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Summary

Resonance Ionisation Spectroscopy (RIS) is a relatively new analytical technique 

which is gaining increasing significance in the field of quantitative trace analysis. This 

work is principally concerned with the particular application of Resonance Ionisation 

Spectroscopy to surface and depth analysis of semiconductor material.

For any new technique to succeed amidst a plethora o f competing, proven 

technologies, it must offer some added advantage. The introductory chapter assesses 

some of the com m on electron, ion and laser based techniques already in existence, 

with which RIS is in direct competition, stressing fundamental problems in use which 

limit their degree of success. As a preamble to Chapter 2, the process of Resonance 

Ionisation Spectroscopy is also introduced at this stage.

Chapter 2 deals with the physical principles behind RIS and its mass analysis 

derivative, RIMS, introducing the concept of atomically selective ionisation schemes 

used to discrim inate between elements. A rate equation model, restricted to a three 

level system , allows determination o f the necessary experim ental conditions for 

efficient implementation of the process.

In its m ost comm on form, with regards to its application to solid sample 

analysis, RIS is applied in a post-ionisation mode, in which case ion sputtering or 

laser ablation are employed in the sample vaporisation process. Of the two methods, 

ion sputtering is by far the more versatile and better understood. Chapter 3 introduces 

the physical concepts of ion sputtering and erosion and includes the necessary theory 

for m odelling of the experim ental conditions. W ith regard to depth profiling in 

particular, the factors contributing to the broadening of known concentration profiles 

are described in detail.

A prerequisite for such analysis, is the ability to detect and recognise the species 

being analysed. To this end, a major portion of the project was devoted to the design 

and construction of a time-of-flight mass spectrometer, responsibility for which was 

placed solely upon the author. Chapter 4 deals specifically with the instrumentation 

aspect of the project, detailing the operational principles of a time-of-flight mass 

spectrometer, the various components of the analysis system constructed, the vacuum 

and laser systems, the ion optical assembly and the sputter ion gun to name but a few.



Chapter 5 is the first relating to actual experiments, and provides the basis for an 

estimate of the operational usefulness of the instrument. Both pulsed secondary ion 

(SIM S) and resonant ion (RIMS) analyses were carried out on Alum inium  and 

Gallium by the author. The wavelength spectra allow an investigation of the effects of 

experim ental param eters on the resonant process. Chapter 6 describes attempts at 

depth profiling of aluminium concentration through multilayered structures of GaAs 

and AlGaAs.

During the design stage, fam iliarity with the problem s associated with the 

secondary ion background prevalent in these experiments, led the author to devise a 

novel approach to experimental procedure and ion optical design. Chapter 7 discusses 

the solution in detail, and produces experimental data and com puter simulation as 

confirmation of the usefulness of the method.

Recent investigations by the author have led to the developm ent of what has 

been termed Resonant Laser Ablation (RLA). Chapter 8 introduces this new concept 

which is derived from the combined mechanism s of laser ablation and resonant 

ionisation to offer enhancem ents in sensitivity and selectivity. The technique has 

generated a great deal of interest due to the possibilities it offers in the field of surface 

analysis. Experim ents, carried out initially by the author and at a later stage in 

collaboration with Dr. W ang Li of the Department o f Physics and Astronomy, on 

semiconductor and metal samples indicate that RLA may prove to be an interesting 

alternative technique to existing forms of laser spectrometry. Consequently RLA has 

become a subject for further investigations within the group.

Finally, Chapter 9 discusses briefly the project as a whole and describes some 

interesting future developm ents which should enhance the position of RIS/RIMS in 

the fields of spectrometry and surface analysis.
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Introduction

Chapter 1

Introduction

In recent years, many advances have been made in the technologies involved in crystal 

growth, in particular those techniques used in the m anufacture o f ultra-thin layered 

structures for use in new generations o f optoelectronic devices. Typically these 

devices are constructed with extremely thin multiple layers which exhibit particular 

physical properties. They also demand a high degree of surface uniformity and low 

impurity levels.

The Quantum Well (QW) Heterostructure is an example of such devices being of 

particular use in the design of semiconductor lasers and waveguides constructed from 

III-V semiconductor materials [18][39][103]. Its principle of operation relies on what 

is termed the Quantum Size Effect (QSE), which requires that the depth dimension of 

the layers be com parable with, and typically much sm aller than, the de Broglie 

wavelength for an electron (~500 A).
The process of M olecular Beam Epitaxy (M B E) has come to the fore in the 

manufacture of these Quantum W ell devices. MBE utilises beams of thermal atoms 

incident on a substrate to effect crystal growth. The atom  fluxes can be varied 

independently, resulting in structures possessing abrupt concentration steps or 

precisely engineered concentration gradients either of the bulk materials or of dopants. 

Substrate rotation and tem perature control results in surface coverage uniformity. 

Impurity concentrations are dependent on the purity of the atomic beams and a the 

quality of the vacuum during growth.

The operational characteristics of these devices are determ ined by the small 

dimension and quality o f the structures. Improved performance therefore demands 

greater accuracy and smaller tolerances in the manufacturing process. On such a small 

scale it becomes difficult to monitor accurately the growth, and therefore analysis must 

be carried out on the final product to ensure the desired standards are attained.
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Introduction

The determ ination of an elem ental concentration as a function of depth is 

com m only referred to as Depth Profiling. This is a feature of surface or thin-film  

analysis, where the exposed surface is analysed layer by layer after a process of 

erosion. The method of analysis itself introduces a smearing out effect on an abrupt 

concentration transition. The figure of merit attributed to a particular analytical process 

is know n as its depth resolution, and is defined as the depth across which the 

m easured concentration drops from 84% to 16% of its maximum value at an abrupt 

junction [35]. As the available resolution improves, the measured profile will resemble 

m ore accura te ly  the true p rofile . F o r structu ral analysis o f typical QW  

heterostructures, the depth resolution must be tens to hundreds of angstroms.

In order that the measured concentration at any exposed layer is representative of 

the true concentration at that depth, the information depth of the surface analysis 

technique must be confined to the surface layers alone. Information depth is defined as 

the depth which contributes (1 -e 1) or 63% of the signal and is equivalent to the mean 

free path of the information particle in the sample medium [118].

M ethods for Surface Analysis.

Since there are many surface analysis techniques currently employed in depth 

profiling, it would seem reasonable at this stage to describe several of the most 

successful.

Firstly, there are the electron spectrometries, of which the most important 

are A uger Electron Spectroscopy (AES) and X-ray Photo-electron Spectroscopy 

(XPS) [118][9].

In AES (Figure 1.1), electron bombardment (typically 0.5 - 10 keV) of an atom 

causes the ejection o f an inner electron. An outer electron then de-excites to the 

vacancy causing a second high lying electron to be ejected. This ejected "Auger" 

electron is characteristic of the emitting atom as the transferred energy Ec corresponds 

to a discrete transition within the atom, and is given by the expression:

E e= E p( Z ) - ( E , ( Z )  + E , ( Z +  A ) ) - 0 ,  ( U )

where E , Eq,and Er are the electronic energy levels of the atom, 0 S is the work

Page 2
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Introduction

function o f the sample surface and A is the de-screening correction (i.e. the change in 

the effective charge of the nucleus due to the doubly-ionised state of the atom). The 

energies are m easured with respect to the Fermi energy of the solid. All elements 

above He in the periodic table produce Auger electrons in the range 0 - 2 keV.

XPS (Figure 1.2) relies on X-ray induced ejection of a core electron from the 

atom, again at a discrete energy given by:

E = h v — E — 6 /i-»xe p Y s (1.2)

where Ep is the binding energy of the electron and v the frequency of the X-rays.

In both processes, the intensity of the electron signal is proportional to the 

atomic concentration and hence they are both quantitative.

The information depth for AES and XPS is determined by the mean free path of 

the electrons escaping the surface, and is typically in the nanometre range or less.

The m ajor advantage of electron spectrometries is that the analysis does not 

contribute to contamination o f the ultra-high-vacuum  (UHV) system, as is the case 

with the more destructive ion spectrometries which rely on the liberation of sample 

material through ion-solid interactions. M anipulation of the primary and secondary 

electrons is easily accomplished by electrostatic and magnetic lenses and deflectors. 

Detection can also be highly efficient.

For depth profiling by, for example, AES, the sample is continuously eroded by 

a low energy, unfocused ion beam while the electron beam impinges on the centre of 

the ion spot [66] [68].

Another electron technique, different in principle, is the Scanning Transmission 

Electron Microscope (STEM ) [73], As its name suggests, information concerning the 

sample composition is gathered on the opposite face of the sample to the primary beam 

(Figure 1.3). Transmission intensity is limited by the mean free path of the electrons, 

restricting the use o f the process to extrem ely thin samples which require careful 

preparation. Depth analysis must be carried out edge-on to the sample in imaging 

mode with resolution very much dependent on the spatial extent of the primary 

electron beam (~lnm ).

As well as these electron spectrom etries , there are num erous io n  

s p e c tro m e tr ie s .  Of these, possibly the most surface selective of all analytical
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Introduction

techniques is Low Energy Ion Scattering spectrometry (L E IS), also known as Ion 

Scattering Spectroscopy (ISS) [118][9][117][25].

The principle of LEIS involves a beam of low energy ions (0.2 - 3 keV), usually 

of an inert gas variety, incident on a solid surface at shallow incidence (Figure 1.4). A 

fraction o f these ions are then scattered elastically in collisions with atoms on the 

surface. The identity of the scattering atoms is then revealed in the energy spectrum of 

the scattered ions [118][9][117].The energy E n  of these scattered ions can be given 

by the expression:

where E 10 is the initial energy of the projectile, and Mj and M2 the masses of the 

projectile and target atoms respectively. O  is the scattering angle given by:

where *Fj andvFo are the incident beam angle and the emission angle with respect to

The extreme surface selectivity arises from the short mean free path of the ions 

in the sample (~10'4 nm). However, the overall sensitivity is limited by the high 

probability of the primaries being neutralised in inelastic collisions with surface atoms.

Another much used ion technique is High Energy Ion Scattering (H EIS) more 

comm only known as Rutherford Back Scattering (RBS) [ 118][9][25].

High energy, low Z primary ions in the range 1 to 5 MeV are used to obtain 

RBS spectra. The projectile ions back scattered in binary collisions with target atoms 

contain information on the mass and position of the target atom in their final energy 

and angle of ejection (Figure 1.5).

E
( M i + M 2) (1.3)

0  = t i - ( 4 ' i +  4 ' 0) (1.4)

the surface normal. For a scattering angle of 90°, as is frequently used, Equation (1.3) 

reduces to:

- 1
E 11 =  E , o ( M 2 - M , ) ( M 2 +  M . ) (1.5)
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Introduction

For primary ions incident normally, the energy of the backscattered particles can 

be derived from Equation (1.3) as:

E " =  r M + M  , 2 - { ( M 22 - M ; si n 2 Y 0) 1 , 2 - M , c o s y o}
 ̂ 1 2) ( 1.6 )

and hence the mass of the target can be calculated, with surface atoms heavier than the

matrix giving higher scattering energies.

The backscattered ion loses energy in traversing to and from the target atom, and

hence the energy spectrum also yields information on the depth, below the surface, of

the scattering centre.

As depth and mass information appear simultaneously in the energy spectrum,

this creates problems in the characterisation of samples of complex composition due to 
r

overlapping spectp. Therefore, RBS is only effectively applied to samples containing 

few elements.

HEIS is also often successfully applied to channelling studies. The channelling 

of projectile particles between the planes of atoms yields details of the crystalline 

quality or degree of amorphisation o f the sample, and also allows an accurate 

determination of the locations of impurity atoms in the lattice.

Possibly the most important of the ion spectrometries is Secondary Ion Mass 

Spectrom etry (SIM S), which has only really come into promin nee in the last few 

decades but has rapidly established itself as an invaluable technique for ultra-trace, 

surface and depth analysis [ 118][25][23][ 116][ 117][7][8].

The action of a beam of ions of typically a few keV incident on a surface causes 

the ejection of secondary particles, either atomic or m olecular in origin, a fraction of 

which are in a charged state. The analysis of these charged particles is the basis of 

SIMS (Figure 1.6).

The technique has achieved high sensitivities, better than parts per million 

(PPM ), and can be made extremely surface selective by a wise choice of primary ion 

beam param eters. However, a major disadvantage is its susceptibility to matrix 

effects, i.e. the variation in the ion yield as a function of the sample composition, 

which reduces its effectiveness in quantitative analysis of samples of varying 

structural composition. Also, irrespective of the matrix, the ion fraction is never
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Introduction

greater than about 10%. This is by far an upper limit with typical values several orders 

of magnitude less and is a strongly varying function of the experimental parameters, 

namely primary beam energy, primary ion type, and sample constituents.

A variation on SIMS, namely Secondary Neutral Mass Spectrometry (SNMS), 

involves analysis of the secondary neutral particles, which are, as m entioned, much 

m ore num erous [118][117][25]. A m ethod of post-ionisation m ust therefore be 

employed to make effective use of the available material. This is usually accomplished 

by electron im pact or laser interaction (Figure 1.7). A lternatively the sputtering 

process can be carried out in an rf  generated plasma, post-ionisation again being by 

electron impact within the plasm a [48]. Detection efficiency is not necessarily 

improved due to low ionisation efficiency, at most 1% [51], or reduced spectrometer 

acceptance for neutral particles, however matrix effects are significantly reduced. 

Quantitative SNMS analysis has also been shown to be less prone to effects caused by 

surface and residual gas contamination than is SIMS [107].

A further variation on the SIMS theme utilises a neutral prim ary beam (Fast 

Atom Bombardment FAB) and is often referred to as FAB-SIM S [118]. This allows 

for the use of higher extraction potentials thereby improving detection efficiency and 

mass resolution. Charging effects in insulating and semi-insulating samples which are 

compensated for in SIMS by the use of an auxiliary electron beam incident on the 

sample during analysis [122][88], are less of a problem [76].

Fundamental to SIMS analysis is the choice of primary ion. To avoid chemical 

reaction of the sample with primary implants, rare-gas ions are generally used. For 

improved sensitivity, electro-negative oxygen ions are employed as they enhance the 

positive ion yield [14] or alternatively, oxygen may be flowed across the sample 

surface during analysis to the same effect [16]. Similarly for the production of negative 

ions, Caesium primaries are often used [62]. In depth analysis, the determining factor 

in choosing a particular ion, for optimum depth resolution, may be its relative mass 

with respect to that of the target. In surface imaging mode, where a small spot size is 

required for high spatial resolution, space charge effects within the primary beam must 

also be considered.

In trace analysis the main limitations to detection sensitivity arise due to mass 

interference from isotopes of different elements, clusters, hydrocarbons, oxides etc., 

which may exist as surface contaminants, as residual gas molecules, or alternatively 

may result from the interaction of the elements in the sample with the primary ion

Page 6
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Introduction

beam. Such interference effects can be resolved by the use of more costly high mass 

resolution spectrometers.

M ore recently, alternative analytical techniques, relying on the use o f high 

pow er lasers in the ablation/desorption and/or post-ionisation processes have been 

successfully added to the long list of currently available and widely used techniques.

Laser Micro-Probe (L M P /'L IM A ”) analysis [118][55][56][25][ 10] utilises a 

tightly focused laser to vapo rise and ionise solid samples, yielding material suitable 

for examination by accepted spectrometric means. Such devices generally operate in 

either a transmission mode (Figure 1.8(a)), in the case of very thin samples or coated 

sample grids, where the ablating laser perforates the sample, or in a surface reflection 

mode for thicker samples (Figure 1.8(b)). The latter geometry is particularly suited to 

surface imaging where the laser can be focused down to a spot ~ jim  in diameter. 

The secondary ions are analysed using a time of flight mass analyser.

A further use of lasers is in the post-ionisation of ablated neutral material. Such 

m aterial may be the result of ion sputtering (SNM S)(Figure 1.9), or the action of a 

prim ary ablating laser, and is of much use in the reduction o f the m atrix effects 

normally associated with ablation mechanisms.

Laser post-ionisation involves the absorption by an atom or molecule of multiple 

photons (Multi-Photon Ionisation (M PI)(Figure 1.10))[4][25][65][64], to excite and 

eventually ionise the particle. This generally requires a high photon flux to improve 

the ionisation efficiency.

One major advantage of using a laser as the probe-beam in preference to an ion 

beam, is that the laser does not interact with the electric fields normally present in the 

sample region, and consequently, much higher extraction potentials may be used 

which contribute to the overall transmission efficiency and mass resolution o f the 

system. Furthermore lasers are not space charge limited and therefore the focus quality 

of the beam is diffraction limited and is not affected by the laser intensity.

Problem s arise in the non-uniform ity of the laser evaporation, presenting 

limitations in depth analysis.

The analysis of the ablated ions under laser microprobe assay i . also prone to 

m atrix effects in the ablation mechanism as are ion beams, and the variance of the 

ionisation potentials of the elements.

Detection sensitivity is also affected by mass interference of similar origin to
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Introduction

those found in SIMS as the ionisation is generally non-selective, and may be severely 

restricted by surface contamination due to the ease of thermal desorption of surface 

particles.

This leads on to probably the most recent developmen t in laser post-ionisation, 

namely Resonant Ionisation Spectroscopy (RIS), which utilises the tunable qualities 

of m odem  dye lasers to match real transitions within atoms and thereby achieve 

ionisation with high probability and atomic selectivity. Details of the mechanism s 

involved will be discussed in the following chapter, suffice it to say that RIS offers 

possibly the greatest scope for improvements in ultra-trace analysis of any o f the 

aforementioned or other techniques.

All o f the above techniques have their own particular advantages and 

disadvantages and it would therefore seem the logical step to combine techniques in 

order to combine the best qualities of the individual m ethods, to yield more 

information and a more accurate representation of the sample.

Multiple instruments are now widely in use operating with various combinations 

of electron and ion spectrometries [54].

An example of such an instrument may incorporate either AES or XPS in 

conjunction with SIMS.

Electron techniques, being less prone to matrix effects supply the quantitative 

information while SIMS supplies the major compositional information as well as the 

sensitivity.

Sim ilarly, RBS is used in conjunction with SIMS. From RBS spectra an 

absolute depth scale can be derived, provided details concerning the ion-target 

interactions are known, i.e. interaction cross-sections and stopping powers. Again 

due to the relatively poor sensitivities attainable with RBS, SIMS is used to provide 

the missing sensitivity factor.

More recently, a combined SIMS/laser desorption instrument has been described

[28].

The nature of this project concerns the application of Resonance Ionisation Mass 

Spectrom etry  (R IM S), to surface and 'in depth1 analysis (depth profiling), in 

particular with respect to possible structural investigation of m ultilayer structures
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grown by MBE.

These in itial experim ents will involve analysis o f only bulk m aterial 

constituents, namely Ga and A1 in GaAs/AlGaAs layers, in an attempt to recognise 

procedural difficulties which may be encountered and to determine the limitations of 

the apparatus used.
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Chapter 2.

Resonance Ionisation Spectroscopy (RIS).

Introduction

The technique o f RIS has been in widespread use now for little more than a decade, 

developed in the early seventies by Letokhov and co-workers in the USSR Academy 

of Sciences, and in the USA by Hurst and co-workers at Oak Ridge, as a consequence 

o f improvements in laser technology, in particular the availability of powerful tunable 

sources.

The interest in RIS stems from its ability to selectively ionise a particular atom of 

interest with a high probability while effectively leaving the all others present in a 

neutral state. For this reason, it offers immense possibilities in the field of trace 

analysis.

In the early years of its development, much interest lay in its possibilities for 

application to isotope separation[3][13][115], in particular those of Uranium for use in 

nuclear reactors . However, its use has expanded into many other fields where trace 

analytical and spectroscopic investigations of the highest sensitivity are vital. Uses for 

RIS have been found in areas as diverse as high energy physics [57], medicine [99], 

and the electronics industry [19], to name but a few.

At present the first generation of commercial systems are beginning to appear on 

the m arket with future improvements in reliability and ease of use, dependent on 

further developments in laser technology and computer control.
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Physica l Basis.

In principle, RIS is very straightforward.

A typical atom has a structure of discrete energy states or levels, from the lowest 

energy ground state to the ionisation limit or continuum. Normally, the populations in 

these states are determined by a Boltzmann distribution, and therefore at room 

tem perature, assuming a non-split ground state, the population in the ground state is 

effectively 100%. If a photon equal in energy to the difference between two states is 

incident on the atom, a transition may occur from the lower to the higher state. Further 

transition may then be made to higher lying states by subsequent photon interaction 

until sufficient energy is supplied to promote an electron into the ionisation 

continuum, thereby creating a positive ion and an unbound electron (Figure 2.1(a)).

Since every element has its own unique energy level scheme, a choice of photon 

energies, particular to the element of interest, results in the creation of what are termed 

'Resonant' ions of that type. Furthermore the probability of ionising an atom of 

another element via non-resonant transitions is many orders of magnitude smaller. 

Resonant Ionisation is therefore extremely elementally selective, and in addition, can 

be made 100% efficient if sufficient photon flux is available.

However, not all transitions occur with the same probability, and in fact many 

are not normally allowed. The allowable transitions are determined by selection rules 

which arise from angular momentum conservation considerations within the atom 

under the influence of electric dipole radiation.

Due to the intrinsic spin of the photon, under absorption, the orbital angular 

momentum of the excited state electron must change by lh. For a many electron atom, 

the electric dipole selection rules in atoms with LS coupling, for single photon 

absorption are [123]:

A L = 0, ±  1 

A S = 0 

AJ  = ±  1,0
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Resonance Ionisation Spectroscopy

J = £ j i=L + S= X l ,+  I s i
i i i

w here i and s are the angular m om entum  quantum  num bers defin ing the electron 

configuration.

A lso, in an electric d ipole transition  the parity o f the atom ic w avefunction , 

defined by (-1)L, must change.

As well as single photon transitions, excitation m ay occur between bound states 

under the action o f two or m ore consecutive photons through w hat are know n as 

virtual states (Figure 2.1(b)). This m ethod allows transitions which break the dipole 

selection rules, but requires higher photon fluxes due to the short lifetim es o f these 

states. For the case o f two photon interactions the selection rules are sim ilarly defined 

as [61]:

A L =  0 , ±  2 

A S = 0

A J  = 0 ,±  1, ± 2

in which case parity is conserved.

Five main schem es have been suggested by Hurst et al. [42][43] (Figure 2.2) 

to enable resonant ionisation o f all the elem ents, except He and Ne w hich have very 

high ion isation  potentials. The application o f these schem es to the e lem ents is 

illustrated  in the periodic table o f Figure 2.3. How ever, these need not be adhered to 

rigorously as there are many more possibilities for m ost elem ents which m ay be more 

suitable to a particular experimental arrangement or samples o f com plex m atrix which 

m ay contain elem ents with sim ilar electronic structures. Thonnard et. al. [19] have 

illu stra ted  how 39 o f the elem ents can be resonantly  ionised by the sam e laser 

a rrangem en t, therefore a llow ing  rap id  sw itching betw een the e lem en ts  under 

investigation, under com puter control if necessary.

The simplest scheme requires a single photon to excite the electron into an upper 

level m ore than halfway to the continuum. A second photon o f the same energy is then
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The five basic Resonance Ionisation schemes
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Application of the Resonance Ionisation schemes  
to the periodic table

I II III IV V V I V II V III 0

1H

3 Li 4 Be 5 B 6 C 7 N 8 0 9F

11 N a 12 Mg 13 Al 14 Si 15 P 16 S 17 Cl

19 K 20 C a 21 Sc 22 T i 23 V 24 Cr 25 Mn 26 Fe 27 Co 28 Ni

29 Cu 30 Zn 31 Ga 32 Ge 33 As 34 Se 35 B r 36 K r

37 R b 38 S r 39 Y 40 Z r 41 Nb 42M o 43 T c 44 Ru 45 Rh 46 Pd
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79 A u 80 H g 81 T l 82 Pb 83 Bi 84 Po
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Resonance Ionisation Spectroscopy

sufficient to cause ionisation.

A variation on this, for atom s o f slightly higher ionisation potential > involves 

the use o f a frequency doubled photon to effect the transition  to the upper state 

fo llow ed by a photon o f the original frequency for the ionisation step. This schem e 

w as used in the analysis o f G allium  and A lum inium  in the experim ents to be outlined 

later.

T he rem aining schem es utilise various com binations o f photons o f d ifferen t 

energy, including the fundam ental frequencies or frequency doubled com ponents.

In order to achieve saturation o f a resonant two photon process, typical photon 

fluxes o f around 1026 photons cm '2 s' 1 are required. M odem  pulsed lasers can easily 

m eet this requirem ent

R eson an t  Ionisation  M ass S p ectrom etry .(R IM S )

R IM S  involves a coupling o f the RIS process to the well established techniques 

o f post-ionisation mass analysis [ 102].

A ssum ing all the isotopes o f  an elem ent are sim ultaneously  ion ised  by the 

resonan t laser photons, the isotopic ratios can be determ ined by the spectrom eter, 

assum ing the m ass resolution is sufficiently high, with im proved accuracy due to a 

reduction in isobaric background effects.

Quadrupole mass spectrometers and sector instrum ents have been used with RIS 

a lthough they are lim ited by their low  transm ission efficiencies ( - lO 'M O '4) [51]. 

T im e o f  flight m ass spectrom eters, e ither w ith or w ithout the im provem ents o f 

e lectrostatic and magnetic sectors, can how ever be ideally applied to RIS due to the 

pulsed nature o f their operation.

R ate  Equations

T he use o f population rate equations in the m odelling o f resonant ionisation, 

provides a sim ple and effective m ethod of determ ining the conditions necessary for 

saturation o f the ionisation process, whereby every atom  o f interest w ithin the laser 

vo lum e is ionised, and is generally applicable under conditions w here the laser 

linewidth exceeds that of the atomic states.

The sim plest resonant ionisation schem e can be view ed as a three level system
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(F igure 2.4), the first and third levels being the ground state o f the atom  and the 

ionisation limit respectively. This being the case, the rate equations for the three levels 

are as follows:

^  = - o aO N 0 + 1̂ + 0 / ^  (2>1)

dN
1  = o aO N 0 - T N 1 - p N j - o sO N 1- g . O N jdt o K l i (2 .2 )

dN .
-  = a ON

dt 1 1 (2 .3)

where N 0, N p Nj, are the relative populations o f the three states at tim e t, Ga is the 

stim ulated absorption cross-section, g s is the stim ulated em ission cross-section, and 

Gj is the ionisation cross-section from the excited state. T is the spontaneous decay rate 

(equal to the reciprocal of the excited state lifetim e ), p is the rate o f  non-radiative 

decay to a state not contributing to the photoionisation process, and O  is the photon 

flux (the num ber o f photons per unit area per unit time ).

Adding (2.1) and (2.2) gives:

d N n dN
- T - 9- =  - - T - L — N . g .O —p N . dt dt i i r  i (2 .4)

Differentiating (2.2) with respect to t and substituting (2.4) yields:

d N ,  dN , 2
 r L + K - r -L + >. N = 0

d t 2 dt 1 (2 .5 )

where

K = r + P - ( - ( G a + G s + G i) 0  (2.6)
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Resonance Ionisation Spectroscopy

and

X ^ c r . ^ p  +  a . O )  ( 2 7 )

Equation (2.5) can then be solved to give the population o f the excited state as:

- ^ i  n
N i =  TI " - U  Le e -1

2 (2 .8 )

where:

JIj =  y  -  y  V K2 -  4>.2
(2.9)

and

K , 1 / 2  p  =  +  -~ -V  k  — 4A,
2 2 (2 . 10)

F or a narrow  linew idth laser, tuned  on resonance, the c ro ss-sec tions  for 

stim ulated absorption and em ission are very m uch larger than for ionisation (i.e o a ~ 

Gs » O j). W ith the flux condition that the rate o f excitation is large com pared to the 

spontaneous decay rate (i.e. o aO  » r + p  ) then » Pj and equation (2 .8) becom es:

N . = 5 £ £ [ e- v ]
(2 . 11)

with p^ now approximately equal to 2 0 o a.

