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Abstract

Abstract

Focused Ion Beam Secondary Ion Mass Spectrometry (FIB-SIMS) has the
potential to provide crucial small-area elemental analysis by combining the high
spatial resolution of FIB (5 nm) with the high elemental sensitivity of SIMS.
Unfortunately, the sensitivity provided by the Ga* beam is orders of magnitude poorer
than that found using a reactive source such as O,  or Cs". To increase the range of
applications of FIB-SIMS it is essential that we produce larger secondary ion yield in

order to achieve higher sensitivities.

This report reviews a study of methods of enhancing the secondary ion yield by
changing the surface chemistry with reactive ion sources. Methods such as low energy
oxygen or nitrogen implantation with the Atomika 6500 and oxygen flooding with the
ION-TOF 1V system have been studied. The chemically modified altered layers were
then analysed in the FIB-SIMS system. The secondary ion yield was enhanced by the
implantation of nitrogen and oxygen. The low beam energy was efficient to provide
maximum ion yield enhancement which was more than two orders of magnitude. It
has been shown that the ion yield enhancement provided by oxygen implantation was
the same as that provided by oxygen flooding. The advantage of using oxygen
implantation is that the implant area and depth can be precisely controlled. The
disadvantage is the ion yield enhancement depth is finite. The thickness of the altered

layers was also studied with cross-sectional transmission electron microscopy (TEM).

AlGaAs/GaAs test structures were used to investigate the damage of the altered
layer induced by the low energy beam sputtering. The damage associated with
primary ion implantation was obtained by TEM. The results have shown that at low
energy oxygen and nitrogen sputtering, the damage was much compressed. For 1 keV
Ar" JON-TOF IV bombardment sample rotation was used. Surprisingly, the depth
profile was not improved by this technique simply because ion mixing remained a

limiting factor.



Acknowledgement

Acknowledgement

First and foremost, I would like to deeply thank my supervisor Dr. David
McPhail for giving me this opportunity to undertake such a rewarding project. I would
like to thank him for his support, his time, his patience, and his generosity in
providing professional guidance through out the project. It has been such a pleasure to
work with someone who is highly respected and professional in his work. I sincerely
thank Mr. Richard Chater for his provision of excellent facilities within the SIMS
group. I also would like to thank my sponsors (Deputy Rector’s award and Stephen
Anna Hui fellowship) for their financial support.

A big thank you to Dr. Nikolai Yakovlev and Dr. Debbie Seng of the Institute of
Materials Research&Engineering (IMRE) Singapore, for a very pleasant collaboration
and their help on the TOF-SIMS analysis. I would like to thank my colleague Dr.

Carine Davoisne for helping me with the FIB lift-out work.

I would also like to thank Dr. Anthimos Christofi who has been a great friend
and colleague. I would like to thank everyone in my office for all the help and support,

it was great to work with these young scientists.

Finally, I would like to acknowledge my family and my dear friend Lily for their
support throughout my time as a student in England.



Table of Contents

Table of Contents
DIECIATAIONL ...c.oveeeeeeieiecrteie et e ceestbe e cse e see st sr e e ens s e b e b s e se s et e ee s nesa s e s eas 2
ACKNOWIEAZEMENL........o.ceviiiiiiiiieietce ettt e 5
ADSETACE ..ottt te et et r et r st en s s n e s a e s 6
Chapter 1
1. Introduction and ObjJectives..........c.oviiiiiiiiiniiii 11
1.1 INEEOQUCHION. ..cuve vt ieveereeveeerte e esrees e eeeersee st et e s s e e nebe s s b e na s e e ee s et s sab s s ne 11
1.2 ODJECHVES. cueecureeeremmiceictcccni st sr st sttt s 17
1.3 RELETENCE...c.eieriiirieeeee et teee e et e treee st st e b e s me e e sn et ess e sanenn s 17
Chapter 2
2. Experimental THEOTY.......cccccccooiimiimimiimint et 19
2.1 The Secondary Ion Mass Spectrometry (SIMS) Process........coocevvniivninnnan 19
2.1.1 Quantification in STMS..........oieirineviriiiriiinenimnnnnenineenen: 20
2.1.2 Modes Of SIMS. .. ouriniint i 21
2.1.3  Mass SPECIIOMELET. . .uuvuininiiininiieti et 24
2.1.3.1 Quadrupole. . ..c.cooieiiiiii 24
2.1.3.2 Magnetic Sector............ e 25
2.1.3.3 Time Of Flight (TOF)......oiiiiiii 27
2.2 Focused Ton Beam (FIB).......ccovuciiiiieinenieriaeimimiiinnnsenss s ssinsasnsneeenn 28
2.2.1 The Liquid Metal Ton Source (LMIS)........coooiiiiiiiiinnii 29
222 Thelon ColUm. . ..ooniii i 30
2.2.3 The Stage, Imaging Detectors, and Gas Inlet.................coonnee 31
P TR LS5 (=1 (= 1 1+, SO OO OO O SO P PP PRPPFS RSP 32
Chapter 3
3. Literature REVIEW........cccooviiiiieieiieccccenten e ettt s 34
3.1  Reactive Ton Source Effect.......cccooiininiiinmmince i 34
3.2 Polyatomic Source Effect........oon 47
33 SUMIMIATY . .1 s et et eeereeete e retes e er s re e b s e e s esee s s s b n e e s e e anas 55
3.4  Angular and Energy Effect.........cooovoineien 56



Table of Contents

35 RV 1010 71 o TR ETERP R 64
3.6  Topography Effect........ccooviiviiiiiiiiini 65
3.7 R840V (- 2 P PP RRTE 69
3.8  CONCIUSIONS. ot e tnt et et ettt ate et et ettt ettt e 70
R I I 155 =3 1<) 1 P O P PR 71
Chapter 4
4. Experimental Techniques. ... 76
4.1 The Atomika 6500. .. ..ot en s 76
4.1.1 The Floating Low Energy Ion Gun..........cccoviimiinninnniinnn. 76
4.1.2 The Main Chamber...........c.ceeiniimiiimiineererrsecassese s 78
4.1.3 The Secondary Ion Detection System.........cccovrrermnniceninencnenns 78
4.14 Secondary Ion Optics AdJuStmeEnt .........ioirniniinns 79
415 GaHINZ.. ettt i 80
42 TON-TOF IV .. ittt e e 82
4.2.1 Analysis Chamber..........ccooviviiiiniiniiiniieieeies e 83
42.2 TOF Analyser and Detector ...........ccoviiimiiiivinnnenencicnees 85
4.2.3 TON-TOF TV Settings......cccerrereerieeeerereiriinrrsaessessss sttt e csassases 87
4.3  The FEL FIB 200 SIMS......cceicterirtrcnctrenitentineennnnnsean s ssesssesr s esnnesassnnssns e 90
A4 TRE ZYEO. ..ottt et e et e 93
4.5  Transmission Electron MICTOSCOPY....c.cccooreeiirimimmnestnnnesnencimis s 95
4.6  Experimental Procedure..............ooiviiiiiiiiiiinin e 96
Ve B 153 1<) 1<) 1 PR PSPPSR PPN 98
Chapter S
5. Results and Discussion - Secondary Ion Yield Enhancements.................... 99
5.1 SUMMATY ..o vveneniiiiiiiiiiaeeeeeneen .99
5.2  Energy Dependence with NG Trradiation.. ... eve e ee e 100
5.2.1 Layer Characterisation with FIB SIMS.................... 100
5.2.2 Layer Characterisation with JON-TOFIV.............coi 105
53 Dose Dependence with VNS Trradiation. . ..o oo veee e e e eeeeeecseeeeencecenen. 108
5.4  Comparison of FIB SIMS and TOF SIMS.............cooiviiiiinnn 111
5.5  Energy Dependence with '°0;" ITadiation..........ccoocvcumnssisssnssesseccesencennen. 113



Table of Contents

5.5.1 Layer Characterisation with ION-TOF IV.............c...ooooninn, 114
5.5.2 Layer Characterisation with FIB SIMS...............cc.ooiin 116
5.6  Dose Dependence with 100,  TITadiation....cvvvcve et 118
5.7  Comparison of FIB SIMS and TOF SIMS.....ccccoooviii 122
5.8  Oxygen Flooding |23 4 (= o S UTUUTT TR R PRURIRRS 1Y
5.8.1 Oxide Layer ANalysis.......cccccvmimirrminnireniiesinnns s 127
5.8.2 Nitride Layer Analysis....c.coccovevrimmiieniiee st 136
5.9  CONCIUSIONS ...ttt ettt et e et e e 141
510 ReLCIONCE. . ...ttt iiiecreeeerree et reeeee et s st b e ba s s enee s s see e st 142
Chapter 6
6. Damage During Chemical Modification ... 144
6.1 TNATOAUCHION. ..o itee et ee ettt sre et et ese e raessrs et cra s e sn e s sn e cransesss s nnes 144
6.2  FIB TEM Specimen Preparation..........cccuveeeeiienioinsinncnsncncnineiineniennes 145
6.3 Damage Induced by TN, Bombardment. ........oeveuveeeeeueuecsercenssercrencacnscsenns 150
6.4  Damage Induced by 160, Bombardment............cuvueeeeceeveerneeecesereeecseeencanans 155
6.5 Comparison of 4N,* and '°0," Bombardment.............coceevevneerinneinnnn 158
6.6  Damage Induced by ION-TOF IV Ar" Bombardment............coceuvienannn 162
6.7 N84Tt O G PP R TR 167
6.8 R OINCE. . ittt ittt e et e et 167
Chapter 7
7. Conclusions and Future Work............coooiiiii i, 169
7.1 (0705 070) 11 K103 1 - PP RPRPPPPPPR, 169
7.2 Future WorK. ..ot e 172
73 |2 (00 1 T U RO 175
Appendix
Appendix 1  Depth Profiles of Surface Contaminants. ..........cc..covvuinnrrissnsisisnenens 176
Appendix 2 Thickness of Nitrogen Induced Altered Layer by TEM................ 178
Appendix 3 5% AlGaAs Bombarded by N, 10, and PArT 179
Appendix 4  Comparison between Different Beams and Techniques............... 181
Appendix 5 Ion Projected Range Measured in TEM............cooiiiiiinniinnee 183



Table of Contents

Publications

Major AWards..............ooooooii

10






Chapter 1 — Introduction

Scaling down devices leads to some major problems such as the Short Channel
Effect (SCE). The SCE dominates them as a gradual effect as the gate length is
decreased and causes several problems such as substrate leakage current, hot electrons,
latch up, punchthrough, and leads to an increased junction sheet resistance. The
Lightly Doped Drain (LDD) structure was necessary to improve hot carrier immunity
of CMOS by reducing the electric field strength at the drain edge. By decreasing the
Source/Drain (S/D) doping concentration the depletion layer becomes thicker and the
electric field is reduced. In addition, a lower doping concentration leads to a shallower
junction depth, which is also effective for improving SCE immunity. However, LDD
went out of use after the quarter-micron generations because shallower and lower
doping results in higher sheet resistance. The very shallow doped Source/Drain
extension (SDE) was then modified to maintain the high performances of the devices.
These junctions are referred to as ultra shallow junctions. The new generations of
CMOS devices require an extension depth of 16-26 nm (the international technology
roadmap for semiconductors (ITRS) predicted that by the year of 2014, the extension
depth will be ~8-13 nm) [, Furthermore, the gate oxide thickness must be reduced to
maintain the gate field at the reduced gate voltage. However, this can lead to high gate
leakage currents and boron penetration. New materials such as oxynitride films and

51 With the miniaturization

oxide/nitride are considered as a good substitute for SiO;
of devices, quantitative determination of these shallow implanted device doping
profiles is identified (ITRS roadmap) as one of the significant needs of the

semiconductor industry ',

Secondary Ion Mass Spectrometry is an analytical technique used to characterise
the surfaces of solids and has been used to measure doping profiles in semiconductors
for many decades. It is one of the most sensitive elemental surface analysis techniques
that provides trace element sensitivity, with a capability of sub-nanometre depth
resolution for almost all elements. It provides various modes of analysis including
depth profiles, imaging, isotopic analysis and three-dimensional (3D) SIMS. This
technique uses a primary ion beam to bombard a sample surface followed by mass
spectrometry of the emitted secondary ions. Figure 1.2 demonstrates the capability of
SIMS for measuring shallow profiles with sensitivities down to 1x10'® atoms/cm’.
Figure 1.2a shows an As implanted silicon wafer with implantation conditions of 3

keV implant energy and 2x10"%/cm’ dose. The depth profile was gained with an ION-

12






Chapter 1 — Introduction

The Focused Ion Beam (FIB) is an inherently destructive microanalytical tool
that uses a focused beam of ions to scan the sample. It combines high resolution
imaging in secondary electron and ion modes. Small probe sputtering is achieved by
the Liquid Metal Ton Source (LMIS). Ga' is the most commonly used LMIS in the
FIB systems, because of its reliability, reproducibility and stable beam for a
reasonable lifetime which can exceed 1000 hours. The modern FIB system has
become a very attractive tool for nanofabrication with a high spatial resolution of 5
nm. Its capabilities have expanded into many applications including lithography,

wafer repair, TEM sample preparation, and metal alloys (9. 10],

Focused Ion Beam Secondary Ion Mass Spectrometry (FIB SIMS) involves the
integration of a SIMS analyser into a FIB system. It potentially combines the high
spatial resolution of FIB (~5 nm) with the high elemental sensitivity of SIMS. This
has made it possible to provide crucial small area elemental analysis for some systems
with examples from areas as diverse as semiconductors, superconductors, glass,
stainless steel, solid oxide fuel cell components, museum artifacts, aerospace alloys

and biomaterials .

