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Abstract

RESO NANT NUCLEAR REACTION ANALYSIS  
OF SOLID STATE M ATERIALS

by

DONG YAN 

Advisor: Professor Peter M. S. Lesser

We have explored the application of resonant nuclear reaction analysis 

(RNRA) to the characterization of solid state materials. A wide range of 

subjects, from semiconductor physics to electro-chemistry, has been included in 

this study. We have shown that, with a proper choice of resonance and careful 

normalization, RNRA can be far superior to conventional ion beam analysis 

using Rutherford backscattering.

7 7  7X
The 0.992-MeV resonance in the reaction “ Al(p,y)~ Si was used to 

measure the aluminum composition, x, of AlxG a lx As samples on GaAs 

substrates. It was shown that the RNRA determination of x was substantially 

free of corrections and best represented the true bulk value. The relation 

between energy gap and composition was established by correlating RNRA
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results to low temperature photoluminescence measurements. We also observed 

the transition from direct to indirect band gap at a composition x=0.37.

The 0 .4 4 1-MeV resonance in the reaction 7Li(p,y)sBe was used to profile 

the lithium depth distribution in electro-deposited amorphous M oS, thin film 

samples. The absolute amount of lithium detected was in close agreement with 

electro-chemical calculations based on charging conditions. This measurement 

provided an independent verification of lithium intercalation in amorphous 

MoS,.

The 3.05-MeV resonance in the reaction 160 ( a , a ) l60  was used to detect 

oxygen in TiC and WC superlattices on silicon substrates. Oxygen was found 

throughout the TiC samples, but only at the surface of W C samples. These 

observations were in agreement with Auger and electron energy loss 

measurements. The absence o f  oxygen at interfaces in W C superlattices 

suggests that they will be quite stable at high temperatures.

The 0.992-MeV resonance in the reaction 27Al(p,y)28Si was used to 

measure the energy loss and straggling of channeled 1-MeV protons near the 

((X)l) channeling direction in silicon. The measured angular dependence of the



energy loss agreed very well with earlier results, and the straggling parameter 

showed an interesting angular-dependent behavior which could largely be 

attributed to an "averaging" effect of partially channeled ions.
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Chapter One

Determination o f  Absolute Aluminum Concentration in Alx(Ja,_xAs 

Introduction

The AlxGa|_xAs material system (where (><x< 1) has been the focus of a 

great deal of study as one of the most promising among new types of 

semiconductor materials. Applications include devices such as cw room 

temperature lasers*11, quantum well lasers*21, modulation doped high electron 

mobility transistors*1’, and high efficiency solar cells*4,5*, to mention a few. As 

with many other ternary alloys, the electronic and optical properties of such a 

material, and therefore the properties of the devices made from it, depend 

strongly on the alloy composition x. For example, the energy gap of GaAs 

(x=0) is 1.42 eV (direct band gap material), that of AlAs (x = l)  is 2.95 eV 

(indirect band gap material). It is relatively easy to detect even a fraction of a 

percent change in x by optical techniques such as photoreflectance (PR) and 

photoluminescence (PL), which measure the fundamental energy gap, Eg, of the 

material to within a few meV. Other techniques, such as Raman scattering 

spectroscopy (RSS), are also sensitive to composition. However, the relation
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between fundamental energy gap and alloy composition for these (secondary) 

optical techniques, or phonon frequency versus alloy composition for RSS, must 

be determined experimentally. A linear interpolation between the values of the 

two end-points (x=() and I) is generally incorrect. Without an independent 

calibration, the optical techniques are limited to detecting relative changes in the 

alloy composition only, not the absolute amount. Even when such a calibration 

is established by some primary technique, the precision of optical measurements 

cannot exceed that of the primary technique.

Prior to this study, the most widely accepted primary technique for 

determining alloy composition, x, was the electron x-ray microprobe (EM) 

measurement of the x-ray intensity (yield) from Al and/or Ga and As atoms.*6' 12* 

Because of the strong absorption process involved in the interaction o f  x-rays 

with matter, EM requires complicated correction procedures to account for the 

change in x-ray yield due to so-called "matrix effects." It is also a very 

time-consuming technique. Another widely used technique. Auger electron 

spectroscopy (AES), requires layer removal (by sputtering) to eliminate surface 

oxides and other impurities which interfere with the AES measurements.*12 141 

However, the surface-sensitive AES may very well see an alloy composition 

quite different from that of bulk epilayer because of sputtering-induced surface
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changes. Secondary ion mass spectroscopy (SIMS) can also be used to measure 

alloy composition. This destructive technique provides great depth sensitivity 

but its determination of absolute quantity is poor. The scatter of values for the 

relationship between Eg and x for AlxGa, xAs in the existing literature, not only 

between different techniques, but also between different laboratories using the 

same technique, is a good indication of the systematic errors hidden in these 

measurements. For example, the change in fundamental energy gap with 

composition, AEg/Ax, has been reported by different authors to be from 12.5 

meV/% ,y| to 16.1 meV/9f.111,1 Since the optical techniques are well understood, 

the major contribution to the spread in values is likely to come from 

uncertainties in the determination of alloy composition.

Recently, the method of resonant nuclear reaction analysis (RNRA, 

sometimes also referred to as nuclear reaction analysis, NRA), together with 

Rutherford backscattering spectrometry (RBS), has been demonstrated to be a 

very promising technique for the depth profiling of an epitaxial layer of 

AlxG a lx As on GaAs.115,161 By utilizing the very strong and sharp (p,y) 

resonance on 27A1 at Ep = 0.922 MeV, the depth distribution of the A1 

concentration in AlxGa|_xAs can be precisely determined.1151 The same 

technique, with some modifications, can be used to measure the aluminum
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composition absolutelyJI7,IS' Ions with energies in excess of ~ 0.5 MeV are, to 

a large extent, insensitive to surface conditions and details of the sample’s 

electronic structure. With a penetration depth of the order of 1()4 A, the alloy 

concentration determined this way represents the true bulk value. The energy 

of the y-rays produced in the 27AI(p,y) reaction is of the order of 10 MeV and 

the sample is completely transparent to these y-rays. Although the 

measurements are very time-consuming, data obtained from this nuclear 

technique are quite free of complicated, ambiguous corrections and other 

calibrations and/or data-modeling difficulties, and thus provide a very reliable 

absolute determination of x. Once the secondary optical techniques have been 

calibrated, their full power can be used to obtain fast and accurate 

determinations of the alloy composition. The same approach can also be applied 

to other important semiconductor materials containing aluminum, such as 

AlxG a lx Sb and AlxIn|_xAs.
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Background

Many light isotopes (A<40) exhibit strong, sharp resonances in elastic 

scattering and/or reactions with protons (H+). In particular, for those whose 

masses are one less than a magic number, i.e., closed shell or subshell for 

protons (7Li, ‘^N, 19F, 27AI, etc.), the (p,y) reaction is energetically favorable 

because it leads to a much more stable nucleus. The large positive Q-value 

results in formation of the final nucleus at very high excitation energy and its 

subsequent decay to the ground state is accomplished by the emission of one or 

more high-energy y-rays. Figure 1.1 shows the cross section as a function of 

incident proton energy (excitation curve) for the reaction 27Al(p,y)2xS iJ 14' One 

of the strongest isolated resonances occurs at a laboratory proton energy of 0.992 

MeV. Most o f  the peaks (resonances) in this reaction have accompanying y-rays 

of energy about 10 MeV, a region that is well above natural background 

radioactivity.

The y-ray yield from the 27Al(p,y)2xSi resonant reaction is proportional to 

the number of aluminum nuclei in the target material. If a resonance is strong 

and well isolated and narrow enough, it can be used to probe the depth
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distribution of aluminum in a sample owing to the fact that the incident proton 

beam loses energy as it penetrates the target. Thus, the resonant yield of y-rays 

occurs only for a very narrow (in depth) region of the target in which the proton 

energy is "on resonance" and the aluminum is detected exclusively within that 

narrow region. The region to be sampled within the target can be moved to 

greater depth simply by increasing the incident beam energy. The depth 

resolution of this method, near the sample surface, is determined by the width 

of the resonance; deeper in the sample, the depth resolution is limited by energy 

straggling of the incident beam. With a suitable resonance, the sensitivity and 

depth resolution of the resonant reaction technique is far better than conventional 

RBS, whose depth resolution is limited by the detector resolution, which is 

typically ~ 20 keV. Thus, for the purpose of high-resolution depth profiling, the 

27Al(p,y) reaction is superior to RBS. However, simultaneous RBS 

measurements may be useful in providing a more reliable normalization than 

direct beam current integration. The proportionality of the y-ray yield to the 

number of aluminum atoms can be utilized, together with RBS, and a careful 

normalization procedure, to measure also the absolute alloy composition in 

AlxGa,_xAs. Since most of the systematic errors are canceled completely by the 

normalization procedure, the resulting determination o f  alloy composition does 

not depend on complicated corrections. The precision of this method can be
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made close to \ ck  in the alloy composition.1171X1

Another feature that makes RNRA superior to RBS is its high sensitivity 

to light nuclei. It is well known that RBS is best suited for heavy (high atomic 

number) impurities residing on surfaces of light substrates. In such a 

configuration and under optimal conditions, RBS can detect a few monolayers 

of surface impurity or 0.1 c/c  in the bulk. On the other hand, determination of 

light elements in the presence of heavy elements by RBS can be a very tricky 

and difficult business. The mass resolution of RBS is not very good, unless it 

is in the light mass (and therefore not so sensitive) region. For example, a ~ 1 

MeV proton beam cannot distinguish signals from Ga and As. RNRA has no 

such limitations.
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Basic Formalism

Let Yy be the (p,y) reaction yield and YKRS the RBS yield, respectively. 

For an incident beam with a Gaussian energy distribution much wider than the 

resonance width120',

where E(z), Q(z) are the beam energy distribution parameters (centroid and 

width) at depth z, EK is the resonance energy, and p(z) is the density of 

aluminum atoms at depth z. Among the proportionality constants are the 

detector efficiency and geometry factors, magnitude of the cross section, 

integrated beam current (dosage), etc. For our purpose we require that the 

whole width of the resonance be within the sample AlxGa,_xAs layer, and that 

the aluminum concentration be constant within this layer, so p(z) is a constant 

proportional to x, the alloy composition. Therefore,

where E() is the incident beam energy. Further, the stopping power dE/dz is a

( 1 . 1 )

I)

( 1.2 )



] ( )

slowing varying function of energy (and, therefore, depth as well), so, to a very 

good approxim ation.

Y oc
y

dE
dz

I
(1.3)

-E=E„

For the RBS yield within a backscattered energy window (region of 

interest, or RO l) of Ê ' and E,', we have'21',

/:2C>

Y OC 
KBS /

£,(=>

7 2 7 2 
p G a Z G a +pA.\ As

1 d E '

J E 2 dz
dE

(1.4)

PG a Z Ga +PA s Z As
E E v E 2)

where Z is the atomic number. In Eqn. (1.4) the Rutherford cross section is 

separated into two parts, the Z2 dependence and the 1/E2 dependence, and

/:2U)

/ (£ r £ 2> * /  -h
dE

-I

dz
dE (1.5)

represents the integral of the reciprocal stopping pow er and includes the 1/E‘ 

dependence over an energy range of E, to E2 (energy before scattering) 

corresponding to the end-point energies of the ROl. As m entioned earlier, RBS 

cannot separate the signals from Ga and As, so both are included in the integral.
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Both the reciprocal stopping power (dE/dz) 1 and integration limits E ,, E2 will 

depend slightly on alloy concentration.

We define a double ratio, R, to be the ratio of y-ray yield to RBS yield 

o f a sample with com position x to that o f a standard with known com position 

x„ (normally AlAs, x0= l) .

