instead interstitial cites [Ho55, Ka90]. 

This process passivates the boron atoms and forms a p-type region. The crystal 
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quality is preserved at 7 x 10" /cm3 Boron dopant level with spin-on-doping (SOD) 

samples [Ch80]. To investigate the crystalline quality of the MBE based samples, a 

Transmission Electron Microscope (TEM) analysis was done on the (100) samples. 

The diffraction patterns indicated that the diamond structure of silicon was preserved 

in the sample (see Fig. 4). The transmission measurements did not show any 

dislocation lines. This implied that the dislocation density in the material was less 

than 1 x 105 /cm3, the detection limit of the TEM. 

(110) silicon samples showed similar phenomena. While SOD (110) Si-B foils 

had flat surfaces, the MBE grown ones showed aligned wrinkles. The wrinkles 

showed a random pattern with 5% germanium added. It was first thought that this 

was caused by dislocations and therefore annealing might remove the dislocations. It 

turned out that annealing only changed the pattern to random in the Si-B foils and did 

not affect the Si-B-Ge foils much. This analysis brought two conclusions, i.e., the 

over relaxation by germanium also held for (110) silicon foils and the aligned 

wrinkles in B-Si foils were caused by internal stress. In order to determine the size 

and height of the wrinkles, a Tracor Northern confocal microscope was used. Fig. 5 

shows the confocal optical microscope pictures of the wrinkled samples. Foils 

obtained from wafers annealed at 1000 °C changed the aligned wrinkles to random 

wrinkles. The wrinkle size was generally smaller and shallower as well than the un-

annealed ones. Fig. 6 shows a confocal optical microscope picture of such a foil after 

annealing for 1 hour at 1000 °C. The (110) foils containing Ge have similar patterns. 

Extending the annealing time resulted in thicker 
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Figure 4 The Transmission Electron Microscope diffraction pattern of boron 

doped (100) silicon. 
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Figure 5 The confocal optical microscope picture of a 2 /urn (110) silicon foil 

obtained from an MBE grown wafer. The wrinkle width is about 400 

/nm and the depth is about 440 jum. 
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Figure 6 The confocal optical microscope picture of a 2 Aim (110) silicon foil 

after 1 hour annealing at 1000 °C. The random wrinkles have an 

average width of 365 nm and depth of 240 nm. 
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and coarser foils. This was because the annealing diffused boron deeper as the time 

period was longer. The foil became porous when boron was distributed over a wide 

depth and its concentration was below 7 x 10" /cm3. Fig. 7 shows an optical 

micrograph of a foil that has been annealed for 8 hours. It is believed that the 

internal stresses force the samples to wrinkle when the foils are thin. The stress is 

probably caused by warping in the MBE growth process. The TEM analysis of the 

(110) SOD samples does not detect any dislocation lines either, which indicates that 

the foils are crystalline. 

( I l l ) silicon foils were the most difficult to make since the EDP etching speed 

is very slow and the boron layer is not a perfect stop. Such foils are impossible to 

make, unless an effective method is found to etch a big portion of the center part first 

so that the EDP etch can spread quickly along the < 100 > and < 110> directions. 

The thicknesses of such foils were mapped by N.W. Cheung using RBS 

[Ch80]. The measurements showed a uniform thickness over the majority of the foil 

except the edge area. In summary, we see from different techniques that the foils 

used in this work have good crystalline quality, very low dislocation density, and 

uniform thickness. 

MARLOWE Simulation of Projected Range 

Although boron doping does not alter the crystalline structure of silicon it is 

still possible that it may affect the stopping power. The program MARLOWE was 

used in the simulation of the penetration of ions in boron doped silicon crystals. The 
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Figure 7 The confocal optical microscope picture of a 2 (110) silicon foil 

after 8 hours annealing at 1000 °C. The foil became very coarse and 

porous. 
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purpose of these calculations was to see how much influence the boron doping may 

bring to the stopping power of silicon. The program was first calibrated by 

performing calculations of boron penetrating virgin silicon in the (100) plane based on 

published data [Cu85]. Simulations of arsenic ions in the silicon (100) plane, with 

and without boron doping were then pursued. In the calculations, boron atoms were 

taken as substitutes for silicon sites, as Horn and Kaxiras and colleagues found 

[Ho55, Ka90]. The Moliere atomic potential [Mo47] was used in all the calculations. 

1000 particles were simulated for each energy. Since the program was used on the 

edge of its upper validity limit, the actual error may be higher than just the statistical 

error. From Figs. 8 and 9, one may see, qualitatively, that boron doping at 7 x 10" 

/cm3 level in silicon does not affect the stopping power of silicon to arsenic ions. 

NAMELIST is used for all input records in the program MARLOWE. The 

records are to control the procedure flow, to describe crystalline structures and ion 

beam conditions, to define the project of calculation and output. Most of the records 

have assumed default values, rationalized as general cases though each one needs to 

be checked before a new job is started. As an example, an input file of arsenic ions 

into a (100) Si target is given in Appendix I. 
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Figure 8 The calibration curve of the program MARLOWE for boron 

penetration depth in a crystalline silicon target. 1000 ions were 

simulated at each energy. The experimental data was quoted from 

reference Cu85. 
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Figure 9 Results of MARLOWE calculations for arsenic penetration depth in 

(100) silicon, with and without boron doping. 1000 ions were 

simulated at each energy. 
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CHAPTER IV 

EQUIPMENT AND EXPERIMENTS 

The Tandem Accelerator 

The measurements in this work have been made using the National 

Electrostatic Corporation (NEC), Model 9SDH-2, 3 MV tandem accelerator at the Ion 

Beam Modification and Analysis Laboratory (IBMAL) [Du89, Mc90] at the 

University of North Texas (UNT). A Source of Negative Ions by Cesium Sputtering 

(SNICS) was used to provide proton beams for injection into the tandem accelerator. 