However, despite the advantages of using Ga” LMIS in the FIB system, the
sensitivity provided by the Ga* source is not as good as that found using reactive
sources, indeed it is generally several orders of magnitude lower. This results in poor
ion yields which lead to poor sensitivities. The sensitivity is defined in the literature as

[ yse x

that concentration that will produce x counts per data point. Different authors
=1, x =10, or x = 100. Here we use x = 1. As the analysis volume gets smaller and
smaller it becomes a big problem for conventional SIMS. The problem for the FIB
SIMS is its low sensitivity. The relationship between the analytical volume and the

ion yield can be simply expressed as:
I.=Y *V*p, 1)

Where I, is the ion intensity of type X', V is the analytical volume, Yy is the ion
yield and py is the concentration of the monitored atom X. If I, =1, then equation (1)

can be re-written as:

1
Y*y

Prin @)
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Chapter 1 — Introduction

1.2 Objectives
The objectives of this work are:

1) To investigate how the ionization probability might be improved by changing
the surface chemistry by ion implantation prior to analysis. In these experiments, we
will pre-dose the surface of the materials by low energy ion implantation with reactive
ion species (N2*, O2"). The secondary ion yields produced with different implantation

conditions (e.g. energy, dose) will be compared.

2) To investigate how the ionization probability might be improved by changing
the surface chemistry prior to analysis by oxygen flooding. The oxygen flooding
method has been widely used to enhance positive ion yields. We will use different
oxygen flooding pressures to study how secondary ion yields change with pressure.
The secondary ion yield enhancements of ion implantation and oxygen flooding will

be compared and the relative merits of the two techniques compared.

3) To investigate the ion beam induced altered layer by TEM. The thickness of
the altered layers will be measured by using the Transmission Electron Microscope.

How the altered layer thickness varies with the implant conditions will be studied.

4) To measure the altered layer by SIMS depth profiling on the FIB SIMS and
the ION-TOF and to compare and contrast the results.

5) To measure the damage introduced during chemical modification of the

surface using a specially grown AlGaAs test structure.

1.3 Reference
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2. www.intel.com, accessed on 1.11.2006
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4, www.itrs.net, accessed on 12.6.2004

5. H.Yang and G.Lucovsky, "IEEE International Electronic Devices Meeting
Technical Digest". p. 245. 1999

6. Dachs, C.J.J., Verheijen, M.A., Kaiser, M., Stolk, P.A. and Ponomarev, Y.V.,
"2D dopant profiling of advanced CMOS technologies by preferential etching,
comparison with 2D process simulations" in "Solid-State Device Research
Conference, 2000. Proceeding of the 30th European" ed 360-363. (Solid-State
Device Research Conference, 2000. Proceeding of the 30th European, 2000)

7. www.iontof.com, accessed on 20.09.2007

8. www.cameca.fr, accessed on 20.9.2007

9. Phaneuf, M.W., "Applications of focused ion beam microscopy to materials
science specimens”, "Micron". 30: p. 277-288. 1999
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Chapter Two

2. Experimental Theory

2.1 The Secondary Ion Mass Spectrometry (SIMS) Process

The first fundamental experiments on SIMS were pioneered by Herzog and
Viehbock in 1949, at the University of Vienna, Austria. The instrument used electric
fields to accelerate primary ions to the sample and an electric field parabola
spectrograph to separate the secondary ions and record secondary ion mass spectra
from metal oxides !, The first “Modern Day” SIMS paper was published in 1958 by

Honig 21

. Then in the early 1960s two SIMS instruments were developed
independently. One from an American project, led by Liebel and Herzog and a French
project initiated by Castaing and Slodzian 341 The first commercial SIMS instrument,

the CAMECA IMS-300, was introduced in 1968.

SIMS is widely used for analysis of trace elements in solid materials. In this
technique a primary ion beam is bombarded onto a sample surface and mixes with
target atoms in an ultra-high vacuum (lower than ~10 mbar). When the primary ions
strike the surface, a series of collisions will occur between primary ions and target
atoms. Primary ions will finally come to rest, with many target atoms displaced from
their original positions. This is often described as a collision cascade. Some of the
atoms near the sample surface have enough energy to leave the surface. The majority
of those emitted species are usually neutral, only a small fraction of the atoms are

ionised either negatively or positively.
Primary Ion

Secondary Ion

Vacuum
Solid 7~ W’ ....... TIX3L T
q.{ Sputtering
= P anadl Depth
Collision Primary Ion

4

Cascade

Implanted Ion

Figure 2.1 The collision cascade in SIMS /.
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factors are collectively known as the secondary ion transmission coefficient T. T can
vary day to day on the same instrument, it can also vary from one species to another.

Thus the number of X" ions detected N(x") is:
N gy =@ Ty )Px A2 )
This is referred to as ‘the basic SIMS equation’ and can also be written as:
N =Y *V*p, 4)

The basic SIMS equation is the basis of the quantification process [ The
central construct in SIMS quantification is useful ion yield, Y (ions/atom), the ratio of
ions detected to atoms sputtered. Y is the product of the ionisation probability and the
transmission coefficient, ¥ = a*T. The improvement of useful ion yields leads to
better sensitivity of the SIMS technique. In a SIMS depth profile to convert the SIMS
raw data (ion intensity as a function of time) to quantified data (concentration as a
function of depth), a profilometer is used to measure the total sputter depth. The total
depth divided by the total sputter time is the sputter rate. A constant sputter rate is
assumed for single matrix layer analysis. For multilayer analysis the sputter rate can
vary for the different layers, corrections need to be made if changes of the sputter rate
occur. Thus, to convert intensity to concentration on the Y axis, an ion-implanted
standard is required. This is because useful ion yields for a given element or molecule
may vary significantly depending on the chemical matrix. Therefore, it is necessary to
have an ion-implanted standard which is produced by ion-implantation of the impurity
element into a same matrix of the same chemical composition as the examined sample
(for multilayer analysis it is necessary to have an ion-implanted standard for each

dopant-matrix combination).

2.1.2 Modes of SIMS
There are two main modes of analysis in SIMS, static and dynamic. Static SIMS

(SSIMS) emerged as a technique of potential importance in surface science in the late
1960s and early 1970s B1 1t is the process involved in surface atomic monolayer
analysis. In SSIMS a surface is bombarded by a focused low energy ion beam with a
very low dose of primary ions (<10"* ions/cm?). The aim is to obtain sufficient signal
to provide compositional analysis of the surface layer without actually removing a
significant fraction of a monolayer (0.1-1%). A maximum efficiency of analysis and

significant information level are required. Dynamic SIMS is used to analyse the

21
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Chapter Three

3. Literature Review

The ion yield Y is the product of ionisation probability a and secondary ion
transmission coefficient T. o is different for every element, m, in every matrix, M, and
also depends on various factors such as primary beam type, the beam energy, and
angle of incidence of the primary beam with respect to the surface normal. It can vary
by several orders of magnitude across the periodic table and is very dependent on the
chemical state of the surface. Therefore, the optimisation of sputtering conditions can
lead to better secondary ion yields. Other factors such as topography, temperature, and
escape velocity can also have an effect on the ion yields U4 In this chapter we will

look at some of the work that has been done to enhance the ion yields.

3.1 Reactive Ion Source Effect

Many primary beam species have been employed for SIMS analysis. The choice
of primary species depends on many factors: secondary ion yield, depth resolution,
lateral resolution, and charge neutralizer !, Reactive primary ions provide chemical
reactions with the surface that enhance the secondary ion yield. When a sample
surface is bombarded with a reactive ion beam the ion yields can be maintained at a
high level by controlling the surface chemistry. This is because the ion yield is a
function of surface chemistry. Instead of destroying the chemical compounds the
reactive ion source can reconstitute them. In a SIMS sputtering process, only a small
fraction of the sputtered atoms from the layer near the surface are ionised either
negatively or positively. Oxygen and cesium are the two most commonly used

reactive ion source to enhance the positive and negative ion yield.

A negative ion is produced by transferring an electron from the surface to the
sputtered atom. This requires a low work function, i.e. the minimum amount of energy
required to transfer an electron from the solid to form a negative ion. The work
functions of many materials are known to be reduced by the adsorption of
electropositive ions. Csis the most electropositive element and generally lowers the
work function %, Therefore, Cs can increase the availability of electrons and lead to
enhanced negative ion yield. The high secondary negative ion yields for Groups 5 and

6 and the noble elements were observed under Cs™ bombardment by Andersen et al ]
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in the late 1960s and a few years later, Storm ef al [} obtained enhanced negative ion
yields for Group 7 and H™ and carbon with an improved Cs” source. The degree of ion
yield enhancement depends on the Cs surface concentration, which has a huge
influence on the work function '®. Yu et al ™ studied the negative secondary ion
yields of Mo’, O", H and D" under Ne* bombardment. Cesium was applied to a clean
surface of Mo (100) to form a submonolayer to modify the surface work function.
Figure 3.1 shows the work function change and the Mo~ yield as a function of Cs
deposition time. It was found that the negative ion yield increased with decreasing
work function until the work function reached the minimum. This had a good
agreement with Gnaser’s ef al observation, the ion yield enhancements increased with
increasing dose until the critical dose was reached. After reaching the maximum, the

Mo  yield dropped significantly as the Cs deposition time continued to rise.

0= -1 1.4

Mo’ (kc/s)

Cs deposition time (min)

Figure 3.1 Variation of work function and Mo’ yield with Cs deposition time. The Cs

dependence of H, D', and O production was also very similar. The yield maxima correlate
closely with the work function minimum /.

1 1'% studied the relationship between several negative ion emissions

Gnaser et a
(C', S1, Ge™ and Au’) and Cs surface concentration. The experiment showed that for
all secondary ions (i.e. C, Si, Ge, and Au) the ionisation probability of negative ions
was enhanced upon Cs buildup, and saturated for steady state sputtering, and the work
function variations were A® = 2.75 eV for C, A® = 2.3 eV for Si, A® = 0.84 eV for
Ge, and A® = 0.62 eV for Au. Figure 3.2a exemplifies the gradual Cs incorporation

for pyrolytic graphite bombardment with 14.5 keV Cs'. The C intensity started
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temperature from 80K up to about 500K, and decreased from 500 K down to 830 K.
The decrease in negative ion yields was thought due to the reduction of the surface
cesium concentration because of thermal desorption. In the temperature interval 500 -
880 K, the work function of the surface is estimated to increase by 1.3 e¢V. This can be

considered as:

1 -E
g=ZeXp( de) M
Where 7y~ 10'135, Eq is the binding energy of the cesium atom to the surface, T
is the temperature and k is the Boltzmann constant. The concentration of cesium near
surface is determined by the rate of thermal desorption g and sputtering Jj G-
e &
Where, Jyis the incidence ion flux. At relatively high temperatures g dominates
the denominator of equation (2) and cesium concentration decreasing with increasing
g (i.e. increasing temperature). This explains the decrease in negative ion yield with
temperature above 500 K. However, at lower temperature (<500 K) the sputtering
term JoO is more dominate, the cesium concentration is independent of temperature
and negative ion yield increases up to temperature 500 K. Figure 3.3 shows the work

function plotted against the target temperature both for the C" and C; ions.
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Figure 3.3 Change in work function as a function of K. ( *)C ions (A) Cy ions 1],

The two monitored ions showed a similar trend. The work function decreased

with increasing temperature, the lowest was gained at a target temperature of 500 K.
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For ambient oxygen incorporated Ga® FIB SIMS, the ion yield can be enhanced
by increasing the oxygen gas pressure in order to raise the oxygen concentration on
the sample surface 1% 7], The angle and energy of the oxygen beam also have a
strong impact on the ion yield (section 3.3). Figure 3.6 shows the change of secondary
ion intensities from a Cu sample during oxygen flooding. Solid symbols represent the
intensities when the oxygen pressure was increased to 5.6x107 torr (~7.4x10™ mbar)
within 150s. It clearly shows that the Ga* and Cu” intensities increased with increasing
oxygen pressure. However, the ratio of Ga'/Cu" intensities stayed constant which
indicated that the Ga* and Cu’ intensities behaved in the same way in relation to the
incorporated oxygen. The oxygen pressure was then decreased toward the base

pressure. The two intensities (open symbols) decreased in the same way.
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Figure 3.6 Shows the variation of the secondary ion intensities from a Cu sample during
oxygen gas introduction. Solid and open symbols represent the intensities with the pressure

increasing or decreasing, respectively. The FIB conditions were 30 keV, 230 pA, 19x19 um’

scanning area and an incident angle of 10°1'.