Substituting Equation (2.11) into (2.3) and integrating wrt time over the pulse 

length of the laser T (assuming a square pulse ) we get:

a  O N  rT t 
N .=  e " ‘ d t

2 Jo (2.12)

Page 15



Resonance Ionisation Spectroscopy

which yields:

N , =  N 0[ l - e ' " ,T]  a i 3 )

From  a binom ial expansion o f (2.9) and the condition that k  ~ 2 d > o a it can be 

show n that p 1 = <7ad>/2.

Finally , if  the condition holds that OjOT » 1 (the fluence condition), then we 

have the result that Nj = N0 (i.e. all atom s in the ground state at time t = 0 are ionised 

by the end o f the laser pulse.). This is w hat is known as Saturation Ionisation.

Typical values for the above variables are a a ~GS ~ 10 '14c m '2; Gj ~ 1 0 '17c m '2; 

r ~  108s '1; p ~ 106s' 1 m aking an overall requirem ent o f O  » 1025. Therefore, for X ~ 

500 nm  and a laser pulse length o f 10 ns, saturation occurs for a fluence > 4 mJ per 

m m 2.

The above conditions can be met by m ost comm ercially available dye lasers with 

the requirem ent of moderate focussing o f the beam.

A m ore detailed  discussion o f the rate equation m odel can be found in the 

references which deal with a more com plex four level system [91] [92]

D ue to possible d ifficulties arising in the saturation o f the ion isa tion  step, 

m ultistep  excitation was proposed w hich involved excitation through a series o f 

resonant steps to a high lying excited state very close to the ionisation lim it o f the 

atom . Ionisation is then achieved by an electric field pulse[60]. Sim ilarly, ionisation 

from  such energetic states may be enhanced via collisions with the atom s o f a buffer 

gas, as in investigations o f resonant effects in proportional counters [58] [40]. In fact 

the first successful experim ents on single atom  detection were carried  out in such 

proportional counter devices[41].

C ollisional m echanism s within the buffer gas have the undesir able effect o f 

broaden ing  the resonant transitions (A ppendix C), thereby reducing  the spectral 

resolution attainable with such arrangements. Also the high operating pressure within 

the proportional chamber is not com patible with most types of m ass spectrom eter. For 

these reasons it has been m ore advantageous to adopt atom ic beam s as the source o f 

m aterial and either apply direct photo-ionisation, or employ field ionisation [5]. Being 

vacuum  com patible atomic beams also allow  for their use in conjunction w ith m ass
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analysers prior to detection.

F or analysis o f solid sam ples, the process requires further sophistication with 

the need for controlled sample vapo risation. This is generally achieved using either a 

prim ary pulsed laser to ablate m aterial from  the surface or by the action o f a beam  of 

prim ary  ions. The plum e o f  vapour thus generated can then be in tercepted  by the 

resonan t lasers [27][52][79][99][121][51], w ith the subsequently  generated  ions 

analysed and detected in a mass spectrometer. These aspects will be discussed in more 

detail in subsequent Chapters.
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C h a p te r  3

The Theory of Ion Sputtering 

and its Application to Depth Profiling.

In tr o d u c t io n .

As already m entioned in Chapter 1, the need for reliable and accurate techniques for 

the characterisation  o f m odem  superlattice structures continues to increase, with 

advances in growth processes surpassing the abilities o f presently  "state o f the art" 

analytical methods. In most cases, a balance has to be m ade between the requirem ents 

for high depth resolution and sensitivity. An exception to this rule is SIM S which 

d isp lays PPM  sensitivity while m aintain ing a depth reso lu tion  o f som e nm. SIM S 

does how ever have its own inherent problem s.

In applying the popular surface analysis techn iques to depth p rofiling , the 

com m on requirem ent is the continuous exposure o f the sub-surface layers. This m ust 

be achieved  at a constant rate w ith high spatial un iform ity . The usual m ethod 

em ployed is that o f ion-erosion, with the exception o f RBS which yields the depth 

inform ation directly in the energy spectrum  o f the ions backscattered in collisions with 

deeper lying planes o f atoms.

T he follow ing sections describe the m ajor m echan ism s involved in depth 

profiling, nam ely the process o f ion erosion (sputtering), and the factors determ ining 

the ultim ate depth resolution obtainable under a particular experim ental arrangem ent. 

The great deal of material available on these subjects is beyond the scope o f this work, 

how ever it is worthwhile to present the salient aspects, required for day to day depth 

analysis, relating to the physical and technical lim itations arising.
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S p u t te r in g .

T he ejection o f particles from  a solid by bom bardm ent o f the surface w ith 

energetic prim ary ions, is known as Sputtering. The physical m echanism  responsible 

for this process is generally considered to be collisional, where incident prim ary ions 

co llid ing  w ith target atom s on the surface, transfer a fraction o f their energy and 

m om entum . Further interactions occur until the prim ary particle com es to rest w ithin 

the m aterial or is backscattered to the surface. The target recoil particles set in m otion 

also exhibit their own collisional pattern.

Such patterns, involving essen tia lly  b inary  in te rac tions (i.e. in te rac tions

involving only two particles), are com m only refered to as collisional cascades (Figure

3.1). If, as a consequence of these cascades, sufficient energy is im parted to atom s on 

the surface, so as to overcome the surface binding potential o f the solid, sputtering o f 

target atom s is observed. For primary ions in the keV energy range, disordering o f the 

sam ple due to these effects may occur over a depth o f several hundreds o f angstrom s 

w hile sputtered particles in general only originate from  the first few atom ic layers, or 

tens o f angstroms below the surface.

U sing this idea o f collision cascades, Sigm und developed a sputtering theory, 

explaining sputter yields (i.e. num ber o f sputtered particles per incident ion ) as well 

as the energy and angular distributions of secondary particles.

A ccording to the theory o f Sigm und [93][100][94][95][96], the num ber of 

recoil particles (i.e. from within the sample) arriving at the surface in the energy range 

E, E+dE in solid angle dQ , at an angle y  to the surface normal is:

w here Sn(Ep) is the nuclear stopping cross-section for prim ary particles o f energy Ep, 

a  is a factor dependent on the relative m asses o f projectile and target, and C 0 is a 

constant o f the scattering cross-section.

For energies in the keV range, C0 = 1.8 x 10 16 and [126]

3 a S  n( E p) cos \j/

d f id E  2jc3 C 0 E 2 (3.1)

(3.2)
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Depth Profiling

where M 1 and M 2 are the masses o f the prim ary and secondary particles.

A ssum ing a planar potential barrier at the surface, integration o f Equation (3.1) 

over all angles and energies > U gives:

3 a S n( E p)

Y (E ^ 7 f e ~ u , P
(3.3)

w here Y is the sputter yield, U s is the surface binding potential o f the solid, usually 

taken  as the sublim ation energy fo r m ost elem ents [127], and in the case o f 

sem iconductors as the energy required to break half the num ber o f bonds in the bulk 

[2], and is typically a few electron volts. Inserting values for the various constants, 

Equation (3.3) becomes:

Y =
0 • 042 [ A ' 2]  a S „ [ e V  . A 2] 

uTeVl (3.4)

where the nuclear stopping cross-section is given by:

S n(E) = 4 jc Z 1Z 2e 2 a
M.

M, + M s „(e )
(3.5)

Z. and Z j being the atomic numbers o f the primary and secondary species, and

a =  0 • 8853 a 0 (z2/3 + Z2/ )
-  1 12

(3.6)

is the L indhard screening radius [9] for the Thom as-Ferm i interaction potential o f 

atom s and ions. The term a0 here, is the Bohr radius = 0.52915 A.
In order to reduce the number o f param eters the dim ensionless reduced energy 

has been introduced and is defined by the expression:

e =
M 2E

Mj + M 2 Z jZ 2e 2 (3.7)
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This is given for cgs units and by inserting the appropriate values can be 

expressed in terms o f E in eV by :

re-

_________32 • 5 M 2 E (k eV )

(Mj+M2) z ^ c z *73 + z 2/3y (3.8)

This leads to Equation (3.5) being rew ritten as

ZiZ, M r  .  2 l

"(E)= 84 ■ 77 — 2 ' 2 2 • m T m ~  -s „(e) l e V . A 2]
(  I + Z 2 )  ( 3 9 )

where sn(e) is the reduced stopping cross-section which has been expressed [120] by:

sn(e) =
7 In (1 +  e) 

e +  0 . 1 4 e0' 42 (3.10)

A s an exam ple, consider a 2keV beam  o f prim ary argon ions incident norm ally 

on a solid gallium  surface. M j is taken as 40 amu, and M 2 as the average m ass o f the 

two gallium  isotopes as 69.7 amu. The atom ic num bers o f the projectile and target are 

18 and 31 respectively.

Substituting into Equation (3.8) gives the reduced energy as £ = 0.0181.

U sing this value in Equation (3.10) yields sn(£) = 0.204.

Equation (3.9) then gives Sn(E) = 859.22 [eV .A2]

Finally , substituting all values into Equation (3.4) gives the sputter yield  for 

argon on gallium as 5.04 sputtered particles per incident prim ary ion. 

w here U s(Ga) = 2.7 eV and a  is calculated from  Equation (3.2) to be 0.377.

Similarly for GaAs the various parameters can be calculated.

£ = 0.0177 

sn(£) = 0.202 

Sn(E) = 852.59 

a  = 0.385

where the avarage atomic number and mass were taken as 32 and 72.32 respectively. 

Substituting into Equation (3.4) then yields 4.18 particles sputtered per incident ion.
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Figure 3.2 shows how the sputter yield varies with the m ass and energy o f the 

prim ary particle, calculated from the Sigmund theory.

N ature  o f  Sputtered Particles.

O f prim ary importance to sputter induced ion spectrom etries, is the charge state 

o f the particles liberated, whether as ions for SIM S analysis, or neutrals for m ethods

It is an accepted fact that the ion fraction generated is m uch sm aller than the 

neutral fraction [51], with a severe dependence (up to a factor o f 100), on the sam ple 

com position, thus creating obvious problem s in the quantitative analysis o f sam ples 

vary ing  in m atrix , w ithout the in troduction o f  m ultip le  in ternal and /or ex ternal 

standards for comparison.

In order to m ake an accurate determ ination o f the true com position from  the 

secondary ion inform ation, it becom es necessary to derive a physical m odel for the 

secondary ion formation.

A variety  o f such m odels have been proposed , although a general m odel 

applicable under all situations and com binations o f prim ary and target m aterial, does 

not exist as yet.

The m ost widely used model assum es the developm ent o f a plasm a layer in the 

sam ple under ion bombardment, in which all particles are in a local therm odynam ic 

equ ilib rium  (LTE). The m odel is restricted to the presence o f oxygen w ithin the 

p lasm a [116],This however is often the case in SIM S analysis where oxygen is used 

as the prim ary beam or is introduced to enhance the positive ion production due to the 

electronegativity of its nature [1][52].

U nder these conditions the degree o f ionisation can be derived from  the Saha- 

Eggert equation [9][1][14]:

w here n°, n+, ne are the number densities o f the neutral panicles, positive ions and 

electrons respectively, Z°(T), Z+(T) are the internal pan ition  functions o f the neutrals

o f SN M S.

E -  AEl
kT

(3.11)

Page 22



oo ID

Sputter Yield

Figure 3.2 Sputter yield from Al as a function o f 
energy and mass of projectile [931

Pr
im

ar
y 

Ion
 

En
er

gy
 

(K
eV

)



Depth Profiling

and positive ions [7], Ej is the first ionisation potential o f the atom , T the plasm a
c

tem perature, k Boltzm ann's constant, h P la in 's  constant, m e the electron m ass and 

AE the depression of the ionisation energy due to charge and tem perature effects in the 

plasm a and is given by the Debye correction [112]:

7 8 7 tn cV /2
A E _  e I  kT  J  (3.12)

where e is the electronic charge.

For m ulti-elem em t systems, due to the unknown quantities T  and ne, at least two 

internal standards are still required in order for the true concentrations to be calculated. 

It can  be shown [116] that the tem perature T  is not identified  as the m acroscopic 

tem perature o f the target, but is in effect related to the average kinetic energy available 

in the collision cascade .

Softw are packages such as CARISM A [1] have been developed specifically for 

this purpose using iterative m ethods to calculate the unknow ns T and ne from  the 

internal standards and hence calculate the relative populations o f all o ther elem ents 

present from  the measured ion yields.

In c id en ce  A ngle  D ependence.

The dependence of the incident angle o f the prim ary beam  on the sputter yield, 

for polycrystalline materials is given by [93][80][69]:

Y(9) ,T777\\ =  (COS 0 )
Y (0 )  (3.13)

where Y (0) is the sputter yield at normal incidence, 0 is the incident angle relative to 

the surface norm al and f is a constant defined by the m ass ratio  ( for M 2/M j < 3, f = 

5/3 ). At oblique angles this relation breaks dow n as the reflection coefficient o f the 

incident particles increases until a critical angle where the reflection is 1, in which case 

all incident particles are scattered from the surface atom ic layer, none having sufficient 

energy perpendicular to the surface to overcom e the potential barrier (Figure 3.3). 

M axim a in the sputter yield usually occur at between 60° and 70° to the normal [98].
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This how ever, is not necessarily the case for a m onocrystalline target, where 

ions m ay be channelled by parallel crystal planes and penetrate farther into the crystal. 

At such incident angles, the sputter yield will be reduced.

E nergy  D istr ibution  o f  Sputtered Partic les .

E quation  (3.1) can be integrated over a 2tc solid angle to give the energy 

distribution o f the sputtered particles as:

dN  = 3 txS n (E p) E

dE 2 i t2 C 0 (3 1 4 )

which has a m axim um  at E = Uj/2, a linear increase at E « U s and a 1/E2 dependence 

at E » U s. Figure 3.4 shows a series o f curves corresponding to the sputtered energy 

distribution o f various elements.

A n gular  D istribution of  Sputtered Partic les.

For polycrystalline m aterials, if one assum es that after a few collisions within 

the target the recoil atoms are moving essentially random ly through the m edium, their 

d istribution being therefore isotropic, then the angu lar d istribution o f the ejected 

m aterial is effectively isotropic. The norm al com ponent o f  the secondary particle 

current then approxim ates a cosine distribution [80][106][98]. This holds for norm al 

incidence. H ow ever, at oblique prim ary beam  incidence, the preferential em ission 

angle is shifted away from  the normal in the direction o f specular reflection o f the 

prim ary ions [80], due to the formation o f knock-on atom s with a large com ponent o f 

m om entum  parallel to the surface (Figure 3.5). Em ission o f these knock-on particles 

is then dependent on their component o f m om entum  normal to the surface, determined 

by the prim ary ion energy, and the surface binding energy o f the material [80].

E rosion  Rate.

A prerequisite for depth analysis is the constant, continuous erosion o f the 

sam ple at a rate dependent on the prim ary beam and the sample characteristics. This
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erosion (sputter) rate is given by [9][35]:

z = 3 • 755 x 10
A M (am u). j ( |iA  / cm 3) . Y 

p ( g /  c m 3) (3.15)

in Lim per hour.

Here j is the effective current density o f the prim ary ion beam, M is the average 

mass, p the density, and Y the total sputter yield o f the sample.

For the case of one m ajor m atrix com ponent, the sputter rate is a constant, and 

the sputtered depth is simply the product o f the sputter rate and the total time.

The target num ber density (atoms per cm 3) is given by

w here N A is A vogadro's constant . This can be substituted into equation (3.15) to 

sim plify the expression if  the inform ation concern ing  the lattice construction  is 

know n.

As an exam ple, GaAs has a Cubic Zinc Sulfide (D iam ond) Structure with a

atom s o f G a and 4 o f As. The number density can then be easily calculated as 8 x l0 24 

/a3(A) = 4 .3 9 x l0 22 cm '3.

Equation (3.15) can be written as

and substituting the values for n0 and NA yields

Therefore, for a current density o f 0.01 jiA /cm 2 and a total sputter yield o f 5 the 

sputter rate can be calculated to be -2 .58  x 10*4 fim/hour.

T h is rela tion  (Equation (3.17)) holds for a uniform  surface current density

(3.16)

lattice param eter a o f approxim ately 5.67 A. In each conventional cell there are 4

z = 5 • 15 x 10" 3 . j .  Y (3.18)
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w hich can be better approxim ated by rastering o f  the ion beam . In this case, the 

current density , and hence the sputter rate, is reduced by the ratio  o f the spot size to 

the rastered area.

E rosion rate is usually easily controllable, and is variable over a wide range, 

with ion gun param eters. G enerally there are considered  to be tw o types o f SIM S 

defined according to the ratio o f the erosion time, t^ ,  o f  a m onolayer o f the sample to 

the record ing  tim e o f a m ass spectrum , tA. The p ractically  non-destructive 'static' 

SIM S m ode arises for tM/tA» l, while 'dynamic' SIM S, m ore suited to depth analysis 

arises for tM/tA< l [33].

F actors  A ffectin g  Depth Profiling.

The m ain experim ental aspects responsible for accurate determ ination o f depth 

concentration  profiles are the depth resolution and the dynam ic range. These are 

affected to varying degrees by instrum ental factors and ion solid interactions within 

the target.

D ep th  R eso lu t ion .

D epth Resolution Az is a m easure o f the quality  o f a depth profile. For a step

like concen tra tion  transition, the m easured signal w ill be broadened by various 

experim ental factors. The shape of the m easured profile can be closely approxim ated 

by the function [35] [9]:

I(z ) = Io [ i - i e r f ( z ) ]  (3 19)

w here the current drops from a m axim um  level IQ to a m inim um  (Figure 3.6). The 

derivative  o f  E quation (3.19) is a G aussian erro r function . From  the m easured 

profile, the value for the depth resolution is defined in several ways; f or exam ple, the 

depth Az across which the current drops from  95%  to 5% o f IQ , or more com m only, 

the depth  across 84% to 16% of the m axim um , w hich corresponds to tw ice the 

standard deviation 2 a  of the Gaussian distribution.
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Depth Profiling

The total m easured depth resolution Az, is a function o f all the contributions to 

the broadening from  instrum ental and physical param eters, and has been expressed 

[34][35] as:

f  n 1 / 2

A z = X A z ?
Vi =i (3.20)

w here the Azj correspond to the contributions from  such sources as atom ic m ixing, 

surface roughness, edge effects, the m ost im portant o f w hich w ill be discussed in 

follow ing sections.

R eco il  M ix in g .

There are two types o f recoil m ixing which take place under ion bom bardm ent 

o f a solid. Prim ary Recoil M ixing involves direct ion-target im pact resulting in target 

atom s acquiring high m om entum  in the forward direction. These are generally small in 

num ber and non-isotropic. Although such m ixing has some influence on the m easured 

profile, including a possible shift in the distribution, the m ajor m ixing contribution 

arises from  Cascade m ixing i.e. profile broadening due to the developm ent of collision 

cascades.

A ndersen  [2] has theoretically  show n that a concen tra tion  5 -func tion  is 

broadened by random  collisions to a Gaussian function. Sigm und [97] then derived a 

general theory  w hich p redicts the effects o f cascade  and recoil m ixing on the 

broadening and shifting o f profiles. The theory goes on to show how the Full W idth 

at H alf M axim um  (FW HM ) of this function can be expressed by the dependence:

where E and Y are defined as before.

F o r an abrup t concentration  step this b roaden ing  can be assum ed to be 

com parable with the depth resolution, hence the effects o f experimental parameters can 

be concluded from  the expression.
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As Az is proportional to E 1/2, the use o f low prim ary energy (typically 3 to 5 

keV) enhances the resolution. The sputter yield is dependent on the incident angle 

(Equation (3.13)) and hence at the angle corresponding to the m axim um  sputter yield, 

the effect on profile broadening is m inimised. Y is also proportional to the constant a  

which is related to the m ass ratio o f target and projectile (Equation (3.2)). At energies 

~keV , heavy projectiles reduce the effect o f cascade m ixing  w hile im proving the 

sputter yield.

M onte C arlo  sim ulations o f atom ic m ix ing  e ffec ts  [46] com pared  with 

experim ental corroboration [45] confirm these predictions o f increased broadening due 

to higher energy prim aries and steeper incidence.

H igh energy prim ary ions also have a tendency to  generate structural defects 

within the crystal which enhance the diffusion rate [29], again leading to a broadening 

o f the profile.

S u rface  R o u g h n e ss

D eterioration  o f the depth resolution can also resu lt from  the initial surface 

roughness o f the sample. For surface features sm aller than the spot size of the primary 

ion beam , sputtered m aterial may originate from  different exposed layers w ithin the 

beam  spot. Also, sputtering m ay occur at different rates due to a variation in the angle 

of incidence at different points on the surface (Figure 3.7). This can then lead to an 

enhancem ent o f the roughness, im plying a w orsening o f the m easured broadening 

w ith dep th . Inhom ogeneities  in the sam ple, w h e th er a lready  p resen t or ion 

bom bardm ent induced, also lead to the developm ent o f surface roughness and cone 

form ation (Figure 3.8).

O bviously some care has to be taken in the preparation o f sam ples to ensure the 

m inim um  o f  surface contam ination and lack o f large particles on the surface which 

may cause a shadowing o f the surface to the prim ary ions.

T o an extent the effect of surface roughness can be reduced  by the use of

m ultiple ion beam s at d ifferent orientations o r sam ple ro tation during sputtering.

A lternatively the introduction o f oxygen during the sputtering process can lead to the
r

form ation o f quasi-am orphous oxides which sputter m ore unif^m ly over the surface 

due to a reduction in channelling of the projectiles, resulting in a suppression o f cone 

form ation and incident ion orientation dependence [105]. S im ilar observations have
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been m ade with nitrogen prim ary ions where cone form ation was again suppressed by 

an alteration in the chem ical nature o f the surface due to the presence o f the nitrogen 

atom s [32]. O ptim um  reso lu tion  can therefore  resu lt from  analysis o f sm ooth 

am orphous targets. In teresting ly , sem iconductors tend  to  am orph ise  under ion 

bom dardm ent [105][36], reducing the likelihood of developing surface roughness.

The effects on m easured resolution as a function o f  depth has been described in 

term s o f  a S eq u en tia l L ayer Spu ttering  ( S L S )  [9] m o d el w hich  exp la in s 

fundam entally , the developm ent o f surface roughness on the m onolayer scale. This 

model assum es all other factors contributing to the developm ent o f surface roughening 

and depth resolution can be neglected

If  one assum es that sputtered m aterial o rig ina tes  from  only  the surface 

m onolayer o f  atom s, then due to the random  nature o f the sputtering process, a 

fraction o f the second layer will be exposed after prim ary beam  incidence. A t such 

po in ts on the surface, the second layer then e ffec tive ly  becom es the surface 

m onolayer. U nder the sam e random  process, a fraction o f this second layer will be 

sputtered to reveal a new surface and so on (Figure 3.9).

The fraction o f the exposed layer is a function o f tim e and is known as the Free 

Fractional Surface. The distribution o f the free fractional surface as a function o f depth 

can be expressed in a good approxim ation by a G aussian function if  n, the num ber of 

layers involved, is relatively large [33]:

where @(zj(t)) is the free fractional surface o f the zth atom ic layer, a is the m onolayer 

thickness, and z the average sputtered depth [33].

Since the standard deviation of this function is

the dependence o f the depth resolution as a function o f sputtered depth can now be 

derived from  the resolution definition Az = 2 a  as

2"!

(3.23)

a  = (az )
1 / 2

(3.24)
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Depth Profiling

Az =  2 (a z )
1 12

(3.25)

or the relative depth resolution

Az
z (3.26)

O ther assum ptions m ade are that the sputter rate  is constan t throughout the 

sample and that all other sputtering effects such as ion induced effects at high prim ary 

energy [68], can be neglected.

C om parison w ith experim ental results [33][34][38][37] have indicated  the 

validity o f the above model.

The above effects tend to be cum ulative, and therefore at very  large depths 

below  the surface, the degree o f m ixing m ay be such that an alternative m ethod of 

depth analysis, which does not rely on sputter erosion, m ay be m ore beneficial.

D yn am ic  R ange

The dynam ic range o f a profile is defined as the m axim um  ratio o f the m easured 

concen tra tion  fo r a particu la r e lem ent Imax / Imin, Imin being  the con tinuous 

background concentration (Figure 3.10).[9][67]

As with depth resolution, there are many factors affecting the dynam ic range in 

profiling. Being m ostly instum ental in nature their effect can be m inim ised by the 

correct choice o f experimental parameters and instrumental design.

C rater-E d ge  Effects .

W ith a static prim ary beam  incident for long periods o f tim e, the focussed spot 

may tend to drift slightly from its nominal position due to therm al or charging effects 

within the ion gun assem bly. As a result, m aterial outw ith the desired analysis area 

contributes to the background of ions. This effect is o f particular significance in the 

profiling o f sharp concentration gradients resulting in a loss o f resolution as well as 

dynam ic range (Figure 3 .1 1)[36][67].
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Depth Profiling

Sim ilar problem s also arise due to the non-uniform ity  o f  the prim ary beam 

current. The radial current distribution of the prim ary beam  is usually assum ed to be 

G aussian in form  and the sputtered crater effectively reflects this in its shape. The 

im plication o f  this is that m aterial sputtered by the tails o f the distribution, originate 

from  layers closer to the surface (Figure 3.7).

Both o f these effects can be reduced by increasing the sputtered crater via 

rastering o f the prim ary beam over an area several times that o f the focused beam spot. 

Analysis can then be perform ed on material originating from  the flat central portion of 

the crater, by a restricted acceptance angle to the spectrom eter, or electronic gating. 

A lternatively , it has been dem onstrated, [104], that the m easured  profile  m ay be 

analytically corrected for such edge-effects by using a standard interface to define the 

prim ary ion beam  parameters.

A nother serious crater-edge effect is the contribution due to the unfocussed 

neutral com ponent o f the prim ary beam  [67], form ed due to inefficient differential 

pum ping o f the ion gun, and alsodue to charge exchange processes w ithin the gun 

assem bly. This problem  can usually be solved by placing deflection plates at the exit 

aperture o f the ion gun and deflecting the ion beam  onto the target, the neutral beam 

being undeviated (Figure 3.12).

R e d e p o s i t io n .

A different source o f anomalous background is due to redeposition [98] [67][35] 

onto the surface o f previously sputtered material. These m ay be low energy neutrals, 

unaffected  by the ex traction  field, which rem ain  in the sam ple v icin ity  and are 

eventually  re-adsorbed. A nother so-called "m em ory" e ffec t arises w hen m aterial 

deposited  locally  to the sam ple and from  ion optics is resputtered  by high energy 

secondary particles and deposited onto the sample (Figure 3.13).

R esidua l G as.