The secondary negative ions from the SNICS source were momentum/charge analyzed 

by a high resolution 90° magnetic spectrometer with a mass resolution of M/dM ~ 

500 at a slit width of 4 mm before being injected into the accelerator. The energy of 

an ion of mass, M, exiting the accelerator with charge, Q^, is given by 

E - (-£)[Y • VM ]e * VtQ_e , (IV. 1) 
M0 

where E is the energy of the exiting ion in MeV, M0 is the mass of the injected ion, e 

is the electronic charge and V, and are the terminal and injector voltages of the 

accelerator in units of MV. The 3 MV tandem accelerator was operated in the 

Generating Voltmeter (GVM) mode for all measurements reported in this work. The 

3 MV tandem has a terminal voltage stability of about 200 volts. Thus, the energy of 

48 
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the ion beam could be accurately chosen by controlling the voltage on the 

accelerator's high voltage terminal. A 30° magnetic momentum/charge analyzer was 

then used to select ions of the correct energy for transmission into the experimental 

beamline. 

The Channeling Beamline 

The beamline that was used in this work is shown schematically in Figure 10. 

The beamline and target chamber were pumped by a 450 1/sec turbo pump and two 

1100 1/sec cryopumps. It had an ultrahigh vacuum (UHV) with a baseline pressure 

< 2 x 10"8 torr, which essentially prevented charge exchange from happening in the 

ion transport process. The beamline was attached at the left 30° degree exit of the 

magnetic analyzer. 

On the beamline, two sets of collimators were located 6.15 meters apart to 

collimate the incoming ion beam. The first collimator had an area of 1.0 mm2, and 

the second one 0.5 mm2. A final set of slits (0.2 mm opening in vertical direction) 

was located at 1.04 meters after the target to define the transmitted ion beam to be 

detected. Thus, only ions scattered by less than ±0.006° were admitted to the 

detector. The RBS and IIEE yields were normalized to the number of transmitted 

ions collected via a Faraday cup (FC) after the target. 

Figure 11 gives a schematic drawing of the target chamber and the detection 

hardware. The chamber had a goniometer to align the crystalline foil, and two metal 

plates each biased at +50V for forward and backward IIEE collections. The target 
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Figure 10 A beamline for the charge state dependence experiment. The beam line 

is connected to the 30° exit of the high energy magnetic analyzer. 
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Figure 11 A schematic drawing of the target chamber and the detection hardware, 

including ion-induced electron emission, Rutherford backscattering 

spectrometry and energy loss. 
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was virtually grounded through its integrator. The target and collectors were isolated 

from each other. An upstream suppressor, biased at -50V, was used to repel any 

electrons emitted from the upstream aperture slit, as well as to suppress electrons 

straying from target backwards to the back-collector. In a similar way, the 

suppressor of the FC after the target foil was used to serve as a downstream 

suppressor. It was biased at -300V, a value that was large enough to suppress any 

low energy electrons being liberated by the ions in the FC and also to repel straying 

electrons back to the collector. The collection efficiency of backward and forward 

collections was shown to be within about 97% of the target charge collection. The 

backward collected charge (Qb), the forward charge (Qf), the target charge (Qt) and 

the charge at the FC (Qrc) were all measured simultaneously by four digital current 

integrators. 

The goniometer has 0.01° angular precision and was rotated in one direction 

to prevent back-lash error. Two silicon surface barrier detectors (SSBD) were used in 

the experiments, one at 126° relative to the ion beam direction to obtain the RBS 

spectra, another at the end of the beamline to measure directly the energies of the 

transmitted ions. 

Sample Attachment and Alignment 

In order to minimize the influence of the native oxide layer, an HF dipping 

method was attempted to form a hydrogen-passivated, silicon single crystal surface. 
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Before putting the foil into the experimental chamber, the thin silicon foil was 

immersed in 1 % HF solution diluted with ultra-pure water for several minutes. It is 

believed that this process etches off the silicon dioxide layer of the foil and forms a 

hydrogen-passivated, silicon surface which is about fifty time more stable to 

oxidization than the conventional UHV heat treatment technique [Ta88]. 

The sample was then mounted on the goniometer for experiments. The 

polished side was placed to face the beam, and coincided with the vertical plane of 

the goniometer. The etched area was aligned to the through-hole of the target holder 

to ensure the ion beams could pass the foil at its most uniform region. 

The crystal was aligned first to find the channel to be studied. The process 

involved a 1 MeV proton or helium beam and the RBS measurement of the crystal 

with the target rotated 0.1° at a time. The beam spot was defined strictly at the 

center of the target holder so that any azimuthal rotation could not change the 

channeling condition. If the crystal was not aligned, the RBS data would show a flat 

yield similar to an amorphous target. The RBS data declined drastically when the 

crystal was rotated so that one of its major indices was close to the axis of the ion 

beam. The whole spectrum would show much reduced yields overall, but with a 

surface peak at the high energy end. This peak was due to ions incident out of 

channels that consequently scattered from the surface atoms in the atomic rows. 

Figure 12 gives an example of the spectrum of a virgin (100) silicon wafer. As a 

comparison to it, Figure 13 shows the data of a 0.5 m (100) silicon foil. The Figure 
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Figure 12 The Rutherford backscattering spectra of a 1.3 MeV He++ beam from a 

virgin (100) silicon wafer. The top spectrum is the randomly scattered 

He ions. The lower spectrum is the < 100 > channeled He ions. The 

RBS angle is 126° relative to the direction of the ion beam. 
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Figure 13 The Rutherford backscattering spectra of a 1 MeV He+ beam from a 

0.5 urn (100) silicon foil, The large peak is the random spectrum, 

while the lower one is the axial channeling spectrum. 
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angular dependence of the RBS shows a dip corresponding to channeling. This is 

shown in Figure 1. The window of the Single Channel Analyzer (SCA) was set only 

to collect the counts at energies lower than that of the surface peak. Instead of using 

the Pulse Height Analyzer (PHA) mode of the PCA, the Multi-Channel Scaler (MCS) 

mode was used to determine the dip. In this mode the PCA did not convert the pulse 

height into channels but rather collected all the counts directed to it from the SCA in 

one channel. One example of the MCS measurements can be seen in Figure 1, which 

shows the angular dependence of RBS on channeling. Figure 14 gives the flow chart 

of the electronics for the RBS and transmission energy measurements. The 

goniometer was then set back to the channeling angular settings. Since back lash 

always exists in a goniometer, the rotations were kept in one direction to eliminate its 

influence. 