R =.
Yy  1 YRBS

Yy  1 fyflSj.v,,

Because p A! «= x, pCa <* l-x , p As«  1, and using Eqn. (1.3), we have

( 1 .6 )

dE
dz

R  =

dE
dz E=Er j „

2 2z ;  + d-.v)
As Ga

2 2 Z f  + (1 -  v ) Z^7 
As  " Ga

(1.7)

or

(1 +B)R
A \ l + B ( \ - x lt) \ / x 0 + B R

where

( l . H )

/ \ / \
' d E ' /

' x
' d E '

7*0 dz / dz X\ V r /

(1.9)
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B = 'Ga /  ZAv = 0.KK246 ( 1 . 1 0 )

and I , I are the integrals of Eun. (1.5) for sample (x) and standard (x0), 

respectively.

W hen x„=l,

( I +B) R
A + B R

( 1 . 1 1 )

The only correction term here is A, which itself is a ratio of integrations of 

stopping powers and Rutherford cross sections. The stopping powers for all

I T ”) I
elem ents have extensive tabulations in the literature, such as that o f Ziegler.1" 1 

The accuracy o f these tables is about 59f. The stopping power o f a compound 

such as A lxGa, xAs is related to its com positional elem ents by B ragg’s additivity

law:120'221

\dE1 r î + ( 1 - 0
Al

\d E  1 \dE 1
dz Alx G a \ -xA s  " V dz dz

+

Ga dz
( 1 . 1 2 )

As

Figure 1.2 shows the stopping pow er o f AlxG a l xAs for various alloy
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com positions, x, based on ref. 22. Since A is a ratio of stopping power over a 

narrow range of energy, most of the uncertainties associated with the tabulation 

will cancel, resulting in A being very close to unity. This normalization scheme 

works well in this particular case because the sample and the standard are very 

closely matched in term s o f atomic density and stopping power.
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Figure 1.2 Stopping power of H+ in AlxG al xAs as a function of 
energy (x=(), 0.2, 0.4, 0.6, 0.8 and 1). From Ref. 22.
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Details o f Sample Preparation

All samples for the absolute x m easurem ent were grown by metal-organic 

vapor phase epitaxy (M OVPE). They consisted o f high quality A lxGaj xAs films 

grown on GaAs substrates oriented | l(X)| —> 2" 111()|. Some samples grown by 

liquid phase epitaxy (LPE) (most of them with high x) were also used. The 

alloy com positions covered most of the region from 0 to I, except for very low 

(<().!) and very high (>().X5) values of x. Thicknesses o f these samples ranged 

from 0.8 pm to about 3 pm. The AlAs crystals (standards) were either 2 or 3 

pm thick. All samples underwent low temperature (2K) PL m easurem ents and 

had their alloy concentrations determ ined by EM prior to ion beam analysis. 

They then were treated by ion im plantation to destroy their perfect crystallinity. 

This was necessary in order to elim inate strong channeling behavior which 

would greatly affect the ion beam measurements. The ion im plantation was 

done at room temperature in two steps: 1) 80-keV Ar+ ions at a dose of lx l ( ) |S 

cm 2, followed by 2) 150-keV Ar+ ions at a dose of 3x10 15 cm  2. The AlAs 

crystals were given a GaAs cap layer, ranging from 1(X) to 250 A thick, to 

prevent them from deteriorating from oxidation before and during study. Some 

of the AlAs samples were also coated with a layer of SiN2 (~ l(XX)A).
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Details o f Experim ental Setup

The ion beam determ ination o f absolute x concentration was done using 

the Brooklyn College Dynamitron accelerator (Fig. 1.3). It is a single-ended, 

3.75-M V electrostatic accelerator with a beam energy resolution of about 2 keV 

and is capable of producing up to 2mA of beam current. For the present 

analysis, an Fl+ (proton) beam of ~ 1 McV energy and a current of ~ 1 (K) nA 

was used. In the beam transport system, after leaving the accelerator, the beam 

passes through electrostatic quadrupole (focusing) and electrostatic steering 

plates before entering the energy selecting magnet. The magnet has a pair of 

slits at its two focal points which restricts the passage of beam. The image slits 

are also connected to the slit feedback system which regulates the energy of the 

accelerator. A second magnet switches the beam to one o f the three beam lines. 

The beam then passes through a magnetic quadrupole focusing unit and a pair 

of slits (6 mm and 1 mm) before finally getting into the target cham ber. The 

resulting beam on the target sample was about 1 mm in diameter. The whole 

beam path, including samples and particle detectors, was maintained at high 

vacuum (10 6 to 1 0 7 Torr) by turbo-m olecular and cryogenic pumps. A liquid 

nitrogen cold sleeve was near the target cham ber to help reduce carbon build-up
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on the target.

Up to 4 pieces o f A lxG alx As and/or AlAs could be mounted at one time 

on the target holder, a ~ 1/2 inch square copper block, which was at the center 

of a 17-inch scattering cham ber and connected to the shaft of a rotational 

vacuum feed-through, allow ing different samples or different orientations of the 

same sample to face the incident beam (Fig. 1.4). The smallest step size 

achievable on the feed-through was about 0.5°. To avoid the possibility o f the 

beam partially m issing the target, for samples sm aller than about 4x4 m m 2, it 

was necessary to cover the sample with a piece of high purity (99.99% ) tantalum 

sheet, exposing sample only through a small circular hole at the center o f the 

tantalum . The heavy mass and high Rutherford cross section o f tantalum 

allowed quick identification even if only a small am ount of beam was hitting the 

tantalum  outside the sample. The sample block also served as the target current 

collecting device (Faraday Cup). No attem pt was made to suppress the 

secondary electron em ission to get a more accurate current reading, since it was 

not used as the norm alization for data analysis.

Two silicon surface barrier detectors were used to collect backscattered 

particles (protons). These were placed at ±172.5° with respect to the incident
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Figure 1.4 Schematic representation of the target cham ber (top 
view).
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beam direction. The com bination o f detector aperture and distance gave a solid 

angle of about 0.3 msr each, with a counting rate of about 60(X) counts/second. 

The y-ray detector was a standard 3x3 in. Nal(TI) crystal positioned outside the 

scattering cham ber on top o f the target assembly. It was placed as close to the 

beam spot as possible (~ 1/2 inch), giving a solid angle of alm ost 2n  steradians. 

The counting rate of the y-ray detector for an AlAs sample was about 1(H) 

counts/second, within an ROl of 5 to 12 MeV. Background was virtually 

absent.

Figure 1.5 shows the electronics block diagram. Each of the detectors 

was accom panied by a bias supply, a pre-am plifier and a main amplifier. The 

pre-am plifier was adjacent to the detector to perform  prelim inary amplification 

and shaping before signals underwent a lengthy co-axial cable transm ission (~ 

3(X) feet) from the accelerator vault to the control room. The main am plifier 

was responsible for further shaping, filtering and am plification. The pulses were 

finally collected in m ulti-channel analyzers (M C A ’s), where each pulse was 

accumulated according to its pulse height, which is proportional to the energy 

of the particle striking the detector. For each AIxGa,_xAs sample analyzed as 

well as each AlAs standard, both RBS and y-ray spectra were taken 

simultaneously. An IBM PC was linked to the MCA to facilitate data storage
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and retrieval. The data acquisition system included software (modified by the 

author) for both on-line and off-line analyses of data.
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Details o f Experim ent

For each sample analyzed, the AIxGa,_xAs epilayer thickness was first 

determ ined by ion beam methods. This was more reliable than relying on the 

(nom inal) thicknesses given by the sample grower(s). Knowledge o f the 

thickness was required in order to select the best beam energy to use and to

7 7  7X
determ ine whether corrections from other resonances o f the~ Al(p,y)“ Si reaction 

were necessary. For higher values of x (>45% ), RBS gave an adequate estimate 

o f the alum inum  layer thickness. For lower values of x it was necessary to use 

the 0.992-M eV  27Al(p,y) resonance for depth profiling.1151. An effort was made 

to match the AlAs standard layer thickness as closely as possible to the sample

7 7
being measured, so that corrections from other Al(p,y) resonances were 

reduced to a minimum. Two energies were chosen for samples o f various 

thickness such that the 0.992-M eV resonance would be well within the 

AlxG a l xAs layer. These two energies probed som ew hat different regions o f the 

same piece o f material and often required different corrections for smaller 

resonances, if any. This served as a reliable consistency check as well as a 

check on the uniform ity o f the alloy com position throughout the layer.
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The actuul runs consisted of taking data alternately on the 4 samples 

mounted on the target holder by remotely rotating the vacuum feed-through. 

Each sample required I to 10 minutes of running time, depending on the amount 

of alum inum  in it. Each time a slightly different target orientation relative to the 

incident beam was chosen, up to ±10", to watch for possible remnants of partial 

channeling effects. A typical RBS spectrum is shown in Fig. 1.6 and a y-ray 

spectrum in Fig. 1.7.

For the data analysis, all runs on the target were averaged, and then the 

corrections from  other small 27AI(p,y) resonances were applied to the y-ray yield, 

if applicable. A double ratio was then formed as discussed earlier. These data, 

together with incident beam energy, etc., were fed into a BASIC program  to 

calculate the alloy com position. Because of the dependence o f stopping power 

on com position, and then to the slightly different scattering energies E, and E2 

(for a fixed window E^'and E,' on RBS), the program had to calculate values of 

E, and E2 , and then the projected value o f alloy com position, x. The procedure 

was then repeated (iterated) until a self-consistent solution was obtained. In all 

cases the correction factor, A, in Eqns. (1.8) and (1.11) was found to be between 

0.9976 and 1.0001, indicating that the correction was indeed very small.
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Discussion o f Errors and C orrections

Because we were aiming to achieve a 1 c/c determ ination in the absolute 

alum inum  com position, it was im portant to consider various factors that might 

have affected the results of our m easurem ents in a systematic way.

I ) O ther resonances in the 27AI(p,y)2xSi reaction

"7 *7 ”7 K
In order to be able to account for other resonances in the “ Al(p,y)~ Si 

reaction near 1 MeV, the relative yields of these resonances, namely those at 

0.923, 0.937, and 1.025 MeV, were measured on a GaAs sample with a thin 

layer (about 2(XX) A) of aluminum deposited on top of it, under exactly the same 

geom etry. These resonances correspond to different excited states in the final 

state nucleus Si, with different spin-parity assignments. They are likely to 

follow different decay schemes (branching ratios), leading to different y-ray 

spectra. Therefore not only the geom etry, but also the y-ray ROl m ust be 

m atched in order for the corrections to be m eaningful. The relative yields listed 

in Table 1.1 are for our geom etry and y-ray window for data analysis. Figure 

1.8 shows the excitation curve.
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Table 1.1 Relative yields o f 27Al(p,y)2xSi resonances near I MeV for our 
geom etry.

Resonant energy (MeV) Relative yield (arbitrary Units)

0.923 7.9X ± 0.13

0.937 11.74 ± 0.16

0.992 100.00 ± 0.53

1.025 12.94 ± 0.12

The correction for other resonances was based on the measured epilayer 

thickness (as determ ined by ion beam methods) and the incident beam energy. 

A very conservative approach was chosen so that, if there was any possibility 

that a resonance (with enlarged width due to straggling) m ight fall close to either 

the front surface or the interface o f the AlxG alx As epilayer for a particular data 

point, that data point was discarded. The estim ate on energy straggling of the 

incident beam at various depths was also very conservative, guaranteeing that 

rem aining data would be free of effects from other resonances.