A m ajor source o f contam ination is due to the adsorption rate o f m olecules from 

the am bient gas within the analysis chamber, onto the sam ple surface. This source of 

contam ination m ay be neglected if the sputter rate and the residual pressure satisfy the 

relation [33] [116][36]:
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j p [ ^ A  /  cm 2] /  p B [to rr] > 10* (3 2?)

However, the increase in sputter rate may be detrimental to the depth resolution, hence 

U H V  (<10-9 torr) conditions are preferable in order to retain  the erosion rate at a 

d e s ira b le  level and the effects o f surface adsorption to a m inimum .

O ther contam ination m ay arise from  im purities in the prim ary beam , arising 

from  contam ination o f the source region or the source m aterial, being deposited onto 

and into the solid. For tim e of flight operation in particular, problem s m ay arise when 

using a source elem ent com prised o f num erous isotopes, w hich in pulsed operation 

w ould result in m ultiple prim ary pulses, thus causing a broadening o f  the tem poral 

distribution o f  secondary particles and a loss in m ass resolution. Experim entally these 

problem s can be dealt w ith by thorough outgassing o f the source and incorporating 

mass filtering into the ion gun assembly.

Tim e o f  Flight O peration

In SIM S depth  profiling , ion etching is perfo rm ed  con tinuously  with ion 

currents accum ulated over a defined counting time for each elem ent as the mass range 

o f the analyser is scanned. Each scan then corresponds to a point on the depth scale. 

The prim ary beam  is norm ally rastered to improve sputtering uniform ity, and gated 

electronically to ensure the detected secondary ions originate from the crater centre.

Depth analysis via AES is carried out by directing the electron beam at the centre 

o f the crater during ion erosion. The peaks in the A uger energy spectrum  can then be 

m onitored as a function o f time.

Because TO F analyses all masses sim ultaneously on each analysis cycle, under 

dc operation  the detected  signal will sim ply be a dc level w hich yields no m ass 

inform ation, hence a d ifferent procedure must be adopted for depth profiling, which 

involves pulsed ion production.

F or TO F SIM S, this involves a pulsing (or blanking) o f the prim ary ion beam 

with the ions im pinging on the centre of a crater which has been etched by the gun 

operating in dc mode.

If  laser post-ion isa tion  is involved, a pulsed laser ensures tim e of flight 

separation o f the ionised species. In this case, the gun m ay operate in either mode with 

the SIM S ions contributing to the ion background (unless rem oved by some separate
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m eans). In continuous m ode the laser is fired to coincide with the rastering beam 

passing over the central portion of the crater, in order to reduce crater-edge effects. 

H ow ever, w ith  respect to a line o f sight detector, the con tinuous incidence o f 

secondary ions can lead to serious contamination o f the device, and hence a reduction 

in perform ance and useful lifetime.

T his p roblem  can be alleviated by pulsing the p rim ary  beam , during data 

acqu isition . O ptim um  tem poral and spatial overlap  o f  the  laser pu lse  w ith the 

secondary particles ensures m axim um  sensitivity. D ue to th is sw itching o f gun 

m odes, ex tra  care m ust be taken, particularly with very  thin layers, to ensure the 

etched depth between data points is less then the smallest structure to be resolved.

If  the ion pulse length is very short, the dam age to the crater floor is m inimised, 

and dynamic range can be improved by accumulation o f data over a num ber o f pulses.
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Com parison o f Perform ance in Depth Analysis.

In depth  analysis, the perform ance o f any technique re ly ing  on ion erosion is 

determ ined by the factors described above. Such is the case w ith SIM S, AES and 

m ethods involving post-ionisation such as RIMS.

The fo llow ing  com parison will be confined to SIM S and A ES, both widely 

adopted depth  profiling  techniques relying on sputter erosion, but d ifferen t in the 

respect o f  the inform ation carrying particle, and their rela tive  perform ances with 

respect to sensitivity and quantification.

If it were the case that the information derived from  the various techniques was 

identical then the sam e could be said o f their relative perfo rm ances. H ow ever, 

optim um  perform ance o f the individual processes depends on necessary conditions, 

rather than the m ost desirable.

In com parison with SIM S, the useful inform ation in AES is not derived from  

the sputtered m aterial, therefore a reduction in the sputter rate should not influence the 

overall sensitivity. This m ay be achieved either by a reduction in the prim ary source 

intensity or by low ering the prim ary ion energy which, m ore im portantly, results in a 

drop in the degree o f atom ic mixing. Such variation in experim ental conditions may 

contribute to an improvement in the overall depth resolution, although the fundamental 

limiting factor to AES is the information depth o f the A uger electrons.

The degree o f inform ation derived from  SIMS analysis depends on the total 

prim ary ion flux, hence a reduction in the ion energy, w ithout a variation in other 

param eters, such as the source gas pressure and ionisation efficiency, reduces the 

information available. Also being prone to surface contam ination, the sputter rate must 

be maintained at a suitable level.

Typical prim ary ion energies used in SIMS (~5 keV), result in ion ranges within 

the target o f the order o f 1 0 0  A  which would have the effect, in the case o f AES 

analysis, o f  a contribution to the degradation in depth resolution m ore significant than 

the contribu tion  due to the inform ation depth o f the A uger electrons. H igh depth 

resolution AES therefore employs ion energies < 1 keV for layer erosion in order that 

the contribution from  the ion-solid interaction is o f m inor im portance. As already 

m entioned, SIM S operated at such low energy w ould m ost likely experience an 

increased com ponent o f surface contamination.
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A further effect to be considered when using beam s o f such low energy, is the 

relative effect on the ion trajectories of the extraction potentials present. Obviously the 

preferred  high voltages fo r high ion extraction efficiency w ill be unsuitable, again 

reducing the overall sensitivity in SIM S. Extraction o f electrons on the o ther hand, 

being o f  m uch low er m ass can still be m aintained w ith low er po ten tia ls on the 

electrodes.

In general, the attainable depth resolution is decided by the required  sensitivity. 

Both SIM S and AES are capable o f a resolution down to the nanom etre range, while 

SIMS itself, under the m ost ideal experimental conditions (extrem ely low residual gas 

pressure and prim ary beam  energy), and a reduction in the dynam ic range m ay exhibit 

a slight im provem ent.

In app ly ing  m ethods o f post-ion isation  to dep th  p ro filing , the optim um  

resolution is lim ited  by the same fundam ental physical and instrum ental artefacts 

encountered in SIM S. How ever, if  the m ethod of ionisation o f the neutral m aterial is 

highly efficient, there should be a resulting increase in the dynam ic range over that 

obtainable v ia  SIM S. Ful-filling this requirem ent is RIS w ith the added benefits o f 

atom ic selectivity, and without the matrix problems of SIMS.
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Chapter 4.

Instrumentation.

In trod u ction

M uch of the early  work in applying RIS to spectroscopy and trace analysis, and 

indeed m any o f the present investigations, centred on the analysis o f gas phase 

sam ples. E xperim ental arrangem ents involved the use o f therm al ovens for the 

generation o f atom ic beams intercepted by the lasers. O ther experim ents have utilised 

the high vapour pressures o f some m aterials, e.g. C aesium  and Rubidium  [58], in 

proportional counter studies.

F or ana ly sis  o f solid  sam ples with pa rticu la r ap p lica tio n  to structural 

determ ination, generally more complex apparatus is required due to the necessity for 

sam ple v apou risa tion , and the presence o f surface con tam ina tion . A lso, the 

requ irem en ts fo r stability  and reproducibility  o f experim en tal cond itions over 

prolonged analysis times impose further restrictions on the equipm ent used.

The following sections, describe in detail the major components o f the apparatus 

used, m any o f which had to be designed and built by the author to m eet the particular 

requirem ents o f the experim ents performed. Other elem ents, such as the laser system 

are com m ercially available and required little in the way of development.

M ass S p ectrom eter

The decision to use a time of flight (TOF) mass spectrom eter was a consequence 

o f the com plem entary m odes of operation of TOF and o f the pulsed lasers normally 

used in R IS , w ith the added advantage o f the sim plic ity  and cheapness o f 

construction, with its perform ance not reliant on low tolerance m anufacturing, but 

rather a careful choice of operational parameters [119], and the high ion transmission
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efficiencies attainable. TO F also allow s a com plete m ass spectrum  per pulse as 

opposed to r f  or m agnetic based systems which require tuning o f the param eters to a 

particular mass.

The principle o f the Tim e O f Flight is essentially quite simple. Ions generated at 

the sample surface are im parted with approximately equal energies by an accelerating 

electric field, which ejects them  into a field free region where the ions are separated in 

tim e according to their m ass (m) and charge (q), and subsequently detected  by an ion 

detector. The tim e o f flight t o f a particular ion o f m ass m  can be determ ined from  a 

simple energy conservation consideration and is given by the expression:

where V is the accelerating potential and d the distance travelled by the ions.

The m ain disadvantage o f TO F lies in its lim ited m ass resolution, i.e. its ability 

to separate different masses, which in the case o f a simple linear flight path, o f length 

at m ost a few m etres, is at best -5 0  to 100.

M ass resolution m/Am = t/(2At) is defined as the m ass at w hich the spread o f 

the temporal distribution o f particles arriving at the detector is equal to the difference in 

fligh t tim e o f consecutive m asses. Often, the reso lu tion  is defined  relative to a 

particular m ass as simply the ratio o f the flight time to the peak width. Alternatively, 

the absolute resolution may be calculated for the system  from  the m easured tem poral 

separation o f know n m asses. How ever, the specified resolution is dependent on the 

choice o f m easured width.

In the case o f m ass peaks o f sim ilar intensity a reasonab le  choice o f width 

w ould be that o f Full W idth at H alf M aximum (FW HM ), in which case the resolution 

could be expressed as (see Appendix A):

w here m 1 and m 2 are the know n m asses and n is the num ber o f m easured widths 

separating the two.

H ow ever, a system  with a m ass resolution defined in such a m anner m ay be

(4.1)

R = m  =

(4.2)
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ineffective when attempting to resolve a low intensity mass peak obscured by the tails 

in the distributions o f those o f neighbouring mass. For this reason the resolution is 

com m only defined relative to the measured width at 10% maximum.

The expression for the absolute resolution m ay be reta ined  with the value n 

replaced by that corresponding to the revised width definition.

In the spectrom eter sample region, the generated ions have finite initial spatial, 

tem poral and energy distributions, which are the m ajor factors contribu ting  to the 

lim itation of the ultimate mass resolution.

The spatial contribution arises from the variation in time of flight (corresponding 

to a variation in path length) for ions produced at different points in the sample region.

W hen applied to laser post-ionisation o f m aterial ablated from  a surface, the 

initial spatial distribution is defined by the volume o f overlap betw een the sputtered 

particles and the interacting laser, together with the angular acceptance o f ions by the 

extract electrodes. U nder such circumstances, the temporal distribution is not a serious 

problem  since for short laser pulses o f the order o f a few nanosecond s in duration, 

the relatively slow particles are effectively frozen within the interaction volum e, and 

therefore formation o f all ions is effectively simultaneous.

Particles sputtered from  a surface are generally considered to follow  a cosine 

distribution in their propagation from the sample surface. The variation in the velocity 

com ponent, norm al to the surface and along the spectrom eter axis determ ines the 

energy resolution o f the system. Further broadening o f the energy spread m ay result 

from collisional and electrostatic effects within the ablated plume.

In o rder to m in im ise the aforem entioned effec ts, su itab le  experim ental 

param eters must be adopted.

O nce again, w ith respect to laser post-ionisation, the sim plest m ethod of 

reducing the effect o f the initial spatial distribution is to reduce the beam  diam eter of 

the ionising laser by suitable focusing. Unfortunately, this tends to reduce the num ber 

o f ions available for analysis, and hence a suitable balance m ust be reached between 

im proved m ass resolving pow er and maximum  sensitivity. A lternatively, the angular 

acceptance o f the ion optical assembly may be reduced with the disadvantage of lower 

spectrom eter transmission.

The energy resolution is limited by the initial energy spread o f the atom s, prior 

to ionisation, relative to the accelerating potential. The norm al solution is therefore to 

increase the accelerating voltage such that the initial energy distribution is negligible
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com pared to the average kinetic energy o f the ions. This also serves to im prove the 

transm ission efficiency o f the spectrometer. Unfortunately, the existence o f such high 

fields in the interaction region has an undesir able effect on processes involving ion 

ablation, nam ely deflection o f the prim ary beam. This leads to a need to use prim ary 

ions o f a much greater energy which may have a detrimental effect on the analysis.

In conclusion, the various pros and cons o f spectrom eter operation  m ust be 

w eighed up in order to determ ine the optim um  param eters applicable to a particular 

experiment.

The spectrometer used comprised a total flight path o f approxim ately 1.2 m  from 

sample to detector. The accelerating potential was variable over a large range, although 

typically between 200 and 1000 volts, and was applied directly to the sample stub. Ion 

extraction and collim ation was accomplished by a series o f electrodes positioned close 

to the sam ple surface. The ion detector was a Thom  EM I 9642/3 18 dynode electron 

m ultiplier biased ~ -3 kV for positive ion detection, and was m ounted on axis with the 

ion optics.

V acu u m  System

In order to restrict m ass background effects, from such origins as secondary ion 

em ission o f surface adsorbed residual gas m olecules in the cham ber, w hether at the 

sam ple surface o r at the detector, analysis m ust be carried  out under U ltra High 

V acuum  (UHV) conditions. To this end, a vacuum system was designed and built 'in- 

house' capable o f producing conditions below 10 mbar.

The analysis cham ber was o f standard tubular construction w ith the necessary 

ports for laser entry and tim e o f flight as well as sample loading, perpendicular to the 

cylinder axis (Figure 4.1). The top flange comprised a port for the sam ple m anipulator 

and the necessary electrical feedthroughs for the accelerating potential and the ion 

optical assem bly. The low er flange comprised the main pum ping port and the angled 

ion gun port. A secondary cham ber was added at a later stage to house the additional 

equipm ent required  for im proved UHV operation (Figure 4.2). D ue to the lim ited 

num ber o f available ports, viewing o f the interior was restricted to the laser windows.

T o m aintain the integrity o f the vacuum  for long periods o f time, an airlock was 

incorporated to facilitate rapid sample introduction and rem oval. This entry cham ber
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was o f a sim ilar construction the analysis cham ber and was connected via a ’vitori 

sealed, m anually operated gate valve. Sam ples were loaded through a viton sealed 

door.

To improve the ease o f use o f the system, particularly during the sample loading 

and transfer p rocedures, and to p reven t any problem s occurring  due to

undesir able changes in backing  pressure, the various pum ps cou ld  be iso lated  

effectively from  the each other and the cham bers by solenoid operated vacuum  valves 

controlled from a central switch panel.

A ll U H V  surfaces w ere o f high quality stainless steel. A ll flanges were o f the 

standard U H V  com patib le 'C onflat1 type. The m ain cham bers w ere also routinely  

baked to ~ 150° C externally to enhance the rem oval o f w ater and m olecules o f high 

sticking coefficient, by evaporation from  the interior walls. (F igure 4.3 show s two 

photographs o f the apparatus)

Pum ping was affected  by an oil diffusion pum p (Edw ards D iffstak  63/150M  

135 litres per second), m ounted below the main analysis cham ber. This was preceded 

by a liquid nitrogen cold trap to restrict the backflow o f oil vapour from  the pum p and 

to enhance the rem oval o f m oisture via condensation on the cold internal surfaces. In 

o rder that the liquid  nitrogen level w as m aintained at all tim es above 50 percent 

m axim um , an autom atic transfer system  was required (Figure 4.4). N itrogen gas was 

used to pressurise the liquid nitrogen reservoir to 5 psi above atm osphere. This was 

sufficient to force liquid flow  through a narrow therm ally insu lated  feed line to the 

trap. G as flow  to the reservo ir w as governed by a solenoid  valve, contro lled  by a 

program mable electronic timer.

Due to the restricting apertures o f the ion optical assem bly, the flight tube was 

differen tia lly  pum ped by a turbom olecular pum p (B alzers TPU  050 50 litres per 

second). For im proved UH V conditions, a supplem entary titanium  sublim ation pum p 

(CVT) was included in the m ain cham ber extension. The entry lock was evacuated by 

a second turbo pum p, yielding pressures o f typically 10_7 to 10 6 m bar. In all cases, 

backing was provided by rotary pum ps.

Pressure in the analysis cham ber was m onitored by a L eybold Ionivac IM 210 

ion gauge, with a pressure range o f 10'2 to 10 '10 mbar. For the entry lock, a pirani 

gauge and a penning gauge were adequate (both Edwards).

Sam ple transfer was achieved using a sliding probe inserted  in a differentially  

pum ped double 'o' ring seal (VSW ). The seal was evacuated by an independent rotary
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pum p. D uring transfer the seal was capable of supporting a pressure differential o f the 

order o f  10~8 m bar to atmosphere.

T he sta in less steel sam ple stubs w ere held in identical spring loaded forks 

(Figure 4.5) on the transfer probe and on a sam ple m anipulator (VSW ) offering tri- 

axial position ing  plus rotation. The sam ple fork w as e lectrically  insulated from  the 

m anipulator to allow use o f the stub as the accelerating electrode.

The detector assem bly was o f a ring type construction and was m ounted on the 

end flange o f  the flight tube for ease o f rem oval and detec to r rep lacem ent. The 

m ultiplier itse lf was held between the rings on leaf springs to reduce the risk o f shock 

dam age to the detector or its glass casing. All electrical conections were m ade to the 

same end flange.

L aser en try  and ex it i ^ perm itted  v ia  35m m  diam eter p lanar quartz  glass 

w indow s perpendicular to the spectrometer axis.

Ion O p tics .

T he ion extraction system  was designed to be sim ple in construction w ith the 

m inim um  o f  optical elem ents to lim it the num ber o f instrum ental variables. A t the 

same tim e there was desire for versatility in the design if  the need arose for additional 

and/or m ore sophisticated elem ents to be incorporated, or the possibility o f transfer to 

an alternative analysis chamber. For these reasons a m odular approach was adopted.

The basis o f the optical m ount is simply a pair o f stainless steel rings o f variable 

separation which were m achined to fit snugly within the flight tube. These rings then 

support all the optical elem ents o f a sim ilar ring  construction . Suitable electrical 

insulation is provided by ceram ic spacers (Figure 4.6).

T he assem bly com prises two concentric conical electrodes for field shaping and 

extraction with a further ring electrode to im prove collim ation. The secondary ions are 

then steered onto the detector window by a set o f X Y  deflector plates (Figure 4.7).

U nder a static extraction field, there is no distinction m ade betw een ions created 

by different m eans unless their production is tem porally and spatially separable. As an 

exam ple, under the action o f an ablating prim ary  ion beam , secondary ions are 

liberated by the sputtering mechanism  and/or may also be generated by post-ionisation 

of the sputtered neutral particles at a different position and at a later time.

F o r a pulsed prim ary ion beam, the ablated m aterial propagates outw ard from
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Figure 4.7 Two views of the ion extract assembly: note the incorporation of 
extra holes to permit improved pumping efficiency.
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the surface in a w avefront with a time spread defined by the pulse duration and the 

k inetic  energy  d istribu tion  o f the secondary  partic les. T he ion com ponen t is 

im m ediately influenced by the local fields and accelerated from  the proxim ity o f the 

sample. The rem aining neutral component m ay then be post-ionised at later time.

T he ability  to resolve the individual ionic com ponents at the detector im poses 

several m ajor requirem ents on the ion gun perform ance, the experim ental geom etry 

and the tim ing sequence o f various pulsed m echanism s.

Since the secondary particle density is highest at the sam ple it is desir able to 

perfo rm  the post-ion isa tion  (e.g. by laser) as c lose to  the sam ple surface as is 

perm itted  w ithou t in teracting  w ith the sam ple lattice  itse lf. A lso  fo r m axim um  

sensitivity, the ionising pulse should overlap the peak in the secondary particle pulse 

density. If  the pulse length is sufficiently short, the faster secondary ions (under the 

influence o f an external field) and the neutral com ponent will be separated in space and 

subsequently  reso lved  at the detector. If this condition cannot be satisfied it m ay be 

necessary to sacrifice sensitivity for the sake o f  resolution by delaying the ionising 

pulse to coincide with the edge o f the particle pulse.

H ow ever, i f  the prim ary ion pulse length is long in com parison to the transit 

tim e o f  the particles across the interaction region, the degree o f overlap o f the ion and 

neu tra l com ponen ts  w ill a lw ays be s ign ifican t, resu ltin g  in a secondary  ion 

superposition on the laser induced signal.

T he p rim ary  ion gun used throughout these experim ents w as incapable  o f 

p roducing ion pulses o f duration less than about 3 p.s. T his is considerably  longer 

than the transit tim es o f the particles between the sam ple and the first electrode which 

are typically 0.2 \is for the neutral particles and perhaps a factor o f ten shorter for the 

ions.

M ethods o f  secondary ion rem oval involve the use o f high voltage fast pulsed 

deflection  system s, to d ivert the path o f the secondary ions from  the acceptance 

w indow  o f the extraction system  prior to post-ionisation o f  the rem aining neutrals, or 

incorporate energy filtering into the m ass spectrom eter arrangem ent [52]. This only 

adds com plex ity  to  the procedure due to the necessary  inclusion  o f additional 

electronics for pulse generation and timing.

It w ould  therefore be o f benefit i f  an a lternative m ethod o f secondary ion 

suppression could  be devised which operated under static field  conditions and was
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reliant only on the physical shape o f the electrodes and the electrostatic geom etry. 

Such an approach has indeed been devised, and has been adopted with some success. 

This will be discussed in a subsequent chapter.

S am p le  V ap o  risation .

In o rder for resonant ionisation to be perform ed, the sam ple m ust be in the 

vapour phase. For solid sam ples this is usually achieved by ion bom bardm ent (ion 

sputtering) or by the action o f an ablating laser. The m ain m ethod em ployed during the 

course o f these experim ents was that o f ion sputtering. The physical principles o f both 

ion and laser sputtering will be explained in detail at a later stage.

Sputtering was perform ed throughout by a focused beam  o f Krypton ions. The 

ion gun (Kratos M acrobeam )(Figure 4.8) was capable o f ion production up to 5 eV 

in beam  currents o f at m ost 20 qA. The geom etry o f the vacuum  system  is such that 

the ion gun axis is at an angle of approxim ately 67° to the spectrom eter axis, and 

therefore the sam ple norm al. How ever, under typical extract field  conditions, this is 

not the case w ith regard to the prim ary ion beam. The spot size was approxim ately 

1mm at norm al incidence, and is therefore essentially elliptical in norm al use. A raster 

facility w as available for sam ple surface etching w hich operates by superim posing 

triangular w aveform s on the ion gun X-Y positioning plates. The gun also required to 

be d ifferen tia lly  pum ped in order to reduce the flow  o f  non-ionised  gas in to  the 

analysis cham ber, in this case by a turbom olecular pum p (Balzers TPU 050).

The ion source is o f the Extractor Source type, which is basically a modification 

o f the hot-cathode ionisation gauge. In normal continuous operation, the atom s o f the 

source gas are bom barded by a continuous stream  o f electrons. These originate at a 

circular filam ent which surrounds the cylindrical grid into which the source gas flows 

(Figure 4.9). The electrons are accelerated by a rela tively  positive potential on the 

source grid. They are then sufficiently energetic to strip weakly bound outer electrons 

from  the atom s com prising the source gas, w ithin the plane o f the cathode. M ultiple 

passes o f  the electrons through the source grid are possible due to the repelling action 

o f the source repeller or can which is at the same potential as the cathode. The positive 

ions thus created, are then extracted from the source region by an extraction electrode, 

collim ated and focused by a double 'Einzel' lens and collim ating aperture within the 

gun colum n. U sing this type o f source, the ion current produced can be continuously
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varied over m any orders o f m agnitude by suitable variation in the source gas pressure 

and/or the cathode em ission current.

A lthough the gun was designed for continuous operation, it was adapted to offer 

the alternative o f a lim ited pulsed mode for tim e o f flight operation. If  the source grid 

potential is held negative with respect to the filament, the flow o f electrons is halted. If 

then a large positive potential is applied to the grid, this potential barrier is rem oved 

for the period  o f the pulse resulting in the creation o f ions in a narrow ly defined 

tem poral d istribu tion . The electronics (Figure 4.10) produce a positive pulse -3 0 0  

volts and 300 ns wide. Ion pulses created by this m ethod w ere a few  m icroseconds in 

duration due to the spatial extent o f the ion source and collisional and electrostatic 

effects in  the colum n. The advantage of running in this m ode is that the contribution to 

the background  pressure  and ion detection from  secondary  neutrals and ions is 

noticeably reduced as well as consum ption o f the sam ple surface layers. O perating in 

this m ode, how ever, resulted in significantly low er beam  currents (a factor o f ten or 

m ore)(Figure 4.11) for particular gun parameters.

The ion beam  profile was investigated with the use o f a test target consisting o f a 

p a ir o f  pa ra lle l n ickel w ires fixed 2m m  apart, e lec trica lly  in su la ted  from  the 

surrounding areas and m ounted on a single axis translation stage w ithin the vacuun 

system  (F igure 4.12). The ion gun was then norm ally incident, onto the target at a 

d istance o f 2.5cm , inducing a current flow  in the w ires w hich w as subsequently  

m easured by a digital nano-am m eter (Keithley 106). W ith the ion beam  static (i.e. no 

raster), the target w as translated perpendicular to the ion stream . D ue to the sm all 

dim ension o f the wires ( - 0.1 mm) relative to the specified beam  diam eter, at any time 

only a small fraction o f the total num ber of ions within the beam  were incident on the 

target w ires and hence the variation in m easured current w ith the target translation, 

was a represen tation  o f the true radial distribution o f ions w ithin the beam , w ith a 

resolution defined by the wire dimension.

A s can be seen (Figure 4.13) the w ires are c learly  reso lved . The curren t 

d istribution is close to sym m etric with the expected separation o f 2m m  which is an 

indication o f the accuracy o f this experimental procedure.

The m anufacturers specification is for a G aussian beam  profile. H ow ever, the 

m easured profile is broader in the wings than a typical G aussian  distribution. This 

dispersion m ay be a consequence o f energy loss in the wings from  collisions with the 

edges o f the ion gun exit aperture. Such an energy loss results in the ions becom ing
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more prone to deviation from  their regular path due to electrostatic repulsion of these 

ions with others within the beam (space charge effects)

L aser ablation as a m echanism  for sam ple vapo risation  was also possible, 

although this approach was limited by the system geometry, which allowed little more 

than glancing incidence o f the laser onto the sam ple, w ithout a ro tation o f the stub. 

Such sam ple m ovem ent also affects the extraction field  and the acceptance o f the 

optics. An experim ent utilising laser ablation will be described in Chapter 8.

Glasgow RIMS Instrument.

F or the sake o f com pleteness it is necessary to include som e o f details o f the

G lasgow  RIM S Instrum ent', designed and built in conjunction with Cam bridge M ass

S pectrom eters . It is m entioned  here as the in strum en t w as b riefly  used  as a

com parative tool in the laser ablation an ily sis  perform ed on a G aA s sam ple, which

will be described  in C hapter 5. Further details concern ing  the instrum ent, not

presented below, can be obtained in the reference literaturef 101 ] [71] [102].