Experimental Measurements of Energy Loss and IIEE 

After the detector had been calibrated and the crystal aligned, the whole 

system was ready for energy loss experiments. An ion beam was delivered to the 

target by setting the magnetic analyzer and the first electrostatic analyzer (ESA) on 

the beamline for the proper momentum/charge and energy/charge, respectively. In 

order to minimize the dead time and protect the crystal target and the detector, the 

beam intensity was reduced to sub pico-ampere values by defocusing the upstream 

einzel lenses and using an ion beam attenuator, which was placed before the 30° 
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Figure 14 The electronics flow chart for the backscattering multi-channel scaling 

and transmission energy loss measurements. 
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magnetic analyzer. Depending on the beam current, the main accelerator system 

quadrupole lens was also defocused in addition to introducing the attenuator. The 

energy of the original ion beam was determined by lifting the target foil out of the ion 

beam path. The energy loss of randomly traveling ions was determined by averaging 

the values off the channeling axis. 

For the IIEE yields measurements, the beam current was maintained at nano-

ampere levels to have meaningful RBS and IIEE yield counting rates. The leakage 

currents in the IIEE circuits were measured before the actual experiment. It was 

usually done for half an hour without an ion beam in the beam line so that the leakage 

current corrections could be made. During the experiments, at a particular angular 

setting, the beam was stopped by the normalization FC so that the RBS and IIEE data 

could be taken. Then, the beam current was reduced and the normalization FC was 

lifted up so that the direct energy loss spectrum could be taken. After all these data 

were obtained, the goniometer was rotated to the next setting. This procedure was 

repeated until the entire angular scan was done. 

For the emergent angle measurements, the crystal was aligned to the < 100 > 

axis by either RBS or energy loss measurements. At this setting, the beam was 

reduced to sub-pico ampere range and deflected by the second ESA on the beamline 

to map the distribution of the transmitted ions. The acceptance angle of the Si surface 

barrier detector (SSBD) was reduced by either an aperture or a slit to have a better 

angular definition. 



CHAPTER V 

RESULTS AND DISCUSSION 

Determination of the Thickness of the Targets 

In order to accurately calculate the stopping power from the measured energy 

loss, it is essential to determine the thickness of the target foil used in the 

experiments. The exact thickness should be determined by the integration 

Ax - f ( — ) ' d £ . (V.l) 
J dr dx 

Here, E, is the incident energy of the ions and Eg is the exit energy of the ions in the 

random directions. It is suitable to used the averaged thickness of the foil in 

accordance to the errors that may arise from the measurements. The averaged 

thickness of the foil in this work was determined by: 

A E Lx 
- l ( f h t ( f ) s ] , 2 ' <v-2> dx dx 

where AE is the energy loss of the ions in the random direction of the thin foil, 

(dE/dx), and (dE/dx)E are the stopping powers of the ions at the backside surface and 

the forward surface of the foil calculated by the program TRIM [Zi90]. The 

64 
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experimental results agreed well with the output of the program TRIM for protons 

with incident energies from 1 MeV to 4 MeV. The results are listed in Table II. It 

is claimed that TRIM has an overall error of 9% in predicting stopping powers in 

silicon target [Zi85]. Also, the experimental error in determine the energy loss in 

target foils is ±5 kV. The relative error of the determination is 10%. 

Angular Dependence of the Channeled Protons 

This work reports the experimental results of 1, 1.5 and 2 MeV protons 

axially channeled in the < 100 > direction of silicon. Fig. 15 shows a chronicle 

series of the transmitted energy spectrum versus the incident angle of the proton beam 

relative to the < 100> direction, 0, for 1 MeV protons penetrating a 3.75 /xm silicon 

foil along its < 100 > direction. One can see in the series that the energy loss is 

clearly divided into two categories: the random and the channeled. The full energy 

peak of the incident ions without passing through the foil is shown in part (a). The 

spectrum shows a symmetric peak when 0 > i|r„ as seen in part (b), and its centroid 

peak does not change, within uncertainties, as the crystalline foil is rotated. This 

indicates that the random energy loss is a statistical process involving multiple 

scattering. Here, t|r, is defined by Eq.(II.16). Starting at 0 ~ i|f, = 0.49°, the 

spectrum begins to split into two peaks (see Fig. 15(c)). The random peak stays in the 

same place and the channeled peak is at a higher energy. The channeled peak grows 

rapidly as 0 decreases and is clearly evident in part (c). At 0 « i|r1/2, the two peaks 

have about the same height [part (d)]. Here, i|r1/2 is the half critical angle of 
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Table II The experimental measurements of the thickness of the sample used in this 

work. Axavg = 3.75 jttm. The relative error of the determination is 10%. 

E,(keV) AE(keV) AxOxm) 

999.1 164.83 3.79 

1494.9 124.58 3.79 

2005.5 96.00 3.65 

2506.8 90.41 3.89 

2994.2 77.60 3.71 

3490.5 66.60 3.72 

3963.3 60.00 3.69 
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channeling at which the Rutherford backscattering counting rate is half of its dip due 

to channeling. The fitted widths of the two peaks are larger than the corresponding 

widths in parts (b) and (f), where the random and channeled peaks are dominant, 

respectively. This is because there is a cross talk between channeled and random 

ions, e.g., accidental channeling of random particles and dechanneling of channeled 

particles. Figs. 16 and 17 give similar series for 1.5 and 2 MeV protons. All series 

were measured using the detector-slit. 

The channeled peak quickly becomes dominant and gradually increases in 

energy as the beam goes closer to the < 100 > direction as seen in part (e). Part (f) 

in Figs. 15 - 17 and part (b) in Figs. 18 and 19 show the spectra of 0= 0° where the 

channeled peak exhibits the narrowest width. The random peak is reduced to a few 

percent and is due to scattering from front row atoms in the crystal. One may notice 

that spectra in Figs. 18 and 19 were obtained using an aperture to limit the acceptance 

angle of the silicon surface barrier detector (SSBD) while the series in Figs. 15 - 17 

were collimated by the detector slit. Detailed reasoning is given in the next 

paragraph and in a later section. The random peak becomes larger again when the 

sample is rotated away from the channel. 