In addition to the ion yield enhancement, oxygen flooding reduces matrix effects
in multi-layer analysis, and also the transient in the oxygen buildup region '*%. The

fast surface oxygen coverage allows quick stabilisation of the steady state.

As we have shown, the positive ion yield in Ga* FIB SIMS is enhanced by the
surface chemistry modification by oxygen implantation and oxygen flooding. The
positive secondary ion emission is directly proportional to the oxygen concentration

on the sample surface and the amount of ion yield enhancement showed a
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Figure 3.7a shows that in the low oxygen pressure range, the Si*" sputter yield
stayed roughly constant up to O/Si ratio 0.24") and 0.127, then dropped by about a
factor of 2 within the intermediate pressure range and carried on decreasing as
pressure increased. Figure 3.7b shows similar results under oxygen bombardment.
The oxygen content exceeded the stoichiometric SiO; value while the sputter yield
continued to drop. This could be due to the shallow sputtered atom escape depth, for
most atoms were ejected from the outermost atomic layer of the solid and at elevated
oxygen pressure this outermost layer was fully oxidised. The positive ion yield of Si*,
B* and Al" under Ar" bombardment was plotted as a function of O/Si in figure 3.8. As
the O/Si ratio increased, the positive ion yields increased. Also, the ion yield
enhancements showed a strong element dependence, the ion yields were enhanced

500 times more for Si", 2000 for B”, and only 7 for AI".
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Figure 3.8 Positive ion useful yields UY(X') of Si*, B* and Al'* as a function of O/Si. 8

keV Ar*, 39° incident angle 1.
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It was also worth noting that in the low oxygen coverage regime (>0.6 O/Si
ratio), the ion yield of A" was much higher than that of Si* and B". But the ion yield
enhancements of Al" due to oxygen flooding were much lower compared to the rest.
The reason was thought to be that the Al" ion yields were intrinsically enhanced by
silicon. It was clear that the degree of the ion yield enhancement was affected by the
surface oxygen concentration and the sputter yield. However, under the same
sputtering conditions the ion yield of different elements behaved differently, so the

matrix effect must be taken into account when measuring the ion yield.
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Figure 3.16 shows typical collision events leading to ejection of atoms during 15
keV Cg¢ and Ga bombardment of a Ag{l11} surface at normal incidence [30],
Compared to the polyatomic ion Cg the penetration depth of the Ga ion into the
crystal was much deeper, and the damage area had a more cylindrical rather than
hemispherical symmetry. A significant amount of primary energy was buried deep in
the crystal and only a small portion of this energy was deposited in the vicinity of the

surface, causing sputtering,

Kotter ef al Y compared the signal intensity of polymer surfaces bombarded by
Xe+, Ar' and SFs* sources on the TOF SIMS. It was found that the increase (up to
1,000 times more) in signal intensity (X;") occured when changing from Ar' to Xe'
and to SFs' primary jon bombardment. A section of the positive secondary ion spectra
in the mass range 145-185 amu obtained from spin coated polystyrene under Ar', Xe*
and SFs* bombardment is shown in figure 3.17. The peak intensities in the three
spectra were very similar, the intensity for SFs* bombardment exceed that for Xe* by a
factor of 10 and that for Ar" by a factor of nearly 100 in this mass range. A broader

mass range also showed that the effect is more pronounced for a higher mass range.
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Figure 3.17 Positive static SIMS spectra of PS under Ar', Xe* and SFs* bombardment in
the mass range 145—185 amu. Bombarded area: 100x100 mm* Y.
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The same result was found by bombardment of Cu (001) and Si (100) surface 2.
Those observations have demonstrated the effect of overlapping collisions of the
atomic components of the polyatomic ions on the ion yield. The probability for
overlapping cascades is much higher when two or more atoms are bound together in a
polyatomic projectile. However, Fuoco et al 133 suggested that in the sub-keV range
(<1 keV), the sputtering mechanism of SF5" and Ar" is similar which could be the
reason that no signal intensity enhancement was found for bombardment of

methylmethacrylate (PMMA) film.

Gold and bismuth are also commonly used in the TOF SIMS to enhance the ion
signal intensity. The sputtering mechanism of the two ions is very similar 3% As
the signal intensity increases with polyatomic ion bombardment due to overlapping
collision cascades, the larger the projectile size, the higher signal intensity (up to its
maximum value). A polycrystalline indium surface under bombardment with Au, Au,,
Aus, Aus and AuCs; projectiles also showed that the signal intensity (sputter rate)
enhancement increased with increasing projectile size up to Au; and then levelled off.
The clusters ions appeared more sensitive to the polyatomic ion bombardment than
that of atomic ions *%. For semiconductor materials, the emission of secondary cluster
Siy" ions (n = 1-11) under bombardment by Au,,” was studied 28] The results showed
the signal intensity of Si* cluster ions increased with Auy, (m = 1-5). This had a good
agreement with the Ar cluster bombardment B7 For a given Au,, primary ion, the
signal intensity was lower for larger n (n = 1-11) of Si,. Figure 3.18 shows the mass
spectra of the secondary cluster Si,” ions measured under silicon bombardment. The
signal intensity of cluster Si, increased with increasing m. The highest was observed
at m = 5. Comparing the Si," intensity with Au" bombardment at different primary
energies (4, 6 and 9 keV Au"), the difference was little and negligible. However, this
is not the case when the number of atoms in the primary ion increased or Si," (n>1),
signal intensity increased with increasing primary energy. For all Au;" bombardment,
the signal intensity of different Si," clusters stayed constant despite the increasing
primary energy. Figure 3.19 shows the dependence of the signal intensity of Si," ions
on the primary ion energy. As we can see, the primary energy has a larger effect on
the signal intensity of Si," under polyatomic ion bombardment than that under atomic
bombardment. Moreover, the cluster signal intensities appeared more sensitive to the

polyatomic ion bombardment than that of atomic ions.

49









Chapter 3: Literature Review

Bi is lower than that of Au (the ion mass of 2°*Bi is higher than that of 197Au). Bi,"
LMIS emit larger clusters and higher cluster ion currents which allow data acquisition
quicker with Bi,". In addition, Bi produces Bi**, which can be used to image the
surface with a higher lateral resolution (<400 nm).

Satoshi et al ¥73

investigated the secondary ion emission from a Si target under
larger Ar cluster and monomer jon bombardment. Si," ions with n values up ton =8
were detected under Ar cluster bombardment, whereas, with Ar monomer 1ons the Si
cluster ions produced were only Si;" and the signal intensities were much lower than
that produced by Ar cluster ions, shown in figure 3.21. The relationship between the
so-called cluster ion yield Y, and the Si cluster size is plotted in figure 3.22, and 1s
described by Y, 1s proportional to n® where n is the number of Si atoms. The
exponent & for Ar clusters and monomer ion irradiation is about 2.1 and 6.8
respectively. A similar power law dependence has been also reported including, SFs',
Xe* and F* primary sources [*’. Signal intensity enhancements due to cluster ion
bombardment were clearly shown above. The signal intensity provided was much
larger than that found with monomer ion bombardment. For a bigger Si cluster size, it
is more likely to be seen in the cluster ion bombardment but the signal intensity was
not as large as the smaller Si clusters.
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Figure 3.21 Mass spectra of secondary ions emitted from Si under bombardment by a)
20 keV Ar cluster ions, b) 20 keV Ar monomer ion 7.
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Mondt et al compared the signal intensity enhancement gained by using Ga”,
SF5+, C60+, Bi', Bi32+ and Bis* projectiles under static conditions. The monoatomic
Ga" and Bi" sources exhibit consistently lower signal intensity than the cluster
projectiles. Ga’ ions offers worse signal intensity enhancements than Bi' does,
whereas, SFs" clusters provides lower signal intensity than the recently developed
projectiles Cgo". The study of ion yields of model biological membranes using
different primaries (Au+, Au;* and C(,0+) also showed that the Cgp' beam produces the
highest signal intensity from these model cell systems, and it is the most sensitive to
the change in surface . The ion yields are found greater from thick films as
compared to think films, and molecular dynamics and experimental studies on ice

show that Cg' has a si gnificantly shallower information depth than Austand Au”.

Other techniques such as a post-ionisation technique and combined electron and
focused ion beam systems have been developed to ionise the neutrals in order to

d ¥ %1 At a certain optimized electron energy, the electron

improve the ion yiel
impact ionisation takes place and the ionisation rate can be significantly increased by
increasing the electron current. Figure 3.24 shows the ratio I/I; (I, secondary ion
current, I; primary ion current), which is proportional to the secondary ion yield,
plotted as the function of electron source biasing voltage V.. When the electron
biasing voltage is negative, the electron impact ionisation takes place which leads to
secondary ion yield enhancements. Compared with the low electron current, the peak

secondary ion yield for the higher electron current is fives times more.
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Figure 3.24 Shows I/I;as a function of electron source biasing voltage Ve. When Ve
is positive, no electrons reach the target; when Ve is negative, secondary ion yield

enhancements are observed /.
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3.3 Summary

In the last two sections, we mainly concentrated on the primary ion beam effect
on the ion yield enhancement. We have shown that the ion yield can be enhanced by
surface chemistry modification by reactive ion implantation. Cesium has been widely
used to enhance the negative ion yield by lowering the work function. The positive
ion yield enhancement is mainly related to the increased ionisation probability, for
which oxygen is mostly used as oxygen provide chemical reactions with the surface
form Si0O,, which increases ionisation probability. The ionisation process by
definition is the physical process of converting an atom or molecule into an ion by
adding or removing charged particles such as electrons or other ions. Ga* FIB SIMS
offers great spatial resolution but low ion yield. Oxygen pre-dosing prior to SIMS
analysis enhances the ion yield of FIB SIMS dramatically. Oxygen flooding also is
commonly used and the degree of the ion yield enhancement depends on the oxygen
pressure. In addition, it reduces the crater bottom roughness and transient depth in the
oxygen build-up region. For some metal elements, the electronic excitation effect
plays a big role in the ion yield enhancement. The strong electronic interaction
between the primary ions and the target atoms leads to secondary ion formation, and
in consequence, the ion yield increases. Polyatomic ions (e.g. Cgo, bismuth) have been
a very popular source used in the TOF SIMS technique to enhance the signal intensity
(or ion yield — debatable). One of the main advantages of the polyatomic ions is that
the bombardment of multiple atoms of the polyatomic ions results in more energy
deposition onto the sample surface, this leads to more secondary ion ejection. From
the instrumental point of view, a post-ionisation technique can be employed such that
neutrals can be ionised by combining an electron gun and a focused ion beam.
Furthermore, analyses of insulator materials are much easier. Finally, the ion yield can
vary hugely depend on different combinations of instruments, materials and primary

ion sources.
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3.4 Angular and Energy Effect

Secondary ion yield enhancements involve the surface or near-surface chemistry.
The surface concentration of the reactive bombarding species changes inversely with
the sputter yield, S. The sputter yield is defined as the number of atoms of the material
removed, per incident primary species, ions/atoms. Thus, the ion yield and sputter
yield correlation can be interpreted in terms of variations in the surface concentration
of the primary species. The effect of sputter conditions such as primary incident angle
and energy on the relationship between sputter yields and surface concentration have

[46. 471 Matsunaga et al **! investigated the

been studied by many researchers
relationship between negative ion yield (Y) and sputter yield (S), and that between ion
yield and the surface density of Cs” The C, Si and Ge implanted InP samples were
bombarded with a Cs" beam at 15 keV at different incident angles (0° - 60°, 7.5°
interval). Figure 3.25 shows that the ion yield of C°, Si", Ge” increased with increasing
1/S (i.e. ion yield changes inversely with sputter yield). As the sputter yield decreaseé,

the Cs surface density increased and as a consequence, the ion yield increased.
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Figure 3.25 Relations between sputtering yields and secondary ion yields, and that
between ion yields and surface density. Ion incident angles used for Cs' bombardment were
0° to 60° at intervals of 7.5°. a) d.ata Jor normal incidence was excluded. The straight lines
show that the negative secondary ion yield of these elements changes inversely with 1/Sp,p, b)
shows secondary ion yields of C, Si” and Ge versus Cs density at the InP surface. For every

element, the ion yield rises in proportion to the power of the Cs surface density Y.