As with the instrum ent detailed above, this instrum ent also em ploys a tim e-of-

flight spectrom eter, although o f a m ore sophisticated  nature. An 'ion reflector' is

incorporated  at the end o f the 1.5 m etre flight tube, w hich, as its nam e suggest,

reflects the 'packet' o f ions through approxim ately 180°, back along the flight tube to

the detector. This has the effect of com pressing the ion 'packet' by com pensating for

their initial spread in kinetic energy after generation at the sam ple. As a result o f the
b

reflection, the total flight path is effectively douied to 3 m etres. To assist with the
A

overall transm ission efficiency o f the spectrom eter, a guide wire, biased a few volts 

negatively , is incorporated  along the entire flight path, to the detector which is a 

double channel plate device (Figure 4.14).
i

The spherical analysis cham ber was designed to allow  for f l e x ib ly  in use, 

com prising various radially  m ounted ports o f various sizes in order to incorporate 

m ost fo rm s o f standard  analytical instrum ents, as w ell as the versa tile  sam ple 

m an ipu la to r, and a sam ple entry lock. As w ith the p rev ious instrum ent, laser 

adm ission is via quartz glass ports perpendicular to the spectrom eter axis. A further 

laser port w as incorporated to allow incidence at 45° to the sam ple, for purposes o f 

ablation.
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The laser system  com prises a Spectron NdrYA G, w ith facilities for frequency 

doubling, trebling and quadrup ling, pum ping two tunable Spectron dye laser sytems, 

although this w ork required  only the use o f the quadrup led N d:Y A G  output at 266 

nm.

Data A cq u is it ion .

D uring the course o f experim ents, two different da ta  acquisition system s were 

used. F o r depth profiling  and w avelength dependent m easurem ents in which cases 

only one m ass at any one tim e was being investigated, a peak sensing A nalogue to 

Digital Converter (ADC) was sufficient, while for tim e of flight spectra, where there is 

a large tim e spread o f de tec ted  ions, m ore soph istica ted  e lec tron ics had to be 

employed.

The electronic arrangem ent shown, (Figure 4.16), produces a gate o f variable 

width and delay, initiated by a trigger pulse at time zero for the m ass spectrom eter (i.e 

photo-diode laser trigger or ion gun pulser trigger). This gate then acted as a strobe for 

the analogue to digital conversion o f the am plified detector output at the desired mass 

specified by the position o f the gate.

The peak sensing ADC was an Ortec AD 811 with 11 bit resolution and an input 

range o f 0 to 2 volts.

Acquisition w as controlled by an LSI 11 com puter w ith m onitoring o f events on 

a com puter display and sim ultaneous storage to floppy disk. D ata  was then transferred 

to an IBM  m ainfram e for analysis.

Tim e-of-Flight spectra were recorded via a LeCroy 2261 transient recorder. The

2261 stores events in a charge coupled array o f 640 elem ents, or bins, each o f width

10ns. Therefore on each analysis cycle (laser pulse), a tim e-of-flight w indow  o f 6.4

ps could be recorded. The charge in each bin is then digitised  via an 11 bit AD C and 
t

transfered to an IBM  PC/AT for storage and analysis. M ass data could be accum ulated 
A

over a num ber o f shots, specifiable by the operator.

T riggering o f the 2261 was perform ed by a pulse from  the sam e electronics as 

described above with the addition o f a digital delay generator (SRS D G 535) used to 

specify the start time for storage relative to the time zero (i.e m ass window analysed).
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System Triggering.

In order that the pulse to pulse tem poral stability o f the laser is optim ised, the 

triggering o f the excim er laser m ust be accom plished by tw o fast voltage pulses. The 

first in itiates the charg ing  to high voltage, the second ~25 m s later then fires the 

electrical discharge. If the ion gun is also running in pulsed m ode, it m ust be triggered 

prior to the firing o f the laser. Finally, a trigger m ust be supplied to the data aquisition 

system corresponding to time zero for the TOF.

All triggering was initiated by an external voltage pulser, Ortec 485, via various 

delay generators (Figure 4.15). The laser trigger-pulse separation w as variable for 

optim um  charging tim e and stability, controlled by G G 200 gate generators A and C. 

A lso, the delay betw een firing o f the ion gun and the laser is also continuously  

variable for m axim um  tem poral overlap o f the secondary particles w ith the incom ing 

laser photons using another GG200 gate generator B.
h

Fig. 16 illustrates the electronic arrangem ent requ ired  by the data aquisition 

system. The tim ing sequence is as follows:

The com puter signifies its readiness to accept data by delivering a pulse via the 

output register. This signal is then used to create a waiting state by producing a gate of
to

effectively infinite width, which is sen y h e  input of a dual input coincidence unit.

The trigger from  the spectrom eter, corresponding to the laser firing or the ion 

gun trigger pulse, is fed into the same coincident channel.

The resulting coincident pulse is then used to initiate the production o f a further 

gate, this tim e o f variable width and delay corresponding to the arrival tim e of the 

mass o f interest which becomes the ADC strobe.

The coincident signal also resets the electronics in anticipation o f a further ready 

signal from  the computer.

In m ost cases the ion signal was fed directly  into a Lecroy V V 100BTB pre

am plifier. W hen necessary, further am plification was perform ed by LRS 133b and 

134 fast am plifiers. The am plified  signal was then inverted  in an O rtec 433A 

sum/invert.

Laser System.

O f m ajor im portance to the technique o f RIS is the ability to ionise atoms of the
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EXTERNAL TRIGGERING ARRANGEMENT

Delay ~25m s
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Figure 4.15 Triggering electronics arrangem ent for the laser, ion gun and data 
acquisition, controlled from an external pulsing source.
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Figure 4.16 Data acquisition electronics for production o f variable width and 
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selected elem ent with 100% efficiency. To achieve this, very high photon fluxes are 

required, variable over as large a range o f wavelengths as is possible.

T hese  requ irem en ts  are m et w ith m odern pu lsed  dye lasers w hich offer 

tunability over a range from  about 300 to 1500 nm. W ith the addition o f frequency 

doubling , the low er range m ay be further ex tended . D ye lasers are capable  o f 

producing up to 10's o f  m illijoules in pulses o f  less than 10ns. This is o f course 

dependent on the pum p source characteristics and the lasing efficiency  o f  the dye 

used.

In the experim ents to be described, the pum p source fo r the single dye laser 

(Lum onics EPD  330), w as an Xenon Chloride Excim er L aser (Lum onics TE-860-3). 

F requency  d o u b lin g  w as a lso  availab le  on the o u tp u t from  the dye. B eam  

m anipulation was perform ed with quartz glass optics for im proved UV transmission.

Excimer Laser.

Excim er (Excited Dim er) Lasers are inert gas halide m olecular lasers which rely 

on the unbound nature o f the ground state o f the m olecule, d issociation occumng in 

less than a picosecond. Therefore , population inversion can easily be attained via the 

form ation o f  a rela tive ly  long lifetim e bound state o f  the m olecule  [81]. E xcited  

m olecules are usually  form ed in an electric dicharge. For the X eCl m olecule, lasing 

action occurs at 308 nm.

The laser used was capable o f output energies o f up to 80 m J in a 7-8 ns pulse, 

in a divergent beam  suitable for dye laser pumping.

Dye Laser.

D ye lasers are broadly tunable systems which rely on the fluorescent properties 

o f organic dyes. Their m ode o f operation relies on optical pum ping from  the low er 

singlet states to  higher singlet states o f the dye m olecules. R elaxation o f the upper 

state fo llow ed  by rad iative decay to the low er state then occurs over a broad 

wavelength band.

In the L um onics system , the dye, dissolved in a suitable solvent, is circulated 

through two in tracavity  cells, an oscillator and an am plifier, w here it is pum ped, 

transversely, by the excim er beam focused into the cells by cylindrical lenses. Tuning
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o f the beam  is then accom plished by a grazing incidence reflection grating at one end 

o f the oscillator cavity (Figure 4.17). This reduces the lasing action to a narrow band 

of the gain profile o f the dye. The grating angle was servo driven under the control of 

a Lum onics EPD -60 com puscan system. This allowed precise w avelength scans over 

varying ranges at varying scan rates. To further reduce the linewidth, a beam  expander 

can be introduced into the oscillator cavity.

F r eq u en cy  D ou b lin g .

In m any o f  the ionisation schem es devised fo r the e lem ents, the transition 

energies required  for excitation are beyond the range o f  availab le  dyes. In such 

circum stances it becom es necessary to adopt second harm onic generation o f higher 

w avelength lasers if  one does not wish to resort to the use o f m ultiphoton excitation 

with its low er transition probability. (See Appendix B.)

The doubling crystal used throughout was Potassium  D ihydrogen  Phosphate 

(K D P) w hich allow s frequency  doubling over the range 260 to 330 nm  with 

efficiencies o f better than 10%.

An im portan t aspect o f doubling dye laser ou tpu t is the need to preserve 

doubling efficiency w hen scanning the dye laser over large w avelength  ranges. It is 

necessary to m aintain the angle o f incidence of the fundam ental laser relative to the 

crystal at all tim es. To achieve this, the crystal was m ounted on an Inrad 5-12 auto 

tracking system (Figure 4.18). The automatic m echanism  operates by filtering a small 

portion o f the doubled light onto two photo-diodes w hich feedback signals to the 

servo contro ller to adjust the orientation o f the crystal and the prim ary laser for a 

m axim um  signal.

Laser Pow er M easurem ent.

For m easurem ent o f the absolute energy in each laser pulse, a m odel ED -200 

G entec Pyroelectric  Joulem eter was em ployed. O nce an absolute scale had been 

estab lished , the G entec w as replaced with the m ore sensitive , m ore responsive 

M olectron J3-05, requiring only a fraction o f the total pulse energy to form  an accurate 

relative scale. In each case the joulem eter integrates each pulse resulting  in a peak 

voltage signal proportional to the total pulse energy (calibration : 0.87 volts /mJ).
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Figure 4.17 Schematic o f the optical arrangement o f the excim er pum ped, 
Lum onics EPD 330 dye laser.
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Instrumentation

O ptica l A ttenuator.

In experim ents to be detailed in follow ing chapters, it was necessary to have a 

m eans o f  continuously varying the total laser pow er incident on the interaction region. 

This was achieved by utilising a m anually operated variable attenuator.

T he device consisted o f  a system  o f four quartz  glass p lates arranged in two 

pairs on rotatable m ountings (Figure 4.19). D uring m anual operation these p lates are 

ro ta ted  relative to each other in order to  vary, in a contro lled  m anner, the angle o f 

incidence o f the laser beam  on the surfaces, and thereby the degree o f  attenuation o f  

the beam.
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RIS o f Ga andAl in TOF-MS.

Chapter 5

Resonant Ionisation of G allium  and Aluminium  

in a TOF M ass Spectrometer.

I n tr o d u c t io n .

T his chap ter is prim arily  concerned w ith a study o f  the resonantly  enhanced  ion 

form ation o f G allium  and Alum inium  in the tim e-of-flight m ass spectrom eter. These 

group III elem ents are com m only em ployed in the production o f III-V sem iconductor 

m ateria l, and it was therefore deem ed w orthw hile that p relim inary  testing  o f the 

system , should involve these elem ents with regard to future profiling experim ents.

E xp er im en ta l  A rrangem ent.

F o r a d e ta iled  descrip tion  o f  all the  appara tu s used , nam ely  the  m ass 

spectrom eter, the laser system  and the data  acquisition , the reader is refe rred  to 

C hapter 4.

The sam ple involved in the G allium  study was a 1 cm 2 section o f M BE grown 

G aA s (100) sem iconductor substrate, fixed to the stainless steel sam ple stub with 

conductive  epoxy, w hile for A lum inium , the sam ple w as a section o f  99.99%  

A lum inium  foil o f  thickness 0.025 m m , with d irect m etal to m etal contact w ith the 

stub. In both cases, the sample surface was oriented with its surface norm al o  linear 

w ith the spectrom eter axis. The laser was focused using a 50 cm  focal length quartz 

lens.
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RIS o f Ga and Al in TOF-MS.

R esu lts  and  D iscussion .  

G all iu m  SIM S

T he first series o f experim ents carried out involved the system  operating in a 

tim e-of-flight SIMS mode with the prim ary ion gun pulsed by the m ethod described in 

C hapter 4, and incident on the G aA s sam ple. The prim ary ion source m aterial was 

research grade krypton gas. A typical TO F m ass spectrum  obtained from  this sam ple 

is show n in F igure 5.1.

D ue to the com paratively  long pulse length  o f the prim ary ions, the m ass 

reso lu tion  is severely restricted, to such an extent that the spectrom eter is unable to 

resolve the secondary arsenic ion com ponent as well as the two isotopes o f gallium.

T o give an indication o f the m ass range observed, the m asses corresponding to 

the predom inant peaks were calculated relative to that o f peak 6 which was attributed 

to a com bination o f the unresolved Ga and As secondary ions with an average m ass o f 

72.32 amu ( Table 5.1 ). The possible origins o f observed background peaks in SIMS 

m ay be attribu ted  to surface contam ination from  oxygen adsorbed onto the sam ple 

during  its exposure to air, form ing oxides in the sputtering process, residual gas 

m olecu les adsorbed  w ithin the vacuum  cham ber w hich are a source for various 

com bina tions o f com pound m olecules and fragm ents on sputtering , as w ell as 

m olecular G a and As species. There is also the possibility  o f a peak occurring from  

backscattering o f the primary krypton ions. Also, as a titanium  sublim ation pum p was 

used during the pum p down period, it is possible that a surface layer o f Ti was form ed 

on the sample which may be responsible for the observed peak num ber four (Titanium  

having a predom inant isotope at mass 47.95 amu).

In an attempt to reduce the contribution o f the contam inants to the overall amount 

o f sputtered m aterial, the sample could be sputter cleaned by operating the ion gun in 

con tinuous beam  m ode, offering a m uch higher sputtering rate (see C hapter 4 for 

com parison o f pulsed and DC currents), and rastering the beam  spot over the sam ple 

surface.

On retu rn ing  to pulsed operation after five m inutes o f sputter c leaning , the 

reduction  in surface contam inants is ev ident (Figure 5.2), as well as a significant 

enhancem ent o f the Ga/As peak, which is to be expected due to the increased exposure 

o f G aA s as the surface layer presented to the prim ary ion beam . H ow ever, it was
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Table 5.1 Calculated masses for the peaks in the spectrum shown in Figure 
5.1.

Peak No. Calculated Mi

1 0.7

2 15.2

3 28.2

4 44 .9

5 60

6 72.3

7 89.7

8 98 .4

9 157.5

10 236.2

11 540.7



RIS o f Ga and AI in TOF-MS.

noted that the background peaks increased m arkedly with time, at a visible rate (Figure 

5.3), due to w hat can only be further surface adsorption from  the residual gas. This 

resu lts  from  the reduction  in the effective sputter rate  w hen sw iching to pulsed  

operation, com pared with the continuous prim ary current incidence, and a failure to 

fulfill the requirem ent o f Equation 3.27.

Sputter cleaning was repeated, this tim e for a prolonged period o f thirty m inutes, 

and as can be seen in F igure 5.4, the reduction  in the background peaks is m ore 

evident. H ow ever, once again, there is an im m ediate redevelopm ent o f these peaks, 

which eventually attains the degree established in the previous case (Figure 5.3) only 5 

m inutes after the rem oval o f the D C ion beam, im plying the eventual attainm ent o f an 

equilibrium  condition between sputter rem oval and surface adsorption (Figure 5.5).

T he typ ical base pressures achieved during  the course o f these prelim inary  

experim ents ranged  from  1 to 5 x 1 0 7 m bar w ith partial p ressures o f krypton gas 

rang ing  from  2 to 8 x 10' 6 m bar during  ion gun operation . The reason  fo r the 

apparen tly  poor vacuum  conditions attainable, even after pro longed  pum p dow n 

periods, w as attributed to a small leak. At a later stage this problem  was realised and 

rectified with a subsequent improvement in the quality o f vacuum  of, eventually, better 

than tw o orders o f m agnitude.

A s can be seen from  the next series o f  spectra ( F igure 5.6 is the spectrum  

before cleaning, Figure 5.7 the result o f 10 m inutes exposure to the DC ion beam , and 

Figure 5.8 35 m inutes later), even a reduction in the residual gas pressure by a factor 

o f four, results in a reduction in the rate o f re-adsorption. The relative intensities o f the 

peaks eventually  attain steady values, F igure 5.8, differing from  those they possessed 

p rio r to  c lean ing , F igure 5.6, im plica tion  o f  apparen t equ ilib rium  betw een the 

ad so rp tion  and spu tter rem oval rates fo r the pu lsed  system , w hich com pares 

favourably  w ith that observed at the higher pressure (cf. F igure 5.5), although in this 

case the tim e required to achieve such levels is significantly longer.

W ith an im provem ent o f an order o f m agnitude in the vacuum  quality, the rate o f 

re-adsortion  is significantly  reduced to an extent that over the same observational 

period as for the previous spectra, the background peaks fail to gain the same degree 

o f intensity as under poorer vacuum  conditions.

A fu rther surface study o f this sam ple, th is tim e under the influence o f an 

ablating laser at 266 nm  (quadrup led  Nd: YA G , < lm j, m oderately focused to a spot
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o f ~1 m m  diam eter), reveals in addition to the bulk constituents, the p resence o f 

prom in nt peaks corresponding to Na and K, Figure 5.9 (a)& (b), as well as num erous 

m olecular species, m ost notably As2, AS3 and A s4 (refer to Table 5.2), only the latter 

o f  w h ich  has a re la tive  in tensity  less than m onatom ic  As, in ag reem en t w ith 

observations o f Danielzik [15]. These spectra result from  a single laser event.

A fter cleaning the surface with a higher intensity ( -1 0  m J) o f laser radiation for 

several hundred  laser shots, the spectrum  had changed  m arkedly  w ith sign ificant 

reductions in the m olecular G a species, and m ost noticeably the oxides o f G a by an 

o rder o f m agnitude, Figure 5.10 (a)& (b). As expected from  a c leaner surface the 

relative intensities o f the Ga peaks increase, while the intensities o f the the various As 

m olecules rem ain essentially unchanged, indicating the potential problem s which exist 

in accurate quantification o f secondary ions form ed in this m anner. Such quantitative 

problem s w ere highlighted in experim ents on G aA s, by laser ablation at 266 nm , by 

Sheuler and O dom  [90], who found that in order to liberate appreciable num bers o f As 

ions from  the sam ple, excessively high pow er densities were required, due partly  to 

the higher ionisation potential o f As (9.81 eV) relative to G a (6 eV), which resulted in 

severe dam age to the sample, effectively elim inated its prospects for quantitative thin 

film  analysis.
r

It was at first suspected that the occurence o f N a and K in the laser ablation m ass 

spectrum  indicated the presence o f those sam e elem ents in the SIM S spectrum , which 

w ould  correspond to two o f the low er m ass secondary ion peaks observed . This 

w ould im ply that, due to an inability to m atch any o f the calculated m asses reasonably 

to N a and K, the assum ptions m ade regarding the calculation o f the m asses, nam ely 

the contribu ting  elem ents to peak 6 , G allium  and A rsenic, led to unreasonably high 

m ass values. H ow ever the relative intensities o f N a and K in laser ablation did not 

com pare to the peaks form ed in ion sputtering, and were affected to a lesser degree, 

relative to  the SIM S analysis, on cleaning o f the surface. A lso, the o ther p rom ir nt 

background SIM S peaks redeveloped rapidly after cleaning, via adsorption from  the 

background gas, which suggested that the elem ents Na and K were not responsible, 

and instead, are m ost probably due to organics and oxides.

T hese observations also serve to h ighlight som e o f the im portant d ifferences 

w hich  m ay arise betw een ion sputtering and laser ablation, nam ely that photon 

bom bardm ent is m uch m ore efficient in the rem oval o f surface adsorbed species from  

the sam ple, occurring in probably the first few  incident pulses, and appears to be less
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Table 5.2.

Calculated M ass (amu) M ost Probable M ass (amu) Probable Species

22.95 23 23N a

39.03 39 39K

40.99 41 41k

69.00 69 69G a

71.01 71 71G a

74.98 75 75A s

138.04 138 2 69G a

140.11 140 69G a71G a

142.09 142 271G a

144.09 144 69G a75A s

145.71 146 71G a75A s

150.02 150 275A s

153.98 154 269G a+ 160  ( G a ^ )

155.96 156 69G a71G a + 160

158.00 158 271G a + 160

225.18 225 375A s

300.27 300 475A s
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RIS of Ga andAl in TOF-MS.

prone to  re-absorption, possibly as a result o f elevated  surface tem peratures. In the 

case o f  the m ore surface selective collisional ion sputtering, liberated m aterial is m ore 

likely to originate from  the first few m onolayers o f the sam ple, w ith w hich adsorbed 

species are generally associated.

W ith  further im provem ent to the vacuum  quality, dow n to the 1 0 9 m bar range, 

the rate  o f re-ads option had dim inished to a degree that after sputter cleaning, pulsed 

ion gun operation was possible over prolonged analysis periods without significant re 

developm ent o f the surface contaminant levels.

Gallium RIMS.

T he analysis now proceeds to the next stage, involving the introduction o f  the 

resonant laser excitation step.

The excitation scheme adopted for G allium  was that o f  a single photon excitation 

from  the 4p 2P 1/2 ground state to the 4d 2D 3/2 excited  state (separation 34781.67cm -1 

[74]), v ia  the absorption o f a photon o f w avelength 287.508 nm. Both the 4p ground 

state and the 4d excited state are in fact doublets with relative level splittings o f 826.24 

and 6.25 cm -1 respectively , Figure 5.11. H ow ever, excitation  to the 4d5/2 from  the 

4 p 1/2 is forbidden (See Chapter 2), and m ust be achieved from  the 4p3/2 upper ground 

state. T he excitation  w avelengths from  the upper ground state o f G a to the split, 

excited  4p state are 294.503 and 294.45 nm.

The source o f the excitation w avelength w as the frequency doubled com ponent 

o f a red  laser at -5 7 5  nm, generated in a K D P crystal. The dye used was Rhodam ine 

6G (or R hodam ine 590) (Exciton) in a solution o f ethanol. Ionisation from  the excited 

state can be achieved via the absorption o f a photon from  the red  laser at tw ice the 

exciting  w avelength . This arrangem ent is perhaps not the m ost desirab le , as the 

resonant w avelength at -5 7 5  nm does not correspond to the peak/plateau o f the tuning 

curve  o f  the dye as can be observed from  F igure  5.12, and hence the full pow er 

availab le  cannot be efficiently  applied on resonance. A lso, w avelength  dependent 

m easurem ents becom e less accurate due to the variation in lasing efficiency and hence 

in availab le laser pow er at both w avelengths, the red  fundam ental and its frequency 

doubled com ponent. How ever, on the positive side, the lasing efficiency o f the dye is 

rem arkably good (up to 20%) in comparison with alternative dyes for this wavelength, 

and w as not particularly prone to variations in the concentration o f the solution.
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RIS of Ga and Al in TOF-MS.

Figure 5.13 shows the first resonantly induced ion signal for Ga observed with 

this apparatus, superim posed on the pulsed secondary ion signal. At this stage the 

laser w as unfocused, with an asym m etric beam  profile  approxim ately 5m m  across, 

and was directed close to and parallel to the sample surface. The accelerating potential 

w as rela tively  low  at +200 volts, and w as applied directly  to the sam ple stub. A s a 

resu lt, the tw o G allium  isotopes w ere unreso lved  due to the w ide initial spatial 

d istribution and the relatively large energy spread o f the resonant ions with respect to 

their average kinetic energy.

W ith  the aid o f  m oderate focusing o f  the laser and adjustm ent o f  the ex tract 

electrode potentials, the effect o f the spatial distribution on the m ass resolving pow er 

w as reduced  considerab ly , thereby a llow ing  a degree o f  reso lu tion  o f the tw o 

isotopes.

The effect o f the initial energy spread o f the resonant ions was alleviated to an 

extent by increasing the accelerating potential and thereby reducing the relative energy 

spread o f  the ions. Increasing the potential also serves to im prove the ion extraction 

efficiency by increasing the axial velocity (i.e. along the spectrom eter axis) o f the ions 

relative o f their radial velocity, thereby reducing the d ispersion o f the particles, and 

hence bring ing  m ore ions w ithin the acceptance angle o f the ion optics and the 

influence o f their associated fields. H ow ever, in situations such as this experim ent 

which utilise a prim ary beam o f charged particles incident at quite severe angles to the 

norm al, there is a lim it to the extraction field strength which can be applied, governed 

by the deflecting  effect o f the sam ple electrode surface, which in the case o f low 

energy prim aries m ay produce a significant surface reflected ion component, as well as 

a reduction in the current density on the sample, which will ultim ately result in a drop 

in the to tal secondary  particle yield and a loss in both spatial and m ass resolving 

pow er. In the present case a sample potential o f  +600 volts was adopted which was 

found to be the m inim um  voltage which w ould allow  reasonable resolving o f the G a 

isotopes.

W ith  the laser rather m ore tightly focussed (~ lm m  across), in order to give a 

m axim um  in ion intensity and optim um  resolution o f the Ga isotopes, and with SIM S 

ions sufficiently suppressed (by the m ethod described in C hapter 4, and dem onstrated 

in C hap ter 7), a single event m ass spectrum , F igure 5.14, w as obtained w ith the 

isotopes w ell resolved. This signal was then transferred to the transient recorder based 

acquisition system  (Chapter 4), for subsequent data accum ulation and storage, over a
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Figure 5.14 Ga resonant ion TO F spectrum  with im proved m ass resolution.



RIS o f Ga andAl in TOF-MS.

user designated  num ber o f events. F igure 5.15 show s the m ass spectrum  obtained 

after one thousand laser shots. Due to a build up o f noise in the signal line, an inbuilt 

softw are d isc rim ina to r w as im plem ented, w hich unfortunately  had the effect o f 

rem oving the low er portion o f the Ga resonant signal, and consequently, the isotopic 

ratios are not accurately represented in this case.

W ith SIM S suppression again in effect, a w avelength dependent analysis o f the 

in tensities o f  both G a isotopes w as perform ed in the reg ion  o f the G a resonance. 

F igure 5.16 shows the peak intensity versus w avelength dependence for single event 

spectra w ith isotopic ratio  com paring well w ith the know n natural abundance ratio , 

and the FW H M  o f the peaks ( -0 .125  nm  ) also in reasonable correspondence. This 

im plies the laser bandw idth was great enough to cover the hyperfine structure o f the 

isotope shifts.

A sim ilar w avelength  dependent analysis w as perform ed with the aid o f the 

transien t recorder. F igure 5.17 shows a series o f  spectra, d isplaying the resonan t 

behaviour o f G a, each for one hundred events. From  this sam e data, a peak height 

versus w avelength  graph was plotted (Figure 5.18) for the 69G a peak, displaying a 

FW H M  in reasonable agreement with that for the single event.

A lum inium  SIMS.

The subject for analysis was now sw itched to A lum inium . Once again the initial 

w ork invo lved  sim ply a pulsed SIM S tim e-of-fligh t study o f  the sam ple surface 

y ield ing  a m ass spectrum  o f  the form  o f  F igure  5.19. As w as the case w ith the 

prev ious sam ple, several prom inent peaks are clearly  in evidence, while others are 

barely discernible.

F rom  the observed intensity o f the third peak and an approxim ate calculation o f
be

its m ass from  the fligh t tim e (E quation 4 .1), it cou ld  reasonably^ attribu ted  to 

A lum inium  secondary ions and was therefore assigned a m ass o f 27 amu. The relative 

m asses o f  the o ther peaks could then be calculated from  their flight tim es relative to 

that o f  A lum inium . Table 5.3 gives the m asses o f the various SIM S peaks calculated 

in this m anner.