In order to separate the channeled and random peaks, the target foil has to be 

thick. But it cannot be too thick so that dechanneling increases the energy width of 

the channeled peak too much. Another key point is that channeled ions are more 

concentrated in the emergent angle than the random ions, which are more widely 

spread due to the multiple scattering. In the hyper-channeling direction, the 0.2 mm 
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Figure 15 A chronicle series of the transmitted energy spectrum of 1 MeV 

protons near the < 100 > axis of a 3.75 /xm Si foil versus 0 using the 

0.2 mm detector slit. The curve fitting was done using the program 

SKEWGAUSS [Ma91]. (a) shows the incident energy peak detected 

directly by the Si surface barrier detector, (b) to (f) show the gradual 

change of the random and the channeled peaks as the target normal is 

rotated away from the ion beam direction. Here, 0 is the incident 

angle of the proton beam relative to the Si < 100 > direction and the 

full-width at half-maximum is indicated by a pair of arrows at half-

maximum of the peaks. 
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Figure 16 A chronicle series of the transmitted energy spectrum of 1.5 MeV 

protons near the < 100 > axis of a 3.75 /xm Si foil versus 0 using the 

0.2 mm detector slit. The curve fitting was done using program 

SKEWGAUSS [Ma91]. (a) shows the incident energy peak detected 

directly by the Si surface barrier detector, (b) to (f) show the gradual 

change of the random and the channeled peaks. Here, 0 is the incident 

angle of the proton beam relative to the Si < 100 > direction and the 

full-width at half-maximum is indicated by a pair of arrows at half-

maximum. 



csa 400 

c 
3 300 

JD 
CO 200 

T3 

*33 ioo 

£ 
c 300 

. o 
C/5 400 

E 
c 3 0 0 

CQ 

• a) incident 

1 2 . 3 7 k e V 

• Exp. 

—Gaussian 

n 

b) -0.88° 

c) -0.23* 

2 7 . 5 k e V 

• Exp. 

—Gaussian 

,4" 2 4 . 7 k e V 

• Eip. 

— Gauss(ran) 

— Gauss(chn) 

-*"Gauss(tot) 

2 9 . 6 k e V 

d) -0.20° 

2 9 . 4 k e V 

• Exp. 
—Gitt»(raa) 
—~ Gauss(ciw) 
"*"G*tiss(tot) 

2 6 . 3 k e V 

e) -0.16° 

3 3 . 6 k e V 

2 3 . 0 k e V - > 7 f 4 -

• Exp. 

— Oauss(ran) 

— Gauss(chn) 

Gauu(tot) 

f ) o . o c 

2 0 . 5 k e V 

• Exp. 

—Gauss(chn) 

Proton Energy (keV) 



72 

Figure 17 A chronicle series of the transmitted energy spectrum of 1.5 MeV 

protons near the < 100 > axis of a 3.75 /xm Si foil versus 0 using the 

0.2 mm detector slit. The curve fitting was done using the program 

SKEWGAUSS [Ma91]. (a) shows the incident energy peak detected 

directly by the Si surface barrier detector, (b) to (f) show the gradual 

change of the random and the channeled peaks. Here, 0 is the incident 

angle of the proton beam relative to the Si < 100 > direction and the 

full-width at half-maximum is indicated by a pair of arrows at half-

maximum. 
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Figure 18 The spectra of equal-peak-height for 1 MeV protons with an aperture of 

1 mm X 1 mm, 1.24 m away from the target. The admitting solid 

angle to the detector was 6.5 x 105 rad. a) equal-peak-height 

spectrum; b) hyper-channeled spectrum. The critical angle i|r, is given 

for comparison. 



75 

to 
•p 

• rH 

2 

ctf 

-d fH 
0) 

• rH 

G 
o 

• rH 

w 
CO 

1000 

750 

500 

250 

CO 

ctf 
Jh 

H 

1000 

750 

500 

250 

i i i—i—|—i—i—i—i—|—r 
I a) -0.24° 

1 = 0.49° 

t—r I " r 

Will I1! 11 
b) 0° 

• • • • • Expt. 
+++++ Random 
x x x x x Channeled 

Total 

i rH*mtt{H)ii 
1000 

Energy (keV) 



76 

Figure 19 The spectra of equal-peak-height for 1.5 MeV protons with an aperture 

of 1 mm x 1 mm, 1.24 m away from the target. The admitting solid 

angle to the detector was 6.5 x 103 rad. a) equal-peak-height 

spectrum; b) hyper-channeled spectrum. The critical angle i|r, is given 

for comparison. 
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slit after the target allows the well channeled ions to be detected and the counting rate 

of the random ions to be suppressed. For large 0, this arrangement allows both the 

channeled and random protons to be detected, making it possible to reveal the spectra 

of two separate peaks. The small channel radius of the < 100> axis of silicon, i.e., 

the small critical angle, also contributes favorably in these experiments. The slit was 

later replaced by an aperture of 1 mm x 1 mm, which translates into a solid angle of 

6.5 x 10'5 rad. For the purpose of comparison, Figs. 18 and 19 (a) give the spectra 

of equal-peak-height for 1 and 1.5 MeV protons using the 1 mm x 1 mm detector 

aperture. Comparing Fig. 18 with Fig. 15 and Fig. 19 with Fig. 16, one sees that the 

incident angle corresponding to the equal-peak-height situation is a bit larger for the 1 

mm x 1mm aperture than that of the 0.2 mm slit arrangement because the random 

peak is suppressed somewhat by the aperture. The data in these two figures were 

fitted using a PeakFit package [Ja90]. It was verified that both SKEWGAUSS [Gn90, 

Ma91] and PeakFit gave almost the same results in fitting one spectrum. The 

discrepancy is negligible. 

Since the channeled and random peaks are clearly separated, we introduce the 

subscripts C and R to represent the channeled and random peaks, respectively. The 

subscript I is used for incident ion beam. Also, since S„ is four orders of magnitude 

smaller than Se, the measured energy loss will be presented primarily as electronic 

energy loss. Fig. 20 shows the (dE/dx)e of random and channeled protons as a 

function of 0. The two dips are well separated and the channeled (dE/dx)e shows a 

smooth dependence on the local electron density (LED). (dE/dx)R remains unchanged 
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Figure 20 (dE/dx)e obtained from the experimental data for MeV protons near the 

< 100 > axis of silicon versus the incident angle, a) 1 MeV, b) 1.5 

MeV, and c) 2 MeV. Also given in a) and c) are the (dE/dx)e of 1 and 

2 MeV protons obtained with a lower resolution detector, in which the 

two energy peaks were treated as a single peak. The solid curve is the 

theoretical calculation based on a modified Lindhard model [Li65, 

Zh93a]. 
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outside i|r, and decreases within T|r,. t|r, is the critical angle of channeling defined by 