2) Channeling

Data obtained at the beginning of this study were from high quality single
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crystal materials. Channeling of 1-MeV protons on these samples, as seen in the 

RBS spectra, was very easy to obtain. In fact, it was difficult, if not impossible, 

to avoid at least partial channeling. The channeling behavior made it difficult 

to get reliable results from both the RBS and the y-ray yields. W hile the biggest 

channeling dip around the |100 | direction could be avoided, partial channeling 

from other minor axes and planes would introduce errors that would far exceed 

our desired precision in the absolute x measurement, no matter what the angle 

o f the incident beam happened to be. In fact, 1-MeV protons are so "soft" that 

they can be easily "steered" into (partial) channeling. W e decided to use ion 

implantation as a means of destroying the sample crystallinity sufficiently so that 

channeling effects would be reduced to a minim um  and a truly "random" RBS 

could be obtained on these samples. There were two reasons behind this 

approach. First, a goniom eter with precise angular control of the target 

orientation was not available, so it was not possible to "average" over the minor 

channeling structures to get a random  spectrum , as it is custom arily done in 

many channeling experim ents. Second, it was not clear, either theoretically or 

experim entally, how a resonant nuclear reaction yield would change relative to 

RBS, under channeling conditions. Channeling is normally interpreted as the 

effect o f rows and colum ns of a crystal lattice forcing the particles incident near 

one o f the m ajor axes or planes to stay away from them. The channeled
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particles see a less crowded electron distribution and consequently experience 

a smaller energy loss. The change in stopping pow er implies that the y-ray and 

RBS yields will come from different regions o f the sample under different 

channeling conditions. For w ell-channeled ions, both y-ray and RBS yields will 

be reduced because of the smaller probability of close encounters with target 

nuclei. The current theory of channeling can predict the decrease in RBS yield 

at a channeling minimum by calculating the fraction of the incident particles that 

undergo close enough encounters (around 0.1 to 0.2 A) to result in large-angle 

scattering. Resonant nuclear reactions on light nuclei normally exhibit a sim ilar 

im pact param eter dependence though it is not identical to that for Rutherford 

scattering. More im portantly, the energy dependence o f resonant reactions is 

very different. Consequently, one cannot safely assume that the y-ray yield 

drops by the same percentage as the RBS yield. In fact, it was observed that the 

ratio of y-ray to RBS yields fluctuated as a function o f incident angle, up to 

about 10% (Fig. 1.9). It was concluded that the safest way to deal with this 

problem  was to elim inate the channeling altogether, by am orphizing the sample 

using ion im plantation. The implantation dosage was high enough to introduce 

dam age to the sam ple’s crystalline structure, but not enough to cause 

com positional change or alloy re-distribution that would affect the reliability of 

ion beam m easurements. It was estim ated that the m aximum temperature
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increase of the sample during ion im plantation (see Appendix) was about 100 

"C. This temperature is well below the temperature (~ X(X) (,C) at which 

significant atomic mobility occurs in AlxG a]x As. Depth profiles of the samples 

subsequent to ion implantation also showed that the A lxG a) xAs layer were in 

excellent agreem ent with what was expected from growth conditions.

Samples after ion implantation showed very little or no channeling behavior. 

However, the remnant fluctuation of the single ratio (about 5% in the worst 

case) still constitute the major contribution to the final error bars.

3) Straggling

As mentioned earlier, the incident beam energies chosen for com position 

m easurem ent were selected so as to avoid any possibility of the resonances 

extending beyond the sample epilayer, after taking into account the straggling- 

induced broadening effects. Straggling is therefore not an im portant factor.

4) Contribution to y-ray yield from 15N(p,y) and l9F(p,ay) resonances

The two isotopes, 15N and lyF, are well known to have large cross 

sections for (p,y) and (p,ay) resonances. The lsN(p,y) resonances are all far
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away from ~ I MeV and the corresponding y-ray energies are also too low 

(about 4 MeV, outside our y-ray energy window) to have any significant effects 

on our m easurem ents. However, we did observe the y-rays o f 15N(p,y) from the 

SiN 2 layer of AlAs sam ples by tuning the accelerator to the appropriate energies. 

The ,l,F(p,ay) reaction has many strong resonances with dom inant y rays at 

about 6 to 7 MeV. It was for this reason that 2 ROIs on the y-ray detector were 

used. The second ROl, used mainly for cross checking purposes, covered only 

the ~ 10 MeV peak where no F(p,ay) y-ray is present. Normally, when no other 

reactions are also producing y-rays of com parable or higher energies, the y  ROl 

can be made very wide to improve counting statistics, for a large num ber of 

high energy y rays do not deposit their full energy into the detector, resulting in 

low er energies in the spectrum (the Compton tails). W ith a m ulti-line spectrum , 

when statistics are not good enough to facilitate peak deconvolution, the safest 

procedure is to restrict the ROl to the full energy peak only, at the expense of 

lower counting efficiency. In our case, all data analyses were done on both 

windows. After corrections for other Al(p,y) resonances, which were also 

window-dependent, the results from the two windows agreed extrem ely well for 

all samples, indicating that there was no contribution from lyF.
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Results and Sum mary

The AlxGa, xAs/GaAs samples analyzed using a com bination of RNRA 

and RBS are listed in Table 1.2 in ascending order of the m easured alloy 

com position, x. Reference numbers are those used by the sample grow ers and 

the thicknesses are those from ion beam analysis. The EM results were obtained 

at IB M ’s Thom as J. W atson Research Center prior to nuclear determ ination and 

are also listed for com parison.

Except for one or two samples, the ion beam results agreed very well 

with the EM results within the experim ental errors. Since the low temperature 

PL m easurem ents had already been performed on these same sam ples, their 

fundam ental band gaps were also known to within a few meV (after correction 

for exciton binding energy). From these data the relation between AIxG a,.xAs 

band gap, Eg, and the alloy com position, x, can be determ ined absolutely. The 

relation obtained this way is:

E ^ A l x G a x _ / .v )  = 1.512 + 1.455jc (cT), T=2K, (K r<0.4  ( 1 •13 )

Figure 1.10 shows the least-square Fit of the above equation to data points.
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Table 1.2 Sum m ary of absolute x measurements.

Sample Al layer Alloy composition E.M. results4
Ref. # Thickness (pm) at 1.009 MeV at 1.053 MeV

0529 3.2 0.111 ±0.005 0.111 ±0.056 0.1 1 1 ±0.056

P934 2.6 0.203 ±0.009 0.209 ±0.006* 0.192 ±0.010

1204X5 l.X 0.242 ±0.014 0.235 ±0.009 0.252 ±0.013

0531 2.X 0.271 ±0.012 0.265 ±0.00X 0.279 ±0.014

0116X5-1 0.9 0.336 ±0.013 - 0.327 ±0.016

0604 3.1 0.421 ±0.015 - 0.42X ±0.021

0123X5-2 1.9 0.446 ±0.014 0.461 ±0.015 0.403 ±0.020

P726 2.4 0.460 ±0.024 0.459 ±0.013* 0.437 ±0.022

PX60 2.3 0.5X0 ±0.019 0.571 ±0.010* 0.56 ±0.02X

PX56 2.1 0.696 ±0.014 0.692 ±0.034* -

P731 1.3 0.75X ±0.017 - 0.69 ±0.034

P735 1.1 O.X25 ±0.019 _ 0.79 ±0.039

+ Electron microprobe measurements performed at analytical services laboratory, 
IBM Thomas J. Watson research center.

* At 1.040 MeV.
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The slope, AEg/Ax, in Eqn. (1.13) should be very close to the value at 

room tem perature, so,

E {Alx Ga i ^ s )  = 1.424 + 1.455.x U’V), T=MX)K, (k.v<0.4 ( , I 4 )

O ther groups have reported values of AEg/Ax ranging from 1.25*141 to 1.61.||n |

The direct (T) to indirect (X) band gap transition was also studied by low 

temperature PL. Based on the ion beam determ ination o f x, the com position at 

which this transition occurs is,

x r _x  = ().37±0.015, T=2K 0 -1 5 )

This value is som ewhat lower than previously reported for liquid helium 

temperatures.

Equations (1.14) and (1.15) have becom e the most widely accepted 

relations, following publication of our results .117,181

Huang et used resonant nuclear reaction analysis in conjunction with 

room temperature photoreflectance (PR) to obtain the band gap - alloy
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com position relation of the AlxGa|_xAs material system. Their results, in the 

form of a second-degree polynomial for (kx< 0 .45 , agreed very well with Eqn.

(1.13) (to within 4 meV, or less than \ c/c in the slope AEp/Ax).

Further study in this direction may include the em ploym ent of this 

technique to calibrate the band gap versus alloy com position relations of other 

im portant sem iconductor materials, such as A lxG a l xSb, and A lxInj xAs.
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C hapter Two  

Ion Beam Analysis o f Lithium in am orphous M oS,

Introduction

Secondary lithium cells can be used as high energy pow er sources for 

applications ranging from autom obile propulsion to sem iconductor memory 

maintenance. Among the em erging m aterials for secondary lithium cell 

applications, am orphous molybdenum trisulfide (a-M oS3) is one candidate which 

offers perhaps the best possibilities. A m orphous M oS, is an unusual material 

which, along with M oSe3, W S3, and W Se,, can be prepared only in the 

am orphous form. A m orphous M oS3 powder prepared by thermal decom position 

(TD) o f am m onium  tetrathiom olybdate (ATTM ) has shown charge-discharge 

cycling lifetimes of up to 52 cycles for large 20 A-h cells, utilizing 2 to 2.5 Li 

per molecule of M oS, for each cycle J 241 Am orphous M oS, prepared by a 

precipitation technique was found to charge-discharge 3 Li per M oS, 

reversibly .1251 In all of these charge-discharge cycling m easurem ents, a-M oS, 

pow der along with binder has been used as the active cathode. No information 

about the discharging behavior o f pure a-M oS, is available in the literature.
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Recently, the electro-deposition (ED) method was used for depositing thin 

film s of a-M oS, from both non-aqueous (NA) and aqueous (A) solutions of 

A TTM .126,271 Using these ED a-M oS, thin films it was possible to 

charge-discharge pure a-M oS,. The major advantage o f charging-discharging 

a thin film lies in the time scale: several hours as apposed to several weeks for 

a-M oS, pellets.

Several techniques are available for the characterization o f lithium- 

intercalated M oS, samples. Neutron diffraction and infrared absorption

(reflection) are among the m ost widely used ones.,2x| Raman scattering and 

electrolyte electroreflectance have also been used .1291 These techniques do not 

provide a direct measure of the absolute am ount o f lithium and its depth 

distribution inside the M oS, sample. Instead, the "standard" method is to 

calculate the am ount o f lithium  from the total charge during a charge-discharge 

cycle, assum ing, o f course, that all lithium ions go into the sample and are 

uniform ly distributed. This assum ption is much too simplified. One does not 

have an independent verification of its validity, nor does one have any measure 

o f the accuracy of lithium  concentration obtained in this way. O ther secondary 

techniques, such as Raman scattering, can be used for com position 

m easurem ents. Depth profiling using Raman scattering can be accomplished by
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using various lines of the pumping laser. However, the com positional 

dependence o f Raman peaks, or phonon frequencies, needs to be first established 

beforehand by some prim ary means. It is, therefore, im portant to look for a 

prim ary technique for the lithium concentration m easurem ent independently to 

verify as well as calibrate the secondary techniques.

Nuclear techniques, such as Rutherford backscattering and nuclear 

reaction analysis, are quantitative and prim ary in their nature. As discussed in 

chapter one, NRA, together with RBS, can be used to depth-profile the alloy 

com position in sem iconductor m aterials, for exam ple the aluminum 

concentration in epitaxially-grown A lxG al xA s|1<i lf)|, and to determ ine the 

com position, x, absolutely .117,181 In this chapter, a sim ilar technique is applied 

to the determ ination of lithium concentration in a-M oS ,L ix.1271 Com parisons will 

then be made o f cells prepared by different m eans (ED and TD) and under 

different charging conditions.
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The 7Li(p,y)8Be reaction at 0.441 MeV

Among the resonances of the 7Li(p,y)8Be reaction within the accessible 

range of the Dynamitron accelerator (0.2 to 3.7 MeV), the 0.441-MeV resonance 

is the best for depth profiling purposes. It has a natural width of about 12 keV, 

the narrowest of all (although not as narrow as the 27AI(p,y)28Si resonances). 

The y-rays em itted from this reaction have characteristic energies around 13 

MeV, well above any significant background region. These features are very 

sim ilar to the 27Al(p,y)2sSi resonance used in the alloy com position 

determ ination of A lxGa|_xAs. This incident proton energy, however, is 

somewhat too low for the accelerator’s beam transport system to function 

efficiently. For this reason a m olecular beam of at twice the energy was 

used instead. The m olecular beam, upon entering the target, will be stripped 

of its only electron within a few monolayers; the rem aining two protons are then 

separated by the repulsive Coulom b force between them, a process termed 

Coulom b Explosion. Thus, for our purposes, the m olecular H$ beam is 

equivalent to a proton beam with half the energy.