In com paring the m asses in Table 5.3 with those from  Table 5.1 for GaA s, we 

see a fa ir correspondence betw een peaks 1, 2, 4 and 5 for both tables as w ell as 

betw een peak 7 in Table 5.3 with peak 9 in Table 5.1.
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A fter sputter cleaning, the m ajor background peaks had dim inished considerably 

to reveal a trip le t o f  prev iously  obscured m asses, F igure  5.20, o f  roughly  equal 

intensities. These were subsequently calculated to be 39.2, 41.5 and 43.2 amu. Note 

that the flight times in this case differ due to a change in the accelerating potential.

A possible candidate for m ass 39.2 is 39K which has already been observed as a 

surface contam inant on GaAs, and is by far the m ost abundant isotope o f K at -9 3 % . 

Sim ilar elem ental candidates for the o ther tw o peaks cannot be found, which w ould 

tend to im ply that these two m asses, if  not all three, resu lt from  organic or oxide 

contam inants as are the more predom inant peaks.

A fter further cleaning, and with a base pressure now in the 10 9 m bar regim e, 

the ex traneous peaks had all but d isappeared, and show ed no significant signs o f 

redevelopm ent under pulsed operation during the course o f further experimentation.

Aluminium RIMS.

A s w ith  G a, the resonan t excitation  o f  A lum in ium  proceeds through the 

absorption o f a single U V  photon from  a p  to a d  state, in this case from  the 3p 2P 

ground state to the 3d 2D excited state, Figure 5.21. O nce again, both states have split 

levels corresponding to the J = 1/2 and 3/2 levels with separation 112.04 c m 1 for the 

p  state, and J = 3/2 and 5/2 for the d  state w ith a separation o f only 1.34 cm -1 [74]. 

F rom  the 3 p 1/2 state, excitation is only availab le to the 3d3/2 at a w avelength o f 

308.305 nm, w hile from  the upper gound state, 3p3/2, excitation is possible to both 

the 3 d 3/2 and 3d5/2 w ith  resonan t w av e len g th s  o f  309 .373  and 309 .36  nm  

respectively.

T he required UV photons are generated in the sam e KD P crystal as used for Ga, 

although in this case, the source laser originated from  Rhodam ine 610 (Exciton) dye, 

in ethanol solvent. The energy available from  the red photons at tw ice the excitation 

w avelength is sufficient to prom ote an electron into the continuum . In this case the 

transition w avelengths sit comfortably within the plateau region o f the dye.

F igu re  5.22 show s the spectra obtained  on passing  the 'on resonance ' laser 

close to the sam ple surface. The m ass peaks observed correspond to the sputtered 

secondary ions and the resonantly ionised neutrals. The resonant transition involved in 

this case was that from  the 3p1/2 to the 3d state. The delay betw een the prim ary ion 

pulse and the firing  o f the laser was varied  for m axim um  intensity  o f the resonant
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Table 5.3 Calculated m asses for the peaks in the SIM S-TOF spectrum shown 
in Figure 5. 19 f  m Alum inium  foil.

Peak No. 

1 

2

3

4

5

6 

7

Calculated M ass (amu) 

0.8 

14.6 

27

45 .2  

60.8

73.3  

157.1
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Figure 5.19 SIM S-TOF spectrum  (as obtained from an oscilloscope trace) from 
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Figure 5.20 SIM S-TOF spectrum from the same A1 foil sample after sputter 

cleaning o f the surface for several minutes.
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RIS of Ga and Al in TOF-MS.

peak.

W ith  the ion gun m aintained in the pulsed m ode, the A D C gate delay  was 

adjusted to co incide with the resonant peak arriv ing at the input. U nder com puter 

control, the w avelength o f the red laser w as scanned over 6 nm , corresponding to 3 

nm  in the doubled UV , in a range extending over the resonant transitions from  both 

the 3 p 1/2 3p3/2 ground states. This is show n in F igure  5.23, w here there is a

substantial enhancem ent at the resonant wavelengths. The perm anent background level 

again corresponds to the portion o f the secon .y ion pulse, which is laser independent, 

below  the resonant signal.

O f particu lar note is the relative intensity  o f the peaks which im plies a sim ilar 

ionisation probability  from  both ground states in A lum inium . In therm al equilibrium , 

the population  o f atom ic energy states is given by the B oltzm ann distribution, and 

therefore, the relative population o f two states N2 and N T w ith respective statistical 

w eights g2 and g lf is:

N 2 _  g 2 (-*£/<■ „T)
N , "  g , e (5.1)

where AE is the separation in energy between the two states, T  is the tem perature, and 

kB is B oltzm ann 's constant. For a two level system  w here all atom s are in the low er 

state N 1=N0 at T=0, it can be shown that the fractional population in the upper state at 

a tem perature T  can be expressed by:

N oN =  02 A E / k  T

1 + I 7 e (5 .2)

F or the A lum inium  3p ground state, the energy separation is 112.04 c m 1 and 

statistical w eights equal to the level degeneracies 2J+1 are 1 and 2 respectively for the 

3 p i/2 and 3p3/2, which suggests a population in the J = 3/2 state o f as high as 53.9 %, 

at room  tem peratu re  o f  300 K. W ith the add itional consideration  o f  a possib le  

transition  from  the J = 3/2 to both 3d excited  states in single photon excitation, a 

transition probability from  the upper ground state com parable with that from  the low er 

state is not unreasonable, assum ing o f course the absorption cross-sections from  the
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RIS of Ga and Al in TOF-MS.

two states are sim ilarly comparable.

T he m easu red  transition  w idths are typ ica lly  0 .06  nm  for the excitation  

wavelength com pared with a specified linewidth for the laser o f -0 .0 3  nm.

F or a reflec tion  grating (of the L ittrow  type, as used in the dye laser), the 

resolving pow er is directly proportional to the num ber o f lines iliu m . nated, hence in a 

typical laser cavity, the laser linewidth is determ ined by the beam  diam eter within the 

oscillator. In order, therefore, to reduce the dye laser linew idth, an 'inline' prism  beam 

expander was introduced into the cavity, directly in front o f the grating, which serves 

to increase the vertical dim ension o f the beam  by approxim ately  a factor o f ten, and 

reduce the divergence to ensure a more parallel beam, incident on the grating.

T he e ffec t o f  inco rporating  the beam  ex pander is c learly  ev iden t in the

w avelength depadences o f Figure 5.24, displaying a decrease o f typically a factor o f 
A

three in the m easured  transitions. Also, as the theory presented above suggested, a 

higher transition probability from the upper ground state is indeed obtainable.

The im plication  o f an observable d ifference in transition  width betw een both 

situations (i.e w ith and w ithout beam  expander), is that there m ust be a significant 

contribution to the w idth o f the transition in Figure 5.23 from  the laser linewidth.

A typical decrease in the transition linewidth with the beam  expander in place is, 

as already m entioned a factor o f 3, which is less than the expected (specified) factor o f 

ten, im plying in this case, that a degree o f broadening at least com parable w ith the 

laser linewidth, is occurring due to some other m echanism .

In the in teraction o f radiation with atom s in the gaseous phase, two types o f 

transition  b roaden ing  effects occur, nam ely  hom ogeneous and inhom ogeneous 

broadening.

H om ogeneous broadening occurs in situations w here each atom  involved in the 

interaction is indistinguishable from  every other (and hence no particular frequency 

can be associa ted  w ith a particu lar atom ), and is charac te rised  by a L orentzian  

lineshape. Tw o m ajor sources o f hom ogeneous broadening are collisional and pow er 

(saturation) broadening (see Appendix C). Pow er broadening in its sim plest terms can 

be described by enhancem ent in the induced transition rates as the radiation intensity 

increases. This effectively  reduces the lifetim e o f the states, thereby increasing the 

linew idth (by the uncertaint y principle). Since the transition probability to an excited 

state is inversely related to the lifetime o f the state, saturation effects can also result in 

a reduction in the ionisation probability, to the detrim ent o f the analysis procedure.
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In situations where the different atoms absorb at different frequencies, described 

by som e param eter distribution, the broadening is term ed inhom ogeneous, and in this 

case, is generally characterised by a Gaussian line profile.

A prim e exam ple o f such broadening is D oppler broadening (see A ppendix C), 

in which case, the absorption frequency is dependent on the velocity  o f the individual 

atom s. In the case o f  ion sputtering, the tem perature o f  the gas is typically  low, 

ev idence o f  w hich can be derived from  the re la tive  in tensities o f the m easured 

transitions (Figure 5.23). Assum ing, therefore, a tem perature com parable with room  

tem perature, -3 0 0  K, the contribution to the transition w idths from  the distribution in 

velocities o f the atom ic com ponents from  Equation (C .10), is - 7  x 1 0 13 m (7 x 10-4 

nm ). w hich is sm all in com parison to the w idths observed, thereby inferring that 

D oppler broadening is not a dom inant factor here. Even if  the effective tem perature on 

sputtering is m uch h igher than assum ed here, perhaps an o rder o f  m agnitude, the 

contribution to the broadening is only increased by a factor o f about 3 relative to that at 

room  tem perature, still too small to be responsible.

The follow ing discussion is concerned with further resonant ionisation analysis 

perfo rm ed  on the A lum inium  sam ple, w ith the ion gun opera ting  th roughout in 

continuous m ode.

The first series o f wavelength spectra, Figure 5.25, illustrate the evolution o f the 

resonant absorption lineshapes, as the energy o f the incident prim ary ions is increased 

from  1.5 to 3 K eV . This has the effect o f increasing the ion current in the m anner 

im plied  by the graph o f F igure 5.26, and thereby the num ber density  o f sputtered 

particles within the interaction volum e o f the post-ionising laser. This in turn enhances 

the resonant ion production. The effect can be observed in the initial, essentially linear 

portions o f  the curves o f F igures 5.27 and 5.28 fo r peak height and peak area as a 

function o f ion  energy (current). At higher prim ary curren ts (-2 .2 5  • eV) how ever, 

the detected ion signal at line centre reaches a m axim um  value and rem ains essentially 

constant over the rem ainder o f the range. Similarly, the variation in the total peak area, 

at around the sam e ion energy, d isplays a considerab le  reduction  in the rate  o f 

increase, tow ards a constant level at higher energies. The im plication here is that the 

ion detec tion  effic iency  o f the spectrom eter has reached  an apparent saturation
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Figure 5.26 Dependence o f ion current with ion energy
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Figure 5.27 A1 intensity as a function of primary ion energy (current) for the 
laser tuned to the first resonance transition shown in Figure 5.25.
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condition, due to space charge effects in either the ion detector or in the region o f ion 

form ation. Since the electron m ultiplier potential was adjusted for a signal m axim um , 

corresponding to the m axim um  in prim ary ion energy, at a m inim um  voltage, space 

charge lim itations within the dynode assem bly due to its geom etry and internal fields, 

over the charge density  range encountered, should be m inim ised, and consequently, 

the likely situation occuring is one of saturation of the ion throughput o f the ion extract 

optics, fo r positive  charge, due to the repulsive effect o f the associated  field  o f the 

laser form ed positive ion plasm a, and alteration o f the electrode potentials resulting 

from  surface charging. C harging problem s have indeed been observed as dips in the 

output potentials o f the current limited pow er supplies.

W ith respect to the broadening o f the transitions, one m ight expect this effect to 

resu lt from  collisional processes w ithin the particle  cloud , as the particle  density  

increases (see A ppendix C), how ever the required  particle  density  (calculated from  

Equation (C. 12)),w hich corresponds to the broadening observed  in this instance is 

extrem ely  high, typically  very m uch greater than the num ber density  o f particles at 

atm ospheric pressure ~ 3 x l0 25 particles per unit volum e. For an erosion rate o f -1 .5  x 

10'6 m m  s_1, from  Equation 3.17, and the concentration o f  A1 atom s, 6 x 1 0 19 mm*3 

[53], the num ber o f particles sputtered per second is the product o f the two quantities, 

and is - 9  x 1013 (assum ptions m ade include a spot size o f  1m m 2, a current o f 3p.A, 

and a sputter yield o f 5), which corresponds to a contribution to  the num ber density of 

particles in the v icin ity  o f the ion spot and the laser beam  o f - 9  x 1022 per unit 

volum e, significantly less than at one atm osphere pressure.

T hus, in the case considered, the m easured  b roaden ing  is a ttribu ted  to an 

increase in the relative height o f the wings o f the profile w ith respect to the saturated 

height at line centre, and not to a broadening o f the interaction linewidth.

The slow er rise in F igure 5.28 (for the area v current) after the peak height is 

saturated can be attributed to this gradual wing broadening.

A ll w avelength  spectra were obtained under the m axim um  in laser intensity  

w hich w as approxim ately 3mJ per pulse. The laser beam  w as focused using the 50 cm  

focal length  lens at a d istance o f 45 cm  from  the spectrom eter axis. Due to the 

divergence o f  the laser -1  m rad, the beam  was focused m ost effectively at a distance 

o f approx im ate ly  65 cm  from  the lens, and at the sam ple the spot size area w as 

betw een 1.5 and 2 m m 2. This im plies a total m axim um  pow er density  in the laser 

volum e at the sam ple o f -2 .5  x 1011 W /m 2, o f which -1 0 %  is at the UV wavelength.
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A precise relation between the broadening and the ion energy (current), cannot 

be accurately determ ined, as the m easured half height w idths do not correspond to the 

true widths at half m axim a in ion production.

The next series o f figures, 5.29 show the effect on the A lum inium  resonant 

transitions resulting from  a variation in the total intensity o f  the post-ionising laser. As 

in the previous case, the peak height o f the transitions appears to achieve a saturation 

level due to w hat is believed to be space charge lim itations in the ion extract region. 

The m ost notable change is in the peak w idths, w hich display a m arked broadening 

w ith increasing  laser in tensity , im plying a degree o f pow er broaden ing  present. 

Inserting the p rev iously  calculated  value o f ~ 2 .5 x l0 10 W /m 2 for I, the intensity or 

pow er density  o f the laser at the resonant transition  w avelength  o f 308.3 nm , in 

Equation (C.44) in Appendix C, a value o f -4 4  for the saturation param eter is obtained 

assum ing the laser halfw idth is 0.025 nm, the m inim um  m easured width in this case, 

w hich im plies a broaden ing  by a factor o f approx im ately  6.7. This is ra ther an 

overestim ate , bu t ind ica tes that there is su fficien t laser pow er availab le  to be 

responsible for the broadening as opposed to other m echanism s.

Since the resonant excitation schem e adopted relies on the absorption o f two 

photons, at d ifferen t w avelengths, and different absorption probabilities, a relation 

between the m easured intensity for the combined laser and the ion signal provides little 

in the w ay o f  useful inform ation concerning the transition  rates and the ionisation 

efficiency, unless the ion signal is found to be linearly related to the intensity, which 

w ould im ply a saturation o f  the resonant excitation step, or the ionisation step can be 

shown to be com pletely saturated.

G raphs o f the peak intensity and peak area as a function o f the total laser pow er 

are show n in F igure 5.30 and 5.31 respectively. A graph o f the m easured FW HM  for 

the first transition versus the laser intensity is shown in Figure 5.32.

In this case, the peak area dependence on laser pow er does not appear to exhibit 

the sam e saturation behaviour, at least over the range available. This can be attributed 

to the effect o f  pow er broadening o f the resonant excitation lineshape in addition to the 

to the apparent broadening resulting from space charge saturation. O ver the range o f 

pow er available, the overall effect o f the variation in laser intensity was to broaden the 

transitions by a factor o f - 2 ,  while in the case o f the ion energy dependence, the 

apparent broadening was a factor o f -1 .4 .

P ow er broadening  is also apparent in the ion energy  dependent experim ent,
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where the w idth at the low est ion energy o f  1.5 eV  at m axim um  laser intensity is 

greater than the w idth m easured at the lowest laser in tensity  level for the higher ion 

energy o f 3 ■ eV  by a factor 1.5, even though the peak  heights in both cases are 

com parable, and far from  the saturation level.

An interesting feature o f this series o f m easurem ents is the apparent splitting of 

the absorption lines under conditions o f sim ultaneously high laser intensity and high 

prim ary ion energy (current). The possibility o f this splitting being attributed to a form 

o f field  effect, such as the S tark effect, resu lting  from  the in tense electric  field  

associated w ith the laser, was discounted when no m easurable shift in the position of, 

or increase in separation of, the two m ain ground state transition  w avelengths was 

observed. In fact a m ore likely explanation is that the dip in the lineshape results again 

from  space charge, in this case from  a reduction in the transm ission efficiency o f the 

spectrom eter around the line centre. This effect arises w hen the density o f resonantly 

form ed ions at these centre line w avelengths far exceeds the saturation value to an 

extent that space charge reduces the positive ion throughput o f  the optics rather than 

just saturate it.
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Chapter 6

Application of RIMS to Depth Profiling 

in ni-V Semiconductors.

In tr o d u c t io n .

The p re lim in ary  experim en ts, de ta iled  in the p rev io u s ch ap te r, have clearly  

dem onstrated the effectiveness o f resonant ionisation w ith regard  to enhancem ent o f 

the detection efficiency for A lum inium  and G allium . This chapter will deal with the 

specific application o f RIM S to depth characterisation o f sem iconductor material.

E xp erim enta l A rrangem en t.

There w ere tw o sam ples involved in this study, both com prised o f epitaxially 

grown layers o f G aA s and AlGaAs, on a GaAs substrate.

The first sam ple, hereafter referred to as sam ple A, com prised a single layer o f 

A lxG a j xAs (x = 0 .3), o f  thickness 1.3 pm . The sam ples w ere square sections, 

cleaved from  the wafer, o f side 1cm and 3 mm.

The other, sam ple B, was m ore com plex in structure com prising two layers o f 

A lG aA s sandw iching a layer o f GaAs. The surface A lG aA s (x = 0.4) layer was o f 

thickness 100 nm , the G aA s sandw ich layer o f th ickness 300 nm, and the second 

A lG aA s layer (x = 0.5), also 300 nm  thick. A t a depth o f  a fu rther 500 nm, was a 

m ulti-layer structure o f  alternate GaAs and AlGaAs (x = 0.5).

In order to reduce the effects o f therm al instabilities w ithin the laser cavity and 

sim ilarly w ithin the frequency doubling crystal, the laser w as allow ed a 'w arm  up' 

period in order to  stabilise its output characteristics. Stable operation also required the 

laser be in operation, at a pulse repitition rate o f 5 pulses per second, for the duration 

o f the analysis.

D ue to the lim ited  com puter disk storage space, the to tal acquisition  tim e 

required to be restricted otherw ise continuous acquisition for a period o f hours would
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result very quickly  in overflow  o f capacity . This was achieved by incorporating a 

switch inline from  the trigger pulse to the ADC strobe which allow ed a degree of 

manual control o f the data acquisition rate.

The residual gas pressure w ithin the system  was typically  4 x 10'9 m bar. For 

ion gun operation, the cham ber was filled with Krypton gas to a partial pressure o f 4 x 

lO 7 mbar.

The im plication o f  the enhanced detection efficiency available using RIM S, is 

the possib ility  o f reducing  the prim ary ion current, v ia  a possib le reduction  in the 

prim ary ion energy, thereby providing a 'softer' approach to depth analysis than has 

otherwise been possible w ithout the inevitable losses in sensitivity arising from  lower 

prim ary and therefore secondary ion current. For this reason, a decision was m ade to 

conduct the experim ent at as low  a prim ary energy as w ould  allow  a reasonably 

detectable signal intensity , but not sufficiently low so as to resu lt in any substantial 

deviation o f the ion beam  by electrostatic deflection by the positively biased sample 

stub. An appropriate  choice, in this instance was an energy o f  2 kV, sufficient to 

produce a current o f several |iA  at the sample.

The procedure adopted for perform ing profile  analysis involved the ion gun 

operating throughout the experim ent in continuous beam  m ode. The beam  spot was 

raster scanned over the sam ple for a defined period o f  tim e in o rder to rem ove a 

uniform  layer o f m aterial. The raster w aveform  was then rem oved from  the beam  

steering plates resulting  in the beam  being held stationary at the centre o f the crater, 

with the laser aligned for m axim um  overlap close to the surface. During this period the 

acqu isition  system  w as triggered , record ing  a value fo r the resonan t ion peak 

intensity. In o rder to m inim ise the dam age to the the crater centre resulting from  the 

higher effective current density o f the stationary beam  spot, the acquisition tim e must 

rem ain sm all by com parison with the period for erosion. Typically  the erosion time 

was a few m inutes in com parison with an acquisition tim e o f a few  seconds, the ion 

intensity being an average over a num ber o f laser shots.

C ontrol o f  the prim ary beam  raster facility was perform ed m anually  via the 

controls supplied.

Page 66



RIMS profiling o f GaAs!AlGaAs Layers.

R esu lts  and  D iscu ss ion .

For Sam ple A, Figure 6.1 shows the variation o f the resonant A lum inium  signal 

acquired over the duration o f the experim ent, a total o f  420 m inutes, for an incident 

ion energy o f 2 K eV  and a current, as m easured at the stub, o f 1.5 p.A.

The profile has tw o distinct portions, a slow negative gradient corresponding to 

the A lG aA s layer, fo llow ed by the m ore rapid reduction in intensity  at the boundary 

between the A lGaA s and the substrate.

T he reason  fo r the gradual slope o f  w hat should  be a constan t alum inium  

concentration through the layer is more evident if  one investigates the variation in laser 

in tensity  over the  sam e period  o f tim e. As Figure 6.2 show s, the laser intensity  

decreases steadily over the duration o f the experim ent by an overall factor o f 2. The 

total energy in the laser pulse at the com m encem ent o f  the experim ent was -1 .6  mJ, 

insufficient for saturation. N orm alisation o f the ion signal by the laser intensity is not 

norm ally applicable in this situation, A lum inium  requiring different photon energies 

for the two absorption steps. H ow ever, if it is assum ed that the resonant excitation 

step is sa turated , the ion signal can be linearly  no rm alised  w ith respect to the 

sim ultaneous laser intensity to obtain a profile o f the form  o f  Figure 6.3. The levelling 

o f the in itial portion o f the profile w ould im ply, that over at least this portion o f the 

profile, that the assum ption regarding the resonant step is valid, and there is a degree 

o f proportionality between the ionisation rate and the laser power.

As the sam ple had already undergone a degree o f sputter erosion prior to the 

profile analysis, in o rder to optim ise the spectrom eter transm ission o f the resonant 

ions and to  tune the laser w avelength on resonance, the in itial surface layer is not 

defined and therefore, it is not posssible to determ ine the reso lu tion  at the boundary 

with respect to the known thickness o f the original A lG aA s layer.

The experim ent was repeated on a second section o f the same material. This time 

the square section w as o f side 3 mm, and w as m ounted , along with a sim ilarly  

proportioned section o f  alum inium  foil.

The purpose o f  including the foil was to act as a source on sputtering, o f A1 

atom s in order to allow  accurate tuning o f the laser onto the resonant absorption line, 

positioning o f  the laser fo r m axim um  spatial overlap, and m axim ising o f extraction 

efficiency o f the spectrom eter, w ithout unnecessary dam age and erosion o f the study
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sample prior to com m encem ent o f the depth analysis. Once these procedures had been 

carried out, the sem iconductor sample could be translated into position, with little or 

no need for further adjustm ent o f the experimental param eters.

F igure 6.4 shows the depth profile obtained. The tw o m ost notable features of 

the profile in this case are the apparent regions o f higher A lum inium  concentration at 

the surface and near the G aA s/A lG aA s boundary. The enhancem ent at the surface can 

be explained by alum inium , sputtered from  the alum inium  foil at an earlier stage, 

being redeposited as a layer onto the sample stub and onto the sem iconductor sample. 

This surface A lum inium  deposit is then eroded away to leave the constant Alum inium  

concentration associated with the AlGaAs layer.

At the boundary layer, a possible explanation for the enhancem ent is, that due to 

the lighter m ass o f alum inium  com pared to the other bulk constituents, the alum inium  

recoil particles have a greater range within the m aterial and hence tend to accum ulate 

w ith depth particularly  at a boundary betw een two m aterials w here there m ay be a 

discontinuity in density and/or erosion rate. A lternatively, the effect may be, as are so 

m any in depth analysis, o f a procedural or instrumental nature.

Sam ple B was m ounted in a sim ilar fashion with an identical section o f A1 foil. 

Both sam ples w ere square o f  side 3 mm. The experim ental param eters were also 

sim ilar to the above conditions, nam ely a prim ary energy o f  2 kV , a sam ple bias o f 

+300 V, though in th is case a partial pressure o f 6.8 x 1 0 7 m bar. As with the 

previous case, the curren t m easured at the sam ple stub w as 3 ±  0.1 jiA . The total 

analysis tim e in this instance w as -9 5 0  m inutes. A period o f 2 m inutes was allowed 

for depth erosion between acquisition times.

Figure 6.5 show s the depth profile obtained after a period  o f 180 m inutes. In 

com parison with Figure 6.6 the main features o f the concentration profile are evident. 

Com parison o f the peak concentrations o f the AlGaAs layers indicates a ratio o f 4/5 in 

reasonable agreem ent with the expected value from their fractional A1 concentrations. 

Also visible, though poorly resolved, is the m ultiple layer structure.

W ith the ion gun operating at the relatively low energy o f 2 kV adopted here, it 

is unlikely that atom ic m ixing effects are the lim iting factors to the depth resolving 

pow er o f these experim ents, since the range o f atom ic m ixing, at this relatively low 

energy, extends over only a few tens o f A ngstrom s. A lso, o ther m ethods o f depth
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analysis rely ing  on spu tter erosion typically  em ploy energ ies in excess o f a few 

thousand volts and display far better resolving ability than here. It is therefore m ore 

likely that the resolution lim it is im posed by other, instrum ental, effects. These can 

result from crater geom etry, secondary sputtering from  electrodes and the background 

partial pressure o f  A lum inium  in the analysis region. H ow ever, the m ost likely cause, 

is the non-uniform ity o f the sputtering o f the sam ple due to the extrem e obliquity  o f 

the incident prim ary beam  w hich results in m aterial originating f.*'m various depths 

through the sam ple. T his effect can be assisted  by the spatial acceptance o f the 

secondary ion optics being com parable with or larger than the dim ensions o f the spot.

A s has already been indicated (Chapter 3), the conditions for m axim um  sputter 

yield include a prim ary beam  incidence o f around 60 to  70 degrees relative to the 

sam ple norm al. Beyond this angle, the sputter rate falls o ff m uch m ore rapidly. In the 

experim ents outlined above, one m ajor problem  m ay be that the m inim um  incident 

angle, as defined by the system  geom etry, is ~67° w hich is already near the peak in 

sputter yield, though m ore likely beyond it. U nder norm al operating conditions where 

there are vo ltages p resen t, in particu lar the sam ple bias, the ion beam  m ay be 

sufficiently deviated for the prim ary incidence to be significantly greater than optimum 

thereby resulting in a reduction in sputter yield. Also, due to the rapid fall o ff in yield, 

small variations in the angle during beam  rastering, m ay resu lt in m ore significant 

variations in yield.

A tom ic m ixing tends to be a constant o f the analysis param eters, i.e. m ass and 

energy o f the prim aries. In situations where the sputter depth  is very m uch greater 

than the range o f particles w ithin the m aterial (~10's o f nanom etres), atom ic m ixing 

would be expected to m ake a constant contribution to the broadening o f a profile rather 

than a depth dependent contribution as observed in these analyses.