Wittmaack ez al 1*! investigated the effect of the angle of incidence on the Si

ion yields of oxygen-bombarded solids. A silicon sample was bombarded with Ar" at
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5 keV and O, at 10 keV, the incident angles used were from 0° to 60°. For Ar'
bombardment, the variation in ion yield was not very significant with increasing
incident angle. Under 10 keV oxygen bombardment, the Si"" ion yield was much
higher, the highest Si*" jon yield occuring at normal incidence, because of the full
oxidation of the silicon layer, SiO,. As the incident angle exceeded 20° the ion yield
decreased more rapidly with increasing incident angles. It is clear now, that the ion
yield of negative ions or positive ions is affected by the surface concentration. As a
fully oxidised layer can be achieved at normal incidence, a higher ion yield is
expected. When the incident angle increases, the sputter yield becomes high which
leads to a lower surface concentration of oxygen or cesium. In consequence, as we
revealed in the previous section, the surface work function/ionisation probability is
not optimised to enhance the ion yield. Figure 3.26 shows the ion yield of Si"as a
function of incident angles. The Si" ion yield under oxygen bombardment decreased
by a factor of 2x10° as the incident angle changes from 0° to 60°. Almost the same ion
yield reduction was found with negative ions. As the angle of incidence increased,
less oxidation occurred and a significant decrease in the ion yield was observed.
Compared to oxygen bombardment a much lower ion yield of Si"" was observed
under 5 keV Ar" bombardment, and the variation in ion yield was less dramatic. The
observation demonstrated the dependence of ion yield on the surface concentration of

the reactive ions.
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Figure 3.26 The dependence of Si*" ion yield on incident angle from normal for
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However, this can be different if a different matrix (e.g. Ge, GaAs) is used. It
was reported that with bombardment of Ge and GaAs with a 10 keV O," beam at
angles from 0° to 60° that the intensity of Ge', Ga' and As™ was reduced by only one
order of magnitude, but that the Si intensity was reduced by two orders of magnitude.
This was partially due to the high initial sputter yield of Ge™ (or Ga”, As’) under high
primary oxygen energy which resulted in low oxygen incorporation. In addition, Ge
does not react with oxygen as well as Si does. This can be described as a matrix effect.
The oxygen incorporation can be improved by lowering the primary energy or

increasing the incident angle above 45° where the matrix effect becomes less effective
[50]

Beyer et al " reported the variations in the thickness of oxygen formed altered
layers at various angle of incidences. The silicon was firstly bombarded with 14 keV
180, at various angles from 0° to 60°. The crater bases were subsequently depth
profiled using a 3 keV Xe" beam to reveal the oxygen distribution. He found that the
layer thickness dropped at an incident angle, 6>10°, which was accompanied by a
further increase of the sub-stoichiometric oxide region at the back interface of the
altered layer. The projected range of the primaries in silicon, the sputter rate and the
diffusion of oxygen in the altered layer (oxygen is very diffusive in oxide) were
mainly responsible for the change in oxide layer thickness. The total range which
equals projected range plus straggle was calculated by TRIM 2. They found that at
angles from 0° to 10° the layer thickness and total range ratio did not change; above
10° the ratio dropped and at 20° the ratio was close to 1 thus indicating that diffusion
only plays a minor role in terms of the altered layer thickness. The partial sputter yield
of silicon only started to increase above 10° this caused a reduction in the layer
thickness. At incident angles above 20° the partial sputter yield of oxygen was high
and a full layer oxidation was not achievable. The altered layer thickness and the
interface width with various incident angles are plotted in figure 3.27. The altered
layer/substrate interface width has been measured between the 84 and 16% drop off
point of the normalised '®07 2*Si” ratio. The larger interface width of the ion beam
induced altered layer is indicative of a partially oxidised region that follows the
completely oxidised region °'). As seen, the interface width at 25° is almost 2.5 times

larger than that at near normal incidence.
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Figure 3.28 Oxygen buildup curves for 15 keV O bombardment of silicon obtained by

subsequent 3 keV Xe* profiling: a) doses of 1.17x10" () 5.86x10" (A) and 1.22x10"

ions/cm’ (m), b) for doses of 4.69x10" (e) and 2.34x10" ions/cn’ (m), c) the O profiles in (b)

are plotted as "50/%Si intensity ratios in (c). Depth profiling conditions: 3 keV Xe'*.

It showed that at low oxygen doses a Gaussian distribution of the oxygen was
obtained up to a dose of 11.7x10'° O/cm®. Above this level, saturation of the oxygen
signal took place suggesting the formation of SiO,. The flat 807/ *Si"intensity ratio
confirmed the observation. However, comparing 2.34x10" with 4.69x10'7 O/cm?, the
saturated oxygen signal is only seen in the central part of the depth profile, this
indicates that a buried layer has been formed and complete oxidation of the immediate
surface had not yet been achieved. Figure 3.29 shows calculated oxygen concentration
profiles with different oxygen implant doses, diffusion also takes place in both

directions. The results agree well with the experimental data.
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The same results were observed by Williams e af P°). He used Rutherford
backscattering (RBS) and channeling to study the dependence of surface oxides on
primary oxygen energy and dose. All craters made on the silicon sample were
analysed by RBS and channeling (RBS-C) using 2 MeV He' ions. A linear
dependence of oxide thickness with oxygen energy was found between 3 and 40 keV,
and a stoichiometric SiO;, layer was formed. This dependence agreed well with TRIM
(521 calculations of the total range for oxygen bombardment of SiO,. Figure 3.30a
shows the thickness of the oxide layer as a function of incident energy. Over the 3-40
keV energy range covered, the oxide thickness data fits a linear energy dependence

rather well as shown by the least squares fit. The crosses are obtained from the TRIM

calculations.
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Figure 3.30a) The energy dependence of the oxide thickness. Triangles correspond to
0, and O SIMS bombardment (4-12 keV) and 10 keV, respectively and O" bombardment in
an ion implanter (15-40 keV) at 0°. Stars are obtained from a TRIM simulation ™.

Figure 3.30b shows the thickness of oxide layer as a function of oxygen dose at a
fixed primary energy of 8 keV O,". Compared with the critical dose gained for an 15
keV '80," beam reported by Littlewood ef al °%, the critical dose of a 8 keV beam
measured in this experiment is much smaller, at 1.5x10'" atoms/cm® (for a 15 keV
oxygen energy, the critical dose was 4.5x10'7 atoms/cm” which is very similar to that
gained by Littlewood). Hence, the beam energy effect on the altered layer formation is

shown.
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Figure 3.30b) Shows the measured oxygen incorporation as a function of dose. Build-
up of incorporated oxygen, measured by RBS-C, is shown for several doses of 8 keV

O, bombardment at (°. A continuous SiO, layer forms at a dose of about 1.5x10" oxygen

atoms/em? 1,

The dependence of ion yield of Si" on primary ion energy under various
primary species namely: Ar, Xe*, O," and Cs* was reported by Wittmaack et al 7,
shown in figure 3.31. Under Xe™ and Ar' bombardment, the increase of primary ion
energy has produced more ions such that the ion yield of Si*" increased. Under O,"
bombardment the Si' ion yield reduced slightly as the primary ion energy increased
from 2 to 8 keV, this indicated that a thin oxide layer was formed in the lower energy.
range. The most pronounced change in Si ion yields was observed under Cs*
bombardment. As the primary energy increased, much more Cs™ was sputtered off and
as the cesium surface concentration decreased, the ion yield decreased. Looking at the
oxygen surface concentration, it varied little with the beam energy. This was due to
the high sticking coefficient of oxygen. It is also interesting to note that the ion yield
of the singly charged Si' ions were higher than that of the doubly charged ions Si*",
since chemical enhancement effects are negligible for n = 2 unless the reactive atom
content in the altered layer 1s high. For silicon delta-doped layers in GaAs, the ion
yield enhancements of Si* are most pronounced at the low bombardment energies,
whereas at high primary ion energies with normal incidence the Si atoms are spread
out more and dilution of the local Si concentration is maximised, reducing the ion

yield to the values for Si in GaAs 58]
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In the case of metals, Wittmaack et al °* studied the relative ion yields of 12
metals as a function of Ar’ primary ion energy between 2 and 15 keV. The secondary
ion intensity was found to increase with increasing energy for all elements
investigated and the differences in intensities for the various elements was less than
two orders of magnitude. The difference between the highest relative ionisation
probability (Al) (the ionisation probability is the probability that the sputtered flux is
ionised) and the lowest relative ionisation probability (Au) was just two orders of

magnitude.

The Zn" and Cd" ion bombardment of polycrystalline copper and molybdenum
showed that the ion intensity increased almost linearly with the primary ion energy,
attained a broad maximum and subsequently declined 0] Figure 3.32 shows the ion
yields of various ion-target combinations, e.g., Zn"-Cu, Cd"-Cu and Cd"-Mo. The ion
yield increased with increasing primary energy until the critical incident energy and
then decreased. The author suggested that this subsequent decline in secondary ion
emission was due to the effect of channeling of incident ions within the crystal lattice.
The ion induced preferential orientation in polycrystalline targets transforms a non-

textured target into a textured one.
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Figure 3.32a) Cu" intensity with primary Zn*, b) Cu’ intensity with primary Cd", c)

Mo" intensity with primary Cd*, d) Cu," intensity with primary Zn* .

3.5 Summary
In this section, we have shown how the surface concentration of the reactive

primaries affects the ion yield. The ion yield changes inversely with the sputter yield.
The surface concentration (e.g. Cs', O,") decreases with increasing primary incident
angle. At oxygen oblique incident angle, a fully oxidised (refers to the overall
chemical composition of the altered layer) altered layer is not achievable. At near
normal incidence, the ion yield increases with increasing oxygen dose until the critical
dose, when a fully oxidised layer is formed. The thickness of the oxygen induced |
altered layer also depends on the primary energy, i.e. the thickness increases with
increasing oxygen energy. For Cs* bombardment, the high primary energy reduces the
surface concentration of the Cs' ions, and in consequence, the ion yield decreases. To
achieve high signal intensities from an inert gas source (e.g. Xet) a high primary
energy should be used. This allows a high sputter yield and more secondary ions are

produced which leads to a high ion yield.
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To summarise, for commonly used semiconductors (e.g. Si) oxygen and cesium
enhance the positive and negative ion yield greatly. The degree of the ion yield
enhancement largely depends on the Cs/O; surface concentration. To gain maximum
ion yield enhancement, a low bombarding energy combined with normal incidence of

the primary beam seems appropriate.

3.6 Topographv Effect

During the sputtering process, ideally the receding sputtering surface should
remain smooth, with no topographic variations in the base of the sputtering crater. In
practice, topography often occurs and this effect comes from a fundamental
interaction (physical or chemical) between the energetic primary ions and the sample
surface. The sample surface region is amorphized and become rough with sputtering
depth, even if it is completely smooth at the beginning of primary ion exposition 61,
The ripple formation is a result of the variation in sputter rate with the angle of
incidence of the primary beam with the sample, and the growth of ripples is
exponentially dependent on sputtered depth. The changes in surface topography can

strongly enhance ion yields. The ion intensity before ripple formation is given [*2:

1(6,)=K*8(6,)*Y(6,) (D

Where /(0,) is the secondary ion intensity before ripple formation, 8, is the
primary ion incident angle (uniform everywhere on the surface before ripple
formation), K is a constant, Y is the secondary ion yield, S is the sputtering yield. The

ion intensity after ripple formation is approximated by:

1(6,,6,)=K[S(6,)Y(6,) + 5(6,)Y(6,)] 2)

Where 7(0;,6;) is the secondary ion intensity after ripple formation. The primary

ion incident angles to the plane face normals of the two plane faces are denoted by 0;

and 0,. 8; and 6, are constant during sputtering after ripple formation.

a) before ripple formation b) after ripple formation

Primary ion beam Primary ion beam

6, ;

»
.

Sample surface

Sample surface

Figure 3.33 Sample surface and microscopic primary incident angle a) before and b)

after ripple formation ",
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3.8 Conclusions

In this chapter, we have shown some methods that have been used to enhance
the ion yield in the literature. We have shown the primary ion source effect on the ion
yield. Oxygen and cesium are the two most popular ion sources used for ion yield
enhancement. Polyatomic ion source is often used in the ION-TOF system, but the
question is that the increase in the signal intensity (or ion yield) is due to the higher
sputtering efficiency or the increased ionisation probability. We have reported how
the ion yield varied with the primary beam energy and the incident angle. The change
in the ion yield was mainly due to be the surface concentration of the oxygen or
cesium. The surface topography was induced during sputtering the reactive ion beam,
the incident angle and beam energy again was thought to be the main factors of the
ripple formation. However, the beam induced roughness can be avoided by using

certain experimental conditions and techniques.