The separation energy between two protons in an molecule, e2/r, where
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r is the average distance between two protons, is of order 10 eV in the rest 

frame of the beam. It is magnified when transform ed to the laboratory reference 

frame by a factor of about I()\ This energy spread then becom es part of the 

total energy broadening. It has to be considered together with the resonance 

width and accelerator energy resolution (about 2 keV). It was estim ated that the 

resonance width was much larger than the other terms and the total resolution 

was dom inated by the resonance width.
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RBS Cross Section

The Rutherford cross section is given by (2 1 |

cm,Rutherford

, 2z , z 2
12

. -4  0 sin —
2

(2.1)

where Z | and Z , are the atomic numbers of projectile and target, respectively, 

E is the incident projectile energy, and 0 is the scattering angle relative to 

incident beam direction. In the laboratory frame it can be re-written in practical

units as I S ( l |

d o lah j iu th e r fo rd ~ 1236
Z ,Z 2

T2
. - 4 ©  1sin

2 2 m 2
\

, msh ( 2 .2 )

where E is in units of keV. The expansion converges quickly for M, < M2, i.e., 

for a light projectile incident on a heavy target.

The energy o f the scattered projectile, EJ, is related to the energy before 

scattering, E{), and the kinematic factor, K, by*211,
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(2.3)

where

K  = (2.4)

and p=M,/M-, is the mass ratio.

The energy of a backscattered proton from a depth z inside the target also 

depends on the stopping power of the target material, namely,

where AEin(z) and AEOUI(z) represent energy losses of the particle as it goes in 

and out of the target.

Assuming that the stopping pow er changes slowly with energy, which is 

usually the case, the RBS spectrum of a single thin layer o f target consisting of 

only one elem ent will be in the form of a "bump." The highest energy o f the 

bum p corresponds to surface scattering, w hose position in the spectrum is 

determ ined by the kinematic factor for that elem ent times the incident beam

E -  K  £ () -  AE J z )  -  AEou((z) (2.5)
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energy .1211 For an infinitely thick sample (from the point of view of the ion 

beam), the bump extends to zero energy. If the target consists of more than one 

elem ent, there will be multiple bumps, or edges, that are characteristic of the 

m asses of individual elements. The relative height of each edge is determ ined 

by their Rutherford cross sections and sample com position. Figure 2.1 shows 

some simulated RBS spectra of thin, thick single elem ental layers and com posite 

targets. The simulation was performed using RUM P, an RBS analysis program 

developed by L. Doolittle of Cornell U niversity1 M|.
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Figure 2.1 Simulation of RBS spectra of 0.5 MeV H+ on thin 
(2(X)A M o ), thick (1 pm Mo) single elem ental (top) and com pound 
(8(X)()A M o S , )  (bottom) targets.
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Lithium  Determ ination

The am ount of lithium can be determ ined by normalizing the y-ray yield

known compound containing lithium), analogous to the procedure used in 

chapter one.

To measure the lithium concentration at a depth z, the beam energy, E„, 

is selected such that the mean energy of the beam is at the resonance energy, EK 

(0.441 MeV), at depth z. In other words, E() is obtained by solving the equation.

Because the stopping pow er is really a function of energy, rather than depth, the 

above expression cannot be readily evaluated. Instead, one has to integrate the 

reciprocal stopping power to find the depth z,

If the stopping pow er (to be precise, the stopping pow er per atom or molecule.

of the 7Li(p,y)sBe reaction from an a-M oS, sample to a suitable standard (some

( 2 .6 )

-1
dE (2.7)
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or the stopping cross sections) at the neighborhood of the resonant energy is 

denoted by e, then the y-ray yield is, according to chapter one, Eqn. (1.3), and 

m aking use of the additivity law,

Y (MoS^L ix ) oc --------------------1-------------------  ( 2  S )

£(MoS-^)  +  x z (L i )

where x is the lithium concentration per M oS, at depth z, averaged over the 

com bined width o f the incident beam and energy straggling.

For a standard such as LiF or LiCI,

The ratio, R, o f the y-ray yields from the sample relative to a standard is then.

Y (LiF orLiCI)  «= (2.9)
z ( F o r C l )  +  z(Li)

R =
Yy (M o S 3Lix ) z ( F o r C I )  +  z(Li)  

z lM o S ^ )  + x z (L i )

( 2 . 10)

Yy (L iF o r L iC  I)

or,

R z ( M o S 3 ) ( 2 . 1 1 )x
z{F or  Cl)  +  ( \~ R ) z ( L i )

A sim ilar but more detailed derivation is given in chapter one for the case
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of alum inum  in A lxG a |.xAs and will not be repeated here.

The result, Eqn. (2.11), is independent o f the density of the M oS, or any 

standard, a direct consequence of the "per atom" feature of the stopping power 

and the fact that we calculate lithium "per M oS, " It should also be noted that, 

because of the lack o f a standard sample o f closely matched chemical 

com position (such as in the case of AlAs to A lxG a] xAs), the stopping powers 

them selves enter in the expression. Here there is no near-perfect cancellation 

of alm ost all corrections, even when a double ratio is formed. In addition, for 

m ost o f the lithium com pounds it is not safe to assume that the scattering cross 

sections are pure Rutherford. Nevertheless, the formation o f the ratio R still 

elim inates a num ber o f factors, such as geom etry, that would otherwise 

significantly affect the measured quantity.
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Depth Profiling

To obtain a depth profile o f the lithium in an a-M oS, cell, one needs to 

m easure the y-ray intensity as a function of beam energy, starting at or slightly 

below the resonance energy and going up in energy. W hen the beam energy is

surface of the target, where the resonance occurs. At higher energies, there will 

be no y-rays from  the surface, but rather from a layer deeper into the sample 

where the mean energy o f the beam has been brought back down to the 

resonance energy by the stopping power of the target. Thus, a scan of y-ray 

yield versus incident energy is really a scan of lithium concentration versus 

depth. The energy scale is related to the depth scale by an integration o f the 

reciprocal of the stopping power of a-M oS3Lix,

*7 y
at the resonance, y-rays from  the Li(p,y) Be reaction are com ing from the

dE ( 2 . 1 2 )

The natural unit of depth in the above equation is atom s/cm 2, or 

"depth*density." To convert to conventional depth units, such as pm, one needs
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to assum e that the density of M oS ,L ix does not depend on x or has some known 

dependence. Figure 2.2 is a plot o f the stopping power of M oS,L ix, for various 

values of x|221, assum ing a constant density of M oS, independent of x. Figure 

2.3 shows the depth versus energy relation for protons in M oS ,L ix as obtained 

from Eqn. (2.12).

The depth resolution at the surface is simply that of the incident beam 

width, including the natural width of the resonance and instrumental width. At 

a depth z, energy straggling also contributes to the final depth resolution. 

Straggling results from statistical fluctuations in the process of collisions 

between beam  particles and the target electron cloud as the beam penetrates into 

the sample. It is generally considered that the beam energy distribution is a 

Gaussian with a straggling width proportional to the square root o f the depth1211, 

or.

Q 2t .. = k z  (2-13)straggling

where k, an energy dependent param eter, varies from theory to theory.

Tabulated values o f straggling param eters are not as reliable as those of 

stopping powers, so one often has to measure it oneself. The theory of
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Stopping^wers

H+ in M0 S3LI3C

Energy

Figure 2.2 Stopping pow er o f  H+ in M oS3L ix (x=0,l ,2,3,4, and 5), 

assum ing a  constant density o f MoS_v From  Ref. 22.



R
es

on
an

ce
 

D
ep

th
 

(/
zm

) 30

Li(p,7 ) Resonance Depth

20

10

0
0.80.6 0.70.4 0.5

Incident Energy (MeV)

Figure 2.3 Reaction depth of the 0 .4 4 1-MeV resonance of
*7 o
Li(p,y) Be in M oS,L ix as a function of incident beam  energy 

(x-0 ,1 ,2 ,3 ,4 , and 5).



56

straggling for a com pound and the relation to its compositional elem ents is not 

very well established .12" 211
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Experim ent Details

1) Details of Electrochemical Analysis

Samples for this study were ED a-M oS, films from both non-aqueous and 

aqueous solutions of ATTM on nickel and indium -tin-oxide (ITO) substrates 

(hereby referred to as ED -M oS,(N A )/ITO , etc.) and under different charging 

conditions. Typical film  thickness was of the order of a few microns. For 

com parison purposes, conventional TD powder-pellets of a-M oS, samples were 

also prepared. The TD samples were typically 1 (K) pm thick.

The secondary lithium cells consisted o f an a-M oS, working electrode 

(active cathode), lithium metal as the reference electrode and also lithium metal 

as the counter electrode (anode) in an electrolyte solution of 2 M lithium 

perchlorate dissolved in propylene carbonate solvent. The electrolyte was 

purged by argon gas continuously during the lithium  insertion process. The 

samples of a-M oS, after discharging (insertion of lithium ) were rinsed with 

propylene carbonate solvent to remove any absorbed lithium perchlorate from 

the surface and were stored in an argon environm ent before m ounting onto the



5X

target holder in the accelerator scattering chamber. A typical lithium insertion 

curve o f an ED -M oS, thin film at 1 (X) pA /cm 2 constant current density in shown 

in Fig. 2.4. The lithium concentration in the a-M oS, sample was calculated 

from the total accum ulation of charge generated by the lithium insertion 

reaction.

2) Details o f Ion Beam Analysis

Every effort was made to shorten the sample transfer process from the 

electrolyte solution to the ion beam analysis cham ber (norm ally 10 to 15 minutes 

or less) to avoid any excess exposure of the sample to air. The ion beam 

m easurem ent apparatus was very much the same as the one described in chapter 

one. Briefly, the sample holder typically held two a-M oS, samples and two 

standards, LiF and LiCl pellets made from high purity powders. Two silicon 

surface barrier detectors at 172.5° each detected the RBS particles, and a 3x3 in. 

N al(Tl) detector was used for the y-ray detection. The y-ray energy window 

(R O l) covered a region from 9 to 21 MeV. A narrow er ROl was not used 

because there are no other reactions capable of producing y-rays o f this energy. 

A representative y-ray spectrum from the 7Li(p,y) reaction is shown in Fig. 2.5. 

A standard reference*20' lists three 7Li(p,y)8Be resonances at energies o f 0.441,



59

m
r-H

0>

4

3

2

1

0
53 40 1 2

Equivalents

Figure 2.4 A typical lithium insertion (discharge) curve of an 
electro-deposited a-M oS, thin film at 1 (K) pA /crrr constant current 
density.
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1.030 and 2.1 (K) MeV. No attempt was made to measure the yield function, but 

it was verified that the width of the 0.441-M eV resonance was in reasonable 

agreem ent with the width quoted in reference 20 , and that no resonances were 

found between 0.44 and 1.0 MeV which could affect our measurements.

For depth profiling, the energy of the accelerator was tuned by adjusting 

the field of the energy-analyzing magnet, controlled and m onitored by a nuclear 

magnetic resonance (NM R) Gaussm eter. Every point on the depth scan was 

accum ulated for a fixed amount of charge (integrated beam  current). The depth 

scale on these points was calculated from beam energy by Eqn. (2.12) and Fig. 

2.3. The relation between NMR G aussm eter and the accelerator energy is:

where C=X0.40X647, D= 1X63.0032, E is the energy in MeV, Q is the charge of 

the ion in units of free electron charge, and M is the mass of the ion in atomic 

units. Figure 2.6 is the plot of Eqn. (2.14) for H j.

For the absolute lithium determ ination, the energy of the Fl+ beam was 

set at the peak o f the depth profile, and y-ray spectra were taken alternately on 

the sample and LiF/LiCl standards until reasonable counting statistics were

NM R (Gauss) (2.14)
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Figure 2.6 The Dynamitron accelerator energy calibration curve 
for H2+.
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achieved. The lithium concentration was then calculated by Eqn. (2.11) against 

both LiF and LiCI standards. Results obtained from LiF and LiCI standards 

were in excellent agreement.