A nother contribution to the observed broadening m ay be m ade by the neutral 

com ponent o f the ion beam. Since the ion gun electrode assem bly consists o f a linear 

colum n, the ion and neutral com ponents cannot be separated as in m ore sophisticated 

devices w hich incorporate  non-line-of-sight source to sam ple arrangem ents. The 

neutral com ponent is also unfocused and hence contributes additional non-uniform ity 

of erosion and thereby a depth dependent resolution function.

The cause o f the significantly different sputter tim es and therefore sputter rates 

during the experim ents on both sam ples can be exp la ined  by the d ifferen t areas 

covered by the rastering  beam  and hence the d iffering  effec tive  curren t densities
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during erosion.

From  Equation 3.4 the sputter yield Y for GaAs due to 2kV  prim ary ion normal 

incidence is ~16.5/U S, w here U s is the sublim ation energy for G aA s and has a value 

o f 3.3 eV, leading to a value for Y o f 5 panicles per incident ion. For the m ultilayer 

sample, the boundary between the GaAs sandwich layer and the second AlGaA s layer 

occurs at a depth o f 400 nm. The tim e for sputtering to this depth was approxim ately 

30 m inutes, im plying an erosion rate, in this instance, o f 0.8 fim /hour. Inserting this 

value into Equation 3.15, along with the calculated value for the sputter yield returns a 

value o f 31 p.A/cm2 for the current density J, which corresponds to the incident ion 

current o f 3 |iA  on an area - 1 0  mm2. The raster voltage applied to the deflecting plates 

was 50% m axim um .

W ith respect to sam ple A, the 50% A1 level in the A lG aA s/G aA s boundary 

occurs at a tim e o f -6 7 0  m inutes. This corresponds to an e rosion  rate o f -0 .1 2  

pm /hour for the transition occuring at a depth o f 1.3 pm.

Again, m aking the relevant substitutions into Equation 3.15, the area influenced 

by the prim ary beam  is -6 0  m m 2, for a slightly lower sputter yield for A lG aA s o f 4.5, 

calculable from  Equation 3.4 and assum ing equivalent surface binding potential as for 

GaA s. In th is case the raste r voltage w as at a m axim um  w hich w ould  im ply an 

increase in o ff axis beam  deflection by a factor o f 2 and hence in area covered by the 

beam  by a factor o f 4 in com parison with the factor o f 6 reduction in current density 

ca lcu la ted  above. T his d iscrepancy  is not unreasonab le  conside ring  the actual 

experim ents w ere perform ed at oblique incidence and therefore m ore pronounced 

variations in the sputter yield m ay be responsible.

Further non-uniform ity o f the erosion process arises from  the static condition of 

the beam  during acquisition periods which effectively augm ents the ion dose in the 

central portion o f the crater. The solution here would be to pulse the beam  during this 

period, as suggested by Parks et al [83], unfortunately, the ion gun does not lend 

itse lf to the rapid sw itching o f  m odes, i.e. between pulsed and continuous, the m ajor 

problem  being one o f high voltage transients, which have u n d e s ira b le  effects on the 

m ore delicate com ponents o f the ion source, and as transien t feedback  along the 

voltage supply lines have had occasion to dam age or destroy electronic com ponents 

w ithin the control unit. A lso, the tim e required for the gun source param eters, m ost 

notably the filam ent current, to stabilise after switching m odes is not conducive to the 

rapidity and flexibility of operation desired.
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As well as proportionately reducing the sputter erosion rate, the increasing o f the 

raster area should have the effect o f im proving the depth resolution by im proving the 

uniform ity o f the sam pled portion o f the crater. This can be observed on com paring 

the depth resolution obtained during analysis o f sample B with that for sam ple A. For 

sam ple A the resolution o f the boundary (defined in Chapter 3) is -2 7 0  nm while for 

sample B, the resolution at a depth o f 700 nm  corresponding to the boundary between 

the second AlGaAs layer and the 500 nm  GaA s layer, has already deteriorated to -4 0 0  

nm. Furtherm ore, the em bedded m ulti-layer structure o f a lternate  G aA s/A lG aA s, 

appears only as a m inor peak in the falling edge o f the A1 concentration o f the 300 nm 

A lG aA s em bedded layer, at the expected depth o f 1200 nm , m easured relative to the 

well resolved boundary at 400 nm.

C o n c lu s io n .

The m ain purpose o f the experim ents outlined above has been to assess the 

possibility for the specialised application o f Resonance Ionisation M ass Spectrom etry 

to depth analysis o f III-V  sem iconductors, and from  the results acquired, it could be 

said that the w ork has been m oderately  successful in that reasonab le  correlation 

betw een concen trations o f A lum inium  in know n structural form ations o f layered 

GaA s/AlGaA s and the m easured Alum inium  profile has been possible.

The m ajor p roblem  encoun tered  has been the e ffec t o f  u tilis ing  rela tively  

unsophisticated hardw are, in w hat is essentially an instrum entally dependent process. 

This has led to serious lim itations to both the depth resolution and the dynam ic range 

o f the analysis.

R ecent experim ents w hich have involved the use o f far m ore sophisticated  

hardw are, have provided standards o f RIM S profile analysis already com parable with 

the m uch im plem ented, related  technique o f SIM S. Such experim ents have how ever 

been few  in num ber, and there still rem ain aspects o f this application o f RIM S which 

can be im proved upon before it can be considered as a com panion to, o r replacem ent 

for existing processes.

T he  a p p licab ility  o f  RIS to h igh reso lu tio n  dep th  p ro filin g  has been
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dem onstrated by Parks et al [84][85][86], Young et al [125] and D ow ney and Hozack

[19] [20] [21].

The technique, at this early stage in developm ent o f the application, has been 

shown to be capable o f a depth resolution o f some 4 - 5 nm  in sem iconductor m ulti

layer sructures [36], w ith the possibility o f enhancem ents via further reductions in the 

prim ary  beam  energy and im provem ents in experim ental procedures. F igure 6.7 

shows a RIM S depth profile o f a GaA s/A lG aA s m ulti-layer sample [86] displaying in 

this case a reso lu tion  -1 5  nm . F igure 6.8 show s the p rofile  o f  a Be 'delta ' (i.e. 

narrow ) doped layer displaying a FW H M  of appproxim ately 5nm  [21] at a buried 

depth o f  -1 0 0  nm.

A com parison o f RIM S with SIM S under identical experim ental conditions o f 

prim ary ion and current has been carried  out, with a reduction in the m atrix effects 

associa ted  w ith SIM S observed , together w ith im proved  signal to  noise v ia a 

reduction in the num ber o f background ions created in the selective ionisation process

[20]. F igure  6.9 show s the p rofiles ob tained  by both m ethods o f  a Be doped 

GaA s/A lG aA s m ultilayer sample. Due to the variation in the sputter yield through the 

various layers the Be signal is norm alised with respect to the sputtered As intensity. 

As can be seen, there are severe m atrix effects associated with the SIM S profile, while 

that via RIM S more closely represents the simulated im plantation profile [20].

Tw o different procedures have been adopted for RIM S profiling, firstly that o f 

Parks et al., a layer rem oval by a DC ion beam  rastered over the surface, follow ed by 

pulsed tim e-of-flight analysis by RIM S o f m aterial sputtered from  the crater centre. In 

com parison, the experim ents o f D ow ney involved a constantly DC, rastering ion gun, 

as w ith SIM S, with triggering o f the laser gated to coincide w ith the ion beam  passing 

across the crater centre and the effective focus o f the ex tract lens The detector and 

acquisition system is similarly gated electronically.

Both m ethods have their advantages and disadvantges in the degree o f electronic 

sophistication required for control, how ever, the m ethod o f Parks is not prone to the 

continuum  of secondary ions present during erosion and analysis, w hich have a finite 

probability o f being detected, and thereby contributing to a loss in perform ance.
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SIMS Suppression

Chapter 7

Secondary Ion (SIMS) Suppression 
During Resonant Ion Detection.

I n tr o d u c t io n .

This chap ter w ill describe a proposed m ethod to deal w ith the perm anent secondary 

ion background  presen t during ion sputtering, w hich in terferes w ith detection o f 

resonant ions. The m ethod relies on static field conditions and the electrode geometry, 

and not on the use o f  time discrim inating voltage pulsing.

P h y s ic a l  B a s is .

In order that positive ions are extracted efficiently from  the interaction region to 

the spectrom eter, a positive bias is norm ally applied  to  the sam ple as a repulsive 

accelerating potential. I f  the polarity o f the sam ple bias is reversed or the potential 

reduced, such that its potential becom es negative w ith respect to the first electrode, 

both prim ary and secondary ions are preferentially attracted to the sample surface. The 

rem ain ing  neutral particles are, how ever, still free to expand in to  the volum e as 

norm al. So far, this prevents any ions, apart from  the perhaps the m ost energetic, 

from  being extracted and detected, however any ion, including those form ed in a laser 

volum e, w ill be sim ilarly affected, and hence an independent m ethod m ust be found 

for extraction o f this particular ionic component.

A s the first and second conical electrodes are closely spaced (refer to Chapter 4 

for details), application o f a large negative potential to the second electrode may result 

in significant leakage o f the field due to the second, through the aperture o f the first. A 

sufficiently  strong field m ay then be present to exert enough influence on a locally 

produced ion, to extract it from  the interaction volum e. In fact, through careful choice 

o f the re la tive  poten tia ls on the electrodes and the sam ple, the field  leakage m ay 

penetrate  a sign ifican t fraction o f the sam ple e lec trode  separation. This effect is 

enhanced by the physical geometry of the electrodes which shape the equipotentials to
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form  a better defined field focus.

E ffectively , w hat is form ed is a field  reversal w ithin the interaction volum e. 

D epending on the position o f the ions relative to this reversal, or saddle, point in the 

field, they m ay be accelerated either towards the sample or to the mass spectrometer.

A s a resu lt, if  laser post-ionisation is perfo rm ed  in a w ell defined volum e 

beyond the reversal point, the ions will be efficiently  extracted  with the m inim um  o f 

secondary ion background.

In o rd er to  m odel the effects o f  various experim en ta l param eters on the 

perform ance o f the ion optics a com puter sim ulation w as perform ed. The softw are 

package used w as SIM ION (SIM ulated IONi 3.1 running  on a C om paq 386/25 PC, 

w hich a llow ed  both  equ ipo ten tia ls and ion tra jec to ries  to be calcu lated  for this 

ro ta tionally  sym m etric  situation. The program  w as orig inally  developed by D.C . 

M cG ilvery at L atrobe U niversity, D epartm ent o f Physics and Chem istry, Bundoora 

V ictoria, A ustralia in 1977, and this revised version w as developed at Idaho National 

Engineering Laboratory by D. A. Dahl and J.E. D elm ore in 1987.

A sim ulation o f  the equipotentials form ed by the electrodes in the particular 

situation described  above and im plem ented below , is show n in Figure 7.1, together 

with the calculated trajectories o f positively charged ions originating at various points 

in the in teraction region (Figure 7.2), and with a range o f initial directions relative to 

the spectrom eter axis. Since the peak in the kinetic energy distribution o f sputtered 

particles is typ ically  a few  electron volts, and the d istribu tion  falls away as 1/E2 

(C hapter 3), few  particles w ill be em itted w ith an energy  exceeding a few tens o f 

electron volts. The ion energies used in this case w ere all lOOeV for singly charged 

ions o f m ass 70 am u. As can be seen, the relatively  high (~+500 V) potential on the 

first e lectrode w ith  respect to the sam ple, is ex trem ely  effective in restricting the 

m otion o f  these sputtered secondary ions, w hile ions created, in this case by resonant 

post-ion isation , at a position  beyond the reversal po in t in the field, experience the 

leakage field generated by the second, highly negative potential, and are propelled into 

the tim e-of-flight region.

I m p le m e n ta t io n .

T he ex p erim en t was carried  out du ring  the G aA s investiga tion , and all 

equipm ent and experim ental geometry was as detailed in that earlier study.
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Figure 7.1 SIMION simulation o f equipotentials for
inversion optics.
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SIMS Suppression

D uring  the course o f the investigation, four experim ental param e ters were 

varied. These were the laser beam  position with respect to the sam ple surface and the 

aperture o f the extract electrodes, the potentials applied to the two conical electrodes, 

and the delay betw een the firing o f the laser pulse relative to the prim ary ion pulse. At 

all tim es, the potential on the sample stub was at a constant +600 volts.

Initially , w ith the focused laser passing close to (~ lm m ) the sample surface the 

electrode poten tials w ere adjusted to optim ise the resonant peak intensities and the 

mass resolution (conical electrode potentials were +600 and -2100 Volts respectively). 

U nder these conditions, a TO F spectrum  of the form  o f F igure 7.3 was obtained.

The laser was then translated across the in teraction region (i.e the 12 m m  gap 

separating  the sam ple and the aperture o f  the first e lec trode), in tersec ting  and 

perpendicular to  the spectrom eter axis, to a position  approxim ately  3m m  from  the 

aperture o f the first electrode, while sim ultaneously, the laser firing delay was altered 

to m aintain m axim um  tem poral overlap o f the sputtered atom  and photon pulses. The 

po ten tia l on the first e lec trode  could then be ad justed  for m axim um  extraction  

efficiency for the resonant ions. A t this stage, with a relative first electrode to sample 

potential difference o f +400 volts, there is a substantial reduction in the level of SIMS 

ions extracted  in com parison with the relatively unaffected resonant peak intensities, 

F igure 7.4.

On p osition ing  the laser to approx im ately  2 m m  from  the e lectrode, and 

adjusting all o ther param eters to m axim ise the resonant intensity, a spectrum as shown 

in Figure 7.5 is acquired. The secondary ion background has now all but disappeared, 

while the intensity and the resolution of the Gallium  resonant peaks rem ains essentially 

unaltered.

C onsequently , it has been dem onstrated that, in the situation where the prim ary 

ion pulse duration is longer than the average transit tim e o f the secondary particles 

across the region o f laser interaction, it is possible to detect and m onitor the resonant 

laser induced  ion signal, w ithout in terference from  the secondary  ions d irectly  

liberated during sputtering. This is possible under static extraction field conditions, in 

a sim ple linear tim e-of-flight m ass spectrom eter, w ithout significant degradation o f 

perform ance. Furtherm ore, the technique is not restric ted  to pulsed operation and 

therefore applicable to situations utilising continuous w ave lasers and/or continuous 

sputter rem oval o f material.
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The following figures show the 
effect on a combined RIM S/SIM S 
TO F spectrum, as the conditions o f 
the extract region are altered to 
preferentially extract RIMS ions.
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Resonant Laser Ablation

Chapter 8

Resonant Laser Ablation 

(RLA)

In tr o d u c t io n .

The use o f high pow ered  lasers in the ablation o f  target sam ples for analytical 

applications has been o f  considerable interest since the technology becam e readily 

available. T ypically , analysis is perform ed on the ions liberated directly in the laser- 

surface interaction as in LIM A, already m entioned in chapter 1, or alternatively, on the 

ablated neutrals via laser post-ionisation [90] [6]. D ue to the greater num ber of neutrals 

produced , typ ically  102 to 105, relative to the num ber o f  ions [90][21][70], post

ionisation is o f greater interest to trace analysis.

The d isadvan tages o f post-ionisation lie in the increased  com plexity  o f the 

equipm ent required , nam ely the need for separate post-ionising lasers in addition to 

the surface probe beam  o f either a laser or prim ary ions, and in the requirem ent for 

high geom etrical and tem poral overlap o f a short laser pu lse  w ith the expanding 

ablation plum e, itself likely to be generated by pulsed means.

It has been suggested [110], that the ion yield and the elem ental selectivity in 

ablation m ay be significantly increased if the ablating laser is tuned to match resonant 

transitions o f the elem ent o f interest in the target, thus e lim inating  the need for a 

separate post-ion ising  laser. Enhanced signals have indeed  been observed in the 

analysis o f Cd, Cu and M o in a transmission LA M M A 500 instrum ent [110].

T he sam ples used in the Cd and Cu studies w ere m etal-doped polym ers (e.g. 

araldite, album in) with varying metal atom concentrations, whereas for the analysis o f 

M o, a steel alloy standard was used. All resonant transitions were in the UV region at 

228.8 nm  for Cd, 324.75 and 327.39 nm for Cu, and 311.21 and 313.26 nm for Mo. 

Ionisation proceeded via absorption o f a second photon o f  the sam e w avelengh for 

each e lem en t excep t in the case o f Cu w hich requ ired  additional energy from  

collisional m echanism s to achieve ionisation from  high lying states. Photon fluences
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used were in the range 109 - 1011 W  cm -2. Enhancem ents were typically five-fold over 

the non-resonant signals, although a fifty fold im provem ent was observed for Cu in a 

particu lar epoxy resin , indicating the exist .nee o f severe m atrix  effects. Also, the 

widths o f the resonances observed were particularly broad (0.4-0.7 nm.).

Sim ilar observations o f resonant enhancem ent have been m ade in separate laser 

ablation studies o f Sodium  and Copper [82]. The sam ples w ere polished sections o f 

Na^ 7W 0 3 and Cu. Experim ents were carried out under vacuum  conditions ( lO 4 torr) 

and also H elium  buffer gas. In order to correct for any possible m atrix effects and the 

pulse to pulse variation o f the laser intensity, m easurem ents were m ade to m onitor the 

acoustic shock wave produced by the laser induced plasm a expanding in the He buffer 

gas. It has been dem onstrated  [12], that in the range o f 50 torr o f He, the m easured 

acoustic signal is linearly related to the amount o f material vapo rised.

F or the case o f  Na, the laser was tuned to the D line at 589 nm  at which an 

enhancem en t fac to r o f  over 70 w as observed. For ion isa tion  to  proceed  at this 

wavelength, three photons o f the same energy are required, and hence at the low laser 

pulse energy  used (< 10 |iJ), the probability  for ion isation  by d irect m ultiphoton 

interaction is very low. It was shown that the laser induced ion intensity was linearly 

dependent on the laser pow er, how ever the acoustic m easurem ents also indicated a 

linear dependence o f the am ount of material ablated on the laser power, which implies 

a sa turation  o f the resonan t transition  fo llow ed by co llis iona l ion isation  o f the 

subsequently excited atom s within the relatively dense plasm a. The situation is sim ilar 

with Cu which requires a further three photons to reach the ionisation lim it following 

resonant excitation at 578 nm.

As w ith the experim ents o f V erdun et al [110], the transition  w idths were 

relatively w ide, in this case 2.2 and 1.4 nm for Na and Cu respectively under vacuum, 

and w ere b roadened  considerably  to as m uch as 6 o r 7 nm  as the He buffer gas 

pressure was increased to 1 atmosphere.

T he ex ten t o f  this broadening is attributed to e ither collisional effects in the 

plasm a form ed at the surface, under the influence o f intense laser powers, or increased 

confinem ent o f  the plasm a under the high buffer gas pressure.

T his chap ter w ill describe an investigation o f this so called  R esonant Laser 

Ablation (RLA) in the analysis o f Al and Ga in a sem iconductor sample.
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Laser A b lation .

T he p rocess o f  liberation  o f m aterial from  a so lid  surface, under photon 

bom bardm ent, is know n by various nam es [89], though m ost com m only  laser 

ablation o r desorption. The term  ablation norm ally refers to  the situation when the 

laser flux is greater than ~108 W /cm 2, w hile desorption applies to the use o f fluxes 

less than ~108 W /cm 2. Indeed it has been recently  show n in ablation studies [102], 

that significant m easurable m ass rem oval is initiated at a threshold o f between 1 and 3 

x 108 W /cm 2, w ith no evidence o f cratering at low er pow ers, even after thousands o f 

laser shots. T hese  resu lts  are in agreem ent w ith the conc lu sions o f V ertes et 

a l.[l 11][112]. A t the low er range in pow er the desorption is governed m ainly by the 

effect o f sample heating.

There exists a need to describe laser ablation in an accurate, quantitative m anner 

as has been the case in recen t years with ion sputtering  [93]. U nfortunately , the 

physical processes involved in laser ablation are as yet poorly understood, and cannot 

be com pletely described by a sole mechanism, but rather a com bination o f complicated 

processes explain ing the energy distribution o f ablated particles and the form ation o f 

large clusters and droplets in som e specific cases [50]. Studies have shown that the 

prom inent m echan ism  occurring also tends to vary  w ith sam ple com position and 

structure. O ther factors such as the w avelength  and p ow er dependencies o f the 

sputtering m echanism s occurring, are ju st as poorly  understood and have been the 

subjects o f m uch investigative work [89] [50].

T he m ost w idely held  view  is that ablation occurs due to a rapid, or prom pt, 

therm al vapo  irisation o f the m aterial w ithin the beam  spot [10]. Investigations 

how ever, have ind icated  [89][50][49], that this v iew  o f  sputtering  m ay only be 

correctly applied to situations where the surface tem perature exceeds that necessary for 

vapo risation  o f the m aterial to occur, possibly h igher than the m elting or boiling 

points o f  the m aterial, and therefore in m any cases it does not apply. The idea o f a 

therm al p rocess com es about from  investigations o f the velocity  distribution of 

ablated atom s which can be shown to be essentially M axwellian [11][6].

A lterna tive ly , laser ab lation  has been show n to occu r by the process o f 

exfo liation , w hich is a m acroscopic flaking o f the sam ple surface due to therm al 

induced shocks w ithin the m aterial [89][49] and is characterised  by irregular erosion 

patterns on the sam ple surface.
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A nother m ethod, that o f hydrodynam ical ablation [50][ 113], refers to m aterial 

rem oval as a consequence o f transient m elting which occurs when the tem perature is 

too low for vapo risation to occur but is sufficient for the m elting to proceed. M aterial 

is norm ally em itted  in the form  u f droplets w hich are form ed by the m elting and 

subsequent therm al expansion  o f surface featu res by the laser. The m elting is 

characterised  by non-periodic  surface wave patterns, w hile  d rop le t form ation is 

usually evident under close investigation of the surface after ablation.

E lectronic sputtering is believed to be the m ajor participant in neutral ejection 

from  sem iconductor and dielectric  m aterial [47][77][78]. The m ost likely m odel 

considered fo r this form  o f sputtering is that o f  the generation  o f a high density 

electron-hole (e-h) p lasm a [44][108][109][77][78]. An e-h pair is form ed by laser 

induced electronic excitation across the band-gap o f the sem iconductor which may 

subsequen tly  induce a w eaken ing  o f the te trahed ra l bonds. T he crysta l then 

experiences a phase transition  and becom es fluid. It has been suggested [47], that 

phonon associa ted  recom bination  occurs at the surface w ith  the em ission o f a 

subsequently energised atom. E lectronic sputtering is characterised  by a high degree 

o f sputter uniform ity as well as extremely rapid erosion rates [89][49].

W hatever the m echanism , laser ablation/desorption liberates many more particles 

in a single laser pulse than does a typical ion pulse.

A quan tity  know n as the m ass ablation coeffic ien t has been determ ined  

experim entally, in analysis o f thin polystyrene films, and is expressed by the relation

m (k g  /  s cm 2) ~ 110
<j>a(W / c m 2)

1 / 3

10
14 X

-  4 /  3

( 8 . 1)

where <j)a is the incident photon flux at an ablating wavelength X [24]. The experiments 

were restricted to high pow er densities in the 1014 W /cm 2 regim e, well above typical 

LIM A pow er levels. Investigations to determ ine w hether the relation is appropriate 

when pow er densities are reduced by m any orders o f m agnitude, are currently  a 

source o f m uch interest.
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E xp erim enta l A rrangem en t.

The spectrom eter arrangem ent w as as before, w ith the exception o f a low er 

operating  p ressu re  -  I x l 0 '9 m bar, due to e lim ination  o f  the partial p ressure o f 

Krypton present during ion gun operation.

The sem iconductor sam ple used in the first experim ent w as a 1cm2 section, 

com prising  a 1 .3pm  layer o f A \x xG a xAs (x = 0.3) deposited  by m olecular beam  

epitaxy onto a G aA s substrate.

Laser ou tput again consisted o f the red fundam ental from  the excim er pum ped 

Rhodam ine 610 dye, and its frequency doubled com ponent, after passing through a 

KD P crystal. Pulse energ ies o f lm J  in the red and about lOOpJ in the blue were 

available.

The laser w as m oderately focused using a 50 cm  focal length quartz lens to a 

beam spot o f about 1mm diameter, and was directed at grazing incidence to the sample 

surface. A t th is in itial stage, the sam ple was positioned  w ith  its surface norm al 

collinear with the spectrom eter axis.

W ith a positive potential o f 300 Volts on the sample stub, typical flight times for 

Al and G a were approxim ately 27 ps and 43 ps respectively.

By appropriate positioning o f the time gate, the w avelength dependences o f Al, 

G a and N a w ere o b ta ined  over the tuning range 615 to 620 nm  in the red 

corresponding to 307.5 to 310 nm in the doubled UV.

In a second experim ent, analysis was perform ed on the rem ainder o f a sample 

which had undergone a depth analysis as described in C hapter 6 (sam ple B). In this 

case the laser dye w as Rhodam ine 590 (R6G), also doubled in the KD P crystal.

A positive potential o f 1000 Volts on the sample stub reduced the flight time for 

G allium  to -2 2  ps.

R esu lts  and  D iscu ss ion .

The resonant ionisation scheme used for Alum inium  was identical to that already 

investigated in C hapter 5, nam ely the absorption o f a single blue photon from  the 3p 

ground state to the 3d excited state, followed by ionisation via absorption o f a photon
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from  the red fundam ental. The m easured ion intensity  as a function o f w avelength is 

show n in F igure 8.1 .

The peaks corresponding to resonant excitation from  the split ground state in Al 

at the w aveleng ths 308.305 and 309.367 nm , are c learly  in ev idence, w ith an 

observed  enhancem ent o f better than tw o orders o f m agnitude. The m easured w idths 

at h a lf  m axim um  o f  the resonances are less than 0 .05 nm  w ith respec t to  the 

fundam en ta l red  laser, and are co rrespond ing ly  sm aller fo r the U V  exc ita tion  

wavelength. The doublet separation o f the excited state was too small to be resolved in 

this experim ent.

O ff resonan t signals m ay be a ttribu ted  to m ultiphoton ionisation o f sam ple 

surface im purities o f  equal m ass to a lum inium , as w ell as spurious non-resonant 

ion isa tion  o f  A l, due to fluctuations in the pow er density  on the sam ple as the 

w ave leng th  varies. T his resu lts  from  m ovem en t o f  the inciden t beam  due to 

m isalignm ent o f the optical components.

A s G allium  does not have a single photon transition w ithin the lasing range o f 

R610 a d ifferent excitation schem e had to be adopted for resonant ionisation o f Ga. 

This involved  the absorption o f tw o red  photons by the 4p ground state doublet to 

excite the 5p doublet with parity conserved [74]. The energy supplied by a further red 

photon is then sufficient to promote the excited electron into the continuum. W ithin the 

tuning range adopted only one transition was available, that linking the J = 3/2 level o f 

the ground state with the excited state. The w avelength dependence o f the 69G a ion 

in tensity  is shown in Figure 8.2, and again a strong enhancem ent is observed at the 

resonant transition w avelength o f 618.644 nm. As w ith A lum inium , the peak w idth, 

with respect to the red w avelength, is less than 0.05 nm.