The question is now, what remains to be done? As far as this project is concerned,
oxygen has been widely used but, low energy (particularly sub-keV) oxygen
implantation has not been used so often > to create the altered layer prior to SIMS
analysis. It is worth investigating the ion yield enhancements of low energy oxygen
pre-dosing. The benefit of using low energy oxygen implantation is to minimise the
damage introduced into the sample during yield enhancement strategies. At a fixed
energy, the degree of the ion yield enhancements is dependent on the implant dose, a
systematic study of the ion yield enhancements using different doses thus has been
carried out. Nitrogen has been commonly (especially in our SIMS lab) used to
measure the oxygen depth profile, it would be interesting to use nitrogen ion yield

enhancement studies and compare that with oxygen beam.

As mentioned, the ion yield can vary with different instruments, some methods
used in the literature have been adapted to this project in order to see the outcome on

the FIB SIMS located at Imperial College.

We have shown many examples of signal intensity enhancements in TOF SIMS
using polyatomic ions. However, the methods of ion implantation (O, N») to improve
the ‘real’ 10n yield in TOF SIMS have not been reported in the literature. This project
fills the gap. Furthermore, the results obtained from the two different techniques give
us an opportunity to investigate the reliability and performance of ION-TOF IV and
FIB SIMS. Oxygen flooding enhances the ion yield, but a direct comparison between
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the ion implantation and oxygen flooding have not seen in the literature, this is also

one of the aims of this project.
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wide beam seriously limit the final intensity of the probe and impair probe shape. A
floating ton gun is designed to produce low energy ion beams with high beam currents.
It has a floating column floated to a negative potential and transports primary ions at
relatively high energy between the extraction region and the final lens. At the final
lens, the beam is decelerated to the desired impact energy. Thus, it can deliver a probe
of high current density at beam energies as low as 200 eV. The primary beam energies
available on this machine range from 200 eV to 5 keV. There are six beam apertures;
the beam diameter can be focused from 0.8 mm down to 0.1 mm. The beam current
can be varied from 1 nA up to 10 pA. This low energy performance makes the FLIG 5
a powerful tool for high resolution depth profiling, figure 4.2. The FLIG 5 also

operates conventionally (non-floating) at higher energy [,

DUQPLASMATRON
VARIABLE
ONSOURcE  EXTRACTOR WIEN FATER APERTURE STIGATORS
| M7 E} 8O (il / SCAN
—-—I /  3degree PLATES

" bend /
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Figure 4.2 Schematic of the Floating Ion Gun .

The first part is the duoplasmatron source, where a magnetic field is applied to
create a helical path to allow the emitted electrons from the cathode to pass through
and reach the anode. Gas molecules are ionised in the anode. The gas pressure is
maintained at 102 mbar. Those ions are then extracted from the source plasma
through a narrow aperture (diameter ~0.5 mm) into the grounded acceleration
electrode. The extractor and lens 1 are mounted at the opposite ends of the
duoplasmatron ion source, and prior to the aperture is a Wien filter and the first
alignment unit. Ions are extracted and accelerated at high energy between the anode of
the ion source and extraction electrode. The beam is focused then by the extraction
fields at lens 1. The Wien filter then removes any impurity masses by the application
of a magnet and an electric field. A gate valve is positioned after the Wien filter to

isolate the lower column from the extractor and source. This is essential for source
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replacement or maintenance. The ion beam is now passing through an adjustable
aperture mechanism with six apertures which is used to adjust the beam current and
the beam spot size. The lower section of the gun is designed with a set of orthogonal
electrostatic plates (neutral dump) which bends the ion beam around 3°. This
eliminates any neutral particles from the beam. After the neutral dump is an octopole
stigmator, designed to remove any beam astigmatism before passing through the final
lens. Now, the ions are decelerated and focused onto the sample by a retarding
immersion lens, Lens 2. Finally, the beam passes through a high precision scan unit,
which maintains a uniform ion dose across the rastered area. The isolation valve
allows isolation of the upper part of the column, allowing one to keep the vacuum in

the main chamber during maintenance of the source .

4.1.2 The Main Chamber

The main chamber houses the sample manipulation stage, the sample carousel,
and the electron gun. When insulating samples are analysed in the SIMS, the sample
surfaces will build up electrical charge during analysis. This charge can have
dramatic effects on the SIMS analysis, altering the energy distribution of the
secondary ions and their collection efficiency. The electron gun allows electron
flooding on the analysed surface with low energy electrons. The low energy electrons
will overcome the surface charge build up with a self-adjusting compensation. The
stage allows rotation of the carousel about the z direction, movement in the y direction
and tilting about the y axis between 0° and 90° which corresponds to effective angles
of incidence of -45° and 45° as the gun is mounted at 45° to the analyser chamber. The

chamber is separated from the primary sources and the load lock by gate valves 3,

4.1.3 The Secondary lon Detection System

Secondary ions that are emitted from the sample are extracted into the collection
apertures of the Secondary Ion Optics (SIO) and accelerated into the energy filter,
shown in figure 4.3. However, when an extremely small energy bandpass is needed
(e.g. H) the acceleration voltage should be decreased. An additional potential (Ugec)
enables the collection of ions from all angles of emission. In a quadrupole mass
spectrometer mass resolution mainly depends on the number of the RF cycles that an
ion experiences. The kinetic energy and energy spread of the ions should be small to
allow the 1ons to experience more cycles. The energy filter only allows secondary ions

with a fixed energy and energy spread of 0.2 to 1 eV (band pass) to be transmitted to
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Where, e is the electronic charge. As the equation shows, at a fixed Egy, Exin can
be controlled by Utarger. The maximum ion counts should usually be kept below 500k
cps to minimise degradation of the detector. This is done by applying an offset (20 to
50 eV) from the maximum intensity in cases where an interference with molecular
ions can occur. After this step, the transmission should again be improved by the
position parameter and Uy, (repelling voltage) to correct the position dependence of
the energy filter. Uy, is usually adjusted for maximum transmission. Ugy; 1s the
focusing voltage used to inject the secondary ions in parallel to the quadrupole axis.
Utocz is set between 130 V and 170 V for optimum focusing. One should ensure that
the shape of the mass peak is flat-topped and well resolved. All of the secondary ion
optics parameters can be adjusted by the SIO software which is stored in the computer.
The sequence and settings for optimum experimental conditions are given in the SIO
default setting manual. After saving the optimised SIO conditions, a ‘repeat until’
loop is set to define how many cycles need to be run. This also involves defining the
mass channels, frame time, polarity of secondary ion, scan type and gating mode.

Signal intensity as a function of time is profiled on the computer screen.

4.1.5 Gating

In a depth profile, the total rastered area cannot be used for detection of
secondary ions because of contributions from the crater walls. The probability of non-
uniform bombardment of the analysis area increases as the analysis area increases.
Also, the sputtering rate decreases if the primary ion density is held constant while the
rastered area is increased. Therefore, depth profiles should be obtained using different
rastered and detected areas until a relationship between the ion beam raster and
detected area can be established to avoid crater sidewall effects”). The Atomika 6500
operates in two scanning modes. In the raster scan mode, the ion beam scans in
horizontal direction. The frame-time (i.e. time taken to complete a cycle) is typically
of the order of a few seconds. In the spiral scan mode, the ion beam spirals into the
centre of the crater and back out again. Both scan modes produce square crater. The
secondary ions are only being counted from a certain area; ions from the crater edge
will be eliminated. This is done by electronic gating. The most common use of gating
is to reduce the crater edge effect. Figure 4.4 shows a primary ion beam is sputtered at
the sample surface and the materials are being removed, whilst a flat crater bottom is

being formed and the secondary ions are only collected from the analysed area.
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The Ga LMIS used in this gun is isotopically enriched and consists nearly
exclusively of the ®Ga isotope. The potential of the emitter determines the total
energy of the primary ions. The corresponding voltage which supplies the emitter is
called ‘ion energy’ and can be varied between 0 and 25 keV (the energy used in the
project was 25 keV throughout). For a stable operation of the LMIS, the LMIS must
be operated under an ultra-high vacuum of 107 mbar or better. The emitter is also
heated by feeding a well regulated current through the heating coil to maintain the
cleanness of the emitter. The emitter is surrounded by a suppressor electrode which
shields the Ga reservoir from the strong electric field. The voltage on the suppressor is
used for a fine tuning of the emission current. The extraction electrode is located in
front of the tip to produce an electric field at the tip. Once the extraction, that is the
difference between the potential of the emitter and that of the extraction electrode, is
achieved in the order of 10 keV the emission is started. The emission current is
controlled by the extraction voltage, and a typical emission current used is between
1.5-2.5 pA. The extracted beam is focused by two lenses, the ‘lens source’ and the
‘lens target’. The angular acceptance of the ion optical column is defined by the beam
size aperture (aperture 1) located at the exit point of the ‘lens source’. The beam is
then centred on the middle of aperture 2 by rastering the ‘x source’ and ‘y source’
voltage. The Ga beam is pulsed by the Sinus blanker (‘blanker’) or ‘chopper’. The
length of the ion pulses can be adjusted from 1.5 to 20 ns with submicron spot sizes.
The ‘chopper’ is used for the generation of long ion pulses from 20 ns to some 100 ns
when the Sinus blanker is off. The electrodynamic bunching system (buncher) is used
to compress the ion packets generated by the ‘blanker’ and ‘chopper’. A set of
deflection plates called ‘x blanking’ and ‘y blanking’ used to align the beam to the
centre of the blanking aperture. These deflection plates are used to optimize the
current on the target after the adjustment of deflection ion source. The position of the
beam on the target is controlled by the raster plates ‘x target’ and ‘y target’.
Astigmatism of the ion beam (in a lens an entering beam is bent in proportion to its
distance from the lens axis. Astigmatism occurs the component of the beam velocity
in the direction of the magnetic field is not affected) can be corrected by a stigmator
located between the blanking aperture and the ‘lens target’. The setup of the low
energy pulsed sputter gun (Ar, Cs and electron impact sputter gun) is very similar to
the Ga analysis gun 1®.
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and ‘y target’ (see figure 4.14) options allow users to centre the image. The eucentric
height of the sample can be achieved by using the Z Adjust of the joystick. Figure
4.15 shows the secondary electron and ion image of grid A. As a result, the SED

image should be identical to the image shown in micro view window.

-
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&

Figure 4.15 a) Secondary ion image,  b) Secondary electron image.

A quick scan on the area of interest is required to obtain the mass spectrum for
mass calibration. A peak list which includes the ions that need to be depth profiled or
ion imaged will be added after the mass calibration. The total sputtered depth is
measured by the Zygo, white light interferometer.

4.3 The FEI FIB 200 SIMS

A primary ion source of Ga' is used in this system. A potential on the electrode

attracts secondary ions towards the detector. An attached quadrupole mass
spectrometer allows SIMS analysis. The Continuous Dynode Electron Multiplier
(CDEM or CDM) detector can detect both secondary electrons and ions which are
emitted from the sample surface. The detector amplifies the individual ions into pulses
of current that are then electronically counted by conventional counter electronics.
The CDM-I mode is chosen for secondary ion detection and the CDM-E for collecting
secondary electrons. A schematic view of the FIB 200 is shown in figure 4.16. The
ion beam can be rastered at either 7 or 30 keV in the beam current range 1 pA — 20 nA.
The beam spot size increases with increasing beam currents and can be estimated
from an image of the erosion spots, shown in figure 4.17 (8] As can be seen, the larger
beam current creates larger damaged area. In the main chamber a 50x50 mm’ stage
(tilt eucentric) and holder for 8’ wafers is available. The stage moves along the x, y
and z-axis and the z-axis can tilt between 0 and 55°. Todine and platinum are available
for enhanced etch and deposition. A charge neutraliser is attached to reduce sample

charging. A video camera is installed in the main chamber monitoring the sample.
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For optimum FIB SIMS performance, it is critical that the CDEM grid bias
voltage is adjusted for maximum secondary ion collection efficiency. Finally, a
defined raster area is scanned with Ga’. Figure 4.19 shows the eucentric height

adjustment process.

Deam L 1] Tho beam axis and 1 "} Beam
{ ; thofeature of interest

./ should intersect at
\i / eucentric height.