3) Identification of Features in the RBS Spectra

The RBS spectra of ED -M oS,(N A )/N i, ED -M oS,(A )/ITO  and TD -M oS, 

are shown in Figs. 2.7, 2.X, and 2.9 as exam ples. O ther RBS spectra were very 

similar. The spectra for LiF and LiCI standards are shown in Figs. 2.10 and 

2 . 11.

In the ED M oS,(N A)/N i RBS spectrum , 3 edges were clearly visible. 

They correspond to the backscattering from Mo, S and substrate Ni, respectively. 

The RBS spectrum from an ITO sample looks a little more com plicated because 

the glass backing also shows up. On the other hand, the infinitely-thick 

TD -M oS3 sample shows nothing more than two edges that correspond to the 

backscattering from Mo and S, as expected. The RBS spectra o f LiF and LiCI 

standards show signals from F and Cl only. In all cases, because the cross 

section is so small, RBS was not sensitive enough to detect the light elem ent 

lithium in the presence o f other heavier elem ents, even when the am ount of
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Figure 2.7 RBS spectrum of an electro-deposited a-MoS^Lix(NA)
thin film sample on nickel substrate.
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thin film  sam ple on thin 1TO film  on glass substrate.
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lithium in these samples was very large.



70

Discussion and Sum mary

The analyzed data, plotted as number of lithium atoms per a-M oS, 

molecule, as a function o f depth, are shown in Figs. 2.12 to 2.14 for 

ED -M oS,(N A )/N i, ED-M oS,(N A )/1TO and TD -M oS,, respectively.

There is basically no difference in the (A) and (NA) sample, and no 

difference for nickel and ITO backings except, perhaps, that N i-backed samples 

were about a factor o f 2 thicker than ITO-backed samples, even though they 

were charged with roughly the same am ount of lithium per a-M oS ,. The lithium 

concentration determ ined by ion beam analysis is in agreem ent with total charge 

calculations when the correct thickness o f the sample is taken into account. The 

slope at the interface between a-M oS ,L ix and the substrate is the result of 

convolution between beam energy spread (including straggling) and the true 

lithium depth profile. W hile the roll-off o f sample ED -M oS,(A )/lTO  was in 

rough agreem ent (within a factor o f 2 ) with the straggling effects, we believe 

that the sample thickness variations across the beam spot played a major role in 

the roll-off behavior of sample ED-M oS3(NA)/Ni. The TD -M oS, sample 

showed a very uniform lithium distribution up to the limit o f the depth profile.
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The back side of TD -M oS, was also analyzed. The two sides of the sample 

were identical within the precision of the measurements.

The agreem ent between RNRA and electro-chem ical analysis means that 

all of the lithium intercalated into the a-M oS, sample. If a layer of lithium had 

been formed on the surface of the a-M oS, sample, it would have been detected 

(in the form of a peak) if its thickness exceeded approxim ately 15(X)A.

We believe that the resonant nuclear reaction analysis technique provides 

the best method for m easuring depth profiles and absolute lithium concentration 

in a-M oS,
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C hapter Three 

O xygen M easurem ents in TiC and WC Superlattices

Introduction

Metal carbides are best known for their excellent high temperature 

properties. For exam ple, titanium carbide is a very useful refractory material. 

Its light weight m akes it particularly attractive in aerospace applications. 

Tungsten carbide is characterized by its extrem e hardness and high melting 

point. Cem ented tungsten carbides are widely used in drill tips and as metal- 

cutting tools.

Recent advances in ultra-thin film deposition techniques have made 

possible the creation of artificially ordered m ultilayer structures down to single 

atomic- layer dim ensions. Metal carbide superlattices represent one group of 

such m aterials currently under investigation. The m otivation is to look for 

structures with unique properties not found in nature. Metal carbide superlattices 

can also be used as uv and soft x-ray mirrors. The multilayer structure can 

enhance the reflectivity over a wide range of angles while still providing spectral
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selectivity.

One o f the problem s in metal carbide superlattices is the possibility of 

metal oxide formation at interfaces. If enough oxide exists at the interface, it 

could com pete with carbide formation and greatly affect the structural stability 

of the material. Auger electron spectroscopy and electron energy loss 

spectroscopy (EELS) have been the primary tools o f metal carbide multilayer 

characterization. Other techniques, such as x-ray diffraction, have also been 

used. The AES and EELS are surface-sensitive techniques (< lOOA) and 

generally do not provide enough inform ation deeper inside the sample. Ion 

beam analysis, with a depth scale of K)2 to K)4 A, thus provides an im portant 

alternative tool.

It is well known that RBS is a quantitative analytical method. By simply 

m easuring the energy distribution o f backscattered ions, inform ation can be 

obtained about the elemental com position and depth distribution of target 

m aterials .1211 A relative m easurem ent can further im prove the quantitative aspect 

of RBS by com paring the unknown to a suitable standard and elim inating, as 

much as possible, any uncertainties having to do with geom etry, incident energy, 

etc. However, the detection lim it and resolution of RBS is not uniform. For
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exam ple, all information is contained in the energy of the backscattered ion, and 

factors such as mass of the target and depth both contribute to an energy shift 

in the scattered ion. Because o f the kinematic factor, RBS has poor mass 

resolution with heavy target elem ents, and the low Rutherford cross section of 

light elem ents means a poor sensitivity (or detection limit) for those elements. 

The latter case is especially serious when the signal from heavier elements 

extends into the region where signals from light elem ents are expected, as often 

occurs with thick targets.

Fortunately, the deficiency of RBS for light elem ent detection is 

com plim ented by the existence o f sharp and strong nuclear resonant reactions 

exclusively for light elem ents .1201 In certain favorable cases, the sensitivity, 

depth resolution, and quantitative determ ination o f RBS can be improved 

dramatically. Chapters one and two provide two excellent exam ples of what the 

nuclear reaction technique can do that is beyond the capabilities of conventional 

RBS. Even a simple enhancem ent in cross section relative to the Rutherford 

scattering translates proportionally to an enhancem ent in sensitivity in otherwise 

sim ilar circum stances. A resonant nuclear reaction will further im prove the 

depth resolution. In this chapter the resonant nuclear reaction technique will 

again be used, this time for the detection of small am ounts of oxygen and its
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depth distribution in titanium -carbon and tungsten-carbon superlattices on silicon 

substrates. These samples have substantial amounts o f carbon, yet the RBS 

signal from carbon is tiny and sits on top of the RBS spectrum from substrate 

silicon. Small am ounts o f oxygen do not show up at all in the RBS spectra. 

The resonant reaction used here to detect oxygen, lf>0 ( a , a ) 160 ,  differs from 

those resonant reactions discussed in previous chapters in that it is an elastic 

scattering process .12(11 It does not produce any y-rays, and it follows the same 

kinematic relations as RBS. Only the cross section is different. The lack of 

y-ray detection has the an advantage in that a conventional RBS setup can be 

used without modification; only the data must be interpreted differently. On the 

other hand, it also has the disadvantage that not all of the weak points of RBS 

can be elim inated. For exam ple, the signal from oxygen still rides on top of a 

strong background from substrate silicon, which is an im portant factor in 

determ ining the overall detection limit of this technique.
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Rutherford Scattering versus Resonant Scattering

The low-energy l60 ( a , a ) 160  reaction is one o f the earliest reactions 

studied.|V<I Figure 3.1 shows its excitation curve. For the sake of simplicity 

only data for a backward angle is displayed. A strong and isolated resonance 

occurs at a helium incident energy of 3.05 MeV, with a width of about 12 keV. 

This resonance happens to be strongest at backward angles, much stronger than 

the Rutherford cross section (indicated by the dashed line), and thus is the ideal 

candidate for oxygen measurements. However, its width is not very narrow, 

which limits the depth resolution that can be achieved using this technique.

Because of the nature of a resonance, one cannot judge the enhancem ent 

of signal by simply com paring the Rutherford cross section with the height of 

the resonant curve. A more meaningful way is to consider the area under the 

resonant peak, i.e., to integrate over the resonance width, and com pare that to 

the same integration of the (slowly-varying) Rutherford cross section over the 

"same" width. (In theory, the first integration is from minus infinity to plus 

infinity, but the limits o f the second integration can be defined in a practical 

sense.) Ignoring the contribution from the asymm etric term, the excitation
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function near a resonance can be approxim ated by the Breit-W igner relation.

so

Y  oc K J(T0p(z) r2/4
(E(z)-ERy+r2/4

.dz (3.1

where a„  is the strength o f the resonance, p is the density o f target nucleus, EK 

is the resonant energy, and T is the width (FW HM ). The norm alization is such 

that the height of the excitation curve is a (). The Gaussian form used in Eqn. 

( 1. 1) is not appropriate here because the resonant width dom inates in the present 

case. To carry out the integration one makes use of the fact that the stopping 

pow er is a slow ly-varying function o f energy (or depth), and, assuming that p 

is a constant,

Y  oc '  K <*(,P
dE
dz

-1
I  ^  dE = o p
{ ( e - e h)2 + r 2/4

dE
dz

-1
rcr  (3.2)
2

In practice, the integration limits never need to exceed a few times the 

FW HM . For exam ple, it could be restricted to a range o f 2T. A fair 

com parison can then be made with the Rutherford cross section if the latter is 

also integrated over the same range:
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Y oc (T n
R u th e rfo rd  R u th e rfo rd  *

dE
dz

-I
( 2 D (3.3)

The enhancem ent factor over which the resonant reaction out-perform s 

conventional RBS can then be defined as:

R =
Yv

Y 4 cr
R u th e rfo rd  R u th e rfo rd

(3.4)

A crude estimate can be made by reading o ff from Fig. 3.1. R = 25.
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Sam ple Structures

The TiC and W C samples studied had alternating titanium  (or tungsten) 

and carbon layers repeated m any times and grown (deposited) on silicon 

substrates.1 The sample configurations are summarized in Table 3.1. In the 

following sections we will concentrate on one TiC sample and one W C sample. 

Results for other samples are very similar. The characteristics of these two 

samples are shown in Figs. 3.2 (TiC) and 3.3 (W C), respectively. The TiC 

sample had a unit structure of 8.8  A of carbon and 20.6  A of titanium, repeated 

50 times to give a total thickness o f 1470 A (440 A of carbon and 1030 A of 

titanium). The W C sample had a unit structure of 7 A of carbon and 7 A of 

tungsten, repeated 150 times to give a total thickness of 2100  A (1050 A of 

carbon and 1050 A of tungsten). In all cases the top layer was terminated by 

carbon. The thickness inform ation is necessary to judge the depth resolution of 

the l60 ( a , a ) 1A0  reaction in relation to the superlattice layer.



Table 3.1 Configurations of titanium -carbon and tungsten-carbon superlattice 
samples.

Configurations of titanium -carbon superlattice samples

Sample # Ti (A) C (A) Periods

1 37.6 32.0 50

2n  20.6 X.S 50

3 25.6 10.2 50

4 27.0 41.0 65

5 20.2 4.7 50

Configurations of tungsten-carbon superlattice samples

Sample # W  (A) C (A) Periods

1 6 5 2(X)

2n  1 1 150

3 10 20 150

4 10 13 65

Note (*) Detailed results given in text.
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Stopping Power o f 4He in TiC and WC Superlattices

A simple calculation of the stopping pow er of 4He (based on standard 

references) shows that, at 3 MeV, it is about 25 eV/A for carbon, 32 eV/A for 

titanium, and 58 eV/A for tungsten.1221 The width of the resonance (12 keV) 

would therefore cover a depth of at least several hundred angstrom s. This is 

much larger than the supcrlattice repetition period for all of the samples (20 A 

or less, about 50 A for some samples). Therefore, the resonance is unable to 

resolve structures of individual superlattice layers. However, this width is 

considerably less than the total width o f the superlattice, and a scan of the 

backscattering spectra over the 160 ( a , a ) 160  resonant energy will be able to give 

the oxygen content in the near surface, inside, and rear interface (with substrate 

silicon) regions of the superlattice layer.