Eq.(II.16). This indicates that the (dE/dx)R is a statistical process involving multiple 

scattering with 0 > i|r, and reduces in value due to the accidental channeling of the 

initially random directed protons with 0 -< i|r,. To further demonstrate that the 

channeled ions have a discrete stopping power, Fig. 21 is given to show A(dE/dx)e = 

[(dE(0)/dx)R - (dE(0)/dx)c] and the fraction of the channeled peak relative to the total 

transmitted spectrum. The difference of (dE/dx)„ is normalized by [AtdE/dx),]^ = 

[(dE/dx)N - (dE(0)/dx)c] to give it a scale from zero to one, where SN is the normal Se 

outside ty]. Because the channeled peak grows faster in magnitude than in energy, the 

slope of the channeled fraction curve is steeper than that of the 

A(dE/dx)e/[A(dE/dx)Jn,» = AS^AS,)^ curve. The two slopes should have been the 

same if the discontinuity had not existed. The rapid decrease of the random peak 

results in a large uncertainty in curve fitting of the random peak near the < 100> 

channel. The channeled fraction on the right side changes more slowly because it 

moves into the {110} planar channel. It is worth pointing out that the two-peak 

phenomenon was also observed by Appleton et al. [Ap67] in their experiment of 

transmission measurements versus the emergent angle although the detailed energy 

information was not given. It is suggested that the energy loss in the channeling 

condition may be reduced up to 50% because of the equipartition rule [Li64, 65]. 

The equipartition rule states that ions lose energy both to the resonant plasmon 

excitations and local collisions, and both processes have equal probabilities. In the 

channeling condition, the local collision is minimized and the resonant excitation stays 
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Figure 21 The normalized energy loss between the random and the channeled 

protons, ASyCASJ^ = [SR(0) - SC(6)]/[SN - Sc(0)], and the fraction of 

the channeled peak relative to the total transmitted spectrum of MeV 

protons in (100) Si. The LSS predictions of AS^ASX* are also 

provided for comparison, a) 1 MeV, b) 1.5 MeV and c) 2 MeV. 
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the same. It has been proven that the equipartition rule does not hold for protons in 

Ge crystal targets since the dE/dx reduction is over 50% [Ap67]. In this experiment, 

it is observed that the local collisions can not be eliminated for protons in a silicon 

target. Consequently, a, which was defined in Eqs.(II.13) and (11.15) does not equal 

to 0.5 although asymptotically this rule may lead to a better prediction in the 

channeling condition. Since the random and the channeled peaks are clearly 

separated, a is rather a function of the type of projectiles and is closer to 0.5 the 

higher the energy of the ions as Lindhard predicted [Li65]. 

Inner-shell Contributions to the Channeled Se 

In a classical picture, the axially channeled ions are confined in the atomic 

rows. It is believed that the hyper-channeled protons only interact with the valence 

electrons of the target atoms [Ap67]. Although the atomic potential may be 

continuous, it is the nature of channeling that channeled ions are distinguished from 

the random ions in that the channeled ions do not interact with most inner shell 

electrons, like K-shell electrons. We will attempt to understand this phenomenon by 

linking the experimental results and the shell structure of target atoms. 

If a group of ions are channeled, those ions being injected off the channel-

center will travel with periodic trajectories while those in the center will have the 

shortest path. When 0 f 0, the poorly channeled ions are deflected at the apexes of 

the periodical trajectories by the criterion: 
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U($) . E± (V-3) 

Such ions penetrate deeper into the target atoms and encounter stronger local electron 

density. The contribution to the energy loss of such ions should come from the next 

inner-shell electrons below the valence electrons. According to the observations, the 

channeled peak appears when 0 = i|r,. We suggest that the difference batween ScOO 

and Sc(0) is contributed by the electrons on the shell as the Zloc in Eq.(II.ll). 

Based on the Slater's atomic shielding model [S130], the radius of the n-th 

shell electrons can be obtained in the form: 

rH=a0£- (V.4) 
n! 

where n* is the effective quantum number of the hydrogen-like wave function, Zn, is 

the effective charge of the target atom. Here Zn. = Z - s, with Z the actual charge 

on the nucleus and s a screening constant. For the L and M electrons n* = 2 and 3, 

thus make Zjp = 9.85 and ^ = 11.95 respectively. This makes the R3s p = 1.15 A, 

R2p = 0.21 A , R2g = 0.18 A , and Rls = 0.04 A . We will simplify the < 100 > index 

of silicon as a circular channel to make an empirical estimate of the involvement of 

1^3 electrons in the interaction of channeled ions to the atom-string of the target. 

Since the distance between the two diagonal atoms is 3.84 A , the radius of the 

< 100 > channel can be extracted as 1.92 A . Physically, if that the totally random 

stopping power is caused by all the electrons of the target atoms, and the incident 

angle corresponding to the K-shell orbit is tjr,, one may establish a triangle [see Fig. 
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22]. Based on this triangle, the angle that corresponds to the L2 3 orbit can be 

derived. Table III gives the calculated and measured [(dE/dx)(0)]c and [(dE/dx)(i|/,)]c 

along with the relevant information. One may see that Sz=10 falls in between the 

measured Sc(t|r,) and SR, which suggests that Sz = 1 0 provides a criterion of confining 

channeled particles qualitatively. Sz=10 is calculated by using = 10 in Eq.(II.17). 

It is understood that Eqs.(II.13) and (11.15) based on the continuum potential of the 

atom-string model [Li65] is not appropriate to describe the stopping power of 

channeled ions since the ions do not transit into the channeled motion continuously. 