. . /;Z Feature moves into
N (%\ { eucentric height and
focus,

Beam

Foaturo is at
cucentric hoight

/

kN <
\ /

Z adjustment

Figure 4.19 Shows a process to find the eucentric height, a) the sample is not at the
eucentric height when it is below the eucentric point, b) the feature of interest is out of the
beam when tilting the stage, i.e. 15°, ¢) adjusting the z-axis when the stage is tilted moves the
Seature of interest back into the field of view. It normally brings the feature into focus,
provided that the beam is focused at the eucentric point, d) at the eucentric point, the feature

of interest stays at the focal point of the beam '],

4.4 The Zygo

The Zygo is a 3D imaging surface structure analyser, i.e. a non-contact means of
determining detailed surface information and accurate measurement of characteristics
such as roughness using filtered white light interferometry ', A schematic view of
the Zygo 1s shown in figure 4.20. The instrument comprises two main parts. The first
part is the microscope which combines optical microscopy with interferometry to
provide the raw data for topological characterisation. Three objective lenses available
are: 2.5X, 10X and 50X. The computer controls the measurement process and uses the
raw data to form the surface maps and profiles. Scanning the measured surface by
vertically moving the objective with a piezoelectric transducer, the video system

detects the intensity of the phase modulated signal at each pixel of the camera. The
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Germanium doped silicon samples (SiGeyss, (100)) were used for the
implantation of 1602+ and '4N2+ at various energies and doses to form altered layers
and for oxygen flooding. The implantations were done at normal incidence. The SIMS
analysis of the ion beam induced altered layers were performed with a FIB 200 and
ION-TOF IV. The ion implantation was performed using a quadrupole based
Atomika 6500 instrument with a FLIG5 gun ',
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Chapter Five

S. Results and Discussion - Secondary Ion Yield Enhancements
5.1 Summary

The aim of this part of the work was to systematically study ion yield
enhancements in silicon dosing the silicon sample using nitrogen and oxygen beams.
The ion yield enhancements were measured with a gallium primary beam on the FIB
SIMS and ION-TOF IV as a function of implant energy and dose of the nitrogen and
oxygen. Nitrogen has very similar properties to oxygen and is often used to measure
oxygen depth profiles. However, the use of nitrogen for the positive secondary ion
yield enhancements studies is little studied. So it is very interesting to know the
nitrogen yield enhancement, in this context. From a scientific point of view it is
interesting to compare and contrast the yield enhancement produced by two adjacent

elements in the periodic table.

We used low energy oxygen and nitrogen implantation to create the altered layer
prior to SIMS analysis. In particular, a sub-keV beam energy which has not been
reported so often for FIB SIMS yield enhancement studies in the literature. The ion
yield enhancements observed from different bombarding energy formed altered layer
were compared. The ion yield and the thickness of the altered layer of oxygen and
nitrogen were also compared. At a fixed energy, different oxygen and nitrogen dose

was used to investigate how the ion yield enhancement varies with the implant dose.

The oxygen and nitrogen induced altered layers were also analysed in TOF SIMS.
A lot of work has been done on improving the ion yield in TOF SIMS using
polyatomic ions. However, the methods of prior ion implantation (**0,, '*N) for this
purpose have not been reported elsewhere. It is also interesting to compare the yield
enhancement on the two different techniques as both use high energy gallium beams
for analysis. There are however, important experimental differences since the ION-
TOF uses an inert gas ion beam for sputtering. This allowed us to study the cause of

the 1on yield variations from the point view of instrumental aspects.

Finally, the oxygen flooding was used to enhance the ion yield, the dependence
of the ion yield enhancement on oxygen pressure was studied. A direct comparison of

the ion yield enhancement was made between ion implantation and oxygen flooding.
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5.2 Energy Dependence with 14N2+ Irradiation

N, ions were implanted into the silicon sample at energies of 0.5, 0.625, 2.5, 5
keV at normal incidence until steady state in Atomika 6500. The ion induced altered
layers were then analysed with the FIB 200 and ION-TOF IV to compare the ion yield

enhancement of different nitrogen beam energies.

The FIB 200 sputtering conditions used were: 30 keV Ga® energy at normal
incidence, the raster area of 50x50 pm’ was set within the altered layer, 300 pA beam
current. The ION-TOF 1V sputtering conditions were: 1 keV Ar’ sputter beam with a
raster area of 500x500 pm®, 11 nA beam current, 25 keV Ga' analysis beam with a
raster area of 400x400 um’ set within the Ar" sputtered area , 1.2 pA beam current.
The crater depth was measured with a 3D imaging surface structure analyzer, the

Zygo. The experimental conditions are tabulated in table 5.1.

Altered layer formation - Energy dependence

Beam Energy (keV) | Area (um®) | current (nA) | Angle ()
Nitrogen 0.5-5 500x500 50 0

Layer characterisation

FIB 200 Ga 30keV 50x50 300pA 0
IONTOF IV | Ga 25keV 400x400 1.2pA 45
Ar 1keV 500x500 11 45

Table 5.1 Experimental conditions used for nitrogen induced altered layer formation in

Atomika 6500 and layer characterisation in the FIB 200 and the ION-TOF IV.

5.2.1 Laver Characterisation with FIB SIMS

The depth profile of *®Si* was stopped when the steady state substrate was
reached. It was found that the nitride was removed about 1.6 times slower than the
silicon substrate by Ga' beam. The depth scale of the profiles was subsequently
corrected by shifting the nitride region from the surface to the 50% drop-off point at
the interface towards the surface by a factor of 1.6. Figure 5.1 shows that the 2*Si*
signals remained steady and flat before dropping off suggesting that silicon nitride
layers were fully formed at all the nitrogen implant energies used. Thus, the ion yield
enhancements remained constant throughout the altered layer. The peak intensity of
each profile was almost the same. Native oxide layer (no '*N," implant) produced a
much shallower depth profile with a lower intensity level than those with prior

nitrogen implantation. The ion mixing effect was clearly demonstrated in the native
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5.4 Comparison of FIB SIMS and TOF SIMS

The ion yield enhancement due to nitrogen implantation was shown in both
techniques. The enhancement ratio was not dependent on the implant energy of N,
It showed that the enhancement ratios of different energies were very similar. In other
words, the energies used in this experiment were efficient enough to provide
maximum ion yield enhancements. The three regions observed with the ION-TOF IV
analysis were not shown in the FIB 200. The high primary beam energy of the Ga"
FIB 200 allows quick passage through the native layer to reach the altered layer. The
ion yield enhancement depth gained in the FIB 200 was much larger than that found
with the ION-TOF IV. The ion mixing effect occurred during ion sputtering,
especially if the primary ion energy was 30 keV Ga' FIB. This high energy shifted the
whole profile away from the surface and caused an overestimation of the layer
thickness. The crater bottom roughness was relatively large which could affect the
layer thickness estimation. Moreover, in the dual beam mode of the ION-TOF IV, the
sputter gun (Ar') and the analysis gun (Ga") work quasi-simultancously; the
sputtering gun erodes a high quantity of sample while the analysis gun is only

analysing a small amount of the sample.

In conclusion, the FIB 200 and the ION-TOF IV have shown that the secondary
ion yield was enhanced by the implantation of nitrogen. The low nitrogen implant
energy was efficient enough to provide maximum ion yield enhancements. The flat
topped signal of 288i* obtained in the FIB 200 suggested that the altered layers were
fully formed. The ion yield enhancement depth increased with increasing energy. A
comparison of the FIB SIMS and the TOF SIMS data is made in figure 5.13b. The
enhancement depth observed with the FIB 200 was larger. The enhancement ratio was
also found to be greater than that found with the ION-TOF IV. However, with oxygen
implantation, the enhancement ratio in ION-TOF IV was greater than that in FIB
SIMS (shown in section 5.5). It is not certain why the enhancement ratio showed
different trend. One possibility is that the transmission of the FIB SIMS is not fully
optimised. Looking at the FIB SIMS depth profiles of oxygen induced altered layers,
the maximum *®Si* intensity was only 1000 counts higher than that of nitrogen
induced altered layers. However, in ION-TOF IV the difference in the ®Si* was much
larger. The background intensity of *Si* of the two techniques stayed unchanged

regardless of the beam source. Thus, the enhancement ratio in FIB SIMS due to
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was being implanted into the layer. But the thickness of the oxide layer stopped
growing at a dose of 2.5x10'® O/cm®. The ion yield enhancement due to oxygen
implantation was obvious. The critical dose required to form a continuous oxide layer

at a fixed energy can be checked with Li’s formula ©):

Dc =2.5x N, x ARp (1)

Where, ®c is the critical dose, N,>'°? is the number of oxygen atoms in silica
(4.48x10* O/cm’) and ARp is the straggle. The straggle of 10" at an energy of 1.25
keV is about 2.4 nm (TRIM2008). According to Li’s formula the critical dose for a
1.25 keV '°O" beam is about 2.67x10'® O/cm?®. This is fairly similar to the value

gained in this experiment.

The oxide thickness and yield enhancement ratio were summarised in table 5.6.

Implant dose Enhancement Oxide thickness
(Olcm?) ratio ~(nm)
3.75x10' 94 7.2+0.2
2.5x10'"® 99 7+0.2
2x10'® 85 5.3:0.2
1.5x10'® 76 3.610.2
1x1016 31 3.640.2

Table.5.6 Ion yield enhancements ratio and oxide thickness of different oxygen doses.

The ion yield enhancements were observed with all the oxygen doses used. The
oxide layer formed by the lower oxygen implant dose was not very thin and degraded
quickly in the sputtering process. The ion yield enhancement ratio increased with
increasing oxygen implant dose up to dose 2.5x10'® O/cm®. The difference in the ion
yield enhancement ratio between the 3.75x10'® and 2.5x10'S O/cm? layers could be
small variations in the transmission of the ION-TOF IV, and can be disregarded. The
small difference in the oxide thickness between the maximum dose and the critical

dose was thought to be the error in depth calibration.

Another effective way to check the critical dose required is by monitoring the
2Na" signal intensity. Using oxygen or oxygen flooding leads to strong chemical
gradients near the sample surface, as the Na' ions tend to segregate away from the
surface. This tendency of segregation in an oxygen gradient can be correlated with the

heat of formation of the oxide of that element relative to that of the matrix. The
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The trend of the enhancement ratio of oxygen and nitrogen was similar, i.e. the
ion yield enhancement stopped increasing at the critical dose of 2x10'® N/cm? and
2.5x10'® O/cm®. Again, the ion yield enhancement ratio of oxygen was much higher
than that of nitrogen at all ion doses due to the high ionisation probability of oxygen.
The enhancement ratio of '°0," implantation was about two orders of magnitude,

4 . . . .
however, for '*N," implantation, the enhancement ratio was one order of magnitude.
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Figure 5.25 shows the depth profiles of 2Si*, *Ge*, #'si0", '°0", #*Na*, °Ca*
and *’K* gained within the 5 keV oxygen induced altered layers under different
oxygen pressures. In figure 5.25a the *Si" signal stayed constant throughout the
analysis under an oxygen flooding pressure of 1x10° mbar. When the flooding
pressure was changed to 3x10"® mbar (very little oxygen), the 2*Si* signal stayed flat
for a period of time, then dropped almost to background level. The flat topped signal
was due to the prior implantation of oxygen. The key finding here is that both oxygen
flooding and ion implantation give the same yield enhancement. However, when the
analysis beam exceeded the depth of oxygen implantation (altered layer), the signal
quickly dropped. A depth profile was gained from outside the oxygen raster area (blue
line). The intensity was much lower and sharper than the ones gained inside the
altered layer and it soon dropped down to the background level after a few seconds of
primary beam sputtering. At an oxygen flooding pressure of 1.2x10° mbar, the profile
showed a similar trend. But the ion yield enhancement depth was larger than that of
3x10™ mbar. This demonstrated that some of the oxygen introduced into the analysis
chamber reacted with the sample surface. The background intensities under the two
oxygen pressures were different (1.2x10° and 3x10°®) and higher than that without
oxygen flooding. The difference could be a result of crater bottom roughness as this
effect was not seen either with the highest oxygen pressure 1x10° mbar or without
oxygen pressure ). Moreover, variations in the beam shape and current and crater
edge effect could also affect the background intensity as well. The *SiO" and '°O"
intensities under the three different pressures are plotted in figure 5.25b. At a flooding
pressure of 1x10”° mbar, the signal intensities of **SiO" and '®0" were stable. At a
flooding pressure of 1.2x10 mbar, the '°0* signal was almost flat at the beginning of
the profile; this is the result of pre-dosing of oxygen and oxygen flooding. When the
analysis was being carried out with little oxygen flooding or no flooding (3x10™ and
native oxide layer), the intensity of **SiO™ and '®0O" dropped to almost zero (<1 cps)
after the oxygen implant depth or native oxide layer. The **SiO" and 0" signal of the

native oxide layer were the shallowest and the lowest.
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Figure 5.29a the ion image was done with no prior oxygen implantation or
flooding, (b) ion image of oxygen formed crater, and the ion intensity inside the crater
was much higher than the one outside. As the figure shows, Si', SiO", Ge" were
enhanced by the implantation of oxygen, so were some surface contaminants (e.g.
BNa*, K" and *°Ca"). If one compares (a) and (b), the total ion observed in (b) is
much larger than that of (a), (¢) the ion image was done inside the same crater as used
in (b) but with oxygen flooding at pressure 1x10° mbar. The ion yield enhancements
due to oxygen implantation and oxygen flooding were seen. The contrast of the ion
image decreased compared with (b), this means the ions outside the oxygen crater
were enhanced by the oxygen flooding. This illustrates one of the main limitations of
oxygen flooding namely that one cannot control the area of the material that is
chemically altered as precisely as with an ion beam. To compare oxygen flooding and
oxygen implantation, the 2*Si* image can be used. The Si' intensity inside the crater
was slightly higher than that outside the crater, the sum of the rest (total ion) showed
the same result. However, some surface contaminant ion images showed a different
story. For instance, for BNa*, K and “0Ca”, the intensities inside the crater were
lower than those outside the crater. The previous results (figure 5.24c) showed that
the surface contaminants could be implanted deep into the layer, this might be the
reason that the contaminants on the surface has a higher intensity than the ones that

have been implanted into the layer.