Based on the stopping powers for individual elem ents, an energy versus 

depth relation can be established by integrating the reciprocal stopping power, 

starting from the resonant energy (see chapter two, Eqn. (2.12)). Figure 3.4 

shows the result of integration, for the TiC and W C sample structures of Figs. 

3.2 and 3.3. The total energy loss over the superlattice layer can be obtained
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from Fig. 3.4, giving about 43 keV for the TiC sample and 85 keV for the WC 

sample. The thickness of the TiC sample is just about at the lower limit for 

which a reasonable depth profile of oxygen can be made using this technique; 

reducing the superlattice layer by a factor o f 2 would make the m easurem ent 

rather unreliable.

The insensitivity of the reaction to details of the superlattice means that 

the superlattice can be treated as an alloy with appropriate com positions, in both 

the stopping pow er calculation and the backscattering simulation. The alloy has 

the same total thickness as the original superlattice layer. RUM P simulations 

of the RBS spectra of a superlattice and alloy show very little difference .1311
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Details o f Experim ent

1) Sample preparation

The samples were prepared using a Perkin-Elm er argon plasma rf-sputter 

deposition system J ,4 V<i' The substrates were placed on a rotating water cooled 

platform below the sources (reactor-grade ATJ graphite and high-purity (99.95% ) 

Ti or W). A shutter with a circular opening allowed the preparation of several 

samples under alm ost identical conditions. Typical base pressure was 5 x 1 0 5 Pa 

and the argon pressure during deposition was controlled using a capacitance 

m anom eter at an argon flow rate of 0.4 cc/sec. The silicon crystals were 

micropolished and heat treated at 4(K)°C for 2 hours prior to depositions. The 

samples were characterized by transmission electron microscopy (TEM ) and 

X-ray diffraction. Auger electron spectroscopy (AES) and electron energy loss 

spectroscopy (EELS) were also used to study the sam ples’ structures, chemical 

com positions, and interface stabilities.
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2) Backscattering m easurem ent

The experim ental setup was very similar to that described in chapter one. 

To make best use of the strong peaking of the |60 ( a , a ) l60  cross section at 

backward angles, an annular detector placed at ISO" was used to collect the 

backscattered particles. The detector had a hole in the center to allow the 

incident beam to pass through. The average scattering angle for this detector 

was about 175". The beam current was between 10 and 20 nA. The integrated 

beam current (charge) was not measured, since it was not needed. All 

norm alizations were made relative to the backscattering yields from titanium  or 

tungsten, for which the cross sections are known to be purely Rutherford.
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R esults and Discussion

Figure 3.5 shows the backscattering spectrum from the TiC sample at 2.2 

MeV. At this energy the cross sections of 4He on both carbon and oxygen are 

close to Rutherford .121’1 A small am ount of argon can be seen in the spectrum, 

characteristic of the argon plasm a deposition system. The substantial am ount of 

carbon present in the superlattice layer produces only a small bump on top of 

the signal from substrate silicon. No evidence of any oxygen can be found. 

This confirm s the fact that conventional RBS is not sensitive enough for the 

detection of oxygen in small amounts. The whole spectrum (except the argon 

peak) can be fitted very well by a RUM P simulation, another indication that the 

cross sections are indeed close to Rutherford.

As the energy of the incident beam was raised to 3.06 MeV, just above 

the 3.05-M eV resonance of l60 ( a , a ) l60 ,  a clear oxygen signal appeared in the 

backscattering spectrum of the TiC sample (Fig. 3.6). This energy was just 

enough to place the whole 160 ( a , a )160  resonance inside the superlattice layer. 

W e therefore had a measure of the oxygen content near the surface region.
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Figure 3.5 Backscattering spectrum of 2.2 MeV 4He beam on the 
TiC superlattice sample. The solid line is a RUM P simulation. 
A small am ount o f argon can also be seen.
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Figure 3.6 Backscattering spectrum of 3.06 MeV 4He on the TiC 
sample. W idth of oxygen peak is sm aller than that of carbon, 
indicating that it is from only portion o f the superlattice layer.
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W hen the incident beam was at an energy of 3.0X M eV, we were in the 

situation where the resonance was still wholly within the superlattice layer but 

near the rear edge. As shown in Fig. 3.7, the amount of oxygen was 

approxim ately the same. We interpret this as evidence that oxygen is present 

more or less uniformly throughout the superlattice layer, possibly at every Ti/C 

interface (a likely place for oxygen). The am ount of oxygen can be estimated 

from the area under the oxygen peak and the enhancem ent factor, Eqn. (3.4). 

The result we obtain is about ().59f. This num ber has a fairly large relative error 

bar, partly because of the lack o f precise cross section data for the 160 (a,cc) K’0  

reaction. In all TiC samples measured, approxim ately the same am ount of 

oxygen was detected throughout the superlattice layer.

The different behavior of resonant reactions and Rutherford backscattering 

under a slight change of incident energy provides another clear indication that 

oxygen from  various regions of the superlattices has been sampled. To the first 

approxim ation, the backscattering energy E ' is

E ' = K ( E i r e d ) - e d  = E{)- 2 t d  (3.5)

where E() is the incident energy, K is the kinem atic factor, e is the stopping 

pow er and d is the depth. In the last step K is taken to be unity and e is 

assum ed to be a constant. The result is that a fixed feature o f the spectrum, for
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Figure 3.7 Backscattering spectrum of 3.08 MeV 4He on the TiC 
superlattice sample. Oxygen in this case is from the rear edge of 
the superlattice. The solid line is a RUM P simulation.
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exam ple, the front edge, d=0 , will move along with the incident energy in the 

same direction. For a resonant reaction, however, there is an additional 

constraint that the energy before scattering m ust be equal to the resonant energy,

E{)- t d  -  E r (3-6)

so that

E ' = K ( E t) -£  J )  -£ ( / -  2 ( 3  7)

and the feature in the spectrum actually moves in the opposite direction by 

approxim ately the same amount. The carbon and oxygen peaks in Figs. 3.6 and 

3.7 are all in good agreem ent with Eqns. (3.5) and (3.7), respectively, another 

indication of the different reaction m echanism s for these two elements.

Shown in Fig. 3.8 is the backscattering spectrum of the W C sample with 

4He incident at of 3.06 MeV. Again some am ount o f argon was present. The 

oxygen peak was also strong and clear. This indicates that oxygen is at the 

surface or near surface region o f the superlattice. Similar spectra with 3.10 and 

3.18 MeV incident beams showed no trace o f oxygen (Figs. 3.9 and 3.10). 

Thus, in contrast to the TiC samples, the W C sample had oxygen only in the 

near surface region. This behavior was observed for all W C samples measured.
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Figure 3.8 Backscattering spectrum  of 3.06 MeV 4He beam on 
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(near surface). The solid line is a RU M P simulation.
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Figure 3.9 Backscattering spectrum of 3.10 MeV 4He on W C 
sample. At this energy the resonance occurs inside the 
superlattice. No oxygen is detected. The solid line is a RUM P 
simulation.
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Figure 3.10 Backscattering spectrum of 3 .IS MeV 4He beam on 
the W C sample. No oxygen is detected. The distorted carbon 
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The distorted carbon peak at 3 .IS MeV incident 4He energy is due to the 

non-Rutherford nature of the l2C ( a ,a ) l2C cross section above 3 M eV j,(S' In 

fact, the shape of the carbon peak is in good agreem ent with the excitation 

function (Fig. 3.11). It would be quite erroneous to do quantitative analysis 

using the carbon peak without taking into account the deviation o f the 

12C ( a ,a ) l2C cross section from that of Rutherford scattering.
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Sum mary

We have performed a resonant nuclear reaction analysis of the oxygen 

distributions in TiC and W C superlattices samples with different unit structures 

and repetition periods. In all cases the oxygen contents were very much 

independent of the details of superlattices. About 1 to 2 percent of oxygen was 

found to be present uniformly throughout the superlattice layers for all TiC 

samples. Because of the great affinity of titanium tow ards oxygen, we believe 

that oxygen exists in the form of titanium-oxide at the titanium -carbon 

interfaces. This conclusion is consistent with the observations o f AES and 

EELS measurements.*34* For W C superlattices, oxygen was restricted to the 

surface or near surface regions o f the samples (< l(K)A). The bulk WC 

superlattice had less than 0.1% of oxygen. The resolution of this technique did 

not allow us to measure oxygen at each interface, which would have required 

that the individual superlattice layers be at least 2(X) A thick. The absence of 

observed oxide layers in the bulk W C superlattices suggests that these materials 

will have greater stability for optical devices and structural com ponents in high 

tem perature environm ents .1351
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C hapter Four

Energy Loss and Straggling o f Channeled 1-MeV H+ Ions 

Introduction

The passage of a charged particle through a solid is governed by its 

energy loss function, or the stopping power o f the target material. For incident 

particles with velocities much greater than the target Fermi velocity, the primary 

cause of energy loss is via collisions with target electrons. The statistical nature 

o f the collision process leads to another important phenom enon, the spreading 

o f the energy distribution around its mean value, called the straggling effect. 

The energy loss and straggling can be viewed as the first and second m om ents 

o f the energy distribution function.

Energy loss and straggling are a basic form of charged particle interaction 

with matter. Its study can be traced back to the beginning of this century. 

Some of the basic theories will be reviewed. Besides their obvious im portance 

in fundam ental research, they also play a key role in alm ost any technique 

utilizing ion beam analysis or ion beam modification o f materials. In RBS and



RNRA, the depth scale and signal height both depend on energy loss, and 

s trag g lin g ’’ the depth resolution deeper inside the sample. W ith regard to 

ion beam modification, ion im plantation is today a routine procedure in 

sem iconductor device processing. Device dim ensions are getting sm aller and 

sm aller in the present very large scale integration technology, so that accurate 

control of the implanted ions, such as their depth profile, is extrem ely important 

and requires the knowledge of energy loss and straggling for both random and 

channeled ions.

5
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Knergy loss and straggling in am orphous m aterials

As can be seen later in this section, "amorphous" material means that the 

impact param eter distribution of the incident ion with respect to the electrons is 

uniform. Thus, the target material need not be truly "amorphous." For exam ple, 

poly-crystalline samples can generally be considered am orphous for this purpose. 

A single-crystalline target can behave as if it were "amorphous" if it is oriented 

"randomly" with respect to the incident ion beam, i.e., not along any major 

crystal axes or planes.

Bohr, basing his calculations on a simple classical model, was the first 

to derive expressions for the stopping power due to e lectrons,'17'

and the standard deviation o f the distribution (straggling) at a depth x.

where N is the num ber o f target atoms per unit volume, Z, and Z , are the 

atomic numbers of incident ion and target atoms, respectively, mu is the electron

max4 kN Z , Z ^ (4.1)

Q g  = 4tiNZ2xZ2e*z (4.2)
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mass, v is the ion velocity, and bmax and bmin are the maxim um  and minimum 

im pact parameters.

One notes that in B ohr’s calculation both the stopping power and the 

straggling are proportional to the total num ber o f electrons per unit volum e, Z2N 

and the (average) energy transfer per collision, which is proportional to (Z ,e2)2. 

The im pact param eter has been averaged out (no channeling present).

B ohr’s theory is based on the assum ptions that: i) the energy transfer per 

collision is small com pared to the energy of the ion, and ii) the electrons are 

free and at rest. The first assumption is generally true for MeV ions, the second 

may not be. The electron binding energy could easily be com parable to the 

averaged energy transfer per collision. The m ost successful model to take that 

into account is based on the Thom as-Ferm i treatm ent of the electron gas, leading 

to the Bethe-Bloch stopping power formul a1 whi ch usually gives a very 

good fit to the experim ental data:

—  = 4 kNZ2Z 2/ — !— ln( ) (4.3)
*  ' 2 m /  I

where I is the mean excitation energy. A sim ilar m odification for the straggling, 

due to Lindhard and Scharff,1401 gives the result:



where V R is the Bohr velocity (V R = a c , where a  is the fine structure constant 

and c is the velocity of light).