Since G a has two isotopes o f m ass 69 and 71 amu in the ratio 3 to 2, clearly  

reso lved  in the spectrom eter, the behaviour o f 71G a as a function o f w avelength, was 

also investigated. Once again the resonance w as clearly  evident, Figure 8.3, w ith the 

signal on resonance in the correct ratio with respect to the 69Ga data.

A s a check o f the non-spurious nature o f the resonant effects observed in the 

ab lation  o f G a and Al, a w avelength dependence w as carried  out on Na w hich is 

present as a surface contam inant on the sample, and which has no resonant transitions 

in the w avelength range used. As can be seen, Figure 8.4, no resonances are observed

Page 81



ION
 

IN
TE
NS
IT
Y

1500

1250

1000

750

500

250

3Pl/2--------* 3d

l i  ■ 1. 4 . J .  - .U  . - 1—

■^3/2 *

i.lA Uj|tg | .. i.ll ViAJi. La . lL hj .I

308 Wavelength (nm) 309

Figure 8.1 RLA wavelength spectrum  from an AlGaAs sample, showing the 
enhancem ents in yield when the laser is tuned on resonance. Once 
again the twin peaks correspond to excitation from  the split ground 
state o f the Al atom. ADC gate delayed to coincide with Al arriving 
at the detector.



IO
N 

IN
T

E
N

S
IT

Y

400

700

200

Figure 8.2 RLA  w avelength spectrum  for 69Ga

4p3/ 2 ------->  5p two photon excitation

r

a . i _ . ik

308 Wavelength (nm) 309

400

200

100

Figure 8.3 RLA  w avelength spectrum  for 7lGa 

4p3/2------- >  5p two photon excitation

~

r

■ L . i.--- . LXl * l--------- - 4 .-----, .—L j L ^ . I._ . . .1-1- illlll 1 .1.

308 Wavelength (nm) 309



R
EL

A
TI

V
E

 
IN

T
E

N
S

IT
Y

1200

see

400

220

308 Wavelength (nm) 309

Figure 8.4 Laser ablation wavelength spectrum  for Na over the same range as 
the previous spectra for Al and Ga showing no resonant behaviour. 
N a is present as a surface contam inant.



Resonant Laser Ablation

as expected, although the perm anent non-resonant background is much higher than for 

either A l or G a (in agreem ent with C hapter 5), due to the ease o f desorption o f  the 

surface im purities, as a resu lt o f  the low er surface binding energ ies for surface 

adsorbants.

In order to investigate whether this resonant effect occurred in a m atrix different 

from  the the smooth M BE grown layer o f A lGaA s, a separate experim ent w as carried 

out on the ablation o f a C alcium  sam ple ( A. P. Land [72]). The apparatus used was 

also different and has been described extensively elsew here [71] [101] [102].

R esonant enhancem ent effects sim ilar to those observed for Al and G a were 

obtained.

U sing  a uranium  hollow  cathode lam p fo r p recise calibration  o f  the laser 

w avelength , to  better than 0.04 nm, it w as decided  to investigate for any shift or 

b roaden ing  o f  the Ca resonan t transitions com pared  to those for resonan t p o s t

ionisation o f the sample ablated by a second laser. It was found that the position o f the 

resonances m atched exactly, with widths also com parable (Figure 8.5).

The im plication o f the observed narrow  width is that the resonant phenom enon 

does not occur in the solid phase since the absorption band for a solid sam ple is 

several nanom etres broad. Thus, one m ay infer that in the 'resonant ablation' process, 

the sam e cond itions apply as regards the m ateria l state o f the sam ple p rio r to 

ionisation, nam ely that a vapour phase has been form ed. This is consistent w ith the 

acoustic w ave m easurem ents on Na ablation which indicate that the total am ount o f 

m aterial vapo rised on resonance is identical [82] with that vapo rised well away 

from  the resonan t w avelength. T his ind icates a d issociation  o f the p rocesses o f 

ablation and resonant ionisation.

Effect o f Angle o f Incidence on RLA.

W ith  the m ass selection for the spectrom eter again tuned to Al, a series o f 

w avelength scans were obtained with the sam ple stub rotated up to a m axim um  angle 

o f 25° around a vertical axis perpendicular to the laser direction, thereby varying the 

angle o f incidence and the pow er density o f the laser onto the target. Sim ilar resonant 

enhancem ent effects were observed.

D ue to the variation in extraction efficiency by alteration o f the extract field lines
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Resonant Laser Ablation

and the position o f the beam  on the sam ple, as well as the laser pow er density , the 

following experim ent is in no way an attempt to describe quantitatively the variation o f 

ion production as a function o f incidence angle o f the ablating laser o r laser pow er 

density on the surface, but m erely to indicate that the resonant effect is not restricted to 

grazing  incidence studies and m ay be adopted  in o ther m ore typical geom etries. 

F u rther, m ore quan tita tive  stud ies o f  the dependences on the afo rem en tioned  

param eters are planned.

It should also be noted that the signal am plification factor may vary from  plot to 

p lot due to saturation o f the AD C at particular incidence. The total laser pulse energy 

was ~200-300 }iJ.

F igure 8.6 shows the considerable increase in ion yield obtained after a sam ple 

ro tation o f about 6°. The signal am plification is identical to that for grazing incidence 

(F igure 8.1).

A further 4° rotation o f the sample to 10° displays a further increase in the ion 

y ield  (F igure 8.7). In this orientation, the scan was repeated  with a fac to r o f  ten 

reduction in the am plification resulting in the m axim um  in intensity being well below 

saturation o f the AD C (Figure 8.8).

W ith  the am plifier returned to the initial gain setting, the sample was rotated to 

15° (Figure 8.9). Once again, with a low er am plification a non saturated signal could 

be observed (Figure 8.10). It is clear at this stage that the signal strength has begun to 

reduce, and as a result o f a further 5° ro tation, the signal drops by a factor o f about 

five (Figure 8.11).

By 25°, the m easured intensity has dropped to a fraction o f its original grazing 

incidence level, with events appearing to be o f a m ore spurious nature (Figure 8.12).

As m entioned above, the reduction in ion signal m ost likely arises due to a drop 

in the ex traction  efficiency o f the spectrom eter ra ther than an effect o f varying the 

incidence angle.

In general there is little effect on the interaction linew idth as m easured at half 

m axim um  intensity, although the wings appear som ew hat m ore pronounced possibly 

due to some form  o f hom ogeneous broadening m echanism .
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Figure 8.6 RLA wavelength spectrum for Al. Effect o f a 6° rotation o f the 
sample stub into the path o f the laser beam, showing the 
enhancem ent in relative ion yield com pared with that at grazing 
incidence Figure 8.1, for the same am plifier gain.
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Figure 8.7 RLA wavelength spectrum for Al. Effect o f a 10° rotation o f the 
sample stub into the path o f the laser beam, showing the 
enhancem ent in relative ion yield for the same amplifier gain as 
F igure 8.1.
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Figure 8.8 RLA wavelngth spectrum, as o f Figure 8.7, with a reduction in the 
amplification by a factor of 10 in order to reduce the signal intensity 
below the saturation level o f the ADC.
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Figure 8.9 RLA wavelength spectrum for Al. Effect o f a 15° rotation o f the 
sample stub into the path of the laser beam, showing a drop in the 

relative ion yield compared to that for 10°, for the same am plifier 
gain as F igure 8.1.
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Figure 8.10 RLA w avelngth spectrum, as o f Figure 8.9, with a reduction in the 
amplification by a factor o f 10 in order to reduce the signal intensity 
below the saturation level o f the ADC.
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Figure 8.11 RLA wavelength spectrum for Al. Effect o f a 20° rotation o f the
sam ple stub into the path o f the laser beam, showing a further drop 

in the relative ion yield com pared to that for 15°. Sam e am plifier 

gain as Figure 8.1.



Figure 8.12 RLA wavelength spectrum for Al. Effect o f a 25° rotation o f the 
sample stub into the path o f the laser beam, showing a dram atic 
reduction in the relative ion yield com pared to that for smaller 
angles. Sam e am plifier gain as Figure 8.1.



Resonant Laser Ablation

Laser Power Density Effects in RLA.

In a separate experim ent, involving the use o f a different dye (R6G), ionisation 

o f G a w as investigated via the adoption o f an ionisation schem e sim ilar to that used 

for Al above, nam ely excitation by absorption o f a U V  photon, with ionisation by a 

red photon at tw ice the wavelength. Excitation proceeds from  the 4 p 1/2 ground state to 

the 4d3/2 excited state via absorption o f a photon o f w avelength 287.5 nm  (frequency 

doubled 575 nm  photons).

F igure 8.13 shows the ion signal as a function o f the laser wavelength over a 2 

nm  range  fo r the fundam ental laser, co rrespond ing  to  1 nm  for the excitation  

w avelength.

In com parison  w ith the prev ious data, the w idth o f the resonan t peak  is 

re la tiv e ly  w ide  -0 .0 7 5  nm , and a lso  has a sa tu ra ted  appearance  at a level 

corresponding to -1  volt, which is well below  the saturation level for both the A D C 

and the am plifying circuitry. Responsibility m ust therefore be placed on a saturation o f 

the spectrom eter detection  efficiency , not unreasonab ly  considering  the h igher 

extraction potential used.

T he electron m ultiplier potential was reduced from  its initial value o f 2.5 kV to 

2.2 kV  prio r to repeating the w avelength scan. F igure 8.14 shows the dependence 

ob tained , d isp lay ing  an overall reduction  in the m axim um  in tensity  below  the 

saturation level, as well as a decrease in the width o f the lineshape to -0 .035  nm. This 

leads to the conclusion that an observed broadening can resu lt from  space charge 

effects w ithin the electron m ultiplier, i.e. an instrum ental effect, as opposed to other 

broadening m echanism s such as pow er and pressure broadening within the ablation 

region.

T hese spectra were produced w hilst the laser was incident at grazing incidence 

to the sam ple. The total energy within the laser pulse, i.e. UV plus red, was -1 7 5  pJ, 

focused at the sam ple to a spot o f -0 .5  m m  diam eter, although the shallow incidence 

resu lts  in a ra ther e longated spot on the surface. D ue to the substantial surface 

reflected com ponent o f the laser, the extent o f the contribution from  the total pow er to 

the interaction is not clear, thereby m aking any attem pt to gauge the effects o f varying 

the pow er, at present purely relative.

F igure  8.15, is a plot o f the ion signal versus the jou lem eter signal over the 

range o f  available laser pulse energy, up to a m axim um  o f 175 p J , for the laser
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Resonant Laser Ablation

w avelength  tuned on resonance. C learly ev ident is a threshold value, follow ed by a 

rapid  rise  to the eventual onset o f apparent saturation o f the ionisation. M easurem ent 

o f the gradient o f the log-log plot (Figure 8.16), indicates a fourth to a fifth order 

pow er dependence o f  the ion signal for the in itial portion o f the curve, falling to a 

quadratic relationship then to an eventual zeroth order dependence as the laser pow er 

is increased.

In interpreting the overall ion production as a function o f laser intensity, it m ust 

be realised  that tw o coupled m echanism s are involved, nam ely, a dependence on the 

am ount o f particles liberated from  the surface, and on the ionisation probability o f the 

neutral particles by a two photon resonant process. Since the ion production increases 

in itia lly , very  qu ick ly , the dom inan t m echan ism  m ust be the rate  o f ab lation , 

suggesting that over the lower pow er range, the shape o f the pow er dependent curve, 

reflects the dependence o f the amo un t o f G a ablated.

In  o rder that the ion signal fo llow s the ablation, it is not necessary for the 

ionisation process to be saturated, only that the pow er dependence o f m aterial ablated 

is m ore rapid, while for the ion signal to reflect the ionisation rate, the rate o f ablation 

m ust be constant. It is therefore conceivable, assum ing a significant reduction in the 

liberation o f neutral particles as the pow er is increased, that some com bination o f both 

m echanism s is occurring.

A n investigation o f the statistical variation o f laser intensity at the m axim um  

available revealed  a deviation o f 4.6%  with respect to the m ean value, which had the 

effect o f  inducing a fluctuation in the m easured ion intensity o f 9.7% , a factor o f 2.1 

larger, im plying a quadratic dependence on ion form ation. Since this portion o f the 

pow er curve is relatively flat, i.e. the dependence on intensity is less than first order, 

the fluctuations correspond to the photon absorption rather than the ion form ation on 

ablation, and therefore, the resonant ionisation process can be said to be far from  

saturated.

A sim ilar pow er dependent exam ination was conducted at a wavelength 0.85 nm 

below  the resonant excitation w avelength, and as F igure 8.17 indicates, for m ost o f 

the range, including a portion beyond the resonant ablation threshold, the ion signal is 

indi.cem ible from  random  noise fluctuations. A t higher powers, corresponding to the 

saturation region for the resonant case, the degree o f ion signal statistics is sufficient 

to suggest the onset o f a m easurable degree o f nonresonant, laser induced, secondary 

ion form ation . In this case, how ever, the threshold  does not appear to be as well
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Resonant Laser Ablation

defined and the shot to shot fluctuation is m ore pronounced.

T he experim ent was repeated, for both resonant and non-resonant wavelengths, 

over a greater range in laser intensity, up to -1 .1  m J per pulse, or ~ 4 x l0 6 W /cm 2 for 

oblique incidence. In this case the off-resonant data was acquired at a w avelength 0.8 

nm below  resonance (or 1.6 nm in the red fundam ental), though still sufficiently far 

from  resonance  (cf. m easured linew idths), to p roduce no w avelength  dependent 

enhancem ent.

B oth sets o f data are plotted sim ultaneously  in the graph o f F igure 8.18 for 

easier com parison. Once again, different threshold values for detectable ion form ation 

are evident, how ever, in this case the larger range in available pulse energy allow s 

determ ination o f the non-resonant ion com ponent as a function o f intensity.

A log-log plot for this data, Figure 8.19, reveals the exist* nee o f three d istinct 

rates o f ion form ation, on-resonance. The initial portion o f the curve labelled A in the 

diagram , in agreem ent with the previous pow er dependence o f Figure 8.16, has a fifth 

o rder rate o f increase up to about 500 on the jou lem eter scale, corresponding to -0 .4  

m J, after w hich the rate drops to a quadratic dependence, labelled B, which extends 

up to  approxim ately  the threshold for the non-resonant situation at a value o f 900 

(0.73 m J). F rom  this point onwards, labelled C, the rate  increases once again to fifth 

or sixth order, sim ilar to the dependence o f the non-resonant secondary ion signal on 

intensity. It should be noted that at the higher laser pow er, corresponding to the final 

po rtion  o f  the curve, there w as considerab le  b roaden ing  o f the tim e-o f-fligh t 

d istribu tion  o f ions, and since the A D C  operates in a peak sensing m anner, the 

absolute values aquired in this portion do not represent the rate o f ion form ation as 

accurately as at low er pow er where the tem poral d istribution is m uch narrow er, and 

en tirely  w ithin the acquisition w indow  o f the ADC. Therefore the slope o f part C 

should in fact be steeper than observed.

T he  fo llo w in g  d iscussion  is an a ttem p t to describ e  q u a lita tiv e ly  and 

system atically  the m echanism s involved in this interaction which contribute to the 

m easured  ion in tensity  over the entire  range in laser pulse energy, how ever the 

explanation  is purely  speculative and further evidence m ay com e to light in future 

analysis which m ay refute these ideas.
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W ith regard  to section A of the pow er curve, let us assum e at this stage that the 

pow er density  o f  the the laser is insufficient to p roduce saturation o f both photon 

absorp tion  steps, i.e excitation and ion isation , and consequen tly , the ion isation  

probability  P  can be expressed by a quadratic dependence on the laser intensity  I. 

A lso, the num ber o f particles n0 ablated by the laser as a function o f its intensity can 

be assigned a pow er dependence o f some order m.

T he ra te  o f  ion production  S, dependen t on the to tal num ber o f particles 

available in the interaction and also the ionisation probability, can then be expressed in 

a sim ple fashion by:

S ~ n 0. P ~ r .  I2

This is assum ing that all ionisation is perform ed by the resonant laser on neutral 

particles, the contribution o f ablated ions to  the m easured ion intensity being very 

small.

C learly , from  the observed fifth pow er dependence o f  section A, the rate  o f 

neutral m ateria l ablated follow s a cubic dependence on laser in tensity , i.e. m =3, 

which is attributed to the continued rise in tem perature, and therefore vapour pressure, 

o f the sam ple m aterial as the energy deposited by the laser onto the sam ple surface 

increases.

R etain ing  the assum ption w ith regard  to the ion isation  probability , that o f  a 

quadratic  dependence, the im m ediate im plication  o f the transition  to a quadratic  

dependence for section B o f the curve, is that the ablation yield for neutral particles 

has becom e apparently  independent o f the intensity . Such an effect w ould only be 

expected to arise from  the attainm ent o f a constant surface tem perature, and therefore, 

since the energy available in the laser continues to increase, one m ust conclude that 

ano ther m echanism  is interfering with the laser solid in teraction preventing energy 

from  being deposited.

F rom  a com parison o f sections A and B for the resonant with the non-resonant 

case, it is c lear from  the lack o f a m easurable non-resonan t ion signal, that the 

enhancem ent in the ionisation rate due to the resonant process is at least several orders 

o f m agnitude. T his being the case, the ratio  o f  ion to neutral species w ithin the 

ab lation  p lum e should  be correspondingly  h igher, and as a consequence, so too 

should the density  o f 'free' electrons. U nder such conditions, it is conceivable that the
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surface o f the sample m ay be shielded to an extent by this plasm a [171[114][112].

The p lasm a m echanism  responsib le  fo r th is sh ield ing  is believed to be an 

inverse-brem sstrahlung process [13][113] or Com pton effect where the incident laser 

photons scatter inelastically from free electrons and ions and thereby lose their energy 

in a transfer to therm al energy within the plasm a. Such an effect is a function o f many 

param eters including the temperature, pressure and charge density o f the plasma.

Furtherm ore, the interaction w ould also tend to be self stabilising with respect to 

the tem perature o f  the sample surface, as an increase in the tem perature, pressure or 

charge density  w ithin the plasm a w ould resu lt in an increase in the shielding effect, 

w hich in turn  w ould  reduce the inciden t energy  to the sam ple, decreasing  the 

tem perature at the surface and thereby the ablation yield. This would then result in a 

reduction in the vapour pressure o f the ablated plum e, a corresponding decrease in the 

sh ield ing  e ffec t o f  the plasm a, causing the surface tem perature to rise and m ore 

m aterial to be liberated. The rise in vapour pressure then results in the generation o f 

m ore free charge which causes an increase in the energy absorption efficiency o f the 

plasm a, a rise in plasm a temperature, and reiteration o f the cycle.

This then m ay account for the apparently constant ablation rate over the range B, 

assum ing the liberation o f  m aterial resu lts only  from  photon in teraction w ith the 

surface, as opposed to further ion production due to the interaction o f existing ions 

with neutrals in the plume, and with the surface.

R ange C, w ith its overall f our th  o r f i f th o rder ion in tensity  dependence 

suggests a return to an increasing ablation yield, again assum ing at m ost a quadratic 

ionisation probability. Even if this assum ption is not valid, the shape o f the curve still 

suggests the onset o f a process which contributes further to the ablation and/or the 

ionisation probability.

The m echanism s thought to be responsible are those o f collisional ionisation o f 

resonantly  excited  atom s within the ablation plum e as the pressure vapour pressure 

and tem perature rises, and plasm a desorption o r sputtering o f the sample surface by 

energetic particles.

F inally , w ith regard to the non-resonant case, the absence of a m easurable ion 

signal up to about 800 (0.65 mJ), im plies that the ablated m aterial is predom inately 

neutral, and hence any shielding effect due to the form ation o f a plasm a should not be 

so pronounced. The tem perature o f the surface w ould then rise continuously over this 

range resu lting  in the threshold conditions for o ther form s o f ablation (see earlier
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section) w hich w ould  account for the high rate  o f  dependence observed after the 

threshold for detection, up to six th  order. The large d ifference betw een the ablation 

yield rates im plies also that the apparent correpondence betw een the non-resonant 

threshold and the onset o f the higher ion yield o f section C o f the resonant curve m ay 

be coincidental o r m ay signify the onset o f a separate ablation mechanism.

In the d iscussion above, the com m on assum ption has been one o f a quadratic 

depen d en ce  on in tensity  fo r the ion isa tion  p ro b ab ility . A doption  o f  a linear 

dependence (i.e assum ing saturation o f the resonant process) in the highest intensity 

range w ould sim ply require the rate o f ablation to be one order higher and w ould not 

affect the explanation o f the processes involved over each region o f the curve.

The effect o f varying the laser intensity on the interaction linewidth for RLA is 

show n in the series o f  w avelength spectra, F igure  8.20. ind icating  a progressive 

broadening o f the linew idth and a reduction in the resonant enhancem ent as the non

resonant ablation com ponent increases.

(note that this data was acquired in a separate experim ent, and as a result, the 

specified values for pulse energy presented here m ay not correspond exactly to the 

conditions at the sam ple prevailing during the course o f  those experim ents discussed 

previously.)

For clarity the peak widths have also been plotted as a function o f the laser pulse 

energy in the graph o f  Figure 8.21, and as can be seen, over the m ajor portion o f the 

range, there is a very gradual increase in the linew idth up to about 600 |iJ  per pulse, 

after w hich the rate o f increase is considerably higher. The apparent independence o f 

the width on intensity over a large portion o f the total range is evidence o f the absence 

o f pow er broadening effects, which lends further credibility  to the assum ption o f a 

quadratic  ion isation  probability , also the pow er density  required  to cause such a 

degree o f  broadening is two to three orders o f  m agnitude greater than is available in 

this experim ent. The broadening observed is also too great to result from  the D oppler 

effect (see A ppendix C). The broadening m ust therefore be attributed to collisional 

effects w ithin the plasma.

Since the processes of ablation and ionisation occur effectively sim ultaneously, 

i.e. w ithin the 6ns laser pulse, the expansion o f the ablated m aterial over this short 

tim e scale is restricted to a volum e extending only a few m icrom etres from the sample 

surface, and hence the particle density in this region can be extremely high, and indeed
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Resonant Laser Ablation

the p lasm a m ay in m any respects exhibit liquid-like qualities, since the density o f a 

liquid is typically 1000 tim es that o f a gas at atm ospheric pressure. This suggestion is 

not unreasonable as the pressure required to induce a broadening o f 0.5 nm may be as 

high as several hundred atm ospheres (A ppendix C). This pressure effect accounted 

for the broadening o f several nanometres in the experim ents o f Pang and Yeung [82].

C o n c l u s i o n .

From  the observations m ade, one m ay conclude that a tw o stage process exists 

during the interaction o f a single laser pulse w ith the solid target. Firstly, the photons 

in the leading part o f the pulse ablate m aterial from  the sam ple causing the form ation 

o f a vapour o f ions and neutral atoms. Secondly, as the pulse length is very short, the 

atom s have insuffic ien t tim e to escape the laser volum e before being resonantly  

ionised by a subsequent part o f the same pulse. H ence the geom etrical and tem poral 

overlap o f the laser with the neutral particles should be effectively  100%, which is 

probably the m ain factor contributing to the enhancem ent o f the m easured ionisation 

signal at such com paratively low photon fluxes. It is also im portant to note that it was 

not possib le to reproduce the extent o f resonant transition  broadening observed by 

Verdun et a l.[l 10], which were attributed to the effect o f the ablated plasm a pressure. 

This m ay be a result o f  the form ation o f  a m uch low er density  plasm a during the 

ablation due to the low er laser flux used here. A nother possib le reason could be the 

effect o f the system  geometry. The transm ission sam ple grid m ay im pose restrictions 

on the expansion rate o f ablated material thereby creating a localised pressure increase. 

Verification o f these theories however, requires further experim entation.

T he resu lts  presented  above w ould seem  to ind ica te  that R esonant L aser 

A blation offers the possibility o f significant im provem ents in trace analysis o f solids, 

w ith  the  m in im um  m odifica tion  to com m erc ially  av a ilab le  laser m icroprobe 

instrum ents. Enhancem ents in sensitivity o f several orders o f m agnitude are readily 

a ttainable, along with the added advantage o f the  atom ic selectivity  useful in the 

reduction o f  isobaric interference, possibly elim inating the usual requirem ent o f such 

instrum ents, that o f  a high m ass resolution spectrom eter. Furtherm ore, sensitivity  

need not be sacrificed in utilising lower prim ary laser pow er im plying a reduction in 

the degree o f surface dam age and fragm entation o f surface adsorbed m olecules, with 

the additional prospect o f being able to apply h igher repetition  rate lasers, w hich
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generally offer higher standards o f pulse to pulse stability, as well as im provem ents to 

analysis times.
r

A consequence o f perform ing resonant ablation is that it m ay provide a degee o f
A

additional and vital inform ation with regard  to  the tem peratu re  o f the laser-solid  

interaction, allow ing a comparison with that for ion-solid interaction.

A ssum ing the absorption probabilities to the excited interm ediate state from  both 

ground state levels are equal, then from  Equation 5.2, a room  tem perature interaction 

at 300 K, w ould result in near equivalent ionisation probabilities, as observed in the 

w avelength dependent post-ionisation o f  C hapter 5. In F igure 8.1, and indeed in the 

o ther da ta  on the angular dependence o f  ion form ation, presented  in this C hapter 

(F igure 8.8), the peak  corresponding to the transition  from  the upper level o f  the 

ground state is generally  m ore intense by typically a factor o f  tw o and as m uch as a 

factor o f three.

A s the separa tion  o f  this doub let is too  sm all to be reso lved  in these 

experim ents, the relative transition probabilities from  the J=3/2 and J= l/2  ground 

states are re la ted  to the w eighting factors o f  the upper states g 2 = 2(3 /2)+1 and 

g2= 2(5 /2)+ l by the expression:

1 4 ^ - 2 .5
g i (8.2)

due to single photon absorption occurring between the J=3/2 ground state and both the 

J=3/2 and 5/2 excited 3d levels. This then can account for a relative intensity o f the 

observed transition  peaks up to a factor o f 2.5. A ny increase over this ratio  can be 

accounted for by a population in the J=3/2 ground state level o f m ore than 50% and 

therefore a higher tem perature than 300 K.

Therefore in com parison with the ion sputtering case (2 » eV), it can reasonably 

be stated that laser ablation occurs at com par.tively  h igher tem peratures than ion 

sputtering.

U nder the assum ptions already m ade with regard to the cross-sections, and the 

lack o f any excitation pathways except thermally between J= l/2  and 3/2 ground states, 

the m axim um  allow able population ratio betw een the upper and low er levels is 2:1, 

which could  lead to a possible ratio o f transition probabilities o f 5:1.

R eferring back to the case o f ion sputtering, taking into account the above ratio
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of transition probabilities o f 2.5, the observation o f equal intensity peaks would tend 

to im ply the sam ple is m uch cooler than 300 K. The analysis was carried out at room  

tem pera tu re , how ever, and  therefore it m ust be assum ed  that there are o ther 

contributing factors to the rate o f ionisation from  the various levels, such as, possibly 

d iffering cross-sections for the states, and/or ionisation probabilities, or perhaps de

excitation m echanism s not considered.