Energy Straggling of Channeled Protons 

The energy straggling that accompanies the energy loss has to be studied in 

order to fully understand the entire process. It has been shown that the energy 

straggling in the channeling condition is smaller than that of the random ions [Li65, 

Ap67, Zh93a]. Fig. 23 shows the full-width at half maximum (FWHM) of the 

channeled peaks versus 0. As predicted by Eq.(II.20), it shows the dependence on 

p(R). Using the same arguments as for the energy loss, those ions that are injected 

off the channel-center will encounter much stronger p(R) at the apexes. Ions that are 

injected in the center will remain in the center and feel only the minimal p(R). The 

energy straggling is basically determined by the local electron density (LED) that ions 

experience. The hyper-channeled spectra in f) of Figs. 15 to 17 indicate that the 

channeled peaks are of Gaussian nature since the difference from the total spectrum to 

the Gaussion peak is negligible. The width of the random peak is constant when the 
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Figure 22 Schematic illustration of the angular relationship in the channel: the K-

shell orbit and the critical angle i|r1, and the L^-shell orbit and the 

incident angle 0 U 3 
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Table III Se and related parameters for 1, 1.5 and 2 MeV protons in < 100 > 

Si. E is in the unit of MeV and S in keV//zm. i|r1 = (2Z,2L2e
2/dEI)"

J. 

Ei SR Sc(0) Sz_4 ot Zjoc Sc(i|f1) 
Sz-10 0L2.3 tyl 

1.0 43.1 26.5 23.3 0.38 4.5 37.2 45.1 0.47° 0.49° 

1.5 34.9 21.1 16.8 0.40 5.5 29.5 32.3 0.38° 0.45° 

2.0 28.1 16.3 13.3 0.42 5.2 21.2 25.4 0.33° 0.40° 
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ion beam is out of the critical angle, indicating that the energy straggling of the 

random peak is determined by the fluctuations in the energy loss processes [Bo48, 

Li54, Bo67, 71]. The broadening of its FWHM with 0 * i|r, is also caused by the 

cross talk between the random and the channeled ions. The probability of the 

accidental channeling of the random ions is much enhanced when the incident angle 0 

is within the critical angle i|r,. Table IV shows the energy straggling data and the 

calculated zloc from these data for 1.0, 1.5 and 2.0 MeV protons. The measured 

standard deviations, nc and nR, are quite consistent for protons of 1, 1.5 and 2 MeV. 

The Bohr estimate of Eq.(II.18) gives the standard deviation of the energy in a 

random direction as = 8.3 keV for protons passing through 3.75 ĵ m of Si. 

Replacing by Zloc in Eq.(II.18), one gets the energy straggling in the hyper-

channeling condition, which is given in Table IV as n ^ . nc = 4.4 keV if Z2 in 

Eq.(II.18) is replaced by Zval = 4. Although and nc.A are smaller than the 

measured nR and nc, respectively, they qualitatively agree with the 

data. Eq.(II.20) predicts that the energy straggling is proportional to [p(R)]1/2. 

However, the measured standard deviation is also larger due to the cross-talk. All 

the spectra were fitted using the program SKEWGAUSS [Ma91]. The fitting error 

was kept below 3% except for the random peak with 0 t i|r1/2 and the channeled peak 

with 0 ^ t|r1/2. The fitting uncertainty becomes larger with the diminishing of the 

peaks. It has been tested that the optimal calculations of the programs of 

SKEWGAUSS and PeakFit give very close fitting results. 
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Figure 23 The FWHM of the channeled and random peaks for MeV protons in 

(100) Si. The energy peaks were fitted as Gaussian peaks using 

SKEWGAUSS. The fitting uncertainty was kept below 3% except at 0 

b i|r1/z where it went up to 15% due to the diminishing of the channeled 

peak, a) 1 MeV, b) 1.5 MeV and c) 2 MeV. 



92 

"T I 1 1 1 1 1 1 1 1 1 | , , r 

t a) 1 MeV p+ 

40 

3()t 

20 

10 

50 

40 

30 

20 

10 

El 

11 

: b) 1.5 MeV p* 

j——i—l ! • « » 
c) 2 MeV p+ 

-J 1 1 L_ 

Random Peak 
Channeled Peak 

•J « 1 1 1—J i L -1 1 1 1 1 1 L_ 
- 0 . 8 - 0 . 4 0.0 0.4 0.8 

Angle to Channel (degree) 



93 

Table IV The energy straggling results of 1, 1.5, 2 MeV protons in < 100 > 

Si. nE = (AE
2 - A,2)"2, where E means R or C. 

Ei A, Ac AR n c "R Ĉ-th 

MeV keV keV keV keV keV keV 

1.0 19.5 24.4 30.4 6.2 9.9 4.7 

1.5 12.4 20.5 25.4 6.9 9.4 5.2 

2.0 12.2 19.0 25.4 6.2 9.5 5.0 
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Angular Dependence of Ion-induced Electron Emission (IIEE) Yields 

Here we present the results of 1 MeV protons channeled along the < 100> 

direction of a thin silicon foil. Fig. 24 shows the experimental data for energy loss 

and the corresponding backward, forward and target IIEE yields versus the incident 

angle relative to the < 100 > axis of a silicon foil. Here, the energy loss is taken as 

the centroid of the entire transmitted spectrum. This is done so that the Schou's IIEE 

theory can be compared with the experimentally measured results. As the alignment 

of the proton beam approaches the < 100 > axis, all the counting rates decrease and 

reach minimum yields when the crystal is perfectly aligned. The Meckbach 

parameter, defined by Eq.(II.26), II was found to be 2.21 in this work. 

Experimentally, A is determined by the ratio of the total IIEE yield and the electronic 

stopping power. In order to fit the data, other modifications to the Lindhard formula 

were also made. Se was replaced by the ZBL [Zi85, Zi90] semi-empirical value since 

the Bethe-Bloch formulation [Be30] over estimates the stopping power. Second, the 

Lindhard value of was replaced with the experimental value, e.g., 0.51°, since the 

Lindhard model [Li65] under-estimates the critical angle. By such modifications of 

the model, we see that the semi-empirical formula fits the experimental data quite 

well. In Fig. 24, the theoretical curves of the IIEE yields are obtained from 

Eqs.(II.23 - 25) using the experimental value of 0 (jS = 0.31) and the fitted value of 

S6. The A parameter is obtained by using the experimental total IIEE yield divided by 

the fitted Se value. The theoretical code used to calculate Se is TRIM. Of course, the 

absolute value of Se is dependent on the thickness determination which in turn relies 
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on the accuracy of the TRIM calculations. 

The energy loss was measured using a SSBD with a better energy resolution 

than the one used in the dE/dx and n experiments discussed in the earlier sections. 