Chu has calculated energy loss14' 1 and straggling1421 using Hartree-Fork 

atomic wave functions. His calculations show a pronounced oscillation in both 

the energy loss and straggling with respect to the target atomic number, Z2, 

arising from shell effects (tails of the atomic wavefunctions).

The energy loss of a com pound target o f the form  AmC n is presumed to 

be related to the individual elemental contributions by B ragg’s ru le :14'11

dE m dE n (IE
  = ------------+ -------------- (4.5)

N  dz N  dz N  dz
V „  «Vn» * tA) ' <r»

This rule has been verified experim entally within 1 %, except for some polymers 

and sometimes for com pounds consisting of gaseous elem ents when in elemental 

form 1201 (i.e., NaCl). A sim ilar rule for straggling has been proposed :1201
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Because of the lack of experimental m easurem ents of straggling for com pound 

materials, this straggling additivity law cannot be verified at the present time.
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Energy Loss and Straggling o f Channeled Ions

Under channeling conditions1441, incident particles are steered into the 

channel (inter atomic space) along a major crystal axis (or plane) o f the single­

crystalline target. An obvious consequence o f channeling is that the incident 

particle flux distribution becom es non-uniform. The backscattering yield, which 

depends on close encounters, or small impact param eter collisions, is drastically 

reduced. The interaction between target electrons and the channeled ions 

depends on the details of the flux distribution and the local electron density.

The transverse energy (or m om entum ) o f the incident ion can be used to 

describe the behavior of the particle. It is basically determ ined by the angle of 

incidence relative to the channeling axis (or plane). A crude picture of the 

channeling process is that ions undergo "oscillations" perpendicular to the 

channel, the am plitude (and period) of which is a measure o f the angle of 

incidence.

The im pact param eter, b, which was assum ed to be uniform ly distributed 

and averaged out in the expressions for energy loss and straggling in amorphous



targets, now plays an im portant role. The energy loss and straggling have a 

strong dependence on the transverse energy (or equivalently, the incident angle). 

Anything that alters the trajectory or electron density distribution will affect the 

energy loss and straggling parameters.

Because of these com plications, the theory of energy loss and straggling 

for channeled ions is difficult to develop. As a first approxim ation, a decrease 

o f the energy loss is expected for well-channeled ions, because they encounter 

fewer electrons. And the law of angular and spatial average1441 states that those 

ions which do come close to the target nuclei (not-so-w ell-channeled ions) 

should experience a larger energy loss so that the "averaged" value com es out 

to be the same as for am orphous materials. One can generalize the above 

argum ent for the case of straggling. If, as B ohr’s theory of straggling states, the 

straggling arises from the statistical uncertainties associated with collisions 

between the incident ion and target electrons, then a decrease in the energy loss, 

which corresponds to a decrease in the num ber of collisions, should also imply 

a decrease in the value of the straggling param eter. Again, because ions with 

different trajectories (or incident angles) experience different energy loss, one 

should expect to see a deviation of the shape o f the particle energy distribution 

from an ideal Gaussian. The high end o f the energy distribution corresponds to



well-channeled ions and the low energy side corresponds to the less well- 

channeled ions.

The first treatm ent of channeling energy loss is L indhard 's two- 

com ponent theory .1451 Later, Appleton and co-workers recognized the 

im portance o f separating the contributions due to the core electrons from those 

due to the valence band .1461 A formal theory of the problem is the quantum 

mechanical calculation of Esbensen and Golovchenko, based on an impact 

param eter treatment.*47' Using quantum  mechanical perturbation theory and 

some generalized sum rules, Esbensen and Golovchenko found that at high 

energies the only required quantities are B ethe’s I-value (the mean excitation 

energy) and the ground state electron charge density, whereas at low energies 

the energy loss can be expressed in terms o f generalized dipole oscillator 

strengths. The Monte Carlo simulation is another widely used tool. In a Monte 

Carlo simulation, a com puter program uses a simplified, periodic (in depth) 

potential to replace the real potential imposed on an incident projectile by the 

rows or planes of target nuclei. The program  then calculates the trajectory of 

individual ions as they pass through the target and interact with the periodic 

potential. An energy loss profile (or any other quantity) can be established by 

following the paths o f enough random ly selected projectiles. For straggling the
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theories are very much under developed and Monte Carlo may be the only 

calculational method available.

In conclusion, the theory of energy loss and straggling for channeled 

particles is far from complete. Q uantitative behavior o f the energy loss needs 

to be established. The straggling theory has hardly been developed at all. 

Experimental data of straggling of channeled ions is rare.



Experim ental M ethods

The basic way to measure energy loss and straggling is to place a target 

of appropriate known thickness in the path of a beam with the desired energy 

and collim ation, and to measure the beam energy distribution before and after 

the beam passed through the target layer. Depending on the channeling 

condition o f the ions in target, one measures the energy loss and straggling for 

channeled (or non-channeled, random) ions. Two geom etries are available to 

achieve the above goal, the transm ission geom etry and the backscattering 

geometry.

In the transm ission geom etry, the target is a very thin and self-supporting 

foil. The beam  energy spectrum  of the incident ion is recorded with and without 

the target in position (Fig. 4.1). The am ount of shift (toward lower energies) of 

the averaged beam energy is the energy loss, and the additional broadening of 

the beam energy distribution gives the straggling param eter. The difficulties of 

this type o f m easurem ent are: 1) the self-supporting target foil, usually in the 

thickness range of 101 to K)4 A, is extrem ely fragile and very hard to handle; 2 ) 

the detector used to measure the beam energy spectrum itself has an intrinsic
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Figure 4.1. Energy loss and straggling m easurem ent -  
transm ission geom etry. Energy distribution of the incident beam 
(peak and width) is recorded with and without the target.
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energy resolution that can easily exceed that of the straggling produced by a 

target of sub-micron thickness; 3) the roughness, or small scale variations in 

target thickness produces effects which are indistinguishable from straggling.

In the backscattering geom etry, the spectrum of backscattered particles is 

observed (Fig. 4.2). The target in this case can be a thin layer evaporated (or 

som ehow grow n) on a suitable substrate. The substrate material should be light 

in atomic weight, if possible, so that the backscattering from the top layer is 

easily separable from substrate backscattering. The backscattering spectrum of 

a layer of Finite thickness is in the form o f a "bump." The width of the bump 

is related to the energy loss in the thin layer target, and the sharpness o f both 

the higher and lower energy edges of the bum p give information on the width 

o f the beam energy distribution before and after passing through the top layer.1211 

These widths can be de-convoluted to yield the straggling parameter. The 

backscattering geom etry elim inates the need to deal with thin target, but at the 

sam e tim e introduces some com plications as well. The incident particle goes 

through the top layer tw ice, and the mean energies o f the particle in these two 

passes differ by the kinem atic factor, K. Therefore both the energy loss and 

straggling m easured this way are some kind of average of essentially two 

separate incident energies. O f course, for light particle incident on a heavy
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Figure 4.2 Energy loss and straggling m easurem ent -- 
backscattering geometry. The target does not have to be a self- 
supporting thin film. This figure assumes that the substrate is 
lighter than the top layer.



target the kinem atic factor approaches unity and the averaging effect does not 

play an im portant role. As in the case of transm ission geom etry, detector energy 

resolution and target roughness im pose limitations on the results obtained from 

backscattering measurements.

A relatively new method to measure the energy loss and straggling is to 

use sharp resonances in nuclear reactions, such as (p,y) and (a,y) reactions on 

light nuclei.|48,4y| There are many resonances whose natural widths are 

extrem ely narrow, and which therefore are especially prom ising for the 

straggling param eter measurements. The method can be applied to self- 

supporting thin films as well as evaporated targets. The only requirem ent is that 

the layer to be m easured (the first layer) is followed by a second layer (thin or 

thick) which contains the isotope producing the desired nuclear reaction (Fig. 

4.3). One proceeds with a m easurem ent of the yield function on the second 

layer with and without the first layer in place. The yield curve without the first 

layer gives the convolution of intrinsic beam energy distribution with the width 

of the resonance. For exam ple, if the second layer is thinner than the com bined 

width of the resonance and the beam energy distribution, the yield curve 

essentially reproduces the com bined width. A thick second layer, on the other 

hand, produces a step-like yield function whose sharpness is determ ined by the
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Figure 4.3 Energy loss and straggling measurem ent — 
transm ission geom etry utilizing a resonant nuclear reaction to 
obtain the beam energy profile.
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com bined width. In either case the center of the yield function gives the 

resonant energy.

The yield function with the first layer in place will be shifted as well as 

smeared out due to the contribution o f the energy loss and straggling from the 

first layer. Specifically, the resonant energy will appear higher and the resonant 

width will be broadened. As in the case of transmission geom etry, the shift in 

the peak (thin second layer) or center of step (thick second layer) o f the yield 

function is a measure of the energy loss in the first layer, and any additional 

broadening is directly related to the straggling effects. In this sense, the 

resonant reaction technique is basically a transm ission type experim ent, but the 

transm itted particle energy spectra are measured by a resonant reaction, rather 

than by a charged particle detector. This has the obvious advantage that the 

resolution obtainable is limited by the width o f the beam /resonance, which in 

many cases is much sm aller than the resolution o f the detector. On the other 

hand, one should note that m easurem ents can only be made at discrete energies 

(the available resonant energies). O f course, problem s such as target roughness 

still remain, plus the fact that much more time is generally needed to obtain a 

reasonably good yield function than to obtain a spectrum directly from a 

detector.
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This technique was first mentioned in 1977, and was later used by Bond 

et <//|4S| in their m easurement o f the proton straggling in GaAs. The most 

com prehensive study was done by Kido ,1401 who dem onstrated that the resonant 

reaction technique could be used to obtain reliable straggling parameters 

systematically. Kido measured the energy straggling o f (non-channeled) protons 

in many elem ents at several energies (the choice of energy is not continuous in 

this technique). He found that the straggling param eters for am orphous solids 

basically followed the predictions of the theory of Lindhard and Scharff (Fermi 

gas m odel)'40' and were also consistent with the predictions of C hu 's Hartree 

Fork calculations .1411 K ido’s experim ental results were not sufficiently precise 

to discrim inate between the two theoretical calculations.

A universal problem associated with any straggling m easurem ent is the 

fact that a variation in target thickness over the beam spot is indistinguishable 

from straggling effects. This problem is sometimes difficult to avoid because 

the beam spot size (~ 1 mm) is 3 to 4 orders of m agnitude larger than the depth

(~ 10'A).
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Our Study

We have performed a preliminary study of the energy loss and straggling 

of 1 MeV protons near the silicon (001) channeling minimum, using the 

resonant nuclear reaction technique and transmission geometry. The 

measurements were similar to those of Jin and Gibson,* *'11* and some earlier work 

by Appleton and Gibson.*4fl* Instead of observing the backscattering (from Au) 

of the transmitted particles, the nuclear reaction technique was used so that both 

the energy loss and straggling parameters could be obtained at the same time. 

By changing the angle of incidence of the channeled ion, we also studied the 

channeling behavior as a function of transverse momentum to correlate 

channeling to energy loss and straggling. This is the first attempt to measure the 

angular dependence of straggling in channeled ions using the resonant nuclear 

reaction technique.

The nuclear reaction used for this measurement was the familiar

0.922-MeV resonance in 27Al(p,y)2xSi. The same reaction was used in chapter 

one for the determination of the alloy composition in AlxGa,_xAs. The width of 

the resonance is very narrow (~ 100 eV) so that the system resolution is
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determined by beam energy resolution (~ 2 keV). A piece of aluminum foil was 

used as the second layer in which the resonance takes place. A 3x3 in Nal(Tl) 

detector was placed right behind the aluminum to collect the high energy yrays.

The crystal used for this study was an X()(X)-A silicon thin film, about 6 

mm in diameter. A self-supporting target was needed to achieve the high crystal 

quality necessary for channeling. Note that channeling must be avoided in the 

layer that produces the nuclear reaction (i.e., the aluminum must be amorphous), 

and it is not possible to grow single crystal on an amorphous substrate. The 

sample was prepared by Dr. H. S. Jin using boron diffusion and selective 

chemical etching to remove the back side from an ((X)l) silicon wafer. Details 

of the diffusion and etching process can be found in Ref. 51. The sample was 

mounted on a 2-axis goniometer in front of the aluminum target. Two surface 

barrier particle detectors at 135" each recorded the backscattering spectra from 

silicon to monitor the channeling conditions and to align the sample relative to 

the incident beam direction.