5.8.2 Nitride Layer Analysis

So far, we have compared the ion yield enhancement produced by the oxygen
and nitrogen implantation, and oxygen flooding. This showed that the oxygen was
better than the nitrogen in improving the ion yield, and the oxygen implantation and
flooding had the same yield enhancement ratio, and the **SiO™ was also influenced by
the oxygen pressure in terms of thickness. It would be interesting to compare the ion
yield enhancements produced by the nitrogen implantation and oxygen flooding.
More importantly, to investigate how the *SiN™ intensity will vary with the pressure
and the correlations between the **SiN* and **SiO”. The experimental conditions are
tabulated in table 5.10, the experimental set-up is shown in figure 5.30 and the ION-
TOF IV depth profiles are shown in figure 5.31. The x-axis was not converted due to
the shallow sputter depth and the rough crater bottom.
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consequence, the positive ion yield is enhanced. Under intermediate oxygen pressure
conditions, the positive ion yield is not enhanced as much as that under high oxygen
pressure. The crater bottom roughness was also observed at this level of oxygen
pressure (figure 5.25a). At high oxygen pressure or with no oxygen flooding, the
crater bottom was much smoother. With oxygen implantation, the ion mixing is
higher at high ion implantation energy, and the whole profile is shifted away from the
surface. Analysing the nitrogen induced altered layers with oxygen flooding shows
that the ion yield enhancement due to the nitrogen implantation was overshadowed by
the oxygen flooding. The ion yield was enhanced by the oxygen flooding but the
thickness of the altered layer (**SiN*) was not dependent on the oxygen pressure but
the nitrogen implantation energy. Furthermore, the **SiO" signal intensity was not
suppressed by the nitride layer. The oxygen implantation provided the same ion yield
enhancement ratio as the oxygen flooding (at 1x10” mbar) did which was about two
orders of magnitude and, nitrogen implantation provided a lower ion yield
enhancement (~ x30) as the ionisation efficiency provided by the nitrogen is not as
good as oxygen. The main advantages of oxygen flooding are that it provides an
unlimited enhancement depth, reduces the crater roughness, and most importantly, it
is much cheaper! However, with oxygen flooding the features will also be distorted
and the depth profile may not be ‘real’. For oxygen implantation, the most important
advantage is that it allows the analyst to direct the oxygen beam only on the area of
interest, and the implantation area and depth can be precisely controlled without any

hassle.
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The samples were depth profiled in the Atomika 6500 and the ION-TOF IV. In
the Atomika 6500, a nominal concentration of Al 10% Al(10) sample was bombarded
with 160{" and 14N{r beams at normal incidence. The crater edge effects were
minimised by using 6.3% area electronic gating positioned at the centre of the crater.
The Al(10) sample was also used in the ION-TOF IV, the incident angle of the sputter
gun Ar' and the analysis gun Ga was fixed at 45°, and the analysis was done in the
interlace mode. The fixed incident angle is just at the boundary of the on-set of
roughness, as was revealed in a detailed study of the depth resolution of sputtering
with O," and Cs* bombardment at different energies and incident angles > °. The
secondary ions monitored were >’Al”, "'Ga", ™As" and "*°Ga,”. The sputtering
conditions are summarised in table 6.1. The final depth was measured on the Zygo.

For 5% nominal concentrations, see appendix 3.

Beam Energy (keV) Area (Um?) Current (nA)
0, 0.5,1.25,25 500x500 ~60
N,* 0.5, 0.625, 1.25 500x500 ~60
Ar 05,1,3 300, 200 14, 2.5
Ga’ 25 150, 100 0.001

Table 6.1 Sputtering conditions used on the Atomika 6500 and the ION-TOF IV.

6.2 FIB TEM Specimen Preparation
FIB TEM specimen preparation has been widely used in the preparation of

specimens for TEM due to several advantages such as large thin areas of uniform
thickness, and specific regions of interest that can be located with precise accuracy (-
. However, because of the high Ga™ energy used (30 keV), lattice defects and regions
of amorphous materials can be created. The damaged layers can be present on both
sides of the specimens and sidewall and bottom wall. The width of the amorphous
layer can be as large as 50 nm *). The large damaged layer presented in the thin TEM
specimens can cause significant reduction in the TEM resolution. Many methods have
been developed to reduce the FIB damage to TEM samples such as gas-assisted
etching (GAE), low energy FIB, wet/dry etching and cleaning by broad argon beam
ion milling * *'. Figure 6.2 shows some results of reducing the FIB damage, (a)

shows the TEM specimen prepared by the FIB milling, the damaged and undamaged
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damage. FIB imaging was used for this purpose (i.e. locate the area of interest, and the
deposition of the Pt strip). However, the near surface region of the specimen may be
damaged during FIB imaging and the deposition of the Pt strip. Therefore, it is
necessary to coat the sample surface with a protective metal film (e.g. Au, Cr) prior to
any FIB examination '*. Gold was used for FIB TEM specimen preparation in this

project.

The gold sputter coating was carried out at a 20 mA plasma current in an argon
atmosphere with the pressure at approximately 1x107 mbar, the final thickness of the
gold layer is about 70 nm. It has been reported that sputter coating of gold can result
in amorphous films with non-uniform thickness ['"*. The sample rotation technique
can be used to avoid non-uniform coating. The required thickness of the protective
film (e.g. gold) should depend on the material used and be greater than implantation
length of gallium ions in this material. It was found that the application of a gold layer

at least 60 nm in thickness should be made prior to any FIB processing.

The most difficult and important step was to locate where the beam formed
craters were after the deposition of the gold for FIB “lift-out”. It was impossible to see
the gold covered craters in the FIB 200. Luckily, they were seen under the Zygo. The
procedures to locate the craters and put Pt bars on the areas of interests are as follows:
first of all, the gold covered sample was seen under the Zygo, and the craters were
located. Secondly, a glass probe was used to scratch the sample surface around the
crater (caution must be taken in order to avoid damaging the crater, glass probe not
shown in figure 6.3). Thirdly, the sample was put in the FIB for Pt deposition, and the
location of the crater was estimated in accordance with the scratches on the sample
surface, then Pt was deposited. Fourthly, the sample was taken out from the FIB and,
then put under the Zygo to make sure the Pt bar was deposited on the place of
interests. If so, FIB TEM specimen preparation was carried on, otherwise, the craters
were relocated. Figure 6.3 shows a gold coated crater with Pt deposition right on the
edge of the crater wall, scratches around the crater were used as markers for finding
the crater in the FIB 200. FIB TEM specimen preparation was carried out using the
FIB 200 system with a 30 keV Ga' primary ion beam. The beam current used for
sputtering varies from nA to pA, and the angle of incidence is usually set between 0°
and 2° so that the etched surfaces of the thin area are parallel to each other. Figure 6.4

shows a schematic diagram of a TEM specimen fabrication procedure.
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- Averaged | Standard | Decay slope
N," (keV) FWHM (nm)
A, (nm) deviation,s | nm/decade
0.5 2.97 0.16 7.15 4.13
0.625 2.94 0.2 74 4.17
1.25 32 0.2 8.22 4.96

Table 6.2 Summary of averaged decay length, its standard deviation, decay slope and

FWHM of different nitrogen energy bombardments.

As table 6.2 shows, the largest decay length and FWHM were gained at 1.25

keV, thus, confirming that at a higher beam energy, ion mixing and roughness was

WOrse.
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6.7 Summary

These studies have shown that low energy ion irradiation introduces beam
induced mixing into the sample, that is entirely consistent with theory, and similar to
the range of the projectile. The studies also indicate that samples can rapidly roughen
under low energy irradiation, under certain conditions, and that this should be borne in
mind for dynamic situations. These investigations define the damage in the Z

direction during low energy ion irradiation.

6.8 Reference

1. Yoshihara, K., Moon, D.W., Fujita, D., Kim, K.J. and Kajiwara, K.,
"GaAs/AlAs superlattice as a proposed new reference material for sputter
depth profiling", "Surface and Interface Analysis". 20(13): p. 1061-1066. 1993

2. Chanbasha, A.R. and Wee, A.T.S., "Depth resolution studies in SiGe delta-
doped multilayers using ultralow-energy Cs® secondary ion mass
spectrometry”, "Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures”. 25(1): p. 277-285. 2007

3. Chanbasha, A.R. and Wee, A.T.S., "Depth resolution studies in SiGe delta-
doped multilayers using ultralow-energy 0O,"  secondary-ion-mass
spectrometry”, "Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures". 24(2): p. 547-553. 2006

4. Stevie, F.A., Vartuli, C.B., Giannuzzi, L.A., Shofner, T.L., Brown, S.R.,
Rossie, B., Hillion, F., Mills, R.H., Antonell, M., Irwin, R.B. and Purcell,
B.M., "Application of focused ion beam lift-out specimen preparation to TEM,
SEM, STEM, AES and SIMS analysis", "Surface and Interface Analysis".
31(5): p. 345-351. 2001

5. Kato, N.I.,, Kohno, Y. and Saka, H., "Side-wall damage in a transmission
electron microscopy specimen of crystalline Si prepared by focused ion beam
etching" in "Papers from the 45th National Symposium of the American
Vacuum Society" ed (AVS) 1201-1204. (Papers from the 45th National
Symposium of the American Vacuum Society, 1999)

6. FIB Lift-Out Specimen Preparation Techniques, Giannuzzi, L., Kempshall, B.,
Schwarz, S., Lomness, J., Prenitzer, B. and Stevie, F., in Introduction to
Focused Ion Beams. p. 201-228. 2005

7. Giannuzzi, L.A. and Stevie, F.A., "A review of focused ion beam milling
techniques for TEM specimen preparation”, "Micron". 30(3): p. 197-204. 1999
8. Rubanov, S. and Munroe, P.R., "Investigation of the structure of damage

layers in TEM samples prepared using a focused ion beam", "Journal of
Materials Science Letters". 20: p. 1181-1183. 2001

9. Giannuzzi, L.A., Geurts, R. and Ringnalda, J., "2 keV Ga+ FIB Milling for
Reducing Amorphous Damage in Silicon", "Microscopy and Microanalysis".
11(Supplement S02): p. 828-829. 2005

10. Scott, J., Docherty, F.T., MacKenzie, M., Smith, W., Miller, B., Collins, C.L.
and Craven, A.J., "Sample preparation for nanoanalytical electron microscopy
using the FIB lift-out method and low energy ion milling", "Journal of Physics:
Conference Series". 26(1): p. 223-226. 2006

11. Naoko, 1.K., "Reducing focused ion beam damage to transmission electron
microscopy samples", "Journal of Electron Microscopy". 53: p. 451-458. 2004

167



Chapter 6: Damage During Chemical Modification

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

Yamaguchi, A. and Nishikawa, T., "Low-damage specimen preparation
technique for transmission electron microscopy using iodine gas-assisted
focused ion beam milling", "Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures". 13(3): p. 962-966. 1995
Rubanov, S. and Munroe, P.R., "The effect of the gold sputter-coated films in
minimising damage in FIB-produced TEM specimens", "Materials Letters".
57(15): p. 2238-2241. 2003

Ormsby, T.J., Chu, D.P., Dowsett, M.G., Cooke, G.A. and Patel, S.B., "The
advantages of normal incidence ultra-low energy secondary ion mass
spectrometry depth profiling", "Applied Surface Science". 144-145: p. 292-
296. 1999