Instead of showing two separate peaks, the detected energy spectra progress from a 

sole low energy random peak with misalignment to a broad distribution in energy 

resulting from the two populations at about i|r1/2> where the two peaks show 

comparable heights. The difference between the total peak and the random peak 

spreads broadly over energy. This suggests that the feed-in and dechanneling 

phenomena compete and both broaden the peak. The energy of the transmitted ions 

in this work is taken as the centroid value of the total spectrum, including random and 

channeled ions. The precise value of the average energy of ions transmitted within 

the detection solid angle will depend upon the details of the marginal distributions of 

channeled and random ions. It is interesting to observe that the relative changes of 

IIEE yields are approximately equal to the change of the electronic stopping power in 

the channeling condition, which is found to be about 0.62 (Fig. 25). This is in 

agreement with the modified Schou's theory [Sch80, Rot92] because the IIEE yields 

are proportional to the stopping power. The Meckbach parameter is then a constant 

during the rotation, implying it is energy dependent but not orientation dependent. 

It also is worth noting that all the IIEE yields share half angles bigger than 

that of Se. This is the main reason that the Lindhard value of t|r, is replaced by the 

experimental value to give a bigger half angle for the IIEE yields. If the IIEE yields 

were strictly proportional to the electronic stopping power, all quantities would share 
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Figure 24 Experimental data for energy loss and the corresponding backward, 

forward and target IIEE yields for 1 MeV protons verses the incidence 

angle relative to the < 100 > index of silicon foil. The half-angle of 

RBS is 0.35°. 
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Figure 25 The relative change of energy loss and the corresponding backward, 

forward, and target IIEE yields, for 1 MeV protons verses the 

incidence angle relative to the < 100 > index of silicon foil. The half-

angle of RBS is 0.35°. 
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the same half angle. This discrepancy may be due to different pathways for the 

development of the electron cascade for primary electrons generated near the center of 

the channel versus those excited near the core of the target atoms. The electrons 

liberated when the ion is incident near the channel axis appear to be less effective in 

producing successive electrons than those electrons produced by ions incident far from 

the channel axis. Thus there may be an angular dependence of the material 

parameter, A. Alternatively, the effect may be due to the details of the partition of 

the ions between random and channeled distributions. This possible effect deserves 

further investigation. 

Experimental Factors 

There are several factors that contribute favorably in the present observations. 

The first factor is to maintain a low counting rate in the silicon surface barrier 

detector. The counting rate was maintained about 100 Hz. If the ion beam current 

was not reduced sufficiently, the transmitted spectrum would have a long low-energy 

tail and the peak width would be larger. The detailed information would be obscured 

and the two peaks would appear like one. A continuous dependence of incident angle 

would thus be obtained and results similar to Jin's [Ji86] would be found. For 

comparison, Fig. 20 also gives the Se of 1 and 2 MeV protons in the < 100 > axial 

channeling in silicon. For these measurements, the detector had a resolution of 15 

keV for a particles, and Se was determined as the centroid of the two peaks. Also, 

the energy resolution of the Si surface barrier detector (SSBD) should be as high as 
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possible. The SSBD used in this work gave an energy resolution of 10.0 keV for 1 

MeV protons. 

There are two other factors that relate to the experimental arrangements. One 

is the direct measurement of the transmitted ion beam instead of detecting 

backscattered ions from a thick gold foil after the crystal. A gold foil will provide 

the right energy information, but the straggling in the gold foil and large acceptance 

angle will deteriorate the width of the detected peak. Another key point is that 

channeled ions are confined in a cone of emergent angle while the random ions are 

more widely scattered with larger angles. It would be difficult to reveal the two-peak 

information if the acceptance angle is not small enough. At 0 = 0.19°, decreasing 

the defining slit width from fully open to 0.2 mm changes the ratio of channeled to 

random peaks of 1.5 MeV protons from 0.6 to 1.1. The ratio becomes 1.4 when the 

slit is changed to a 1 mm x 1 mm aperture. This is also consistent with observation 

of Appleton et al. [Ap67] that the energy loss of the transmitted ions increases with 

the emergence angle. 



CHAPTER VI 

DATA REDUCTION AND ERROR ANALYSIS 

The physical quantities that were measured in this work are the RBS and IIEE 

yields and the energy of transmitted particles. All the presented variables are 

obtained from direct measurements and peak fitting. There are only two contributions 

to the errors in this work. One is the energy calibration. The other comes from the 

TTF-F. measurements. The absolute error in the energy determination is estimated at 

±5 keV. This corresponds to a relative error in the energy loss calibration of 

±0.5%. The standard deviation of the centroid of the distribution is estimated to be 

approximately ± 100 eV. Thus, the estimated relative error in Se is approximately 

1 %. The sources of error mainly come from the instability of the Generating 

Voltmeter (GVM) mode, the width of the slits and the accuracy of energy calibration 

of the SSBD. For IIEE measurements, from repeated trials, the measurement 

precision in y was estimated to be about 3% which mainly come from the insufficient 

coverage of the collectors and the leakage current in the circuits. In all experiments, 

the vacuum in the target chamber region was kept below 3 x 10'8 Torr. It is 

demonstrated that for pressures less than about 10"8 Torr the saturated yield differs 

from the clean carbon yield by less than 1% [Ar93a]. From this result, it is 

speculated that the error that arises from the vacuum-effects may not exceed 3% in 
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the IIEE yields measurements. 

Suppose F is a function of (x, y, z): 

F = F(x,y,z), (VI. 1) 

the variance of F may be written in the form [Be69]: 

4 - ( | , (VI.2) 
ox ay dz 

where ax is the variance in x, ay is the variance in y, a1 is the variance in z. For the 

purpose of reference, some presented variables and their error estimates are listed 

here. 

i) Gaussian distribution: If the area A, the height Ht and the center of the peak 

x are known, one can construct the Gaussian distribution as 

y - , (VI-3) 

2 o2 

where a is the standard deviation of the Gaussian distribution and 

Ht = — — . (VI.4) 

The standard deviation in area has a relationship with the variance in height and the 

variance in full-width at half maximum (FWHM) as follows: 
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2 2 
°Ht ^ aFWHM ( V I . 5 ) 

•L"L * mmmmmmmmmmmmmmmmmm 

Ht1 FWHM2 

ii) Energy loss may be obtained from the energy difference divided by the 

thickness of the target foil: 

dE e I ~ E
E 

dx Ax 
(VI. 6) 

Here, E, and EE are the incident and the exit energies of the ions, respectively. The 

energy loss can be calculated for a random or channeled peak separately. The 

standard deviation of the variable is the square-root of its variance: 

S. 