The accelerator and beam line setup was the same as previously 

described, except that additional slits were installed to collimate the beam to the 

necessary angular divergence. The slits were 3 mm and 1 mm in diameter and
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were separated by a distance of 1.5 m. The goniometer, two particle detectors, 

thin silicon target, aluminum foil, and Nal detector housing were mounted in 

two X-in Dependex crosses at the end of the beam line as shown in Fig. 4.4. 

The aluminum target also served as the charge-collecting device. A 3(X)-V bias 

was applied to stop secondary electron emission which leads to a false reading 

of the beam current.

The goniometer was designed by and purchased from Appleton. Each 

axis was 360° rotatable with an angular resolution of better than 0.1°, plus a 

vertical translational stage with about 2 inches of travel. A Maxwell Electronics 

intelligent stepping motor controller drove the goniometer remotely. The 

stepping motors had shaft encoder feedback circuit to ensure error-free motion. 

Both the stepping motor controller and four multichannel analyzers were under 

the control of an IBM PC for fully automated data acquisition.

The silicon thin target was checked for thickness uniformity across its 

surface via the vertical translational stage and found out to be very uniform (5%)  

(Fig. 4.5). The ((K) 1) axial channeling dip was then located. The backscattering 

yield at the channeling minimum was about 4% of a random spectrum from the 

near surface region. After 3 days of continuous running, the channeling
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minimum by the end of the experiment had increased to 6 c/c. Thus, the sample 

had suffered some radiation damage during many hours of proton bombardment, 

but not severe enough to affect the experimental results.
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Data Analysis

Shown in Fig. 4.6 are the channeled and random spectra of the thin 

silicon sample. The "bump" in the middle is from silicon. The highest energy 

peak is from a 50-A gold layer evaporated onto the sample surface, and the 

lowest peaks are from carbon contamination on the surface of the sample. The 

y-ray spectrum of the 27AI(p,y)2xSi reaction can be found in chapter one (Fig.

1.7) and will not be repeated here. The characteristic y-ray energy for the

0.992-MeV resonance is 10.X MeV.

In order to obtain the energy loss and straggling profile across the 

channeling dip, two possible procedures presented themselves. One was to scan 

through the yield curve many times, i.e., for each different incident angle 

relative to the channeling minimum. The other was to stay at a given point on 

the yield curve and scan the angle over the complete channeling dip, and then 

advancing to the next point on the yield curve. O f course, this latter procedure 

requires considerable re-grouping of data points at the time of data analysis.

In practice, the second approach was preferable. In order to measure the
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yield function, it was necessary to change the energy of the incident proton 

beam, which was a slow procedure, and more importantly, could not be made 

automatic (at least at the present time). The angle scan, on the other hand, 

could be automated. Therefore the second method was adopted which allowed 

at least a few hours of continuous running without human intervention. The 

total time for the whole experiment was about 72 hours.

During the data acquisition process, the computer recorded the integrated 

counts from several regions of interest in both the backscattering and y-ray 

spectra. Beam current, energy total orientation and total accumulated charge 

were also recorded for each run. The data were saved on disk for later analysis. 

Among the regions of interest saved were the backscattering yields from both 

the front and back side of the silicon sample, the gold layer, and the carbon 

peak. No channeling was discovered in the gold layer. Two regions of interest 

were recorded in the y-ray spectra, similar to those used in chapter one (one 

region from 5 to 14 MeV, the other one from 9 to 14 MeV). The sample was 

moved to a fresh spot every a few hours to minimize the amount of radiation 

damage and carbon build-up.

The backscattering yield of the single crystal silicon (001) thin film



sample is plotted as a function of the incident beam angle relative to the crystal 

axis in Fig. 4.7. The half angle 2 4 ^  is 0.92° ± 0.031’. This is in close 

agreement with the published values. The near surface channeling dip is about

4 ck .

A close examination of the backscattering yield from the gold layer found 

no evidence o f  channeling in that layer. Since the backscattering cross section 

for gold is purely Rutherford, it can be used as a convenient normalization 

standard for other quantities, such as the backscattering yield from silicon and 

the y-ray yield. This is generally considered to be better than relying on 

accumulated beam current (charge) normalization.

The y-yield function of a thick target is the integration of the beam energy 

profile over the resonant width. If the beam energy distribution is a Gaussian, 

the thick target yield as a function of incident energy E0 is given by Eqn. (1.1). 

In our case p and Q(z) can be treated as constants and the result of the 

integration can be expressed in terms of the error function:

Y -  A + B erf
E - E l

y[2 Q '
(4.7)

where A is the background, B is the resonant strength, ER' is the apparent
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(shifted) resonant energy, and Q ' is the width of the beam energy distribution. 

The error function is defined as152'

i

’t f ( x )  =  —  j e ' 1 dt (4.X)

\fn  ii

The energy loss in the silicon layer can be obtained by subtracting from EK' the

true resonant energy.

EL =  EH ♦
(IE

dz
(4.9)

Si

and the straggling parameter is

Q2 = Q.'1 - Q,2 (4.10)

where Q,, is the beam energy width without silicon target.

A total of 23 sets of data were taken, one for each incident angle. Each 

set was fitted to the functional form of Eqn. (4.7) with A, B, EK' and Q ' as 

fitting parameters. To further improve the overall fit, the background (A) and 

resonant strength (B) terms are were with all sets of data together. For 

subsequent fits to individual sets, these two parameters were fixed and only the 

energy and broadening parameters were allowed to vary. This substantially 

reduced the correlation coefficients between final fitting parameters. The error
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bars of the fitted parameters were derived from the fitting matrix .15 ̂  The 

normalized y f  value of the fits typically ranged from I to 2. Figure 4.K shows 

some representative fits. Energy loss and straggling parameters were calculated 

from Eqns. (4.9) and (4.10). The results are summarized in Table 4.1.
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Table 4.1 Results of energy loss and straggling measurements of 1 MeV H+ on 
silicon near the ((H)!) channeling minimum.

0 dE/dz Q  0 dE/dz Q
(Degree) (eV/A) (keV) (Degree) (eV/A) (keV)

().() 3.11 4.54

0.2 3.51 6.49

0.4 3.99 7.31

0 .6 4.19 6.43

0.X 4.32 4.XI

1.0 4.33 4.11

1.2 4.3X 4.12

1.4 4.3X 4.26

1.6 4.31 4.X2

l.X 4.29 3.94

2.0 4.27 4.55

2.2 4.27 3.55

-0.2 3.23 5.71

-0.4 3.92 6 .XX

-0.6 4.22 5.63

-o.x 4.40 5.64

- 1.0 4.36 4.31

- 1.2 4.32 4.24

-1.4 4.30 4.62

- 1.6 4.30 4.46

-l.X 4.26 4.44

-2.0 4.23 4.11

-2.2 4.21 4 . IX
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Discussion

Figure 4.9 shows the energy loss as a function of incident angle. The 

half angle 24 'l/:is 0.65" ± 0.04". substantially smaller than the backscattering half 

angle, 2 4 ']/,. The solid line is a fit to the formula proposed by Jin ct 

which is based on Lindhard’s theory of the transverse energy distribution of 

channeled ions,4<i'

[</£/t/z] ,  ̂ .  a K t . ' 2" 'l'r ih (4 . 11)

where 4*,/, is simply taken from the half angle of the RBS dip. The dashed line 

is from the standard reference for the non-channeling case1" 1. As can be seen 

from Fig. 4.9 there is excellent agreement between the data and Eqn. (4.11) for 

101 < O.K", i.e., where the dip of energy loss occurs. It fails in the shoulder 

region because Eqn. (4.11) cannot produce the required overshoot. The 

overshoot is a direct consequence of the law of angular and spatial averaging, 

which states that the lower energy loss at the channeling minimum has to be 

compensated by other regions of higher than average energy loss.

The extracted straggling parameter is shown in Fig. 4.10 as a function of
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incident angle. The Bohr straggling (non-channeling) is indicated by the dashed 

line. At this energy most theories’ predictions are actually not too far from the 

Bohr value.1,7I The uncertainty in target thickness will add (in quadrature) about 

2 keV to the straggling parameter, which was not corrected for in Fig. 4.10. 

(The correction will bring the experimental points closer to the Bohr straggling 

line, but not significantly.)

The behavior of the straggling parameter as a function of angle can be 

understood as follows. The two sides of the channeling dip represent the 

transition region from well channeled conditions to non-channeled. This is the 

region where projectiles with different transverse energy (or incident angle) are 

influenced differently by the target electron distribution. This is also the region 

where energy loss changes most rapidly with angle. Because of the way the 

straggling parameter is defined, a collection of projectiles with slightly different 

transverse energy will appear to have a much smeared-out distribution that is 

indistinguishable from straggling effects. For example, the angular dispersion 

of the incident beam was about 0.075°, more than adequate for a conventional 

channeling experiment. But this uncertainty in angle is estimated to contribute 

about 5 keV, in the worse case, to the apparent straggling parameter in the 

sloped region, more than enough to account for the scattering in data points.
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angle. Representative error bars are shown.
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In other words, the angular dependent straggling measurement is like 

taking a derivative of the angular dependent energy loss spectrum (and then the 

absolute value), sharpening the structures, thus requiring more stringent incident 

beam collimation. Reducing the divergence of the incident beam by a factor of 

10 should render this artifact unimportant. This cannot be verified at the present 

time due to limitations of the accelerator and remains a challenge in future 

straggling measurements.

This averaging effect is also responsible for producing an outgoing beam 

energy distribution which deviates from a symmetric Gaussian. In their 

transmission channeling experiment, Jin and Gibson also observed an 

asymmetric energy profile with a long tail towards the low energy (i.e., higher 

energy loss) side.150'511 This is consistent with the fact that a portion of the 

incident beam is not well channeled. They correctly picked the peak at higher- 

energies corresponding to well channeled ions. To judge the straggling from the 

width of their peak would lead to a plot similar to Fig. 4.10. In our case the 

fitting procedure for energy loss is, to a First approximation, not affected by any 

asymmetric features. The straggling, however, will contain contributions from 

well-channeled and not-so-well-channeled ions convoluted together.



Appendix

There are a few ways to estimate the change in sample temperature 

during the ion implantation procedure. The following numbers will be used in 

the calculations (the properties of GaAs are from Ref. 54):

energy of ion, 

implantation dosage, 

total sample thickness, 

specific heat, 

heat conductivity, 

density,

E = SO keV = 1.5x10 14 J 

D = lx lO 15 cm 2 

z„ = 0.1 cm 

C = 0.35 J/g-°C 

k = 0.46 J/cm-sec-°C 

p = 5.3 g /cm 1

First consider the case of equilibrium heat flow, in which the energy 

deposited by the implanted ions is carried away by the sample to the sample 

holder,
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D E z,0 (A.2)A T  t = -  2 "C-sec
A

where A is the area of the sample, AT is the temperature difference across the 

sample thickness z,,. and t is the implantation time. Since the implantation time 

is much greater than one second, AT can be at most a few degrees.

A more conservative approach is to consider the sudden impact 

(adiabatic) approximation. The solution to the heat conductivity equation.

The time required for the temperature to reach equilibrium over a depth scale 

of z„ is

dT k d2T (A.3)
dr C p  d z 2

with the initial condition T(z,t=<)) = T„5(z) is

(A.4)

(A.5)
4 k t

or
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t = 4 k z " « o j sec (A.6 )
C p

For an ion implantation procedure substantially slower than the above 

time scale, the sample as a whole absorbs the energy of the implanted ions. The 

maximum temperature rise of the sample due to ion implantation is

D A E = C p (Az„) A T  (A.7)

or

A T  = ° -E « 80 "C (A.8 )
Cpz„

This result represents an upper limit on the possible temperature change of the 

sample.
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