Liu, R., Ng, CM. and Wee, A.T.S., "Surface roughening effect in sub-keV
SIMS depth profiling", "Applied Surface Science". 203-204: p. 256-259. 2003
Dowsett, M.G., Barlow, R.D., Fox, H.S., Kubiak, R.A.A. and Collins, R.,
"Secondary ion mass spectrometry depth profiling of boron, antimony, and
germanium deltas in silicon and implications for profile deconvolution" in ed
(AVS) 336-341. 1992)

M.K Linnarsson, B.G.Svensson and Z.F.Paska, "Depth resolution during
profiling of GaAs/AlyGa;xAs superlattice structures" in "SIMS VIII"
A Benninghoven ed (John Wiley&Sons) 391-394. (SIMS VIII, 1991)

Cirlin, E.-H., Vajo, J.J., Doty, R.E. and Hasenberg, T.C., "Ion-induced
topography, depth resolution, and ion yield during secondary ion mass
spectrometry depth profiling of a GaAs/AlGaAs superlattice: Effects of
sample rotation", "Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films". 9(3): p. 1395-1401. 1991

Meuris, M., Vandervorst, W., De Bisschop, P. and Avau, D., "Mass and
energy dependence of depth resolution in secondary-ion mass spectrometry
experiments with iodine, oxygen, and cesium beams on AlGaAs/GaAs
multilayer structures"”, "Applied Physics Letters". 54(16): p. 1531-1533. 1989
Gallardo, S., Kudriavtsev, Y., Villegas, A., Godinez, A. and Asomoza, R.,
"SIMS Study of Modern Semiconductor Heterostructures" in "Electrical and
Electronics Engineering, 2006 3rd International Conference on" ed 1-4.
(Electrical and Electronics Engineering, 2006 3rd International Conference on,
2006)

Linnarsson, M., "Sputter profiling of AlGaAs/GaAs superlattice structures
using oxygen and argon ions", "Applied surface science". 70: p. 40. 1993
www.srim.com, accessed on 6.5.2007

McPhail, D.S., Dowsett, M.G., Fox, H., Houghton, R., Leong, W.Y., Parker,
E.H.C. and Patel, G.K., "Quantifying the effects of uneven etching during the
SIMS analysis of periodic doping structures grown by silicon MBE", "Surface
and Interface Analysis". 11(1-2): p. 80-87. 1988

Ng, C.M., Wee, A.T.S., Huan, C.H.A. and See, A., "Ultra shallow secondary
ion mass spectrometry depth profiling: Limitation of sample rotation in
improving depth resolution", "Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms". 179(4): p.
557-560. 2001

168



Chapter 7: Conclusions and Future Work

Chapter Seven

7. Conclusions and Future Work

7.1 Conclusions

As the physical dimensions of electronic devices continue shrinking down and
the analytical volume gets smaller and smaller, the conventional SIMS technique is
facing severe problems. FIB SIMS involves the integration of a SIMS analyser into a
FIB system. It combines the high spatial resolution of FIB (~5 nm) with the high
elemental sensitivity of SIMS. This has made it possible to provide crucial small area
elemental analysis for some systems such as semiconductors. Unfortunately the
secondary ion yield on the FIB SIMS instrument at Imperial College is not optimized
either in terms of the ionization probability of the secondary ion species or the
secondary ion transmission. This could limit the range of applications of FIB SIMS.
Methods of enhancing the secondary ion yield such as surface chemistry modification

with reactive ion sources and oxygen flooding have been investigated.

In the first set of experiments, nitrogen and oxygen were implanted into the
silicon wafer to form ion induced altered layers prior to FIB SIMS analysis. Different
beam energies and doses were used in order to study how the ion yield changes with
beam conditions. The ion yield on the FIB SIMS was enhanced with both primary ion
species. The degree of the ion yield enhancement increased with increasing beam dose
until the critical dose was reached. At the critical dose, all the beam energies used in
the experiments were enough to provide the maximum ion yield enhancement. The
thickness of the beam induced altered layer increased with increasing ion energy. The
maximum ion yield enhancements observed were more than two orders of magnitude
with prior oxygen implantation. Comparing the ion yield enhancements, the oxygen

beam provided higher enhancements than the nitrogen beam did.

In the second set of experiments, the nitrogen and oxygen formed altered layers
were analysed with the ION-TOF IV, which enabled us to compare and contrast the
results obtained from two different techniques. The same observation was seen in
which the ion yield enhancements were independent of the ion implantation energies
and the altered layer thickness increased with increasing ion energy. Comparison of

the ion yield enhancements and altered layer thickness gained from the two
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techniques were made. The ion yield enhancement on the FIB SIMS due to nitrogen
implantation was larger than that obtained with the ION-TOF IV (by more than a
factor of two). However, with oxygen implantation, the ion yield enhancements were
larger with the ION-TOF IV (by a factor of two). The reason is unknown though the
author thinks that, the beam current varied during the nitrogen implantation which
could enormously have affected the altered layer formation. Secondly, the nitrogen
induced altered layers might had been damaged or exposed to different environment
and chemically modified since the samples travelled a long way from the UK to
Singapore. Finally, the FIB SIMS instrument has no gating system, hence, the
sidewall effect might have affected the results Further investigation is required. The
thickness of the ion induced layers was much larger from the FIB SIMS
measurements due to the high Ga’ beam energy. The high Ga" energy results in a high
degree of ion mixing which can push the depth profile away from the surface. In
consequence, the thickness of the altered layer was overestimated. Therefore, the
thickness of the altered layers measured from the ION-TOF IV was much more

reliable and accurate.

A cross-sectional TEM technique was used to measure the thickness of the
nitrogen induced altered layer. The TEM specimen was prepared in the FEI FIB 200
using the FIB ‘lift-out’ technique. The thickness obtained from this technique had a
good agreement with the SIMS measurement. The altered layers were nicely resolved
in the TEM with less than 0.5 nm measurement error. Although there was not many
data points shown due to the difficulties in the FIB sample preparation process the
general trend could be seen. The oxygen induced altered layer was not measured in
the TEM since the experiments could be found in the literature. The thickness of the
oxygen induced layers obtained from this project with the ION-TOF IV was almost

the same as in the literature.

In the third set of experiments, the oxygen flooding technique was used with
ION-TOF 1V analysis. The aim of this experiment was to compare the ion yield
enhancement of oxygen flooding and ion implantation. As an outcome, the ion yield
enhancement was very similar between the oxygen implantation and oxygen flooding
but nitrogen implantation was lower. The highest enhancement was over two orders of
magnitude at an oxygen pressure of 1x10™ mbar. Lower oxygen pressures were also

used and showed the enhancements increased with increasing oxygen pressure. The
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advantage of oxygen flooding over implantation is that as long as the oxygen flooding
is on and at its maximum, the ion yield will not drop. In addition, the transient region
and surface roughness are reduced. However, one big problem with oxygen flooding
is that it introduces swelling, which could lead to distortion of the depth profile. With
ion implantation one can control more precisely and accurately the depth and the area
of the implant. Hence, the ion yield on the FIB SIMS can be enhanced by oxygen
flooding and sub-keV energy ion implantation and the enhancement ratio is about the

same.

Finally, an AlGaAs test structure was used to study the correlation of the
implant beam energy and the damage induced by the oxygen and nitrogen beams. The
results have shown that using a low beam energy reduced the roughness and ion
mixing greatly. The best profile was gained at 0.5 keV for the two bombarding beams.
The different beam energy formed craters were then analysed in the TEM and they
showed that at higher beam energy the ion projected range was larger, which
confirmed and partially explained the observation in the SIMS. At a sputtering energy
of 0.5 keV both for "*N," and '°0,", the ion projected range was the smallest. TRIM
simulation was also used and it had a very good agreement with the TEM results.
Comparing the nitrogen and oxygen, the ion mixing produced by the nitrogen
sputtering was larger than that produced by the oxygen bombardment and the altered
layer thickness was also larger by nitrogen sputtering due to the lighter mass of
nitrogen ion which travels longer in the materials. We also investigated the damage
induced by the Ar' ION-TOF IV bombardment at 45° the general trend was very
similar to that of nitrogen and oxygen sputtering. However, profile convergence and
coalescence was seen in the profile and, the profile worsens more dramatically with
depth at a sub-keV bombardment energy (i.e. 0.5 keV). Hence, normal incidence
again won out. At 1 keV, sample rotation was used to compare with no sample
rotation. Interestingly, the roughness was only reduced slightly by the sample rotation
technique, and ion mixing remains. The reason could be that the bombarding energy
was already very small, therefore the damage was not so significant. The sample
rotation technique works better with high energy ion bombardment. The results have
shown that an 1 keV beam energy provided the best results for the sputtering with Ar"
on the ION-TOF 1V at 45°.
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7.2 Future Work

Several oxygen and nitrogen beam energies, namely: 0.5, 0.625, 1.25, 2.5 and 5
keV were used in this project and the relationship between the beam energy and ion
yield enhancement was investigated. It was also found out that at an ion energy of
1.25 keV, the degree of ion yield enhancement was dependent on the beam dose.
However, could this observation apply to other energies remains an open question,

and if the answer is yes, then what is the critical dose for each energy.

Cesium is a promising ion source for improving the negative ion yield. However,
there are very few studies on the negative ion yield enhancement in the FIB SIMS. It
is worth finding out how the negative ion yield in the FIB SIMS can be enhanced and
by how much. TEM can potentially be very useful to measure the cesium induced

altered layer (e.g. thickness, damages).

The AlGaAs test structure was SIMS depth profiled with “N,* and 1602+ in the
Atomika 6500 and with Ar" in the ION-TOF IV, and the ion mixing and roughness
produced by different beam energies was investigated. The Atomic Force Microscopy
is a very useful tool to measure the crater bottom roughness, a direct comparison
between the AFM and the SIMS technique would be very helpful to confirm the
results that were observed in the SIMS depth profile. In addition, it helps the SIMS

analyst to gain a better understanding of the ion mixing mechanism.

The ion beam bombarded craters were imaged in the TEM after the SIMS
analysis. The ion damaged area was seen in the TEM images. A fresh (not bombarded
by any beam) TEM specimen was also prepared by the FIB TEM technique but, the
buried thin AlGaAs delta layers were not resolved. The author thinks that there are
three possible reasons, namely: one, the AlGaAs delta layers were too thin (1 nm) and
lightly doped (~4.2x10" atoms/cm?), thus it made it impossible to see those layers in
the TEM. The solution to this is to re-grow the test structure with thicker and higher
dose of the deltas. Secondly, the TEM imaging principle is based on the scattering
factor of the sample, unfortunately the AlGaAs has very similar scattering factor
which means the contrast in the TEM is not good enough to resolve the deltas. The
solution to this is to grow some AlAs layers near the layers of interest as marker
layers since the AlAs has very good contrast in the TEM, this helps the analyst to pay
attention to this part of the structure. With the help of an AlAs marker layer, the
AlGaAs deltas could be easily located in the high resolution TEM. Thirdly, the TEM

172






Chapter 7: Conclusions and Future Work

The Al concentration, which is very important for GaN structures used in light
emitting devices (LEDs), at the corner is difficult to measure by the ION-TOF IV due
to its instrumental geometry limitations. It was found using the ION-TOF IV that the
concentration of Al varies on different facets '), figure 7.2. Particularly at the corner
between (0001) and (11 52) facets, there is a decrease of Al concentration. This gives
a decrease of AlGaN barrier height, which can give rise to short circuit of the LED at

these corners.
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Figure 7.2 Lateral profiles of Al concentration integrated through the depth of MOW in
samples with nominal 10% and 30% Al content 1.

Taking into account the importance of the Al concentration for GaN based LED,
it is necessary to make sure whether the observed variations of Al concentration are
real. For FIB SIMS, with its high spatial resolution, 5 stage movements (X, y, z, tilt
and rotate) and in-situ analysis, the task is easily done. Figure 7.3a shows the
secondary electron image of the cross-section of GaN. The cross-section was made by
FIB SIMS at an angle of 45°, the in-situ analysis allowed us to ion image the sample
straight after the cutting, figure 7.3b. The sample was covered with a 60 nm layer of
Au to protect the layers of interest from sputtering. Cross-sections were made by
sputtering the samples at 45°. The stage was rotated so that the prisms were
perpendicular to the tilt axis. The Ga’ beam was sputtered at an energy of 30 keV to a
depth of around lum, beam current 3 nA, raster area 26x7 pm> The elemental
mapping was done by rastering the 30 keV Ga’ beam at a current of 500 pA for
mapping of Al", raster area 35x30 pm” and acquisition time around 7 minutes. The

FIB SIMS analysis was done in SIMS lab, Imperial College London.
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