'I~LE 

l"2 • (vi-7) 

The variance of incident energy is taken as the variance of the center of the incident 

peak and the variance of the center of the random or the channeled peak. 

iii) Energy straggling: the FWHM of either the channeled or the random peak 

can be used to extract the energy straggling of the particular peak. The measured 

variance is the quadrature abstraction of the emergent peak and the incident peak: 

- 4 - a? , <vi.8) 
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The measured standard deviation has the form: 

*2 2 . A* 2 W A po a * + A,Oa 
°A = t " 2 . * 1 . <V I-9 ' 

a ^ - A J 

where the a ' s are the standard deviations of the centers of the peaks and the A's are 

the standard deviations of the widths of the peaks. If the channeled and the random 

peaks are taken as Gaussian peaks, the standard deviation of a Gaussian peak can be 

expressed: 

q = F W H M = 0.425FWHM (VI. 10) 
v/8In2 

iv) Fraction of channeled or random peak: here, the two fractions are 

mathematically taken as complementary. One should bear it in mind that this 

experiment did not cover all the transmitted particles from the target. There are more 

random particles than the channeled ones that are not detected with the detector slit or 

aperture settings. 

Fc + Fr = 1 , (VI. 11) 

where Fc and F„ are the channeled and random fractions in the transmitted peak. 

Fr = — — — , (VI. 12) 
* Am+A„ 
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where AR is the area of the random peak and Ac is the area of the channeled peak. 

The standard deviation can be written as 

_ Jji o l + F i a 
(vi.is) 

(AR+AC)2 

v) Normalized stopping power: the normalized stopping power is defined as: 

A = V0M*-&Mc = EW-EJM ( V I 1 4 ) 

V W c e c - E n 

where the subscript N means the value of the random peak outside The standard 

deviation may be represented by two terms: 

Q2 = Jo1 • +o2. ( V I - 1 5 ) 
A y major u minor 

where 

2 
^ major 

OEr(Q)2-OEtm
2 

(VI. 16) 
< W 

and 

[£c<e)-£«<0)]2 [O£c(0)2-O£,(0);] , V I 

< W ~ ( E c - E / 
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Typically, ^ minor is about three orders in magnitude smaller than major- ^ practice, it 

is acceptable if is neglected. 



CHAPTER VII 

CONCLUSIONS 

The transmitted energy loss in the channeling condition shows anomalous 

behaviors. The spectra are clearly divided into two peaks: the channeled and the 

random peaks. It is clear from the present observations that the channeled peak can 

be well resolved and has a discrete Se as a function of incident angle. Consequently, 

the transition from random to channeling is not continuous and the angular width of 

the Se dip is wider than Lindhard predicted. There are several observations that may 

be made from this work. First, the channeled energy loss shows a local electron 

density (LED) dependence as the crystal rotates closer to the channeling direction. 

Second, the energy widths of the channeled peaks are consistently smaller than the 

random peak. The perfect channeled spectra indicate that the channeled peaks are of 

Gaussian nature since the difference from the total spectrum to the Gaussian peak is 

negligible. The energy width of the channeled peak versus the incidence angle 0 

shows the dependence of the angular settings of the foil, thus on the LED. 

For the first time the experimental determination of the energy loss and 

corresponding IIEE yield measurements of 1 MeV channeled protons in the < 100> 

direction in silicon foils as a function of incident angle are observed. From the 

present arrangement, all the observed quantities exhibit a minimum in the channeling 
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condition. The relative change of the transmitted energy loss of protons and also the 

TTF.F. yields are approximately equal. This implies that the yields of IIEE (backward, 

forward, target) are, to first order, proportional to the stopping power, both in the 

misaligned and the channeling condition. Other higher order effects may be present, 

however. It appears that Schou's theoretical model [Rot92] holds with this ion-target 

combination at the energy used in this experiment. Further work is planned that will 

examine a wider energy regime of different ions, the sample quality and thickness, 

and possible higher order effects. It is has been observed that the ion-induced 

electron emission (IIEE) shows a wider angular width [Zh93a]. This is inconsistent 

with the present result if one takes the conclusion that the IIEE yields are proportional 

to the electronic stopping power. 



APPENDIX I 

A SAMPLE INPUT FILE FOR THE PROGRAM MARLOWE 

TEST PROBLEM 1: ARSENIC = = > (SI, DIAMOND, B DOPED) 

DETAILED TRAJECTORIES, PENETRATION DEPTH, HALF-ANGLE.... 

$MODL TERM=F,LEVEL=4,LORG=6,ICHAN(1)=500,ICHAN(2)=500, 

ICHAN(3) =20,SURFCE= 1, VPR=F,THERM=F,TIM(3)=F,$END 

$XTAL ALAT=5.43,CENTRE=6,RZ(1,1) =0.0,RZ(2,1) =0.0,RZ(3,1) =0.0, 

RZ(1,2) =0.25,RZ(2,2) =0.25,RZ(3,2) =0.25, 

NEWS = 1,$END 

$ATOM LOCK( 1) = 1 ,LOCK(2)=-1 ,NTYPE=3,TYPE='SI\'ASB', 

W=28.0855,74.92159,10.811,Z= 14.0,33.0,5.0, 

INEL=0, EBND=2 *0.5, EQUIT=2 *4.5, $END 

$ORDR ORDER(l ,2) =0.999,ORDER(3,2)=0.001 ,$END 

$SURF SIDEA=5.43,SIDEB=5.43,$END 

$SIZE RB=0.25,0.25,$END 

$OUTP LCS = 1,INFORM=5*T,$END 

$XTRB SIZE=0.5,ION=5,LION=1, 

RION(l, 1) =0.0,0.0,0.0,1.0,0.0,1.0, 

RION(l ,3) = 1.0,1.0,1.0,1.0,1.0,0.0, 
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RI0N(1,5) = 1.0,0.5,0.5, $END 

$PROJ MAXRUN=1000,PRIM=2,LEAP=20,LAIP=2,RAIP=0.5,0.25,0.0, 

REFIP=0.75,0.25,0.25,LRIP=2,EKIP=1000000.0,$END 

$PROJ EKIP=1500000.0,$END 
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