A fu rther in teresting  consequence o f the data  p lo tted  in F igure 8.19, is that 

extrapolation o f the off-resonant gradient, assum ing the fifth order dependence can be 

extended over the lower range, back to the lower lim it for the resonant case.m ay yield 

som e inform ation regarding the ratio o f ions to neutrals liberated. As can be seen, 

Figure 8.22, there are approxim ately two orders o f m agnitude separating the lowest 

resonant ion signal and the extrapolated value, point X. Furtherm ore, assum ing there 

is no saturation o f the excitation at the lowest intensity, it is unlikely that m ore than a 

few percent o f the available neutral particles are ionised, thereby contributing a further 

two orders o f m agnitude to the possible ratio, resulting  in an estim ate of the ion to 

neutral ratio o f 10"4 in agreement with accepted values which range from lO 2 to 10"5 

[90] [70].
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General Discussion & Future Developments.

Chapter 9

General Discussion and 
Future Developments.

To reiterate, the m ajor objective o f this project was the developm ent o f Resonance 

Ionisation Spectrom etery as an analytical tool for the analysis of, principally, ID-V 

sem iconductor material.

R esonan t Ionisation  has been em ployed in tw o form s, firstly  that o f post

ionisation o f sputtered m aterial (e.g. S IR IS  [84]) closely  rela ted  to the established 

techniques o f  S IM S  and SN M S (Chapter 1), and the m uch m ore recently  observed 

m ethod o f  R esonan t L aser A blation (R L A ), a m ore soph istica ted  form  o f the 

L IM A /L A M M A  process.

Prim ary ion sputtering (Chapter 3) has the great advantage o f  a high degree o f 

erosion uniform ity, particularly when using a rastered ion beam , controllability o f the 

various beam  param eters o f energy and ion current, and tem poral stability, m aking it 

ideally suited  to depth  profiling. In recent years m uch tim e and expense has been 

involved in the developm ent o f SIMS technology, in particu lar the design o f prim ary 

ion guns, ion extraction lenses, m ass filters etc., as well as procedural im provem ents 

such as raster gating, in order to obtain the best results, and m inim ise the instrumental 

effects p revalen t in sputter profiling. Today m any com m ercial, dedicated  SIM S 

instruments are available.

Since RIS is essentially a developm ent o f the same analyical procedure, it would 

be unreasonable to expect com parable perform ance from  relatively  unsophisticated 

apparatus, suffering from  sim ilar instrum ental problem s. For these reasons it was no 

surprise that the depth resolution observed in the analysis described in Chapter 6 was 

relatively  poor by present SIM S standards. H ow ever the results presented, together 

w ith o thers [19][36], give an indication o f  the possib ilities  w hich lie ahead for 

accurate quantitative depth analysis by this m ethod through further developm ents in 

the technologies and procedures applied.

O ne o f  the m ajor lim iting factors to the depth reso lu tion , in the experim ents
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detailed in this study, was the prim ary ion gun, which was m ore suited to large area 

surface cleaning and was designed specifically to be operated  in a straightforw ard 

continuous beam  m ode. Its adaption to pulsed operation , a lthough shown to be 

possible, w as unsatisfactory in that rapid m ode sw itching w as im possible, available 

current was restric ted , and the pulse length was long in com parison  with the laser 

pulse, resu lting  in poor tem poral and spatial overlap . A fu ture  developm ent at 

G lasgow  w ill see the im plem entation o f a m ore advanced  ion gun developed  by 

Kratos A nalytical, specifically designed for depth profiling applications. Figure 9.1 is 

a recently acquired scale diagram  o f the instrum ent

The gun incorporates a high brightness P enning  ion source, prim ary m ass 

filtering by a W ien filter to rem ove u n d e s ira b le  contam inants and isotopes from  the 

beam , and is capable o f either continuous or pulsed m ode to allow  sputter erosion o f 

the sample, and to com plem ent the tim e-of-flight operation during analysis. Pulsing o f 

the gun is achieved by electronic blanking, which is a rapid  deflecting o f the beam  

across an in ternal aperture, p rior to the focusing co lum n. F urtherm ore, the gun 

possesses the capability for continuous variation o f the prim ary beam  diam eter from  a 

few m icrons to a fraction o f a m illim etre, depending on the prim ary energy (variable 

from  0.5 to 15 eV) and m ass. This allows the current density  on the sam ple to be 

extrem ely high, w hich is d e s ira b le  for rapid sam ple erosion and to generate a dense 

secondary sputtered particle plume resulting in an increased num ber o f particles within 

the influence o f the laser. Another important feature o f the design, is the incorporation 

o f a 3° bend in the internal ion trajectory, in order to suppress the neutral com ponent 

of the prim ary beam.

D ue to the lim itations o f the existing analysis cham ber, as regards adaptability 

and additional apparatus, the ion gun will instead be m ounted on the G lasgow  CMS 

instrum ent thereby utilising the advantages o f a steeper prim ary incidence angle (45°), 

high reso lu tion  spectrom eter, and its sophisticated data  acquisition  system . These 

additional factors, together with improvements to the existing secondary ion extraction 

system , such as a m ore defined extraction focus and incorporation o f an aperture to 

prevent edge effects, should lead to an instrum ent at least com parable with existing 

SIM S technology , and with the additional advantages o ffe red  by resonan t post

ionisation, eventually to a superior instrument. Eventually, it is also expected that the 

entire procedure will be under com puter control.
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General Discussion & Future Developments.

A n extrem ely  w orthw hile exercise was the developm ent o f the reverse field 

extraction optics for secondary ion suppression (C hapter 7), an idea which stem m ed 

intuitively from  experience gained during the initial design and construction o f the 

m ass spectrom eter and was later successfully m odelled on com puter and effectively 

applied  in a la ter experim ent to  assess its capability . Its d isadvan tage  lies in the 

reduction in overlap with secondary particles due to the volum e o f laser interaction 

being d istanced  from  the sam ple surface. H ow ever this p roblem  could  possibly be 

alleviated to an extent by a geometrical scaling down o f the interaction volume and the 

ion extract electrodes and/or increasing the prim ary current density.

The technique m ay prove more beneficial in the post-ionisation o f laser ablated 

species as the liberated particles on ablation have typically low er energies th n those 

released  due to  co llisional m echanism s, and hence the suppressing  field  m ay be 

subsequently w eakened, allow ing post-ionisation closer to the sam ple, and im proved 

overlap. A lso, the angular variation on ablation yield is generally m ore pronounced in 

the forw ard direction with a cosn0 (where n ~8 [114]) dependence, as opposed to ion 

sputtering w hich results in typically a cos0 evaporation distribution. This im plies a 

h igher density  o f  secondary  particles w ithin the laser vo lum e, and w ith in  the 

acceptance angle o f the extract system, resulting in a less pronounced effect on overlap 

o f post-ionisation distanced from  the surface.

Further instrum ental im provem ents to the post-ionisation and/or laser ablation 

procedures will see the general introduction o f high dam age threshold optical fibres 

for laser transport to the sample region [28]. In this way, m ultiple beam s o f different 

wavelengths m ay be individually positioned relative to each other for m axim um  spatial 

overlap and ionisation efficiency, alleviating the need for com plicated beam  coupling 

arrangem ents. A lso, incident angle investigations o f the laser ablation yield w ill be 

sim plified, as the usual restrictions o f fixed laser entry w indow s will be rem oved, a 

flexible fibre being m ounted instead on a rotating assem bly invacuo.

For RIS/RIM S to succeed as a com m ercially viable analytical technique in the 

near future, the problem s related to the current generation o f tunable dye laser sources 

m ust be solved. These include the necessity for a m ultitude o f d ifferent dyes in order 

to cover com pletely the wide spectrum o f wavelengths required for resonant excitation 

of all elem ents, and associated with these the requirem ent for periodic dye renewal and 

rep lacem ent. T he la tter procedures are usually  perfo rm ed  m anually  w hich is an 

unsatisfactory  arrangem ent in itse lf w ithout the additional hazards associated  with
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handling m any o f the solvents and chem icals involved. Ideally, what is required is an 

entirely  so lid-sta te  laser, tunable over the entire  range availab le  with dye lasers 

(typically 350 to 800 nm ), and able to provide sufficient pow er for saturation o f the 

various absorption steps. Only very recently has the technology becom e available to 

fill these requirem ents in the form  the T itanium  doped Sapphire laser ( Ti : A120 3 ) 

[75] and Optical Param etric Oscillators ( O P O 's ) [26].

The interest in T i : A120 3 stems from  its broad fluorescence band which ranges 

from  about 660 nm  to above 1100 nm  (Figures 9.2 and 9.3). Subsequent generation 

o f the various harm onics by frequency doubling and wave m ixing can then extend the 

range down to around 180 nm (Figure 9.4). F igure 9.5 is a schem atic o f the possible 

layout o f a Nd : YAG pum ped T i : A120 3 laser [59].

W ith regard  to OPO 's, when a high intensity pulse o f laser light o f frequency -

0)p, such as doubled N d:Y A G  output, is incident on a b irefringent crystal w ithin an

optical cavity, scattering of photons with the ;  j w ithin the > ' leads to the

creation o f tw o coherent beam s known as the signal and the id ler w aves [26], such

that cop= cos+ C0j, the condition for conservation o f energy. M axim um  Gain from

such a param etric  am plifier occurs w hen these w aves are all phase m atched (i.e.

m om entum  is conserved  kp=ks+ki). Thus, in o rder to satisfy  the conditions for

different signal and idler wave frequencies, the angle betw een the pum p beam and the

crystal optic axis is varied. F igure 9.6 show s the varia tion  o f signal and id ler

w avelengths as a function o f incidence. The tunability o f B B O  O PO  ranges f m 400 
ft

nm to 2f^, and once again frequency doubling can extend the low er range further. A 

typical arrangem ent for such a laser m ight be o f the form  o f Figure 9.7 [59].

The output characteristics o f  such lasers are now  w ithin the realm s o f those 

dem anded by RIM S, and the tim escales involved for the production o f com m ercial 

system s utilising such arrangem ents o r derivatives thereof, is possibly a m atter o f a 

few years.

The m ost interesting phenom ena to em erge during the course o f experim ents 

was undoubtedly the observation o f a resonant enhanced ion yield during laser/solid 

interaction (C hapter 8). The effect was subsequently nam ed and thereby assigned the 

acronym  R L A  (or R E L A , E for Enhanced). N ot only  does it o ffer in teresting 

possib ilities  as a technique for surface analysis, it m ay also  reveal im portan t 

inform ation with regard to the laser solid interaction and pow er regim es for various
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General Discussion & Future Developments.

ion form ation processes, due to the com bination o f  coupled  m echanism s at solid, 

plasma, and atom ic levels involved.

T he p rocess is now  the sub ject o f in tensive in v estiga tion  at G lasgow  in 

particu la r w ith  regard  to  the effeci, on the enhancem en t ra tio  and in teraction  

linew idths, o f the sam ple m atrix, and also experim ental param eters, e.g. the effect of 

the laser incidence angle and pow er density on the sam ple. These experim ents will 

in itia lly  concen tra te  on the resonan t ion isa tion  o f  G a and  A l, conducted  on 

sem iconducto r sam ples con ta in ing  various frac tio n s  o f  the above e lem ents. 

E ventually , it is hoped, the usefulness o f the p rocess can  be ex tended  dow n to 

analysis at trace levels o f a greater range o f elem ents and thereby supercede the current 

laser abhtion/desorption instrumentation.

A s w ell as analysing bulk constituents, there is m uch in terest in extending the 

process to study surface deposited atom ic and m olecular layers and adsobants, as the 

re la tiv e ly  low  lase r pow er densities  invo lved  shou ld  lead  to s low er sam ple 

consum ption and a lesser degree o f m olecular fragm entation. B road band resonances 

at a m ass com parable with Ga, which could be attributed to m olecular energy band 

structure, have occasionally  been observed, although their origin has not as yet been 

established. The lack o f definite reproducibility m ay be attributed to total rem oval o f 

the analyte, w hich is present only as a surface layer. T his da ta  how ever, is not a 

subject for this work, and will be left to others for interpretation.
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Appendix A.

Time-Of-Flight 
Spectrometer Resolution

The Tem poral Resolution R for a mass m with a flight time t is given by:

R = 2 a (A .l)

where a  is the m easured peak width. The definition o f a  is im m aterial in the derivation 

o f a resolution expression, but is usually expressed as the the FW H M  or FW  at one- 

tenth M aximum.

If we have 2 neighbouring m asses m  amd m +1, then we can define them  to be 

just resolved if their difference in flight time t'-t = At, is equal to a ,  where t' and t are 

expressed as:

m being expressed in atomic mass units and k a constant.

Equation (A .3) can be approxim ated (assum ing m » 1) by a binom ial expansion

to:

t = (A .2)

t' =  k ' s /  m + 1 (A .3)

(A .4)

Therefore, the separation in time can be written as:

(A .5)
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In the case o f  neighbouring  m asses w here Am = 1, equation (A .l)  can be 

expresses as:

D * m R =  = -7—  =  m
2 a  Am (A.6)

Now, for 2 know n m asses lrq and m 2 the relative flight tim es are given by:

(A .7)

‘ 2 (A g )  

and their separation by:

' 2 1‘ n°  (A .9)

where n is a factor relating the m easured width to the separation. Substituting the 

values for t l and yields:

n a  — k ( ^ / m  2 — -y/m  { ^

Substituting for a  from  equation (A.5) gives:

V S i '  (A .l 1)

Finally the m ass resolution given by equation (A.6) can be expressed as:

R =  m =
n 2

4 (V ^ ~ 2  (A .12)

As an exam ple, consider the two isotopes o f G allium  w hich have m asses 69 and 

71 am u, and have essentially  sim ilar natural abundances. A ssum e that the tw o mass
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peaks, in the tim e-of-flight spectrum, are separated by tw ice the specified width of a 

m ass peak, i.e. n = 2. Substituting the m ass values o f 69 and 71 for the variables irq 

and m2 respectively, and the value for n then yields from  Equation (A. 12) a value for 

the m ass resolution o f the spectrom eter o f -7 0 . The result is dependent on the choice 

o f m easured width, whether at half m axim um  or tenth m axim um , and hence the factor 

n m ust be adjusted accordingly, to correspond to the particular definition applied.
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Appendix B.

Frequency doubling

W hen low intensity  light propagates through a dense isotropic m edium , the induced 

dipole m om ent per unit volum e P is proportional to the electric field. How ever, when 

the electric field  is extrem ely high, as is the case in a laser, this polarisation m ay no 

longer be d irectly  proportional. Instead it m ay be expressed  as a series expansion o f 

the electric field [124] [30]:

P = e 0(jC1E + X 2E 2 +  X3E 3 +  . . .) ( B . l )

where x n 316 t îe nonlinear susceptibilities.

F or light o f  the form  E=E0sin cot incident on the m edium , the polarisation can 

be expressed as:

p = e oX,E0 sin co t+  e 0x 2E 0 sin 2 cot + e 0x 3E 0 s in 3 cot + .. .  2)

which can be rew ritten as:

P = e ,Z ,E„ sin cot +
e 0 % 2 E 0

(1 -  cos 2cot) +
' 0 2C 3^ (

•(3 sin cot -  sin 3cot) + 

(B .3)

Part o f the second term  in this expansion corresponds to d ipole oscillation at 

twice the driving frequency.

For m aterials w ith inversion sym m etry, a reversal o f  the E -fie ld  results in a 

reversal o f the polarisation vector, and hence the even pow ers o f E in Equation (B.3) 

m ust disappear. Therefore, second harm onic generation cannot take place in isotropic 

media.
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The m ajor difficulty with second harm onic generation is that it is governed by 

dispersive effects in the m edium , resulting in the ordinary and extraordinary  w aves 

propagating out o f phase.

C onsider p ropaga tion  along  the z-d irection  (ref. to d iagram ) th rough  an 

anisotropic crystal o f th ickness /. The contribution to the doubled  com ponent d E ^  

from  a layer o f thickness dz at depth z is given by:

d E 2,.(z ) “ ; P 2„ (z) dz (B .4)

w here P2(0 is the induced dipole m om ent at frequency 2co, itse lf proportional to the 

square o f the incident electric field. Therefore, B.4 can be written as:

„ 2 i ( k  z -  f f l t l  ,
dE 2<a(z ) “ e ' dz (B 5 )

Since the second harm onic propagates with a wave num ber k2 due to dispersion 

in the crystal, the second harm onic com ponent at / originating from  the layer dz is:

d E 2» ( 1) “ d E 2(ll( z ) e i‘ ,<1' l )dz (B 6)

which can be expressed as:

/ , X  i f 2 k  - k  )  i ( k  l - 2 o ) 0
dE , (l)°c  e  ̂ 1 ^ e   ̂ 2 ) dz20) - '  -  - — (B .7)

Integrating and squaring then yields the total intensity  o f the second harm onic

as:

I «
2 co

sin 2( 2 k  An 1 /  X0)
2

( 2 rc An /  X 0)  ( b .8)

where An = n 1 - n2 , Xq the vacuum  w avelength, and kn = 27tnn /

The m axim um  in in tensity  then occurs at l = X  /  (4 An). T his value o f / is 

called  the coherence length for second harm onic generation and is typically  o f  the
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order o f a few millimetres for m ost materials.

In order for the coherence length to be o f a realistically applicable size, An must 

be very small. It is possible to achieve these conditions in som e anisotropic m edia 

w here the second  harm on ic , genera ted  by an inc iden t o rd ina ry  w ave, is an 

extraordinary wave. If  the fundam ental wave is incident at an angle 0O, corresponding 

to the angle o f intersection o f the ellipsoids o f the waves at frequency co and 2co (refer 

to figure), the indices o f refraction for the two waves will be effectively  equal and 

hence An will be very small. This is com m only known as phase m atching, and results 

in both components propagating collinearly.
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Appendix C

Transition Broadening M echanisms.

D op p ler  B roaden ing .

The spread in velocities o f gaseous atom s leads to a d istribution in the frequency of 

absorption or emission o f radiation, via the D oppler effect.

C onsider for a tw o level system , an atom  in low er energy  level E j w ith a 

velocity  v r  A bsorption o f a photon propagating along the z-axis at a frequency co 

excites the atom  into a level E2, and causes the atom to recoil to a new velocity v2. The 

total m om entum  of the system before and after the absorption is then given by [63]:

M v I + h k  =  M v J ( C 1 )

where the photon m om entum  is given by 'hk, and k = co/c.

By energy conservation we have:

E ,+  3 M V /+  hco = E 2 + } M v 22 (C .2)

For the condition v x = 0 = v2, Equation (C.2) reduces to:

ha>0 =  E 2 - E (C .3)

where co0 is the transition frequency for the stationary, unperturbed atom. 

Elim inating v2 from Equation (C.2) then leads to:

co 0 = co -  (coVj / c ) -  (hco2 / 2 M c 2) (C .4)
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The last term  in Equation (C.4) is small by com parison with the second and can 

usually be neglected to give:

co0 / v
“ ‘ ( I - , V c O - . O W )

with the ±  sign allowing for m ovem ent in both directions relative to the beam.

The distribution in absorption frequencies then follows the velocity  distribution 

o f the gas atoms which is usually reg: rded as being M axwellian. The num ber o f atoms 

in a gas, at a tem perature T, with a z-com ponent o f velocity betw een v z and dvz is then 

proportional to

exp ( -  Mv z2/  2 k BT ) d v  z

=  e x p { -  M c2( u -  co0) 2 /  2co02 k BT } ( c  / c o 0)d a )  (C g)

This is a Gaussian lineshape peaked at co0 with a half m axim um  in intensity at 

the frequencies which satisfy the condition:

Y  =  exp { - M e 2( c o - a ) 0) 2 / 2 c o 02k BT }

Thus, since the absorbed pow er is proportional to the num ber density  o f atom s, 

the intensity profile follows the form of Equation (C.7).

The FW HM  of this lineshape is thus

AcoD= 2co0( 2 k BT (ln  2) /  M e2)

where AcoD = 2 l(co—co0)l, and since the following holds:

A X  ^  A co
X ~  (C .9)

it fo llow s that the contribu tion  to the broadening AX  o f  an absorp tion  line at a
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wavelength X is:

A X D =  2 > .(2 k BT ( ln  2) /  Me 2)
1/2

(C .10)

C o ll is io n a l  B ro a d en in g .

A s with D oppler broadening, collisional broadening results from  the m otion o f 

atom s. Energy levels, on collision, are shifted due to the forces o f interaction between 

the collid ing  particles [22] [63]. The degree o f the energy shift is dependent on the 

electron configuration o f the particles and their interatomic separation R. Therefore, an 

atom  w ith energy levels and E 2, w ill, on undergoing a rad iative transition  at a 

frequency co12, between the two levels, satisfy the condition:

assum ing the transition time is short in comparison with the collision time.

As the atom s w ithin  a gas possess a random  d istribu tion  in position  and 

therefore in atom ic separation, which is pressure and tem perature dependent, there is a 

corresponding d istribution in transition  frequency centred  around the unperturbed 

frequency co0. Such collisional behaviour is associated with all atom s within a gas and 

hence the transition frequency distribution is Lorentzian, with a width proportional to 

the collision rate:

w here x0 is the m ean period o f free flight, T  and M the m ean tem perature and atom ic 

m ass o f  the gas particles respectively, N/V the num ber density o f gas particles and d 

the m ean collision radius.

Satu ra tion  (Pow er) B road en in g .

In situations w here the radiation field interacting with an absorbing m edium  is

hcol2 =  E 2( R ) - E 1(R)
( C . l l )

(C.12)
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not sufficiently  intense to alter appreciably the population densities o f the atom ic 

energy levels, the population densities can be regarded as constants o f the interaction. 

In the strong field case, if  the populations vary significantly  as a function o f the 

intensity  during the interaction, they can no longer be considered constant and the 

interaction becomes governed by induced transitions [16] [61].

C onsider a two level system  with population densities N j and N 2, and assum e 

equal statistical weights for both levels. The total num ber density  N = N j + N 2, is a 

constant o f the system, if  all decay channels, o ther than the two levels, are excluded. 

The rates o f change o f N j and N 2 can be rela ted  to the E inste in  coeffic ien ts for 

induced em ission and absorption, and spontaneous em ission. If we also introduce 

additional collisionally induced transition probabilities, we obtain, under stationary 

conditions, the expression:

dN , d N ,
— dt ~  ® 12P ( W12) (  ^ 2  “  ^ l )  + ( ^ 21+ ^ 2l ) ^ 2 ~ ^ 12^1 = ^

(C. 13)

w here B 12 and B21 are the Einstein coefficients o f induced absorption and em ission, 

A 21 is the spontaneous em ission probability, C 12 and C21 are the collisionally induced 

collision rates, and p is the spectral energy density of the radiation field.

The above expression can be rearranged in terms o f the population difference

a n  = n 2 - n ,  ( C 1 4 )

and the total number density

N - N ,  + N 2 (C 15)

to give:

N ( R 2 - R , ) / ( R .  + R J
AN =

where

i + 2B ,2p(co12) /  ( R i +  ( C 1 6 )
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(CM)

(C .18)

are the total emission and absorption rates.

The num erator on the RHS o f  E quation (C.16) is the population difference for 

p=0, and can be sim plified to the term  AN0.

The second term  in the denom inator is known as the saturation param eter and is 

defined  as the ratio  o f the induced  transition  probability  to the m ean relaxation  

probability, and is abbreviated according to:

In the case w here the only  relaxation  process is spon taneous em ission , S 

becom es equal to the ratio o f the induced to the spontaneous transition rates.

Equation (C.16) can now be sim plified to:

F o r a hom ogeneously  b roadened  line, the induced  abso rp tion  p robab ility

(C .19)

(C .20)

The radiation pow er absorbed per unit volum e by this system  is:

= tico B ,2 p(co) AN = hco B 12 p(co)
AN0

dt (C .21)

Using Equation (C.19) this can be expressed a s : .

d W 12 h t D( R , + R 2) AN„

dt 2 ( 1 + 1 / S ) (C .22)
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follows a Lorentzian profile:

B 12p(co) L(co -  co0) (C .23)

where:

( Y / 2 )2L (to -  co0) =
( o o - c o 0) + ( y / 2 )  (C 2 4 )

for a m onochrom atic wave w ith frequency co and FW H M  y. Therefore a frequency 

dependent saturation param eter

(y  /  2 ) 2 
S(co) = S 0 ^  j

(co co12) + ( 7 /  2) (C.25)

with a FW H M  Y can be introduced.

Substituting this expression for the saturation param eter into Equation (C.22) 

yields:

d w ,2 1 ( Y / 2 ) J- ^  = ih co (R 1 + R2)AN0S0--------------
(co co0) + ( l  + S 0) ( y / 2 )  (C .26)

which is a Lorentzian profile with FW HM  given by:

Ys “  yV 1 + S o (C .27)

which is equivalent to:

5co s -  S c o ^ /l + S 0 (C .28)

In order to quantitatively predict pow er broadening, the saturation param eter
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m ust be rela ted  to easily m easurable quantities. A ssum ing no contribu tion  to the 

transition rates from collisional processes, Equation (C.19) becomes, m ore simply:

2 B ,2 p(co)
0 A

21 (C.29)

The spontaneous em ission and induced em ission coefficients can be related  by 

the expression:

=  ------------- 3---------21 C3 21 (C.30)

and the spectral energy density  p(co), can be related to the spectral flux density  or 

irradiance by:

I(co) =  c . p(co) ( c  3 i)

which in turn is related to the total irradiance by:

1 =  f I vd v  =  f I (0d c o = c  fp(co)dco
J0 J0 Jo (C .32)

N ow , assum ing that the atom ic transition linew idth T at is very m uch sm aller 

than the laser linewidth TL (this is a reasonable assum ption since the atom ic linewidth 

is ty p ica lly  100 M H z, w hile the laser linew id th , in the p resen t experim en tal 

arrangem ent is o f the order o f 10 G H z), and assum e a G aussian beam , at line centre 

v 0 (refer to diagram ), the fractional flux density  o f the laser dl^, contribu ting  to the 

absorption is:

d l v =  I g ( v 0) r „  (C .3 3 )

where g(v0) is the height o f the Gaussian at line centre, and is given by:
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, . V  n  In 2 
S (v °) — 7t Av

i / 2  (C .34)

where A v1/2 is the H alf W idth at H alf M axim um  (HW HM ) of the laser profile and is 

equivalent to TL/2 .

From  Equation (C.32), it is evident that:

I v dl
I m — ''N  —̂ dl m —

2 tc ® 2 tc (C .35)

Also:

§ ( v o)
g((° o) 2 it (C .36)

and

= 2rc r , t (v) (C .37)

which implies, from Equation (C.33):

(C .38)

where r w = r at(co), and from  (C.32), it is clear that:

_  I V  7i In 2 r m
~  2 k c  tcAco1/2 dco (C 39)

In the approximation ~ dco, the above can be re-expressed as:

_ I V  ft In 2
p » ~  2 icc itA co1/2 (C 4 0 )
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U sing  the fo llow ing expression  fo r the frequency  spread in term s o f  the 

wavelength spread:

^ u z = 2 7 T A \ n
X (C .41)

Equation (C.40) can be written as: 

I Vrcln 2 X 2
Pco =

(2rcc) 2 71 A^ i /2 (C .42)

It then follow s from  Equation (C .29), that the saturation param eter can be 

expressed by the relation:

g _ V n  In 2 j X5

( 2 k ) c 2h A ^ i /2 (C .43)

which, on insertion o f the various constant values becomes:

13 X 5
S =  1- 59 x 10 .1.-7"r  0 A A.1/2 (C .44)
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